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Molecular Machines for Protein Degradation

Michael Groll,*® Matthias Bochtler, ¥ Hans Brandstetter,® Tim Clausen,? and

Robert Huber™®

One of the most precisely regulated processes in living cells is in-
tracellular protein degradation. The main component of the deg-
radation machinery is the 20S proteasome present in both eukar-
yotes and prokaryotes. In addition, there exist other proteasome-
related protein-degradation machineries, like HsIVU in eubacteria.
Peptides generated by proteasomes and related systems can be
used by the cell, for example, for antigen presentation. However,
most of the peptides must be degraded to single amino acids,
which are further used in cell metabolism and for the synthesis
of new proteins. Tricorn protease and its interacting factors are

Introduction

One of the biggest challenges in modern cell biology is to
unveil the principles of intracellular protein synthesis and pro-
tein degradation. Functional analysis of structural data has sig-
nificantly contributed to the recent progress in understanding
interactions between elements of the protein-synthesis machi-
nery and their regulation. At the same time, the picture of pro-
tein-degradation processes and interactions between the com-
ponents involved is still incomplete. In eukaryotic cells most
cytosolic and nuclear proteins are degraded by the ubiquitin
(Ub)/proteasome pathway, which is responsible for protein
quality control, antigen processing, signal transduction, cell-
cycle control, cell differentiation and apoptosis. This pathway
employs a complex enzymatic system to degrade proteins.
Protein substrates are marked by covalent addition of a poly-
Ub chain and are subsequently degraded by a 2500 kDa pro-
teolytic molecular machine, known as the 26S proteasome.
The discovery of ubiquitination was honored with the Nobel
prize in Chemistry in the year of 2004, thereby highlighting the
discovery of this important physiological regulatory mecha-
nism. The 26S proteasome plays its role as the proteolytic ma-
chinery in this cascade of reactions by degrading previously
marked substrate proteins. This multifunctional complex is
built up from the 700000 Da proteolytic core particle (CP, 20S
proteasome) and two 900000 Da regulatory particles (RPs, 19S
complexes), which are responsible for substrate recognition,
substrate unfolding and substrate translocation.

When the involvement of the Ub/proteasome protein degra-
dation pathway in a vast number of cellular processes is con-
sidered, inhibitors of this system are promising candidates as
antitumor or antiinflammatory drugs. After the discovery of
the 20S proteasome, its mode of action was first analysed with
nonspecific protease inhibitors. Specific inactivation of protea-
somal active centres for a limited amount of time reduces cy-
totoxic effects, and this has been a major topic of proteasomal
investigations lately. New synthetic and natural inhibitors have
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working downstream of the proteasome and process the peptides
into amino acids. Here, we summarise the current state of knowl-
edge about protein-degradation systems, focusing in particular
on the proteasome, HsIVU, Tricorn protease and its interacting
factors and DegP. The structural information about these protein
complexes opens new possibilities for identifying, characterising
and elucidating the mode of action of natural and synthetic
inhibitors, which affects their function. Some of these compounds
may find therapeutic applications in contemporary medicine.

greatly facilitated the investigation of the proteasome in vivo
as well as in vitro (see Section 2). The released structural infor-
mation allowed the Millennium Pharmaceuticals company to
develop the proteasome inhibitor Valcade (bortezomib), which
passed the clinical phase lll study this year and now represents
a newly approved prescription drug against multiple myeloma.
These and further experiments will certainly enhance interest
in the proteasome as a potential target for drug development
in medical research.

CPs are ubiquitous among all three kingdoms of life. Howev-
er, in contrast to eukaryotes, archaea and actinomycetes con-
tain a much more simply organised core particle (only one
type of a and one type of [} subunit; see Section 2), whereas
eubacteria possess a proteasome-related system named HslV
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(comprised of only one type of f§ subunit; see Section 1). Al-
though subunits of the HslV complex show substantial struc-
tural and functional similarities to the corresponding subunits
of archaeal and eukaryotic CPs, the general architecture and
the assembly of the mature complexes differ significantly.
Despite all the differences, a common feature of the CPs
and proteasome-related systems is the generation of peptide
fragments with a length distribution of about 8-15 amino acid
residues. As a rule, these peptides cannot be reused by the

Michael Groll was born in 1971 in Donau-
worth, Germany. He studied chemistry in
Munich, Germany, and then joined Prof.
Robert Huber for postgraduate studies. In
1998, he received his PhD for crystallo-
graphic and biochemical studies on the
20S proteasome from S. cerevisiae. He
continued to work with Prof. Huber as a
postdoctoral researcher, but also spent
some time at Harvard Medical School in
Prof. Finley’s group. In 2004, he received
his Habilitation from the “Charité” in Berlin for his work on structural
and functional relationships between archaebacterial and eukaryotic
20S proteasomes. Since 2004, Michael Groll has been running an in-
dependent research group in the Adolf-Butenandt-Institut for Physio-
logical Chemistry of LMU Munich.

Matthias Bochtler was born in Niirnberg,
Germany, in 1971. He studied physics in
Munich and in Cambridge, UK, and then
joined Prof. Robert Huber’s group in Mar-
tinsried for a PhD in protein crystallogra-
phy. In 2001, he accepted a joint appoint-
ment by the Max Planck Society and the
Polish Academy of Sciences to start an
independent research group in Warsaw,
Poland. His research interests are focused
on peptidases, proteases and protein
degradation.

Biochemist Tim Clausen was born in 1969
in Flensburg, Germany. He graduated in
biology from the University of Constance
and then went on to Munich Technical
University, where he obtained his PhD in
1997 for work with Prof. Robert Huber on
pyridoxal-dependent enzymes. He contin-
ued with structural studies in Martinsried,
and received his Habilitation from the
University of Constance in 2001. During
this time he has also become interested in
proteases and chaperones. At present, Tim Clausen is running an in-
dependent research group at the Institute of Molecular Pathology
(IMP) in Vienna, Austria.

224

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

M. Groll et al.

cell and have to be further degraded by proteases to single
amino acids, which can be utilised for de novo protein synthe-
sis. One example of this kind of protease in prokaryotes is the
tricorn protease (TRI), which exists only in some archaea and
eubacteria (see Section 3). Structural and functional analysis
has shown that the tricorn protease acts as a carboxypeptidase
with preferential di- and tripeptidase activity. Further degrada-
tion of these small peptides is performed by tricorn-interacting
proteases, such as the aminopeptidases F1, F2 and F3. Since
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the distribution of the tricorn protease among microbial ge-
nomes is limited, there should exist functional analogues. The
recently identified tetrahedral aminopeptidase (TET) is able to
degrade oligopeptides to single amino acids and can be con-
sidered as a functional equivalent of the tricorn protease.
Structural data have revealed its molecular architecture and
functional characteristics.

The four proteases discussed in this review display different
regulatory mechanisms but show sequestration of their active
sites inside molecular cages as a common structural principle,
although the structures are assembled from different building
blocks in different shapes and with varying symmetries. We
focus in particular on structural, functional and mutational
studies from our laboratories. Other cage-forming proteases
and their regulatory components that have been structurally
characterised are mentioned briefly.

1. The ATP-Dependent Protease HsIVU

HsIVU, presently the mechanistically best-characterised adeno-
sine triphosphate (ATP) dependent protease, is the most
recent addition to the set of known ATP-dependent proteases
in bacteria. In contrast to other enzymes in this group, HsIVU
had eluded all attempts to isolate the ATP-dependent proteo-
lytic activities from the bacterial cytosol, probably because of
the lability of the complex. The first hint about the existence
of this ATP-dependent protease emerged from a screen for
bacterial heat shock genes that led to the identification” and
sequencing® of the hs/VU operon. The sequence data showed
that HslU was an Hsp100 protein with a Walker ATPase motif,
and they also revealed a remarkable similarity of HsIV with the
[ subunits of archaebacterial and eukaryotic proteasomes, a
fact suggesting that HslV could have protease activity.”? The
presence of both genes in the same operon suggested the
possibility that they could form an ATP-dependent protease.
This hypothesis was subsequently proven by the demonstra-
tion that ATP-dependent peptidase activity could be reconsti-
tuted from the recombinantly expressed and purified
components.®¥ HslVU was subsequently rediscov-
ered several times. The enzyme was independently
discovered in screens for proteins that could downre-
gulate the heat shock response™ and for suppressors
of the SOS-mediated inhibition of cell division in Es-
cherichia coli® The observed biological responses in
HsIVU-overexpression or -deletion strains result from
a decrease or increase in the steady levels of HslVU
substrates.”! HsIVU, itself a heat shock protein, affects
the heat shock response by degradation of the heat
shock factor 032%% and affects the SOS response
through the degradation of the cell-division inhibitor
SU|A.[9’1O]

HsIVU biochemistry and physiology

The physiological role of HsIVU seems to be limited,
probably because of overlapping substrate specificity

with other ATP-dependent proteases in bacteria. In  ref.[17].
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E. coli, HsIVU deletion has no effect on the phenotype at stan-
dard growth temperature and affects growth and viability only
at very high temperatures.” According to the protease data-
base MEROPS, some bacterial species appear to lack an HsIVU-
type peptidase altogether."" Therefore, it came as a surprise
that some HslV and HslU homologues were recently found in
primordial eukaryotes, where they appear to be simultaneously
present with genuine 20S proteasomes.'”? Low expression
levels and the lability of the HsIVU complex make work with
proteins from wild-type strains difficult. Gratifyingly, the active
protease can be reconstituted in vitro from overexpressed and
purified components.”! It requires ATP for the degradation of
folded substrates and ATP or some of its analogues for the pu-
rification of small chromogenic peptides. As expected, the ATP-
hydrolysis and proteolysis activities are mutually dependent.”?
In addition, the peptidase activity was found to depend in
complex ways on the presence of various cations, especially
K*, in the buffers.™

HslV peptidase

On the sequence level, HslV shows sequence similarity with
the 3 subunits of archaebacterial and eukaryotic proteasomes,
a fact that was immediately noticed when the E. coli gene was
sequenced? and was later shown to extend to other related
eubacterial sequences."” Electron microscopy of recombinant
HslV subsequently suggested that the particle formed a dimer
of hexamers that appeared to enclose only one central cavity
without antichambers, as in proteasomes.'® The unexpected
sixfold symmetry of HslV and the similarity of subunit fold with
that of eukaryotic proteasomes were subsequently confirmed
by X-ray crystallography."”” The crystallographic data also

showed that the contracted ring, as compared to that of pro-
teasomes, resulted from small changes to the subunit-subunit
interface, not from an entirely new mode of oligomerisation
(Figure 1).

n71

Figure 1. Comparison of E. coli HslV and the T. acidophilum proteasome. A superposition of
one hexameric ring of E. coli HslV (red) with one heptameric ring of the 5 subunit of the

T. acidophilum proteosome (green) is shown in stereo representation. The subunits at the
“top” of the ring have been overlayed optimally. The “tails” of the HslV subunits that point
radially outwards are histidine tags and are thus cloning artefacts. Figure reproduced from
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All 12 active sites of HslV are located on the inner walls of
the hollow particle. In the E. coli particle, each active site has
neighbouring active sites 28 A away on the same ring and 22
and 26 A away on the opposite ring. The environment of the
nucleophilic Thr1 looks similar to that in proteasomes, and the
presence of a (putatively protonated) lysine residue near the
active site probably helps to lower the pK, value of the N-ter-
minal a-amino group so that it is present in the unprotonated
form that can act as the general base to accept a proton from
Thrl.

Since the determination of the HsIV crystal structure, two
additional crystal structures from other species have also been
determined. The highest resolution structure available to
date is the crystal structure of the Haemophilus influenzae
enzyme."® Intriguingly, this structure showed the presence of
cation-binding sites near the active centres,"® a finding that
could subsequently be confirmed for the Thermotoga maritima
enzyme” and that explains, at least in qualitative terms, the
dependence of HsIVU activity on various cations in solution.
Overall, the crystal structures of the enzymes from H. influ-
enzae™® and T. maritima"® are very similar to the original struc-
ture of the E. coli enzyme. Therefore, it came as a surprise that
the HsIV homologue from Bacillus subtilis, known as CodW,
behaves rather differently. Although the enzyme contains a
threonine residue that aligns with the active-site threonine of
the E. coli, H. influenzae and T. maritima enzymes, it does not
contain the glycine at the C terminus of the profragment, a
residue that is believed to be required for efficient autocatalyt-
ic processing; indeed, the polypeptide chain is processed five
residues upstream of the conserved threonine that is the
active-site nucleophile in other species, to expose an N-termi-
nal serine residue.”” Whether this implies that the serine is in
the spatial position normally filled by the threonine, thereby
implying a discrepancy between the sequence-based and
structure-based alignments, or whether it means that the ac-
cessory catalytic residues are either dispensible or anchored
elsewhere on the sequence is currently not clear.

HslU ATPase

Based on the sequence, HslU can be easily classified
as an ATPase due to the presence of conventional
Walker A (phosphate-binding loop or P-loop) and
Walker B (magnesium-binding) motifs. Beyond this
simple classification, two competing models for HslU
were proposed, which classified the enzyme either as
a PDZ-domain-containing ATPase®’ or alternatively
as a AAA(4)-type ATPase.?? The crystal structure set-
tled the issue in favour of the AAA(4+) model.”
AAA(+4) ATPases consist essentially of two structural
domains that are connected through a short linker.
The nucleotide binds at the interface of the two do-
mains. As first observed with HslU, the presence or
absence of nucleotide induces different relative ori-
entations between the two domains.”! With the

C domain (S50
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pendence on the state of hydrolysis of the nucleotide.”?

The nucleotide is in a strategic position both at the interface
of the N and C domains of one subunit and at the interface of
adjacent subunits. A combination of mostly conserved residues
from the two subunits around the nucleotide creates a highly
polar environment.” Two arginine residues have attracted
particular attention. Arg393 of E. coli HslU is thought to act as
the “sensor” that transmits information on the presence or
absence of nucleotide and possibly on its identity to the C
domain and thus controls the relative orientation of N and C
domains in HslU. Another conserved arginine residue, Arg325,
is anchored on the subunit that makes fewer contacts with the
nucleotide and is a homologue of the proposed “arginine
finger” in FtsH.” Although the term “arginine finger” (taken
from the small guanosine triphosphate (GTP) binding proteins
Ras and Rho) implies a direct catalytic role for this residue, its
distance from the phosphate groups of the nucleotide argues
more for an indirect role. A similar conclusion has since been
reached for CIpA.*® Experimentally, mutation of either of the
two arginine residues abolishes all ATP-dependent proteolysis
activity.””? Loss of subunit interactions plays a major role in the
loss of function: The “arginine sensor” mutant Arg325Glu is
fully and the “arginine finger” mutant Arg393Glu is partially
dissociated in gelfiltration experiments in the presence of
salt?”

A very complex picture has emerged from biochemical and
crystallographic studies designed to characterise the substrate
binding sites in HslU. An essential role for the C terminus of
HslU was first suggested on the basis of experimental studies
that were designed based on the prediction of PDZ-like do-
mains at the C terminus of HslU.”?" Although the prediction of
PDZ-like domains later turned out to be in error, the con-
clusion about a role for the C terminus of HslU in substrate
recognition was later corroborated with the description of a
biochemically defined “sensor and substrate-discrimination
domain (SSD)"?® that is also present in other AAA(+) ATPases

I domain

Figure 2. HslU surface-coloured according to domain. A) View along the sixfold axis, seen
from the side opposite to the | domains. B) View along the sixfold axis, seen from the side
of the | domains. Every second subunit of the ring is coloured according to domain (N do-
main = yellow, | domain = blue, C domain or SSD domain = red), while the other subunits
are coloured in green. The diagram is based on the trigonal crystals of E. coli HslU that con-
tain nucleotide in every other subunit. The asymmetry and crystallographic packing effects

are responsible for the broken sixfold symmetry of the | domains. Note that the | domains of

availability of many different nucleotide states of
HslU, the model was later refined to include a de-
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three subunits at the top of the figure have been cut away in (B) to allow a view on the
globular N and C domains.
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and was suggested to act as the “hook” for substrates.”

When the crystal structure of HslU became available, the SSD
domain turned out to coincide with the C domain. This finding
is remarkable and not fully understood, since in all crystal
structures of HslU the C domain primarily mediates oligomeri-
sation contacts between HslU subunits. Its solvent-accessible
regions are found on the periphery of the HslU ring, far out-
side the cavity that is formed by the protruding | domains
(Figure 2). From the crystal structure,”® it would appear likely
that the protruding | domains, rather than the SSD domains,
act as the “hook”, although the ill-defined tertiary structure of
the | domains makes specific interactions unlikely (Figure 2). In
agreement with this model, it was found experimentally that
the | domains are essential for the degradation of the folded
substrate MBP-sulA.¥”! A recent two-hybrid study is consistent
with both points of view: it confirms the essential role of the C
domain (SSD domain) in oligomerisation but also supports a
role for the | domain and the SSD domain in substrate degra-
dation. Presumably, if substrates
are translocated through the
central pore in HslU as electron-

microscopy data suggest for A)
CIpXPE” both the | domains and

the globular part of the ring e
would come into contact with - :
the substrate during substrate [k

translocation, although the loca-
tion of the C domains (SSD do-
mains) on the periphery of the
HslU ring would still need to be
reconciled with this model.

The precise mode of recogni-
tion of substrates is even less
clear for CodX, the HslU homo-
logue from B. subtilis. In the ab-
sence of detergent, the | do-
mains of two hexameric CodX
rings contact each other, which
leads to a head-to-head stacking
of CodX rings and, presumably,
the formation of a central cavity loosely surrounded by | do-
mains. As the dimer of CodX rings can associate with the
CodW protease on either side, repetitive, chain-type structures
with alternating double rings of the peptidase CodW and the
ATPase CodX can be formed.”" The physiological significance
of these high-molecular-weight assemblies is currently not
clear.

HslU

HsIVU protease complex

A key theme in ATP-dependent proteolysis has been the issue
of “symmetry-matched” versus “symmetry-mismatched” com-
plexes. In the light of the clearly established symmetry mis-
match of the CIpAP®? and CIpXP®¥ complexes, the unambig-
uous sixfold symmetry of HsIV'®** in electron-microscopy
images and the reports of a predominant HslU species with
sixfold symmetry"®*¥ came as a surprise because they exclud-
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ed a ratcheting mechanism in HsIVU. This conclusion has since
been confirmed by all HslU and HsIVU crystal structures.’?*3>3")
In all cases, HslU is hexameric and matches the oligomerisation
state of HslIV. For the first crystal structure of an HslU-HslV co-
crystal, a controversial |-domain-mediated contact between
HslU and HslV was reported.*®* The contact was suspicious
from the very beginning because of the poor contact area, but
it seemed compatible with the known low affinity between
HslV and HslU and appeared to explain how the symmetry-mis-
matched ClpXP and CIpAP complexes could be formed. Al-
though a crystallographic reinterpretation of our original data
that attributed this docking mode to overlooked twinning®®*%
turned out to be itself in error,*? it is now clear from the com-
bined results of cryoelectron microscopy,”" small-angle scatter-
ing analysis®® and several additional crystal structures of the

complex®>3 that the physiological mode of interaction be-
tween HslU and HslV is with HslU | domains distal to HslV
(Figure 3).

Figure 3. HsIVU complex. A) Crystal structure of the HsIVU complex in the physiologically relevant form, drawn accord-
ing to the coordinates in PDB file 1G31.2° Note the insertion of the C termini of HslU into clefts in HslV. B) Schematic
comparison of the physiologically relevant binding mode, with | domains of HslU distal to HslV, with the originally re-
ported mode of association, which has the | domains proximal to HslV.

Allosteric activation

In the absence of nucleotide, HsIVU has residual activity at
best, but the presence of several nonhydrolysable ATP ana-
logues is sufficient to stimulate HsIVU-driven proteolysis activi-
ty against substrates that do not require unfolding, a fact sug-
gesting an allosteric effect of the nucleotide on HslU and,
through HslU, also on HslV. This was further corroborated by
the observation that a peptide vinyl sulfone only formed a co-
valent complex with HslV in the presence of HslU and nucleo-
tide.*? The details of this allosteric mechanism emerged from
the crystal structure of HslVU from H. influenzae. In this case,
but not in other crystal structures of the HsIVU complex, the
normally buried C termini of the HslU subunits distend and
insert into the active-site clefts in HsIV to reach out almost to
the HslV active centres® (Figure 4). The crystal structure of
HsIVU in complex with a peptide vinyl sulfone inhibitor®® and
two independent biochemical studies™ that demonstrated
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A)

HslU (1G3I)
(C-domain)

HslU (1E94)
(C-domain)

Figure 4. HsIVU activation mechanism. A) Ca trace of the superposition of the C domain of an HslU subunit (red) from the original E. coli HsIVU complex onto that
of the H. influenzae HslU subunit (green) from its complex. Two HslV subunits (pink and blue) from the H. influenzae complex are also shown to illustrate the bind-
ing of the C-terminal segment of H. influenzae HslU to the pocket between the HslV subunits (indicated also by a black curved arrow). B) Close-up of the C-terminal
residues of an E. coli HsIU subunit (red) from the complex. The carboxylate group of the terminal leucine residue forms salt bridges with Arg394 of the same subunit
and with Arg329 of an adjacent (yellow) HsIU subunit, which is not illustrated in (A) for clarity. C) Close-up of the C-terminal residues of an HslU subunit from the

H. influenzae HsIVU complex. Figure adapted from ref. [45].

the activatory properties of the C-terminal tails of HslU further
corroborated this mechanism. In the light of these data, it is
remarkable that wild-type HslU in the presence of adenosine
diphosphate (ADP) does not act as an activator for HslV, not
even against unfolded or chromogenic substrates. A possible
but experimentally untested explanation could be that the C
termini of the HslU subunits are available for HslV binding only
in the presence of activatory nucleotides.

Whatever the details of the allosteric activation mechanism,
it is already clear that HslU primarily affects the conformation
of the HslV active sites and not the accessibility of the HslV
proteolytic chamber. Two independent lines of in vitro evi-
dence support this conclusion. Firstly, an HslV mutant with a
widened entrance channel does not show increased proteolyt-
ic activity in the absence of HslU, although it can still be acti-
vated like wild-type HslV by the presence of HslU.** Secondly,
the recently determined crystal structure of the H. influenzae
asymmetric HsIVU protease in complex with an inhibitory pep-
tide vinyl sulfone has the inhibitor bound only in HslV subunits
that are in contact with HslU,®” a fact strongly arguing against
accessibility of the proteolytic chamber as the rate-limiting
factor, at least under experimental conditions.

The eubacterial HslVU is distantly related in structure to the
proteasome found in archaea, actinomycetes and eukaryotes.
Surprisingly, however, the structural relationship is not reflect-
ed in the regulatory properties, as will be described in the fol-
lowing section which focuses on structural studies of the 20S
proteasome and its activation, activity and inhibition.

2. The 20S Proteasome
The 20S proteasome complex

The 20S proteasome (core particle; CP) is a large, cylinder-
shaped protease with the molecular weight of about
700000 Da. It plays a crucial role in cellular protein turnover
and is found in all three kingdoms of life. Electron micrographs
of 20S proteasomes have revealed that it has molecular dimen-
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sions of about 160 A in length and 120 A in diameter.*® The
complex is formed by 28 protein subunits, which are arranged
in 4 stacked rings, each comprising 7 subunits.*” The detailed
architecture of the CP was elucidated by crystal-structure anal-
ysis of the archaebacterial 20S proteasome from Thermoplasma
acidophilum at 3.4 A resolution.”® The structural data showed
that the CP has the shape of an elongated cylinder with three
large cavities and narrow constrictions between them. The
molecule has 72 point symmetry following an a,f3,p,0, stoichi-
ometry. The two outer chambers are formed by o and f rings,
whereas the central chamber containing the proteolytic active
sites is composed of the P rings. The a and [ subunits of the
CP show similar folding, although the primary sequences of
these subunits are quite different (Figure 5A). The fold of the
subunits is characterised by a sandwich of two five-stranded
antiparallel f sheets, which are flanked by helical layers on the
top and bottom. Archaebacterial proteasomes can be regarded
as the prototype for the quaternary structure and topology of
CPs, whereas the general architecture of eukaryotic CPs is
much more complex.*”*? These molecules represent the most
elaborate versions of the CP, as the a and B subunits have
each diverged into seven different subunits. Eukaryotic CPs
show pseudo-sevenfold symmetry and consist of two equal
parts (ot,_,B:_,p1-704_,), which are related by twofold symmetry.
The nomenclature of each subunit is defined according to the
structural data from the yeast CP*? Residue numbers for these
subunits are assigned on the basis of the alignment to T. acido-
philum (Figure 5B, C). All 14 different eukaryotic proteasomal
subunits contain characteristic insertion segments and termini,
which represent well-defined contact sites between related
subunits and lead to their unique locations at special positions
within the particle (Figure 5D). Compared to the archaebacteri-
al CPs which have 14 identical active sites, eukaryotic 20S pro-
teasomes contain only three proteolytically active -type sub-
units, f1, 2 and B5, whereas the other -type subunits are in-
active. In mammals, y-interferon provokes the substitution of
the three active B subunits (31, 2 and B5) with three newly
synthesised low-molecular-mass polypeptide (LMP) subunits

ChemBioChem 2005, 6, 222 - 256



www.chembiochem.org



REVIEWS

Molecular Machines for Protein Degradation

Thermoplasma 208 proteasome

Al

54

53

B subunit
52

5

o subunits

ot subunit

B)

=1
Eloosaoooal
NZ 0L
L E
EELOC>
CEACD S
(D= =000
. SEESE, R
»=0O¥ITITIT
oraonTwe
C=-Z0000
S T
et o L e
Duw=nz>_0
e o e
S 4 b
LTS RLIR TR IR

-l >
W -
L 2
Zz worodd
(=N Te LT
BuwoZwown>

=t D

X0 2o Wy
Lol bielr T )
e 0 b e o e
>rNENdZ o
EREEETES
AW R
[=la [THFITETET NI
mssr.ﬂc.u.hu.
——C O
N
AEEEERED
B
LOoJLIOTo
ZOZOZTui-0
XYY TT
[l L]
UHR“M“‘RK
= 1 U S
D=2000000
A= B
<t dg-0
=
b U e
WE > T=uim=
[LTRE fi T ]
2OOIXT SO
IO
P
mﬂ.lﬁ_vdﬂ L 44
LA e LI
[ TR

AL gL

W S L

S e

[P TR TR
¥ e d il d E
Reexcrces

o
B = O e
——p= =
LTwEOon

Brrunrcoa
[=T=Fl=]=T=]=T=]

= QAN b=
OdBETms
BUED

u?

3 5¢ b

PRES scuf

PREA s od
PP

Cl_se

57
=

— L
—E _ -2
940 (00 L0

o « 0O BN

Gaficdol
CO0Z W

FU> 0Tl

~oOxEO0TWE
T S o o S T .
i e e ol
EuwOxOIT
LA R

o
DOODoOD-
—Z 00
OweTTonZ

Lt 3

STTel==T=T=l=
ﬂ|VH...rFHurU-
=G EOa0ns

g ad 0

PRI S TS

e s i

[T |

e I e[ dc T T
C=L080x>Z
=TT UAD -
OC000wWDT
O e Ll
FraLrruZT
DwdmEy <
0000000
rENEEOLL>
D — i
OZxo0000
TR LNTDOE
>E> BB
CTWE>wnaE
EXNTIEOIO
a0
A T
[l - 2]
== PN TN
t =233
Zooa-Z<a
=Fo _>_
ok Jal Ral 1.8
A3 W W O =
CO0ZWoEZx
EEEFLAELE
o T
G %
Sy JIZw
Wu>>TITT W
(VL o L]
QL-E =>x
Q TOQ>Z .
oo o o o e
A T Ow
. L]
CTEEZI@IoET
EE L L L]
LE e T=E
Rooozwwzz
= S TR
L |
PED > L
EXEwrEas
oL e L 0L D
joocoooncl

o0 a

YIdse wd

PREG s ed

o
ax . L]
Pws . .Z
wi> -

g .09 . .w

wE —ZoDom

Exd<hOE
go_so0on
FEUxa el
et T
0
HrOE>0--
ST i e L
_rlh e e
SEWOW WO
[] ST R ST
COTCTZTZZ0
EEwOw FOw
O A e
WA= 00 x
{11 TR R B
- LE
0 =0 = .

59

FNGDTI EL

LAl o aMiE
W Jw-wan
[BRLRE=Ta e ST}
ST S
1) e S
(= THE JFTe Lo )
e L
o el o
LT
W O L
——t
w B £
(R 4 ]
mTEHEKI-.KK
o S T .
L L Aa L S
Wy OO
p T [HEs]E gl o
=
o
NI T
G UTTR  T.  4
it - . Z0
P . )
I . .a .00
=] 3F
ol
[ (TR
ZHWoxu T
WxOoT®k-I
grxIXATIOO
L
WIEOZw-

EZxSx T
YT Ls TR Y]

[P TR}
U b e L S e o
= OX0xx
AL qd AL

P ]

—ad>nEwdo

s TR T
Dx0ZZ0E0
090 3 L N

=l <CavE-cag
Al Fe-Oxx
Lt b f i)
WKKKKSN?K
=TT
wonOnzwe
FrurnrE2

al
al

YId sc md

PREG sc od

ALFHA_ta

280

&7

250
b

K

E

a
K
Q
A

4

DFAQGKEI NGDDDEDEDDSDNVMSSDODENAPVATNANATTDOEGDI HLE

WEE =€
NKEDDQENE
NEWZY TGO

| S

L L L e

W D s

(s P {00 N0 LT

[l - Jala) o

ol BT b )

— . ——

TuEx W

ot

PRES s af

Cl_sc

[¥14]

=

Figure 5. A) Ribbon drawings of the a and 3 subunits from T. acidophilum.”*® Helices and 3 strands are coloured in blue and green, respectively, and secondary

structure elements from helices HO-H5, as well as from [5 strands S1-510, are labelled in black. B) Sequence alignment of the various a-type subunits of CPs from

T. acidophilum and yeast. Conserved amino acids among all a-type subunits are highlighted against a red background;

helices and f3 strands are shown as black

cylinders and arrows, respectively. Below are the ribbon drawings of each of the different a-type subunits from Saccharomyces cerevisiae. Orientations of the sub-

units are similar to those illustrated in (A). Each o
tured CP. C) Sequence alignment of the various [

’

s, which cause their unique locations in the ma-

type subunit contains specific insertions and terminal extension
type subunits in matured CPs from T. acidophilum and yeast. (Prosegments of the proteolytically active subunits

are removed, subunits 6 and 37 are only shown with their partially processed precursor sequence.) The proteolytically active subunits 51, 2 and 5 are highlight-

ed against green, yellow and blue backgrounds,

respectively. Additionally, these subunits are aligned with their related constitutive and y-interferon-inducible

human p-type subunits. Positions 20, 31, 35 and 45 of the S1 specificity pocket of subunit 31 are coloured in orange, thereby illustrating the change of specificity in

the inducible human immunosubunit. The labelling and representation of the ribbon drawings of the various [

type subunits from yeast is similar to that described

in (B). D) Topology of the 28 subunits of the yeast CP drawn at atomic resolution and as spheres. The segment of the f-[5' rings shows Ca-chain tracings of sub-

units B1, B2, 83, 6’ and B7, thereby highlighting their f—cis and -trans-f3 interactions through characteristic contacts of insertion segments.*”
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Molecular Machines for Protein Degradation

termed B1i, B2i and B5i."*? The incorporation of the vy-inter-
feron-inducible subunits into the CP requires its de novo as-
sembly and depends on the cell's development state and the
tissue type.”>*¥ Collectively, these y-interferon-inducible sub-
units are referred to as the immunosubunits as they tune the
CP for higher efficiency to generate specific antigenic pepti-
des.”® These epitopes are finally loaded onto major histocom-
patibility complex (MHC) class| proteins and initiate the
immune response.

The proteolytic active centres

The crystal structure of the CP from T. acidophilum in complex
with the competitive inhibitor N-acetyl-Leu-Leu-norleucinal
(Calpain inhibitor I) showed for the first time that the proteo-
lytic active centres in archaebacterial proteasomes are formed
by the N-terminal threonine of each of the B subunits.”® The
functional aldehyde group of the inhibitor is covalently bound
to the Thr1 Oy atom as a hemiacetal. The tripeptide aldehyde
adopts a f conformation and fills the gap between p strands
by generating an antiparallel -sheet structure. 20S protea-
somes were the first known example of threonine proteases.
Structural and mutational studies defined Thr1, Glu17 and
Lys33 as the most important residues for the proteolytic
system. Additionally, Ser129, Asp166 and Ser169 are close to
the active-site threonine and seem to be required for the struc-
tural integrity of the proteolytic centre, as well as being in-
volved in catalysis.**>® Crystal structures of the yeast 20S pro-
teasomes as well as the characterisation of various mutants fi-
nally allowed the elucidation of the proteolytic mechanism in
CPs.*%758 These results demonstrate that the Thr1Oy atom
reacts either with electrophilic functional groups of inhibitors
or with peptide bonds of substrates, while the Thr1 N atom
represents the proton acceptor (Figure 6 A). The N terminus of
the nucleophilic threonine is hydrogen bridged to the
Ser1290y, Asp1680 and Ser1690y atoms, whereas the
Thr10Oy is hydrogen bonded to the Lys33N{ atom. The pK,
value and status of protonation of the ionisable groups is un-
known, but the pattern of hydrogen bonds suggests that at
least the Lys33N¢ atom is charged. Indeed, in yeast, the con-
served active substitution of Lys33 with Arg33 in subunit 85
leads to its inactivation. The structural superposition of this
mutant with the wild-type shows a change of Arg33 only,
which for sterical reasons has its guanidino group tilted rela-
tive to the amino group of the lysine residue to avoid a clash
with Thr1.5® This rearrangement is possibly associated with
effects on the intrinsic pK, values of the Thr1Oy and Thr1N
atoms, thus preventing the hydrolysis of substrates. Besides
the nucleophilic N-terminal threonine, a nucleophilic water
molecule, termed NUK, is also essential for proteolysis. It is in
proximity to the Thr1 Oy, Thr1N, Ser1290y and Gly47N atoms.
It had been missed in the electron-density map of the CP from
T. acidophilum at lower resolution but was seen in the yeast
CP“I and penicillin acylase,”” a member of the Ntn-hydrolase
family (Ntn=N-terminal nucleophile). The water molecule is
thought to serve as the proton shuttle between the Thr1 Oy
and Thr1 N atoms during substrate binding and to cleave the

ChemBioChem 2005, 6, 222-256  www.chembiochem.org
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Figure 6. Stereorepresentation of proteolysis and autolysis. A) The vicinity of
residue Thr1 in subunit 31. The protein backbone is drawn as white coils,
whereas residues that particularly contribute to the active site (Thr1, Asp17,
Lys33, Ser129, Asp166 and Ser169) are shown as ball-and-stick structures. Lys33
is in a salt bridge to Asp17 (purple dots, both residues are coloured green) and
is therefore presumably positively charged, thus lowering the pK, value of the
Thr1 Oy atom electrostatic potential (black dots). Close to Thr1 are residues
Ser129, Asp166 and Ser169 (coloured blue) which are required for the confor-
mational stability of Thr1 (purple dots). A solvent molecule, NUK (shown as
yellow sphere), is localised in the electron density close to the Thr1 Oy and N
atoms and presumably plays a role in the proton transfer (yellow arrow).

B) Suggested mechanism for autolysis and substrate proteolysis exemplified at
the active site of the yeast 20S proteasome subunit 31. The backbone is shown
as white coils and Thr1 is drawn as as a blue ball-and-stick structure. Calpain
inhibitor | and B1-propeptide are coloured green and pink, respectively. The su-
perposition of wild-type 51 and 31 Thr1Ala main-chain atoms reveals a root-
mean-square deviation of 0.19 A, which allow the Ala residue in the mutant to
be modelled with the Thr1 residue from the wild-type CP. Proteolysis and autol-
ysis (black arrows) are initiated by proton transfer from the Thr1 Oy atom to
the water NUK (shown as a yellow sphere). The Gly47 N atom (blue sticks) is
the major constituent of the oxyanion hole for inhibitors and substrates; it
lowers the energy of the tetrahedral adduct transition state. The Ser129N atom
(blue sticks) is an essential part of the oxyanion hole for the carbonyl oxygen
atom of Gly—1, whereas the Lys33 NG atom (blue sticks) stabilises the carbonyl
oxygen atom of position —2 in the propeptide. Hydrogen bonds are indicated
as black dots. Addition of the Thr10Oy to the Gly—1C (autolysis) or Nle1 C
atoms (proteolysis) is followed by ester bond formation, which is hydrolysed in
both pathways by incorporation of the water NUK into the product.***"*%

acyl-ester intermediate, thereby regenerating the Thr1Oy
atom.

Topology of proteasomal subunits

The topology of proteasomal subunits is not unique to protea-
somes but rather to a set of hydrolases that have no recognis-
able sequence similarity to each other. Currently, there are
already 19 documented crystal structures of Ntn-hydrolases de-
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posited in the RCSB protein data bank. This class of proteins
use their N-terminal residue as the nucleophile and are there-
fore termed Ntn-hydrolases.™ Surprisingly, the active-site resi-
dues, including the aforementioned lysine residue are not con-
served, a fact supporting the assignment of the common N-
terminal amino group as the proton acceptor in proteolysis.
However, all Ntn-hydrolases require a processing step which
results in the exposure of the N-terminal amino group acting
as the nucleophile. Therefore, 20S proteasomes have to follow
a defined maturation pathway leading to the functionally
active Ntn-protease complex. The prosegments of the [(3-sub-
unit precursor complexes are removed by intramolecular autol-
ysis during the consecutive maturation steps of the particle
to result in the proteolytic active-protease complex (Fig-
ure 6 B).[57'61’62]

Early and late assembly intermediates in 20S proteasomes

a Subunits from archaea assemble spontaneously into homo-
oligomeric seven-membered rings, whereas their 3 subunits
are synthesised as monomers and contain precursor sequences
(Figure 7). The a ring alone has the same conformation as is

Inactive
[i-subunits
!I]
(o] — (o ﬂ ) =
i Inactive
u-subunits o -ring half CP

Assembled

cpP

M. Groll et al.

organisms. 20S proteasomes in actinomycetes have been
found to have a substantially smaller contact region between
o subunits than the corresponding regions found in the CPs of
archaea and eukaryotic cells, a fact suggesting that a smaller
contact area between o subunits is probably the structural
basis for the a subunits not assembling into rings when ex-
pressed alone.™ The crystal structure of the CP from Rhodo-
coccus erythropholis reveals that the propeptide of the (3 sub-
units acts as an assembly-promoting factor by linking its own
[ subunit to two adjacent a subunits. In eukaryotic CPs, the as-
sembly of the 14 different subunits is supported by additional
regulatory factors, which probably act as chaperones and are
only transiently associated with the nascent complexes.®>%
However, structural data for eukaryotic precursor complexes
and assembly intermediates are so far not available. Analysis of
all deposited [-subunit structures shows that the contact area
between [ subunits within a § ring is not sufficient for -ring
self-assembly without the additional contact provided by the a
ring. An established order of assembly and maturation helps to
prevent uncontrolled protein degradation within the cell. If
rings could preassemble, their active sites would not be se-
questered and be accessible to protein substrates. One func-

Latent CP

Inactive
Latent CP

(S

265 Proteasome

Figure 7. Model of coupled regulation of proteasome assembly and inhibition. Proposed steps in the assembly of the CP are depicted. The inhibitory N-terminal se-
quences of the a and f3 subunits are represented in red. In the inactive half CP, inhibition is provided by the (-subunit propeptides (which directly block the proteo-
lytic active sites). Inhibition by the a-subunit tails becomes effective only when the half CPs condense to form a closed chamber. The inactive CP is converted into

the latent form upon autolysis of the 3 propeptides. The last step represents holoenzyme formation, which is accompanied by channel opening.

found in the assembled 20S proteasome,® which illustrates
that during proteasome maturation a stable and rigid frame-
work is formed by the a rings. It is noteworthy that even the
contact regions are not significantly different between free a
subunits and aff assemblies in the CP, a fact indicating pre-
existing complementarities of the a—3 contact surfaces. There-
fore, the a ring represents an early assembly intermediate
during core-particle maturation and serves as the nucleus for
the B-subunit precursor complexes, thereby leading finally to
the matured 20S complex. Surprisingly, it could be shown that
adding B-subunit precursors from Archaeoglobus fulgidus to o
subunits from Aeropyrum pernix generates a proteolytically
active chimeric 20S proteasome.® This cross-maturation of
chimeric CPs from phylogenetically distant archaea is evidence
for a common assembly pathway of proteasomes from these
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[57,62,63,68,98,99]

tion of the B precursors is to correctly position half 20S protea-
some complexes for the generation of the CP on the matura-
tion pathway. The crystal structure of the proteolytically inac-
tive A.fulgidus [ ThriGly CP mutant, which is unable to
mature, represents one of the last CP assembly intermediates
in archaeal proteasomes.®™ It shows loosely associated a,f,
half proteasomes, which are separated from each other by a
gap of 4.5 A, as compared to the wild-type structure of the
mature enzyme (Figure 7). The a,f3,8,0, assembly intermediate
confines almost completed active sites to the inner cavities of
the complex and the maturation is finished by the subsequent
autocatalytic processing step. Archaebacterial and eukaryotic
CPs are homologous in sequence and structure® and eukary-
otic 20S proteasomes are also assembled from half protea-
somes, named 16S precursor complexes.®” It appears likely

ChemBioChem 2005, 6, 222 - 256
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that the assembly pathway in eukaryotes, in particular the ini-
tial formation of the a ring, is similar to that in archaeal pro-
teasomes. In the late assembly intermediates of eukaryotes,
the various different propeptides from the  subunits and ad-
ditional chaperones are essential to generate the two-fold sym-
metry that results in the fully active matured CP.>25%¢8 For
example, in yeast, the propetide of subunit 5 has been
shown to be essential for cell viability but is functional when
expressed in trans (intermolecularly),®® whereas deletion of
the propetide of subunit 1 does not show any phenotype.””
In cases where the propeptide

of subunit B1 is replaced by
ubiquitin, which liberates the N- A)
terminal threonine immediately

after expression, the subunit re-

mains inactive. Structural analy-

sis of the mutant proteasome

showed no significant differen-

ces to the wild-type structure,

except for extra electron density

at the amino group of Thr1 of
subunit 1, which was interpret-

ed as an acetyl group and con-

firmed by mass spectroscopy.”®

In parallel, yeast mutagenesis \\
has shown that all proteolytically
active subunits maintain their
activity by deleting their respec-
tive propeptides when the Na-
acetyltransferase is inactivated.””
These observations support the
above-mentioned proteolytic
mechanism and assign the role
of proton acceptor to the amino
group of Thrl. The acetyl group
is not cleaved by autolysis (see below), probably for steric and
electronic reasons.

posed mechanism.®”*®

Autolytic mechanism in 20S proteasomes

All eukaryotic proteasomal B-type subunits have probably di-
verged from a single ancestor similar to the archaebacterial 3
subunit. The maturation of active eukaryotic and archaebacte-
rial 3 subunits is independent of the presence of other active
subunits and occurs by intrasubunit autolysis within the as-
sembled particle.””*®% The prosegments are removed by au-
tolysis between residues Gly1 and Thr1, a process requiring a
Gly-Thr site and catalytic residues. Designed mutants in eu-
karyotic CPs®7"7Z and naturally occurring inactive proteaso-
mal subunits altered at those sites are not processed. In eukar-
yotes, only three [-type subunits (31, f2 and (35) are active
and possess N-terminal threonine residues, whereas the re-
maining B-type subunits (3, 4, f6 and P7) remain inactive
and are found as precursors or intermediate processing prod-
ucts.">¥ For the autolysis reaction, the N-terminal amino
group is not available as a proton acceptor and is functionally
replaced by the catalytic water molecule (NUK). NUK is ideally

ChemBioChem 2005, 6, 222-256  www.chembiochem.org
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positioned to act as the general base and to promote the ab-
straction of the proton from the Thr1 hydroxy group, thereby
initiating nucleophilic attack on the carbonyl carbon atom of
the preceding peptide bond.®” The structures of the active
sites are therefore designed for both reactions, autolysis and
substrate proteolysis. As shown for the yeast 1 Thr1Ala CP
mutant, the conformation of the segment Leu—2 to Thr1 has a
bulge at Gly—1 with a short hydrogen bond (2.5 A) between
the Leu—20 and Thr1N atoms; this is classified as a three resi-
due vy turn (Figure 8). v Turns show no significant sequence

Figure 8. Autolysis of B subunits—a late occurring assembly process of CPs. A) 20 A sector around Alal of subunit 81
of the 31 Thr1Ala mutant from yeast. Residues are drawn in balls-and-stick representations (coloured in grey) except
the prosegment of subunit 1 (coloured in red), the mutated ThriAla residue (coloured in yellow) and the amino acids
responsible for autolysis and proteolysis (coloured in green). The experimental electron density of the Ser—3/Ser2 seg-
ment is shown in blue. B) Model of the chromosomally expressed subunit 31 (coloured in blue) with its propeptide
(coloured in red); Thr1 is labelled in black. The ribbon drawing of the 31 Thr1Ala mutant from yeast confirms the pro-

preference and the conservation of Gly—1 in proteasomes may
be to avoid steric interference of a side chain with the turn
segment at position 168. The Thr1 Oy atom is centrally posi-
tioned in the y turn and is in proximity to the carbonyl carbon
atoms of Leu—2 and Gly—1, such that further approach by a
Thr1 side-chain rotation and pyramidalisation of the carbonyl
carbon atoms follow the preferred trajectory of a nucleophilic
addition reaction.”® Addition leads to a hydroxazolidine inter-
mediate, which may decay to the ester when the C—N bond is
cleaved (see Figure 6B). The nucleophilic water molecule func-
tions as the base in the addition reaction and, after a slight re-
arrangement, as a proton donor to the amido nitrogen atom
when the C—N bond is cleaved and the ester is formed. It may
finally be incorporated into the product when the ester is hy-
drolysed while the active site generates. The conservation of
backbone geometry and the majority of the residues making
up the active site in inactive 3 subunits indicate that early in
evolution these subunits could have been proteolytically
active. Later, these subunits lost their activity by mutations.
Subunits 33, B4 and (36 lack at least the nucleophilic threonine
in position 1, and 37 has Arg33 and Phel129 instead of Lys33
and Ser129, respectively. However, reactivation of inactive f3-
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type subunits by multiple mutations has failed so far,"® where-
as inactivation of individual active subunits is possible but
causes severe phenotypes.>%)

Specificity of proteasomal subunits

The eukaryotic 20S proteasome has different protease activi-
ties. In vivo assays in eukaryotic cells have shown that the CP
is able to cleave after almost every amino acid.”*” However,
proteolytic activity against chromogenic substrates demon-
strates only five distinct cleavage preferences, named chymo-
tryptic-like (CL), tryptic-like (TL), peptidyl-glutamyl-peptide
hydrolysing (PGPH), branched-chain amino acid preferring
(BrAAP) and small neutral amino acid preferring (SNAAP) activi-
ty. Most of the subunits responsible for these cleavages could
be defined by structural and functional mutagenesis in the
yeast CP (Figure 9).49*%% Thus, the bottom of the P1 pocket,

PGPH
LCLIViILy

Figure 9. Surface representation of the yeast 20S proteasome crystallised in the
presence of calpain inhibitor I, clipped along the cylindrical pseudo-sevenfold
symmetry axis. The accessible surfaces is depicted in blue and the cut surface
in white. Inhibitor molecules are shown as space-filling models in green and
indicate the proteolytically different active sites. The various proteolytic active
centres are marked by a specific colour coding: orange = subunit 31, blue =
subunit 52 and yellow = subunit 5. Cleavage preferences, termed PGPH-, tryp-
tic- and chymotryptic-like activity, are zoomed and illustrated in surface repre-
sentation; the nucleophilic Thr1 is presented as a ball-and-stick model. Basic
residues are coloured in blue, acidic residues in red and hydrophobic residues
in white.*®

which appears largely to determine its character, is formed by
residue 45. Additionally, adjacent subunits in the § rings con-
tribute to the S1 pockets further back and modulate their char-
acter. Subunit $1 contains Arg45 in the specificity pocket that
preferentially interacts with glutamate P1 residues and is there-
fore associated with the PGPH activity of the CP, as also indi-
cated by mutational analysis.”®”” However, degradation experi-
ments of yeast enolase have identified that subunit $1 has,
beside its PGPH specificity, limited BrAAP activity.”® A possible
explanation for the dual cleavage specificity of this subunit is
provided by the crystal-structure analysis of the CP-Calpain-
inhibitor-I complex, which shows the hydrophobic norleucine
side chain of the inhibitor projecting towards the Arg45 resi-
due. The high-resolution structure of the complex displays
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additional electron density in the vicinity of Arg45 and was in-
terpreted as a bicarbonate anion, which compensates for the
unbalanced positive charge.®” Subunit 32 has glycine as resi-
due 45 and consequently a spacious S1 pocket confined at its
bottom by Glu53. This subunit is suited for very large P1 resi-
dues of basic character and has the trypsin-like activity. This
hypothesis was confirmed by mutational analysis.”®%% The
chymotrypsin-like activity can be attributed to subunit (35,
which is shaped in particular by Met45. However, mutational
analysis has shown that subunit 35 also has the tendency to
cleave after small neutral and branched side chains; therefore,
BrAAP and SNAAP activity can additionally be assigned to this
subunit. One explanation for the various activities of subunit
5 is the mobility of Met45, which allows the alteration of the
size of the ST pocket. Met45 in the CP-Lactacystin complex
adopts tight interactions with the isopropyl side chain of the
inhibitor. On the other hand, the crystal structure of the CP-
Calpain-inhibitor- complex represents the Met45 side chain
displaced by the bulky norleucine side chain of the inhibitor,
thus making the S1 pocket more spacious.””!

As mentioned before, in mammalian proteasomes, the con-
stitutive proteolytic subunits are replaced by immunosubunits
upon y-interferon induction; the quantity and distribution of
MHC class| molecules on the cell surface is thereby con-
trolled.”>® The substitution of these subunits leads to the
generation of oligopeptides that have an higher affinity to
bind to MHC class | molecules by their C-terminal anchor resi-
dues. Surprisingly, the constitutive and related immunosub-
units are almost identical in the amino acid sequences of their
substrate-binding pockets, except for 1i, which contains two
conspicuous differences in the S1 pocket, as compared to 1
(see Figure 5C). Modelling experiments with the coordinates of
the CP from yeast revealed that these two exchanges firstly
reduce the size of the S1 pocket (Thr21Phe) and secondly
change the charge character of the pocket from positively
charged to neutral (Arg45Leu). These specific substitutions can
explain why the immunoproteasome has a reduced activity for
cleavage after acidic amino acids, whereas the CL and BrAAP
activity is drastically enhanced.” Interestingly, knock-out mu-
tants of subunit 31i in mice have reduced MHC class | epitope
presentation,®' ¥ which might be due to the preference of
MHC class | molecules to interact with peptides having basic
or hydrophobic C-terminal anchor residues.®” However, the
substitutions of 32 and B5 with B2i and B5i do not indicate
substantial modifications in the arrangement and specificities
of the S1 pocket. Nevertheless, in vivo experiments in mice
mutants lacking these immunosubunits show a severe defect
in MHC class | presentation.” The available crystal structures
of 20S proteasomes from yeast and bovine liver do not give an
explanation for these observations.*”*” However, it is likely
that the conserved replacement of 32 and (5 includes restric-
tions in the flexibility and size of the specificity pocket, which
will certainly alter the cleavage preference of substrates. As al-
ready mentioned, the size of the S1 pocket in subunit 5
varies in response to substrate binding. More structural and
functional experiments are necessary to understand the func-
tional consequences of the subunit exchange in mammalian
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CPs. The different cleavage specificities of subunits may reflect
physical constraints on the peptide substrate due to the slight-
ly altered local structure around each active site, rather than a
strict selectivity for the P1 residues of the substrate. In line
with this idea, it has been shown that CPs can cleave protein
substrates at every peptide bond, a fact showing that sub-
strate residues other than P1 can influence degradation and
neighbouring subunits can interfere with the function of the
catalytic subunits.

Generation of oligopeptides

The length of the cleavage products made by proteasomes
varies from 3-25 amino acids and has an average length distri-
bution of 7-8 amino acids. The mechanism by which peptide-
product length is controlled was unclear until recently. The
crystal structure of the 20S proteasome from T. acidophilum
suggested the presence of a molecular ruler given by the de-
fined distances of Thr1 residues between adjacent [ subunits.
In these CPs the intervals between active-site residues are
always about 30 A; this allows binding of peptides of 8-
12 amino acids in an extended conformation.*® However eu-
karyotic CPs contain a reduced number of proteolytic active
sites, and it is also possible to inactivate four of the six active
B-type subunits, B1 and B2, by mutagenesis.”” The distance
between the remaining active §5 and B5' threonines in this
mutant CP is about 49 A®® which would suggest products
with an average length distribution of 15-18 amino acids if ad-
jacent active-site distances were indeed defining the product
size. Interestingly, the mutant proteasome degrades yeast eno-
lase, which serves as a suitable substrate for 20S proteasomes
because of its thermolability, to oligopeptides having an aver-
age length distribution of 8-15amino acids, with an ability
similar to that of the wild-type CP"® As expected, the frag-
ments produced by the double mutant reveal a processive
degradation mechanism, but they show differences in the
cleavage pattern compared to wild-type proteasomes as the
mutant is only able to cleave after hydrophobic residues. Sur-
prisingly, the analysis of cleavage products at different times
from wild-type and mutant CPs showed similar turnover rates,
a result implying that the number of proteolytic active sites in
proteasomes is not a limiting factor. The crystal structure of
the yeast 20S proteasome had suggested the presence of fur-
ther “non-Thr1” proteolytic active centres in the inner cavity of
the CP, which were hypothesised to be important for the prod-
uct length determination.”” The hypothesis was based on the
observation that the crystal structure of the yeast CP showed
defined electron density of the partially processed intermedi-
ates of the inactive subunits 6 and 37, whose prosegments
are anchored at the inner annulus of the central - chamber.
Additionally, crystallographic analysis of various yeast CP mu-
tants, in which proteolytically active threonine residues were
inactivated by site-directed mutagenesis, still showed the char-
acteristic length distribution of the partially processed propep-
tides observed in the wild-type crystal structure. However, N-
terminal sequencing of the inactive 6 and 7 subunits in 2-
inactivated proteasome mutants resulted in longer proseg-
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ments than those of wild-type CP and they were structurally
disordered.®® These observations excluded the presence of ad-
ditional non-Thr1 endopeptdidase cleavage sites in 20S protea-
somes and indicate that partially processed propeptides rear-
range to their final locations after they have been hydrolysed
and CP maturation is completed. The experiments show that
the substrate docks in specific channels, which exhibit binding
sites for peptides 7-9 amino acids long (Figure 10). The maxi-
mum likelihood of substrate cleavage depends on the mean
residence time at the proteolytic sites, so the related product-
cleavage pattern is directly related to the affinity of the sub-
strates for the individual binding clefts. Consistently, the active
subunits differ in eukaryotic CPs only in their binding pockets,
thereby yielding different cleavage specificities. Nevertheless, it
must be emphasised that the CP complex does not represent

A)
afp-ring of the yeast 208 proteasome:

2 ; . i

B)
pE-segment of the yeast 208 proteasome:

Figure 10. Model of the eukaryotic CP at atomic resolution (coloured in grey)
with the different docking sites for substrates to the various proteolytically
active subunits 1, 52 and 5 (highlighted in red, blue and green, respectively).
The model was prepared by using coordinates from the 1 Thr1Ala/B2 Thr1Ala
double mutant from the yeast CP by replacing the coordinates of subunit 35
with coordinates from subunit 35 of the 5 Lys33Ala yeast CP mutant. The var-
ious prosegments have a defined length of 7-10 amino acids, whereas the re-
maining residues of the precursors are flexible and do not reveal clear electron
densities. As shown in Figure 6 B, the prosegments adopt a similar orientation
(except Gly—1) to that found in the crystal structures of the yeast CP with
various inhibitors. Therefore, the organisation of the precursors in the model
mimics substrate docking. The arrangement of the propeptides is specific for
each of the proteolytically active sites due to the unique topology of the CP
and due to the specific structural constraints and cleavage preferences of the
related active centres. A) a,3, Half CP from yeast, which illustrates the possible
pathway of substrates entering the CP through the regulatory gate performed
by the a ring. B) Segment of the -3 rings, which possesses the organisation of
the proteolytic active centres and docking sites in the central chamber.?*”"
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a simple collection of various proteolytic specificities but that
the whole structure of the proteolytic chamber imposes the
characteristic appearance for product generation. However, a
comparison of the crystal structures of the CP mutants with
the wild-type structure shows no significant changes of sub-
unit positions or backbone structure, and the activity assay
against chromophoric substrates is not altered by the presence
or absence of intact sites of other subunits. Also the covalent
binding of subunit specific inhibitors has no influence on the
remaining active sites and does not show noticeable structural
changes.**8%7 All these observations argue against the exis-
tence of allosteric interactions between the active sites for
product formation. The produced peptide fragments are gen-
erally further degraded to amino acids by endopeptidases or
aminopeptidases,® which can then be reused for protein syn-
thesis. Interestingly, some of the finally obtained peptides are
stable against further hydrolysis. They are specially designed to
be incorporated into MHC class | molecules and presented on
the outer membrane to the extracellular space.”

Substrate access into eukaryotic 20S proteasomes by
regulatory gating

The structural organisation of the proteasome segregates its
proteolytic active sites from the cellular components by se-
questering them within a central chamber formed by active f3-
type subunits.®>°" This feature was first observed in the crystal
structure of the Thermoplasma proteasome.® The architecture
of this CP shows a transverse channel through the whole mol-
ecule. The a rings contain central entry ports with 13 A diam-
eters, which are constrained by turn-forming segments of
Tyr126-Gly-Gly-Val in each individual a subunit, a fact sug-
gesting that the rate-limiting factor for product generation is
not substrate hydrolysis at the proteolytic active subunits but
accessibility into the lumen of the CP (see previous section).
The openings in the prokaryotic CP are slightly larger than the
diameter of an a helix and are therefore not sufficiently wide
enough to allow translocation of folded substrates. These con-
strictions are essential for cell viability as they represent an im-
portant check point for regulated and progressive degradation
of substrates. Therefore, the compartmentalised geometry of
CPs prevents unwanted degradation of endogenous proteins
and favours the processive degradation of substrates by re-
stricting the dissociation of partially digested polypeptides. By
contrast, the hydrolytic chambers of eukaryotic CPs are quite
inaccessible.* The N termini of the a subunits project into the
ports seen in the prokaryotic CPs“*®¥ and fill them up com-
pletely in several layers with tightly interdigitating side chains
forming a central plug (Figure 11 A). Thus, substrate access into
the interior chamber of eukaryotic CPs requires substantial re-
arrangements of the N-terminal residues of the a subunits. In-
triguingly, the N-terminal residues 1-12 are disordered in the
crystal structures of the CPs from T. acidophilum and A. fulgidus,
which indicated for the first time a regular gating mechanism
in at least the eukaryotic 20S proteasome.”” Additionally, there
are some narrow side windows, particularly at the interface of
a and B rings. These openings are mainly in between the
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teeth-like helix H1-turn-helix H2 motifs of the a-f3 interface
and point towards the active-site threonine residues. They are
coated with polar and charged residue side chains, which may
move to make openings of about 10 A diameter and may
allow passage of unfolded, extended peptide chains, possibly
acting as exit channels for the generated fragments.*” Unlike
speculations about product release, substrate accessibility in
eukaryotic CPs is clearly defined by the a rings. For example,
the 19S regulatory particle, which confers ATP- and ubiquitin-
dependence on proteolysis by the 20S proteasome, is attached
proximally to the a rings.®? This association results in a strong
activation of peptide-bond hydrolysis.”® Similarly, the protea-
some activator PA28 (11S) is bound to the a subunits and ac-
celerates peptide digestion®® as well as the improvement of
antigen processing.””! Mutational and crystallographic analysis
of the yeast 20S proteasome®®® ¥ as well as the crystal struc-
ture of the 11S regulator from Trypanosome brucei in complex
with the yeast CP® led to the elucidation of the principle and
mechanism of the formation of a gated channel into eukaryot-
ic proteasome core particles. In the yeast proteasome mutant,
the nine-residue tail (GSRRYDSRT) from the N terminus of sub-
unit a3 was chromosomally deleted. This segment was chosen
for deletion because it is situated on top of the molecule, ex-
tends across the pore of the CP and contacts all other N termi-
ni that are involved in the organisation of the plug.***® The
tail of subunit a3 itself is defined on the basis of the sequence
alignment of archaeal and eukaryotic a-type subunits to the
single Thermoplasma o subunit and corresponds to the se-
quence Met1-Thr13, which is disordered in the crystal struc-
ture of the CP from T. acidophilum.*® The distortion of the N-
terminal tails has also been observed in the crystal structure of
the CP from A. fulgidus and accounts for the observation of a
channel in prokaryotic proteasomes, whereas the irregular but
well-defined structure appears to seal the chamber in the eu-
karyotic complex. The importance of the tails in the functions
of the CP is indicated by the remarkable evolutionary conser-
vation of these sequences across eukaryotes. Although each
tail is conserved evolutionarily, the tail sequences are divergent
from one a subunit to another. This divergence is correlated
with dramatic structural heterogeneity among the tails. In con-
trast, sequences upstream of Thr13 are strongly conserved
from one subunit to another and assume pseudo-sevenfold
symmetry of the particle. As expected, deletion of the first
nine amino acids of subunit a3 (hereafter termed the a3 AN
mutant) causes a major structural perturbation.”® Surprisingly,
the a3 AN mutant does not show any obvious phenotype, al-
though the crystal structure of this mutant has an axial chan-
nel through the molecule whose dimensions are comparable
to those of the T.acidophilum channels®® (Figure 11B). The
loss of electron density results from both the elimination of
the N-terminal residues from subunit a3 and the disorder in
the tails of the other subunits. Importantly, a3 is unperturbed
within the mutant particle, a fact indicating that the deletion
does not cause an assembly defect. The CP of the a3 AN
mutant shows a strongly enhanced peptidase activity with
three different fluorogenic peptide substrates, each specific to
a different active site. Thus, the enhanced basal activity of the
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A) yeast CP wild type
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C) A. fulgidus CP
."#.I

yeast CP wild-type

Ny

Figure 11. Substrate access into and product release out of eukaryotic and prokaryotic CPs—similarities and differences. A) and B) Deletion of the a3 N-terminal
segment in eukaryotic 20S proteasomes opens a central channel into the CP. Ribbon drawings of the wild-type (A) and the a3 AN mutant (B) 20S proteasomes and
their related a rings. Subunits follow a specific colour coding (top view of the ribbon representation of the CPs). In the « ring, only the N-terminal tails (residues

up to position 13) are drawn in their specific colour coding, whereas the remaining part of the molecule is coloured in grey. The helices HO, which posses specific
docking sites for the various regulators, are highlighted in red. Each figure shows the electron-density maps of the a rings of the related yeast CPs (wild-type and
mutant a3 AN). The maps are contoured at 10, with 2F,—F coefficients after twofold averaging. The N-terminal segments are coloured as shown for the a ring.
The regulatory gate in the yeast CP is built by a specific structural arrangement, termed the YDR motif, which is conserved among all eukaryotes and prokaryotes.
C) Ribbon drawing of the CP from A. fulgidus (top view), with a subunits coloured in blue and [ subunits coloured in green. The crystal structure of prokaryotic
CPs show a transversal channel through the whole molecule. However, in the crystal structure of archaeal CPs, the first N-terminal residues, which include the YDR
motif, are structurally disordered. In comparison, the crystal structure of the free « ring from A. fulgidus shows defined electron densities of the N-terminal seg-
ments which protrude outside of the body of the molecule. Mutational studies of the YDR motif in prokaryotes confirmed these structural observations and argue
against the regulatory YDR gating mechanism that has been found in eukaryotic CPs. D) Stereodrawings of the open and closed channels from A. fulgidus and
yeast. The N-terminal tails are rendered as in (A) and (C). The characteristic structural arrangement of the YDR motif is highlighted in bold sticks. Specific interac-
tions within the YDR motif are shown by black dots. In eukaryotes, residues of the YDR element in the a3 and a4 subunits maintain the regulatory gate. In contrast,
residues of the YDR motif in prokaryotic CPs interact specifically with the YDR motif of the adjacent a subunits and mainly contribute to the open axial channel.

mutant cannot be due to allosteric activation of any individual
active site. General allosteric activation can be excluded as
well, because the detailed structures of the proteolytically
active B-type subunits are indistinguishable in the mutant and
wild-type particles. Eukaryotic 20S proteasomes can also be
stimulated by mild chemical treatments, such as exposure to
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low levels of sodium dodecylsulfate (SDS).'™ Interestingly,
SDS-mediated activation was not observed with the mutant
complex; this suggests that SDS activation of wild-type CP is
mediated by channel opening. These data indicate that the
closed state of the channel seen in the crystal structure is also
the predominate state in solution. Therefore, eukaryotic 20S
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proteasomes exist in a self-inhibited state, in which the entry
into the lumen of the particle is rate limiting for hydrolysis.
The in vivo activity of the a3 AN 26S proteasome in degrada-
tion of ubiquitin-protein conjugates was found to be compa-
rable to that of the wild-type by using 3-galactosidase deriva-
tives.”® % Additionally, the a3 AN deletion mutant had no sig-
nificant effect on the stability or abundance of the 26S protea-
some holoenzyme. Thus, formation of the wild-type 26S pro-
teasome activates peptide hydrolysis within the CP to an
extent comparable to that of SDS, a fact suggesting that in
wild-type holoenzymes the repressive effect of the a3 tail is re-
lieved. Remarkably, the addition of the synthetic peptide with
the sequence of the a3 tail to the a3 AN mutant restores wild-
type behaviour, whereas control peptides did not significantly
inhibit the mutant.®® Equally, the synthetic a3 peptide failed
to inhibit the basal activity of the wild-type 20S proteasome.
The a3-tail peptide inhibits all three proteolytic active centres
of the a3 AN mutant, which is consistent with its blocking
peptide entry into the proteolytic chamber. The region of the
sequence that is responsible for the closed channel state was
analysed by an alanine scan with the a3-tail peptide. Asp9 of
subunit a3 could be identified as being essential in the stabili-
sation of the closed state of the channel. The observation is
surprising, because the only sequence conserved from one o
tail to another is Tyr8-Asp9-Arg10 (hereafter termed the YDR
motif); this indicates a key structural role for this motif in the
regulatory gating process. Conservation of Tyr8 is absolute,
whereas Asp9 is present in six of the seven a tails and Arg10 is
less well conserved. The structural data of the wild-type CP
demonstrate that the 0% atom of Asp9 on subunit a3 is in
contact with Tyr8 and Arg10 of the neighbouring subunit a4.
However, the 0% atom of Asp9 interacts only with the nitro-
gen atoms of the backbone of the a3 N-terminal amino acids
Ser10 and Arg11, thus maintaining the inhibitory effect of the
synthetic a3-tail peptide on the a3 AN mutant by alanine
modifications within these positions (Figure 11D). The direct
contacts formed between these residues in adjacent subunits
may explain their correlated evolutionary conservation among
all eukaryotes. The requirement for Asp9 is specific, because
neither of the two most conservative substitutions for these
residues, Asn and Glu, resulted in complete inhibition of pepti-
dase activity, although Glu showed a partial inhibitory effect.
The functional significance of Asp9 was further tested in yeast
by introducing an Asp9Ala mutation in the chromosome.® In
vitro peptidase assays on the Asp9Ala mutant CPs resulted in a
derepression of the peptidase activity as strong as that of the
a3 AN mutant. The close similarities between the Asp9Ala and
a3 AN mutant 20S proteasomes suggest that the properties of
the a3 mutants reflect the general properties of CPs in an
open-channel stage. Thus, the channel may be driven into the
open stage in various ways, and the detailed structure of the
open conformation is apparently not critical for function. It is
likely that the channel of the CP does not function as a selec-
tivity filter and substrates may be committed to translocation
within the regulatory particle prior to their entrance into the
CP. So far, structural and mutational experiments indicate a
dominant role of Asp9 of subunit a3 in the regulatory gating
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process; however, it is likely that the replacement of Tyr8 with
Phe in subunit a4 has a similar effect.

Regulation of substrate accessibility into 20S proteasomes
by the 19S regulatory particle

Activation of 20S proteasomes and other ATP-dependant pro-
tein complexes has often been attributed to allosteric regula-
tion of their proteolytic active sites. However, the structural
studies discussed provide no evidence for such a mechanism.
Indeed, the regulatory particle (RP) functions as a gate opener
in addition to its important roles in substrate recognition, un-
folding and translocation.”"'°? Most probably, the six homolo-
gous ATPase subunits of the RP form a ring in which each sub-
unit contacts the CP.'® Thus, these molecules are well situated
to influence the gating of the CP. Interestingly, substitutions in
the ATP-binding motif of subunit Rpt2 of the RP lead to a
severe reduction in peptide hydrolysis by the holoenzyme.'*
Lys229 is invariant in the nucleotide-binding pockets (Walker A
motif) of AAA ATPases, where it interacts directly with the
phosphate groups of ATP210%1%! The conservative Lys229Arg
mutation in Rpt2 is lethal, but the additional exchange of
Ser241 to Phe makes the mutant viable, albeit associated with
a severe peptide hydrolysis defect (hereafter termed the
Rpt2RF mutant).®” Substitutions equivalent to Lys229Arg in
the other Rpt proteins are not lethal and do not significantly
reduce peptide hydrolysis."® This indicates that the ATPase
domain of subunit Rpt2 plays a major role in regulating the
peptidase activity of CPs. Three models for the Rpt2 effect on
peptide hydrolysis can be now considered. In model |, the mu-
tation of the Rpt2 subunit influences the conformational func-
tionality of the proteolytic active sites of the CP. However, as
discussed before, allosteric regulation of these active sites has
been shown to be unlikely by mutagenic and structural analy-
sis. In model ll, the mutation in subunit Rpt2 closes a hypo-
thetical channel within the centre of the RP base, which blocks
substrate access to the CP channel. As for model |, this hypoth-
esis is unlikely to be true, as in mutant yeast strains containing
the Rpt2RF regulatory particle and the a3 AN CP, the 26S pro-
teasomes still mature and show similar peptide hydrolysis to
that observed in wild-type cells. In model Ill, substrate access is
controlled by the CP channel, which is closed in the Rpt2RF
holoenzyme. With a constitutively open a3 AN CP, peptidase
activity should be restored, as is observed.

Regulation of the molecular gate of eukaryotic 20S
proteasomes by PA28

Peptide hydrolysis by the eukaryotic CP is also dramatically
stimulated upon association with the 11S regulatory complex
(also known as REG or PA28).%*%1% The main function of 115
complex is to enhance the production of antigenic peptides
for presentation by MHC class | molecules."®'* The subunits
of the 11S regulator share extensive sequence similarity, apart
from a highly variable internal segment of 17-34 residues
which may confer subunit-specific properties."® PA28a and
PA28B preferentially form a heteromeric complex,"""¥ al-
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though purified PAo. forms a heptamer in solution® and has
biochemical properties similar to the heteromeric PA28a/
PA28f complex."™ The crystal structure of human recombi-
nant PA28a shows the molecule in its architecture as a hepta-
meric barrel-shaped assembly, which contains a central chan-
nel with an opening of 20 A diameter at one end and of 30 A
diameter at the presumed proteasome-binding surface.'” The
topology of PA28a is predominantly helical, with four long a
helices, each containing 33-45 residues. The last ten C-terminal
amino acids of PA28a have been identified as a binding/activa-
tion sequence for the proteasome CP*"" PA28 itself contains
a central chamber with narrow constrictions at its poles. There-
fore, substrate allocation is restricted, a fact implying that a
check-point function for the specific selection of only unfolded
substrates is performed by PA28. So far, crystallisation of a CP-
11S complex from the same species has been unsuccessful.
However, a chimeric 11S-CP-11S complex from yeast CP and
Tryponosoma 11S/PA26 could be elucidated by crystallogra-
phy.®? The crystal structure of the complex explained the abili-
ty of 11S regulators to activate eukaryotic CPs from widely di-
vergent species. It showed a symmetrical complex with regula-
tor molecules bound at each end of the 20S barrel. The bind-
ing of the 11S regulator triggers the rearrangement of the a
plug. Unlike the uncomplexed CP, all seven a-subunit N-termi-
nal tails extend away from the CP and project into the pore of
the regulator. The structural rearrangement of the a-subunit
N-terminal tails is basically achieved by two features. First, the
11S activation loops impose a more stringent sevenfold sym-
metry on the CP, thereby straightening out the asymmetrically
orientated a tails and pushing them away from the entrance
gates. Second, the high-affinity binding between CP and 11S is
accomplished by the C-terminal sequences of the regulator,
which insert into pockets formed by the a subunits of the 20S
proteasome. The fundamental contact is observed between
the C-terminal main-chain carboxylate group of the 11S regula-
tor and the N-terminal end of the helix HO of the various a
subunits. The strength of this interaction is amplified by the
heptameric assembly of the CP-11S complex. Although up to
now there have been no structural data available from 26S
proteasome holoenzymes, it is unlikely that there is consensus
in the activation mechanism of the CP by RP and 11S particle.
Different modes of activation of the CP by these two regula-
tors are indicated by the lack of sequence homology and oli-
gomeric structure. The 11S regulator exhibits sevenfold sym-
metry, whereas the contact region of the RP contains six relat-
ed ATPases.""® The finding that an ATPase domain,® which is
absent in the 11S regulators, can control CP gating is an addi-
tional important distinction between the regulation of CP
gating by RP and 11S complexes.

Substrate access in prokaryotic proteasomes

In comparison to the eukaryotic CPs, the simpler prokaryotic
CPs do not establish a multifunctional 26S proteasome and
their genomes lack major parts of the RP. Remarkably, all se-
quenced archaebacterial CPs to date contain the characteristic
YDR motif in their a subunits. This observation suggests that
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the regulatory gating mechanism in CPs is of universal impor-
tance among all species. However, the crystal structures of
T. acidophilum™ and A. fulgidus®® show no defined electron
densities at the N termini of their a subunits. Thus, prokaryotic
CPs have a central channel through the whole molecule (Fig-
ure 11 C). The strictly conserved YDR sequence among archaea,
which forms the essential motif of the regulatory gate in eu-
karyotes, is part of the disordered segment. As confirmed by
N-terminal Edman degradation, the primary sequences of the
Thermoplasma and Archaeoglobus o. subunits in the matured
CPs did not show any degradation or posttranslational modifi-
cations in their termini. In contrast to prokaryotic CPs, the
yeast 20S proteasome has ordered N-terminal tails of the a
subunits which occupy unique positions not following any
symmetry. Furthermore mutagenesis and structural analysis re-
vealed that residue Asp9 of subunit a3 is the key element in
the rigid construct of the central channel plug.®® The lack of
defined electron density in the crystal structures of the pro-
karyotic CPs is due to disorder within the subunits or to heter-
ogeneity between the subunits. The resulting open channel is
apparent, but it could in reality be filled with unstructured
matter, which would abolish easy passage of the substrates.
However, the yeast a3 Asp9Ala mutant has a 20-times en-
hanced proteolytic activity against chromgonic substrates
compared to the wild-type CP and is also characterised by a
disordered plug region. The A. fulgidus o Asp9Ala point
mutant has no effect on the activity of chromogenic sub-
strates,®® a fact indicating that a stable plug is not formed in
archaeal proteasomes; this contrasts with the role of the YDR
motif of the eukaryotic CPs. The crystal structure of the free a
ring from A. fulgidus allowed the N-terminal segments, includ-
ing the YDR motif, to be traced and localised (Figure 11 C). Sur-
prisingly, the N-terminal tails project outwards from the body
of the molecule and adopt the secondary structure of 3,, heli-
ces.”¥ Therefore, the channel of the o ring is formed by the
loop Tyr126-Gly-Gly of the individual a subunits, with a pas-
sage of 13 A in diameter left at the centre. Interestingly, in the
YDR motif, only Tyr8 makes hydrogen bonds to Asp9 of the
adjacent a subunits, whereas Arg10 points towards the chan-
nel, thereby generating a strongly positive potential (Fig-
ure 11 D). It is unclear whether the differences in this area be-
tween the free a rings and the a rings in CP are due to an al-
losteric effect that the [ subunit exerts on the a subunit, but
the conservation of other sections, in particular of the a—f3
contacts, argues against this. A more trivial reason may lie in
the different buffer conditions used for crystallisation.

In comparison to archaeabacterial CPs, the more complex
eukaryotic 20S proteasomes have the ability to establish a mul-
tifunctional 26S holoenzyme with the 19S regulatory particle.
Binding of the RP to the CP activates the free CP from its re-
pressed state, probably by opening the axial channel in a simi-
lar way to that seen and described in the a3 AN mutant. The
central plug is constructed by the heterogeneous set of N-ter-
minal tails and has the central YDR motif, which is strictly con-
served. In the crystal structure of the wild-type CP from yeast,
the carboxylate group of a3 Asp9 is seen to contact both
Arg10 and Tyr8 of the neighbouring a4 subunit. It is notewor-
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thy that a similar local interaction occurs in the a ring of A. ful-
gidus, in which Asp9 makes a strong hydrogen bond to Tyr8 of
the adjacent a subunit, but the global structure of the N-termi-
nal tail in the a ring of Archaeoglobus is entirely different from
that of the plug-forming a-subunit tails in the eukaryotic 20S
proteasome. Strict sequence conservation across eukaryotic
species of the a-subunit N-terminal segments emphasises the
importance of this structural element in eukaryotic protea-
somes and suggests that the regulatory gate is an early inven-
tion in the evolution of eukaryotes. It is remarkable that the
YDR motif appears to be present in all organisms but is differ-

M. Groll et al.

active subunits as a hemiacetal (Figure 12A). The compound
therby adopts a § conformation and fills a gap between the
strands, including residues 20, 21 and 47, respectively, to
which it is hydrogen-bonded, generating an antiparallel f3-
sheet structure. The norleucine side chain projects into the S1
pocket, whereas the leucine side chain at P2 is not in contact
with the protein. The leucine side chain at P3 closely interacts
with amino acids of the adjacent [3-type subunit. Thus, the spe-
cificity pockets of both S1 and S3 play a prominent role in in-
hibitor binding.***? However, in vitro and in vivo analyses
have demonstrated that the inhibitor inactivates primarily the

ent in tertiary structure and
function between eukaryotes
and prokaryotes.

Covalent inhibition of the 20S
proteasome

The proteasome is particularly
important for the regulated deg-
radation of many critical proteins
which control a vast array of bio-
logical pathways, including pro-
liferation, differentiation and in-
flammation. Therefore, protea-
some inhibitors are promising
candidates as antitumor or anti-
inflammatory drugs. After the
discovery of the 20S protea-
some, its mode of action was
first analysed with nonspecific
protease inhibitors. Recently,
several molecules, with greater
specificity against the CP, have
become available to study sever-
al functions of the proteasome.
These inhibitors have greatly fa-
cilitated the investigation of the
proteasome in biological proc-
esses in vivo as well as in vitro.
One of the first found protea-
some inhibitors was N-acetyl-
Leu-Leu-norleucinal (Ac-LLnL-al;
also called Calpain inhibitor I),
which has been widely used to
study proteasome functions in
vivo, despite its lack of specifici-
ty.""” This inhibitor binds reversi-
bly to proteasomes and in the
case of the eukaryotic CP abol-
ishes the chymotrypsin-like and,
to a lesser extent, the trypsin-
like and postacidic activities. The
crystal structure of the protea-
some in complex with Ac-LLnL-al
shows the inhibitor covalently
bound to the Thr1 Oy atom of all
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Figure 12. Stereorepresentation of the yeast 20S proteasome subunits (coloured in white and grey) in complex with
the synthetic inhibitors (coloured in yellow), Calpain inhibitor | (A), Mal-fAla-Val-Arg-al (B) and Ac-Pro-Arg-Leu-Asn-vs
(C). Covalent linkages of the inhibitory compounds with the proteasomal subunits are drawn in pink. Electron-density
maps (coloured in green) are contoured from 16 in similar orientations around Thr1 (coloured in black) with 2F,—F
coefficients after twofold averaging. Apart from the bound inhibitor molecules, structural changes were only noted in
the specificity pockets. Temperature-factor refinement indicates full occupancies of all inhibitor-binding sites. The in-
hibitors have been omitted for phasing. A) Calpain inhibitor | covalently bound to subunit 5. In contrast to the crystal
structure of the CP-lactacystin complex (see Figure 13 A), Met45 of subunit 85 is rearranged by 3 A to avoid a clash
with the Nle side chain of the inhibitor, thereby making the S1 pocket more spacious.*” B) Mal-BAla-Val-Arg-al, a se-
lective bivalent inhibitor, covalently bound to subunit 52. Residue Glu53 of subunit 52 (coloured in orange) is particu-
larly responsible for the tryptic-like cleavage preference of this subunit. The electron density reveals the presence of an
additional covalent bond between the functional maleinimide side chain of the inhibitor and Cys118 of subunit (33,
thereby proving the bivalent binding mode of this compound."® C) Ac-Pro-Arg-Leu-Asn-vs, a specific vinyl sulfone in-
hibitor, covalently bound to subunit 32. Favourable hydrogen bonds between Asp28 of subunit 32, Cys118 and Asp120
of subunit 33 within the walls of the S3 pocket are coloured in orange. These residues are particularly responsible for
the subunit specificity. Subunits f1 and 85 do not form stable complexes with this inhibitor, due differences in their S3
pockets.”!
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Figure 13. Stereoview of yeast 20S proteasome subunits (white and grey) in complex with the natural inhibitors
(yellow), lactacystin (A), epoxomicin (B) and TMC-95A (C). The layout of this figure is similar to that of Figure 12.

A) Lactacystin covalently bound to subunit 35. The S1 pockets of subunit 31 and (32 differ from that of subunit 35
and do not interact with lactacystin. Met45 of subunit 35 (coloured in orange) specifically interacts with the branched
side chain of lactacystin. In contrast to the crystal structure of the CP—calpain inhibitor | complex (see Figure 12A),
Met45 minimises the size of the S1 pocket, thereby allowing optimal protein-ligand interactions, which account for
the selectivity of this compound.”””’ B) Epoxomicin, a natural Streptomyces metabolite, covalently bound to subunit
p5. The electron density reveals the presence of a unique six--membered ring system. This morpholino derivative results
from adduct formation between epoxomicin and the proteasomal N-terminal Thr1 Oy and N atoms (both bonds are
coloured pink). Met45 of subunit 35 is arranged similarly to that described in Figure 12 A, thus making the S1 pocket
more spacious for the Leu side chain of the inhibitor.™ C) TMC-95A noncovalently bound to subunit 2. The natural
specific 20S proteasome inhibitor from Apiospora montagnei binds near the proteolytic active site and occupies the
specificity pockets of the CP. TMC-95A adopts an extended conformation without modifying the nucleophilic Thr1 and
is found in all proteolytically active sites. Optimal binding to the 20S proteasome is due to the strained conformation
of TMC-95A, caused by the presence of the cross-link between the tyrosine and the oxoindol side chain. The IC,, values
for stereoisomers in position C7 of the TMC-95s (indicated by a black arrow) vary by two orders of magnitude. This ob-
servation is explained by the fact that, for effective binding, the hydroxy group must be in its S-isomeric state in order
to avoid a steric clash with the carbonyl oxygen atom of residue 21 (orange).®

labelling of subunit B5.""7" The
natural compound effectively
and irreversibly inhibits the chy-
motrypsin-like activity of the 20S
proteasome. It also blocks the
trypsin-like and the postacidic
activities with lower potency. In
aqueous solutions at pH 8, lacta-
cystin is spontaneously hydro-
lysed into clasto-lactacystin -
lactone which represents the re-
active compound inhibiting the
CPI' The crystal structure of
the complex between lactacystin
and the yeast proteasome shows
the molecule covalently bound
only to subunit f5,"” which is in
accord with the observed chemi-
cal modification of subunit 35/
p5i of the mammalian protea-
some."” Bound lactacystin dis-
plays a host of hydrogen bonds
with protein main-chain atoms
(Figure 13 A). The irreversible in-
hibition by lactacystin of the
active site of the proteasome is
due to the formation of an ester
bond with the N-terminal threo-
nine. Specificity for subunit p5 is
explained by its apolar S1
pocket. A major function of the
specificity pockets in CPs is to
prolong the mean residence
time of substrates at the proteo-
lytic active sites by characteristic
substrate—protein  interactions.
This is essential for the proteo-
lytic step in order to allow com-
pletion of the reaction. The func-
tional head group plays a signifi-
cant role for inhibitor binding
and may override other contri-
butions. As mentioned, the Cal-
pain inhibitor | binds, despite its
hydrophobic side chains, to all
proteolytic active sites through
its aldehyde group, which is
much more reactive than a lac-

chymotrypsin-like active site of the yeast 20S proteasome, al-  tone ring. Lactacystin, containing a less reactive head group,
though in the crystal structure the compound was found to  needs a longer time to react with the Thr1 Oy atom and there-
bind to all proteolytic active centres when used at high con-  fore requires strong interactions at S1. The dimethyl side chain

centrations.®4

of the inhibitor mimics a valine or a leucine residue and there-

The first identified natural inhibitor against proteasome ac-  fore only Met45 of subunit 35 is able to contribute effectively
tivity is lactacystin. This compound is made by Streptomyces sp.  with its hydrophobic S1 pocket and to interact closely.
and was discovered by its ability to induce neurite outgrowth Previously discussed data gave impetus to the first struc-

in a murine neuroblastoma cell line."®

! The incubation of cells  ture-based design for inhibitor development of single proteo-

in the presence of radioactive lactacystin resulted mainly in the  lytic active sites in eukaryotic CPs."?" As 20S proteasomes are
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able to cleave substrates after almost each amino acid and all
proteolytic active sites within the molecule follow a universal
catalytic mechanism, peptide-based inhibitors cause some
problems. However due to the knowledge of the crystal struc-
ture of the yeast 20S proteasome, it was possible to design
and synthesise a specific bifunctional inhibitor against subunit
B2, termed maleoyl-fAla-Val-Arginineal (Mal-fAVR-al). In the
yeast CP, subunit $3 contains in position 118 a cysteine residue,
which contributes mainly to the S3 specificity pocket of the
proteolytic 32 active site. Thus, synthesis of a bivalent inhibitor,
containing a malenimide group in the P3 site for covalent
binding with the S3 thiol group and a C-terminal aldehyde
group for hemiacetal formation with the Thr1 Oy atom was en-
visaged. Structure-based modelling was required to obtain the
characteristic distance of the malenimide side chain to the P1-
P2 dipeptide aldehyde, and inclusion of the specificity of the
S1 pocket allowed the activity of the inhibitor to be limited
only to subunit 2. The crystal-structure determination of
bound Mal-fAVR-al to the yeast CP reveals the inhibitor only
bound to subunit 2 by hemiacetal formation and additionally
confirms the presence of the covalent bond between the mal-
enimide and the Cys118 residue of subunit B3"*" (see Fig-
ure 12B). Remarkably, Mal-BAVR-al shows an 1Cs, value of
0.5 um for subunit $2, much lower than the IC;, value of
200 pm with Calpain inhibitor |, and represented a new type of
inhibitor that is highly selective for the trypsin-like activity.
Given that Cys118 is conserved among the known primary
structures of eukaryotic CPs, the new inhibitor represents a
promising tool for studying the mechanisms of substrate deg-
radation of the protease complexes. However, the reactivity of
the malenimide group towards thiols limits the use of the
inhibitor only to in vitro assays.

A further approach to develop subunit-specific inhibitors for
single proteolytic active subunits of the proteasomes was tried
by using nonpeptide compounds. Based on the crystal struc-
ture of the yeast 20S proteasome, a unique topography of the
six proteolytic active subunits in the central chamber was de-
rived, with the active-site separation distances among the Thr1
residues defined. The structural data allowed the design of bi-
or multivalent proteasome inhibitors containing a polymeric
spacer of appropriate length to link two monovalent binding
head groups and to yield homo- or heterobivalent inhibi-
tors."?? |n first attempts, peptides for the spacer region were
chosen, as they are comparable to unstructured polypeptide
chains of unfolded proteins. However, peptides about the size
of gastrin (17-mer) or secretin (27-mer) were found to be rapid-
ly degraded by the CP and are therefore unsuitable. Next,
poly(ethylene glycol) (PEG) was selected as the spacer element,
as this represents a linear, flexible, solvated and protease-resist-
ant polymer that mimics unfolded peptide chains, thus allow-
ing access to the proteolytic chamber. Furthermore, this spacer
is hydrophilic and therefore avoids formation of hydrophobic
cores that would prevent the molecule from entering it. The
spacer length was chosen to satisfy the inter- and intraring dis-
tances for occupation of the active sites. Finally the N termini
of two tripeptide aldehydes were linked to the related PEG
spacer, thereby resulting in a bivalent protease-resistant CP in-
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hibitor. As expected, the crystal-structure analysis of the CP in-
hibitor complexes did not reveal a conformationally restricted
PEG moiety in any part of the density due to structural distor-
tion in the linker region. However, kinetic measurements
against the proteolytic activity of the yeast CP showed that the
bivalent inhibitors have IC;, values in the low nanomolar
range, thus showing an increase in the potency by two orders
of magnitude relative to the ICs, values of the monovalent an-
alogues. Interestingly, this improved inhibition had already
been achieved by using a heterogeneous polymeric spacer
with a statistical length distribution from 19-25 monomers to
bridge various distances between different active sites. Further-
more, the general principle of bivalency is not only restricted
to the use of peptide aldehydes as binding head groups but
could, in combination with more potent and selective mono-
valent inhibitors (see below), result in the design of specific in-
hibitors of the CP in the picomolar range. The question of
whether PEG-linked bivalent inhibitors retain membrane per-
meability to an extent useful for intracellular tools has not
been specifically addressed. However, PEG is known to be non-
toxic, has low immunogenicity and low clearance rates, in-
creases water solubility and may help in transmembrane
transfer.

It has been shown that the o’,3'-epoxyketone peptide natu-
ral product epoxomicin potently and irreversibly inhibits the
catalytic activity of the CP'® Unlike most other proteasome
inhibitors, epoxomicin is highly specific for the proteasome
and does not inhibit other proteases like calpain, trypsin, chy-
motrypsin, papain or cathepsins. The crystal structure of epox-
omicin bound to the yeast CP reveals the molecular basis for
selectivity of o/,f’-epoxyketone inhibitors.®™™ The structure of
the complex showed an unexpected morpholino formation be-
tween the N terminal threonine and epoxomicin, thereby pro-
viding the first insights into the unique specificity of epoxomi-
cin for the proteasome (see Figure 13 B). The morpholino-deriv-
ative formation is most likely a two step process. First, activa-
tion of the Thr1 Oy atom is believed to occur by its N-terminal
amino group acting as a base, either directly or through a
neighbouring water molecule. Subsequent nucleophilic attack
of the Thr1 Oy atom on the carbonyl group of the epoxyke-
tone pharmacophore would produce a hemiacetal, as is ob-
served in the proteasome-Ac-LLN-al complex. The formation
of the hemiacetal facilitates the second step in the formation
of the morpholino adduct. In this cyclisation step, the N termi-
nus of Thr1 opens the epoxide ring by an intramolecular dis-
placement with consequent inversion of the C2 carbon. The
observed specificity of epoxomicin for the proteasome is ex-
plained by the requirement for both an N-terminal amino
group and a side-chain nucleophile for adduct formation with
the epoxyketone pharmacophore. Thus, epoxomicin only inter-
acts with the small class of Ntn-hydrolases. Nevertheless, epox-
omicin, which represents a cell-permeable natural product,
binds covalently to all proteolytic active subunits of the CP,
therefore showing cytotoxicity.

Another class of proteasome inhibitors comprises peptides
that possess a vinyl sulfone moiety.”? These compounds bind
to CPs irreversibly but are less reactive than aldehydes. Howev-
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er, vinyl sulfones have similar limitations as the peptide alde-
hydes in so far as they have been reported also to bind and
block intracellular cysteine proteases such as cathepsin S. The
crystal structure of the proteasome—Ac-YLLN-vs complex
shows covalent binding of the Thr1 Oy atom of all active subu-
nits to the B carbon atom of the vinyl sulfone group.®” Previ-
ous work with libraries of peptide-based covalent inhibitors
has identified structural elements that can be used to control
the selectivity of synthetic inhibitors.**'?"'? |n parallel posi-
tional scanning, libraries of peptide vinyl sulfones were gener-
ated in which the amino acid located directly at the site of hy-
drolysis was held constant and sequences distal to that residue
were varied across all natural amino acids."* These ap-
proaches provide the opportunity to make the vinyl sulfones
specific against the active 32 subunit of the CP in altering the
P3 and P4 positions, as indicated by Ac-PRLN-vs in comparison
with Ac-YLLN-vs (Ac-PRLN-vs=acetyl-Pro-Arg-Leu-norleucine
vinyl sulfone).®” The crystal-structure analyses of the eukaryot-
ic CP in complex with these vinyl sulfones suggest that favour-
able interactions between the P3 residue and the S3 pocket
generated at the interface of neighbouring 8 subunits are re-
sponsible for inhibitor selectivity (see Figure 12C). Further-
more, the P1 residue was bound in the S1 pocket of each of
the active sites, regardless of seemingly unfavourable electro-
static interactions. When these facts are taken together, it is
possible to design a model in which specificity can be control-
led predominantly by interactions at the S3 pocket for sub-
strates with favourable interactions at this site and poor inter-
actions at other sites. However, strong interactions at P1 may
overcome the need for a favourable P3 residue. This model for
substrate binding may aid in the development of inhibitors of
the proteasome with tuneable selectivity for each of the active
sites.

Noncovalent inhibition of the 20S proteasome

As proteasomes play an important role in many intracellular
irreversible processes, such as mitosis, differentiation, signal
transduction and antigen processing,” inhibitors that specifi-
cally block proteasomal activities may be promising candidates
for tumor or inflammation therapy. However, all of the afore-
mentioned proteasome inhibitors bind covalently to the active
B subunits and usually cause cell death by induction of apop-
tosis."*! Reversible and time-limited inactivation of the differ-
ent proteasome activities may reduce the cytotoxic effects of
these compounds. Recently, it was shown, that the natural
products from Apiospora montagnei, the TMC-95s (TMC-95A, B,
C and D), block the proteolytic activity of the CP selectively
and competitively in the low nanomolar range.'**'* The in-
hibitors consist of modified amino acids forming a heterocyclic
ring system that is not related to any previously reported pro-
teasome inhibitors. The crystal-structure analysis of the yeast
CP in complex with TMC-95A shows the inhibitor bound at all
three active sites®™ (see Figure 13C). The structure indicates a
noncovalent linkage of TMC-95A to the active 3 subunits, with-
out modifying their N-terminal threonines; this is in contrast to
all previously structurally analysed proteasome-inhibitor com-
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plexes. TMC-95A displays a host of hydrogen bonds with the
protein that give further stabilisation of the compound when
bound. All these interactions are performed with main-chain
atoms and strictly conserved residues of the CP, thereby reveal-
ing a common mode of proteasome inhibition amongst differ-
ent species. The arrangement of TMC-95A in the CP is similar
to the already reported aldehyde and epoxyketone inhibi-
tors.® The n-propylene group of TMC-95A protrudes into the
S1 pocket, making weak hydrophobic contacts with Lys33,
whereas the S2 subsite is shallow and does not contribute in
stabilizing TMC-95A, as already observed for the proteasome-
Ac-LLnL-al adduct.”” The side chain of the asparagine is insert-
ed deeply into the S3 pocket and has been ascribed a major
role in the differing ICs, values amongst the different activities.
However, the stereoisomers of the TMC-95s dramatically influ-
ence the ICy, values, by two orders of magnitude; this is partic-
ularly noticeable for the hydroxy group seen in R1/R2, whereas
the methyl group in R3/R4 has almost no effect on TMC-95
binding (Figure 14B). The crystal structure adequately explains
this behaviour, as the hydroxy group in R1/R2 of the TMC-95
complex can only be accommodated as the S isomer. It is a
surprise that during evolution the hydroxy group in R1/R2 of
the TMC-95s was not replaced by a hydrogen atom, as this
substitution would presumably have no effect for the binding
affinity of these inhibitors.

The class of TMC-95 compounds specifically blocks the CP
and does not inhibit other proteases like m-calpain, cathep-
sinL and trypsin.'® The NMR spectroscopy structure of un-
bound TMC-95A in solution,"”! when superimposed with the
structure bound to the CP, as determined by X-ray crystallogra-
phy, shows a similar conformation.®® The strained conforma-
tion of TMC-95s is stabilised suitably for optimal binding to the
proteasome because of the cross-link between the tyrosine
and the oxoindol side chain, (see Figure 13C). Binding does
not require major rearrangements of ligand and protein and is
favoured over more flexible ligands for entropic reasons.

Analysis of the TMC-95A structure overlaid with that of the
vinyl sulfone peptide inhibiting only subunit 32 shows a re-
markable overlap with both the backbone amides and the P1
and P3 residues, since TMC-95A interacts with the proteasome
noncovalently (see Figure 14A). By presenting its functional
groups in an optimal manner, covalent attachment to the cata-
lytic nucleophile is no longer required. The combination of in-
formation from the crystal structures in complex with the CP
inhibitors suggests the possibility of generating a scaffold
based on the geometry of the bound TMC-95A that can pres-
ent a variety of structures to the S1 and S3 pockets specific for
each of the active sites of the CP. In particular, the P3 position
offers itself for fine-tuning of the selectivity of compounds for
individual (-subunits and designing reversible, selective and
subunit-specific inhibitors of the CPs.

Much attention has been paid to the development of syn-
thetic inhibitors and to the discovery of natural ligands be-
cause of the promising therapeutic potential of proteasome in-
hibition. The crystal structure of the CP-TMC-95A complex re-
vealed the base for the minimum structural elements of TMC-
95A for binding to the proteasome (see Figure 14B). In particu-
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Figure 14. A) Superposition of TMC-95A and lactacystin and TMC-95A and Ac-Pro-Arg-Leu-Asn-vs bound to subunit 35 and subunit 32, respectively. Carbon atoms
of TMC-95A are shown in yellow, of lactacystin and Ac-Pro-Arg-Leu-Asn-vs in green and of Thr1 in black; oxygen and nitrogen atoms are drawn in red and blue, re-
spectively. The crystal structures of the related subunits were superimposed by using the program CCP4. The inhibitor structures were extracted and their arrange-
ments compared. Lactacystin occupies the S1 pocket (coloured in blue) in a similar orientation to that of TMC-95A; Ac-Pro-Arg-Leu-Asn-vs occupies the S3 pocket
(coloured in blue) in a similar orientation to that of TMC-95A.1¥71 B) Chemical structure of the TMC-95s including diastereomers A-D. From the crystal structure of
the CP-TMC-95A complex, the lead-structure segment of TMC-95s, which contributes mostly to proteasome inhibition was derived. The S1 and S3 residues, shown
in blue, mark specific amino acid residues that are major determinants for differential binding to proteasomal subunits. Simplification of the synthetically challeng-
ing structure of the TMC-95 lead by replacing the oxidised side-chain biaryl system with a endocyclic biphenylether is shown.!'?'3

lar, the cyclic tripeptide of TMC-95A, which is constrained into
a 17-membered ring structure by an endocyclic biaryl system,
binds to the active-site clefts of the CP by hydrogen bonds,
thereby adopting an antiparallel $-sheet structure. The remain-
ing part of the inhibitory compound is not involved in direct
interactions with the protein, except the oxoindol group of the
tryptophan, which shows an additional hydrogen bond to the
nitrogen backbone atom of residue 23. Thus, the conforma-
tionally restricted C-terminal (2)-prop-1-enyl moiety as the P1
and the central asparagine as the P3 residue are the structural
factors that dictate the differentiated affinity of TMC-95A for
the three active sites. The lead structure sensibly facilitates syn-
thetic access to TMC-95A analogues,"?'* as the total synthe-
sis of the natural TMC-95A compound is highly complex.'3%'3?
As a proof of concept the minimal core structure was decorat-

244

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

ed at the C terminus with an n-propyl group (on the norleu-
cine side chain) as the P1 residue and at the N terminus with a
benzyloxycarbonyl moiety as an N-protecting group, while the
central Asn residue of TMC-95A was retained as the P3 resi-
due. However, the inhibitory potencies of the analogue
showed a potency for subunit 35 that was 10-times reduced
relative to that of the natural compound. This observation is a
surprise, as the analogue contains an N-terminal benzylur-
ethane instead of the alkyl-ketoamide group and only lacks
the two hydroxy groups at the tryptophan moiety. According
to the X-ray structure of the CP-TMC-95A complex these two
modifications should not account for the significantly lower in-
hibition of the activity. Therefore, the replacement of the con-
formationally restricted and bent (2)-prop-1-enyl group with
the flexible n-propyl group as the P1 residue has to be the pri-
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mary cause of this effect on the binding affinities. The crystal
structures of the CP in complex with the TMC-95 analogue are
perfectly superimposable with the CP-TMC-95A structures. An
almost identical hydrogen-bonding network is established be-
tween the active-site cleft and the inhibitors with the only dif-
ference being the mode of insertion of the C-terminal N-alkyl
chain into the S1 pocket. Here, the hydrophobic S1 pocket is
optimally filled without any steric clashes by the (2)-prop-1-
enyl group of TMC-95A, while the n-propyl chain of the ana-
logue is deeply inserted and thus clashes with the side chain
of the subunit. In the case of the tryptic-like activity of subunit
B2, the inhibitory potency of the analogue is lowered by a
factor of three, as compared to the value for TMC-95A. Again,
the structures of the bound inhibitors are almost superimpos-
able and the hydrogen-bonding networks appear identical.
Therefore, the structural observations suggest that the entrop-
ic loss related to the more flexible P1 residue in the analogue
is responsible for the reduced potency. These results allowed
the conclusion that the restricted conformational freedom of
the cyclic tripeptide fully dictates the mode of insertion of the
individual residues into the pockets of the active-site cleft and,
correspondingly, the optimal occupancy of critical binding sub-
sites.

In fact, the rigid display of the backbone severely limits the
choice of groups acting as the P1 residue without steric clash-
es. Thus, the use of other, possibly less bulky and less rigid en-
docyclic clamps for conformational restriction of the peptide
backbone is expected to allow a better orientation of groups
interacting with the various subsites. Biaryl ethers of the isodi-
tyrosine type, which are also more easy to synthesise, are
known to induce an identical conformational restriction to that
of the biaryl system in TMC-95A when used as structural
clamps in positions i and i+2 of cyclic peptides. The NMR-
spectroscopy-derived conformation of the biarylether in so-
lution clearly revealed that the meta-para junction through
the ether group leads to a structure very similar to that of
TMC-95A™¥ (see Figure 14B). As a consequence, a TMC-95 an-
alogue was prepared, with the biaryl group replaced with a bi-
phenyl ether. Surprisingly, it was found that the new TMC-95
derivative showed an equipotent inhibition of the tryptic-like
activity of yeast CP, as compared with TMC-95A,™*% (unpub-
lished results). This observation makes the design of new re-
versible inhibitors, by the use of other, possibly even less
bulky, endocyclic clamps for conformational restriction of the
peptide backbone and for optimal orientation of groups inter-
acting with the various subsites, attractive.

In some but not all archaea and eubacteria, the 20S protea-
some is accompanied by another large cage-forming protease,
the tricorn protease. Tricorn functionally interacts with the CP
by cleaving proteasomal peptide products into smaller pep-
tides, which are further degraded into single amino acids by
associated factors. The structural and functional aspects of tri-
corn are described in the following section. The unexpected re-
lationship between tricorn and the eukaryotic dipeptidyl pepti-
dase IV revealed by these structural studies is also discussed in
brief.
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3. The Tricorn Protease and Its Structural and
Functional Relationship with Dipeptidyl Pepti-
dase IV

The tricorn protease, named for its tricorn-like shape, was first
purified from the model organism T. acidophilum during a
search for regulatory components of the 20S proteasome.!*
Even though the enzyme did not appear to regulate the 20S
proteasome’ and is now believed to act downstream, it at-
tracted interest as a giant protease that exceeded the 20S pro-
teasome in size. Genetic and biochemical characterisation
showed that the enzyme was assembled from multiple copies
of a single, 120 kDa polypeptide chain.** Six subunits each
form homohexamers that assemble further into an icosahedral
capsid with a molecular weight of 14.6 MDa.**'* The crystal
structure of the 720 kDa tricorn hexamer is available.™” It
shows the mode of assembly of monomers, demonstrates that
each monomer consists of five separate domains and suggests
how the domains coordinate the specific steps of substrate
processing and particularly substrate channeling to and from
the active site.

Architecture of the tricorn protease

The hexameric D3-symmetric tricorn protein is assembled by
two perfectly staggered and interdigitating trimeric rings with
every subunit of one ring forming contacts almost exclusively
with the two subunits of the other ring related by the molecu-
lar diads. The toroid structure has the shape of a distorted hex-
agon formed by a trimer of dimers (Figure 15). The overall di-

Figure 15. Surface representation of the tricorn protease with the ribbon model
of one subunit superimposed. The two orthogonal views are along the molecu-
lar twofold and threefold axes, respectively. The six solid spheres indicate the
active-site positions. Figure reproduced from ref. [137].

mensions of the molecule are 160 A within the plane normal
to the three-fold axis and 88 A parallel to it. The conically
shaped central pore connects with additional cavities formed
by the individual subunits like spokes of a wheel (see
Figure 15).

Single tricorn subunits can be divided further into five do-
mains, namely a 6-bladed (3 propeller (36) domain, a 7-bladed
B propeller (37) domain, a mixed a—f3 domain (C1), a PDZ-like
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domain, and another mixed o-f domain (C2), that
are arranged in this order along the polypeptide
chain. Very unusually for B propeller domains, both
6 and 7 are topologically unclosed, an extremely
rare feature otherwise observed only in the prolyl oli-
gopeptidase (POP)"® and DP IV protease.**"*” The
PDZ-like domain is interspersed between the two C-
terminal mixed a—f3 domains. These C-terminal do-
mains harbour the catalytic residues and exhibit the
o—f} hydrolase fold, again underlining the relationship
of tricorn with DP IV and POP.

Catalytic residues and mechanism

To identify catalytically important amino acids, tricorn
was cocrystallised™” with a series of chloromethyl
ketone based inhibitors, including the known tricorn

M. Groll et al.
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Figure 16. Stereoview of a 13-mer chloromethyl ketone bound to the active site. With the
exception of a few important residues in tricorn, which are presented in an all-atom repre-
sentation, tricorn is represented as a smoothed Ca trace. For the inhibitor and Arg132, a key
residue in tricorn, the experimental electron density is presented together with the final
model. The peptide is clearly directed towards the 37 propeller.

inhibitors™  tosyl-L-lysine  chloromethyl  ketone

(TLCK) and tosyl-L-phenylalanine  chloromethyl

ketone (TPCK). In all cases, continuous electron density con-
necting to the side chain of Ser965 was observed and unam-
biguously fitted by the respective inhibitors. Ser965 is posi-
tioned at the entrance to helix H3 within subdomain C2. The
amide nitrogen atom of Asp966, together with that of Gly918,
forms the oxyanion hole which is occupied by a water mole-
cule in the uninhibited structure. His746 is ideally positioned
to activate the catalytic Ser965 at a hydrogen-bonding dis-
tance of 2.7 A. Although a covalent linkage between a chloro-
methyl ketone inhibitor and the catalytic histidine of a serine
protease could be expected,"" no such linkage was found in
any of the complexes of tricorn with trichloromethyl ketone in-
hibitors. Thus, in this respect, tricorn is more similar to cysteine
peptidases."*? A crucial role for Ser965 and His746 in activity is
supported by mutagenesis data: both the single-site mutants
Ser965A and His746A are amidolytically inactive.® His746 is
correctly oriented by the Oy atom of Ser745, which in turn is
polarised by Glu1023. Thus, Ser965, His746, Ser745 and
Glu1023 can be described as a catalytic tetrad. The arrange-
ment of Ser965, His746 and the oxyanion hole suggests that
peptide-bond hydrolysis follows the classical steps for trypsin-
like serine proteases, namely the formation of the tetrahedral
adduct, the acyl-enzyme complex and hydrolysis.

Tricorn specificity

Tricorn has been shown to exhibit both tryptic and chymotryp-
tic specificities."* The X-ray crystal structure reveals that spe-
cificity for basic P1 residues is conferred by Asp936, which is
provided by the diad-related subunit (Figures 16 and 17), thus
linking the mode of assembly (trimer of dimers) with function.
Intriguingly, in the uninhibited high-resolution crystal structure,
the acidic S1 specificity-determinant residue Asp936 was
mobile. In the TPCK complex structure, the side chain of
Asp936 adopts an alternative rotamer to allow the TPCK
phenyl ring to freely access the hydrophobic niche formed by
Tyr946, 11e969, Val991 and Phe1013. Thus, it appears that, due
to its flexibility, Asp936 can serve as a substrate-specificity
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BT propeller

Figure 17. Detailed active-site view and substrate recognition as deduced from
experimental complex structures. The substrate C terminus is anchored by
Arg131 and Arg132.

switch to accomodate both hydrophobic and basic P1 resi-
dues. The SO, group of TPCK and TLCK interacts with the NH
moiety of 11€994, thereby already suggesting the strand
Glu993-Pro996 as the unprimed substrate-docking site. These
substrate-recognition sites are rather unrestricted, in agree-
ment with tricorn’s generally broad substrate specificity.'*> '
Experimentally, it was found that a negative charge was not
tolerated at at positions P3, P4 and P5 of a synthetic fluoro-
genic 7-amino-4-methylcoumarin (AMC) substrate." The crys-
tal structure does not indicate any steric or electrostatic con-
flicts, if a canonical binding mode of these substrates is as-
sumed. It is conceivable that discrimination against these sub-
strates resulted from unproductive binding with inverted
strand polarity, which in turn could be due to the inverted po-
larity of these substrates which lack a free C terminus and are
N-terminally succinylated.

Tricorn accepts substrates with a rather broad variety of se-
quences upstream of the scissile peptide bond but it places re-
strictions on the length of substrates downstream of the scis-
sile peptide bond. These restrictions are due to a prominent
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cluster of basic residues (Arg131, Arg132) in tricorn that delimit
the binding site of the substrate C terminus. These basic resi-
dues, positioned on a flexible loop (as discussed in detail
below), together with the primed site topology, clearly mark
tricorn as a carboxypeptidase. The geometric dimensions ex-
plain tricorns preferential di- and tricarboxypeptidase activity,
while the cleavage of longer peptides will require some con-
formational rearrangement and is energetically less favourable.
Single amino acids cannot be cleaved from a substrate, be-
cause the P1’" residue is unable to anchor its carboxylate group
on the basic backstop residues (see Figures 16 and 17).

Each of the three C-terminal domains (C1, PDZ, C2) is re-
markably similar to the respective domains (A, B and C) found
in the D1 processing protease (D1P) of photosystem Il. The
root-mean-square deviations between the Ca positions of
these domains are 2.2, 2.3 and 2.7 A with 84, 86 and 135
matching amino acids, respectively. A weak homology be-
tween these domains is recognisable in the primary sequences
(11, 19 and 20% identities). The relative arrangement of these
domains, however, differs very much between tricorn and D1P;
With the C2 domain aligned to the C domain of D1P, the orien-
tation of the C1 domain differs from that of the D1P A domain
by 35°. Analogously, the required transformation to align the
PDZ-like domains includes a 96° rotation. The rotation axes of
these transformations are unrelated to each other. In addition,
proper alignment of the PDZ-like domain requires a 30 A trans-
lation. The catalytic serine residues (Ser965 and Ser372, respec-
tively) are positioned on topologically equivalent positions at
the helix entrance in the C2 or C domain (tricorn and D1P, re-
spectively). Furthermore, the amides forming the oxyanion
hole (Gly918, Asp966 and Gly318, AIn373 in tricorn and D1P,
respectively) superimpose to within 1A. As in other T-cell
serine (Tsp) like proteases, the residue serving as a general
base in D1P is a lysine (Lys372) residing within the C domain
of D1P, while it is a histidine in tricorn (His746) which resides in
tricorn’s C1 domain. The relative arrangement of the C1 and
C2 domains in tricorn must, for that reason, remain very re-
stricted to allow proper catalysis.

A role of the PDZ domain in substrate recognition has been
shown for Tsp™¥ and was analogously suggested for the tri-
corn protease."*! While the Gly-Leu-Gly-Phe substrate-recog-
nition element is structurally conserved (Arg764-lle-Ala—
Cys767 in tricorn), as pointed out earlier, it appears unlikely for
a number of reasons that the tricorn PDZ domain will partici-
pate in substrate recognition in a similar manner to that sug-
gested for D1P:™¥ 1) The putative substrate-binding site, as
defined by the crystal structures of the C-terminal peptides
complexed with PDZ domains,"*'* is partly occupied by the
outer strands of blade 3 of 36 within the same subunit; 2) the
generally conserved arginine (Arg247) involved in recognition
of the carboxylate group of the peptide C terminus corre-
sponds to a hydrophobic residue in tricorn (l1e851); iii) the ori-
entation and position of the tricorn PDZ domain differs so
strongly from that seen in D1P that any analogy based on the
sequential domain arrangement is invalidated on the basis of
their respective three-dimensional domain arrangements. In-
stead, the PDZ domain mainly serves to scaffold the subdo-
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mains as described earlier and, in addition, might be involved
in the recognition of associating component proteins.

Substrate access and product egress through f5 propellers

The comparison with POP, including the open Velcro topolo-
gy, suggests an important role for the B propellers in sub-
strate access to and product exit from the active site!
(Figure 18). Both the 36 and (37 propeller axes are directed to-

Side
opening

Propeller /
opening \

Side
opening

Figure 18. Ribbon representation of the tetrameric DP IV. The tetramer results
from a dimerisation of dimers and has 222 symmetry. Potential glycosylation
sites are marked as grey spheres, and sites that were modified in the crystal
structure are marked as red spheres. Figure reproduced from ref. [139].

wards the active site of the protein, almost intersecting near
Ser965. The arginine anchor (Arg131, Arg132) obstructs the
otherwise direct connection from the active-site chamber to
the exterior through the 6 propeller. Based on these data, it
has been proposed that the 6 propeller channel represents
one, if not the, major rear exit from the catalytic chamber."*”
This model is supported by the properties of the tricorn point
mutant Leu184Cys. The point mutant has a wider pore in the
6 domain and is indeed more active than the wild-type. After
modification of the introduced thiol group with N-ethylmalei-
mide (NEM), the activity of the mutant enzyme towards fluoro-
genic substrates is significantly reduced (<50%) compared
with the wild-type protein."®”'* The substrate entrance and
product exit paths are indicated in Figure 19.

The crystal structures of the chloromethyl ketone based in-
hibitor complexes suggested the strand Glu993-Pro996 as a
recognition strand for the unprimed substrate residues. This
strand extrapolates towards the (7 channel (see Figure 14).
The channel through the 37 propeller provides a significantly
shorter route from the catalytic chamber to the outside of the
protein (60 A) than the alternative route through the central
pore (83 A). The latter path to the active site has multiple
branchings and dead ends. Therefore, the 7 channel might
be utilised by the enzyme for the preferred substrate passage
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Figure 19. Cartoon of the model for electrostatically driven processive substrate
turnover."*! A) The blue and yellow cylinders represent the seven- and six-
bladed [3 propeller domains, respectively. Substrates to the 37 domain and
products from the 36 domain are represented as strings of green dots. Single
green dots represent individual amino acids. Figure reproduced from ref. [149].
B) Schematic representation of the electrostatic potential along the suggested
path for substrates.

to the active site. It is wide open but capped on its outside by
four basic residues (Arg369, Arg414, Arg645, Lys646) which are
only partially charge compensated by one acidic residue
(Asp456). This locally positive lid to the 7 propeller channel is
encircled by acidic residues (Asp333, Asp335, Asp372, Asp456,
Asp506, Asp508, Glu592 and Glu663). Except from Glu663,
which is located on the hairpin connecting-strands 3 and 4 of
blade 7, all of these charged amino acids are positioned be-
tween strands 1 and 2 of the respective 37 blades. The result-
ing charge distribution mimics an electrostatic lens, whereby
peptides are preorientated with their C termini towards the
central basic propeller lid. Once the entrance to the 37 channel
is opened by a concerted side-chain movement of Arg369,
Arg414, Arg645 and Lys646, possibly assisted by main-chain
movements of Ala643-Lys646 (blade 7), a peptide is able to
enter the channel in an extended conformation where it will
find multiple docking sites on the unsaturated inner strands of
the 7 propeller blades. A similar substrate gating/filter mecha-
nism through a seven-bladed 3 propeller has been suggested
for the prolyl oligopeptidase,*®'*” and there is precedence for
a P hairpin binding into a seven-bladed propeller."*" The pre-
ferred substrate entry through the (7 propeller channel is in
line with the point mutation Arg414Cys, located in the (7
channel. Derivatisation of the introduced thiol group with mal-
eimide markedly decreased the fluorogenic activity of this
mutant to about 50% of the wild-type activity."?”

Tricorn cleaves substrates in a processive mode,'* a fact in-
dicating that only completely digested products will leave the
inner protein chambers, while larger products will be retained
and processed as preferred substrates. The structure suggests
several mechanisms to maintain “one-way” processing. Basic
lids (Arg414, Arg645, Lys646 and Arg131-Arg132) are placed at
the entrances to the 6 and (37 channels. The topology and
size of the inner cavities favour an extended conformation of
the substrate and the C terminus of the substrate will be at-
tracted to the basic (36 lid, thereby presenting the substrate’s
scissile bond at the active-site Ser965 residue for proteolyis. In
one possible scenario, the primed product residues are re-
leased by the enzyme through the “rear exit” to the active site
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formed by the (36 propeller, which is gated by Arg131-Arg132.
The arginine gate is located on a helical loop containing three
glycines (Gly126, Gly130, Gly139) and not restrained to its posi-
tion by any protein contacts. These glycines might function as
hinge residues that allow the gate to move into a sufficiently
voluminous cavity of mixed polarity (see Figure 17).

The unprimed side of the substrate is held in place by a
series of interactions with the protein. In addition to the
observed ionic (Asp936) or hydrophobic S1 interaction site
(Tyr946, 11e969, Val991, Phe1013), the P1 main chain is held by
its interaction with the oxyanion hole (Gly918, Asp966). P2-P4
residues will presumably utilise unsaturated main-chain hydro-
gen bonds at the strand 11e994-Pro996 and further interactions
might occur in the (37 propeller channel, as described in galac-
tose oxidase™". The modelling studies and suggested sub-
strate binding at the primed and unprimed sides are fully ex-
perimentally confirmed by crystal structure studies with C- and
N-terminally extended covalently bound inhibitors.™*?

Tricorn reportedly cooperates with three additional proteins,
termed interacting factors F1, F2 and F3, to degrade oligopep-
tides sequentially to yield free amino acids."*? F1 is a prolyl
iminopeptidase with 14% sequence identity to the catalytic
domain of prolyl oligopeptidase (POP), which has an additional
propeller domain."*®"*? Guided by the structural scaffold of
the latter structure, we speculate that F1 docks onto the six-
bladed B propeller of the tricorn core protein. As in POP, the
substrate would enter F1 through the propeller channel in this
model. While a physical interaction of F1 with tricorn has been
suggested,’® the exact mode of interaction of tricorn with F1,
F2 and F3 has not been detailed so far. There is also evidence
for functional but not physical interaction of tricorn with the
proteasome.™ A physical interaction between these mole-
cules by aligning their respective central pores would imply a
symmetry mismatch. While such a physical interaction would
be consistent with the geometric dimensions of both mole-
cules, its existence needs to be experimentally confirmed and
characterised.

The structural and functional relation of tricorn with DP IV

The situation in the tricorn protease is closely resembled by di-
peptidyl peptidase IV (DP 1V) where an eight-bladed topologi-
cally open 3 propeller and a side opening provide entrance to
and exit from the active site (see Figure 18). Similarly to tricorn,
DP IV is a serine protease with low but significant structural
homology to the family of a/B-hydrolases. We superimposed
the catalytic core elements, including the active-site serine and
histidine residues, the strictly conserved helix following the
active-site serine (Ser630-Ala642 and Ser965-Leu977, respec-
tively) and tricorn’s five-stranded parallel 3 sheet onto the
equivalent strands of the eight-stranded DP IV sheet. Both
sheets have identical polarity. Significantly, both tricorn propel-
lers come to superimpose onto the two DP IV openings, with
the tricorn 7 propeller on the DP IV 38 propeller and the tri-
corn 36 propeller on the side exit, as schematically indicated in
Figure 20. This similarity suggests that the 38 propeller pro-
vides substrate access to and the side-opening offers product
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DP IV

Figure 20. Schematic representation of the active-site access and product
egress in tricorn and DP IV. Figure reproduced from ref. [139].

release from the DP IV active site. This tricorn-derived model is
able to explain the high substrate selectivity critical for the DP
IV function of activating or inactivating regulatory peptides.
Passage through the [-propeller tunnel requires the substrates
to unfold, thereby providing their “finger print” to DP IV. Once
the amino terminus of the peptide approaches the active site,
it is still held in place by its C terminus interacting with the f§
propeller, which may contribute to conformationally activate
the substrate for cleavage. After the nucleophilic attack the
acyl-enzyme intermediate forms, while the primed product is
directly released through the side exit. This explains why deg-
radation of glucagon by DP IV is not processive but occurs se-
quentially in two independent steps (glucagon 3-29 and gluca-
gon 5-29)."*¥ Clearly, the final determination of the functional
roles of the DP IV openings awaits further experiments.

In the last chapter, DegP, a bacterial cage-forming protease
which has homologues in all kingdoms of life, is described. It
differs from the other enzymes in its extreme flexibility and in
its potential to change overall shape and internal structure.
Structural flexibility is translated into function and into the
unique property of DegP to act predominantly as a chaperone
or as a protease according to the temperature. DegP is a
Janus-faced molecule that appears as a helper or killer as cells
need it.

4. The DegP Protease Chaperone: A Molecular
Cage with Bouncers

Cells have developed a sophisticated system of molecular
chaperones and proteases to reduce the amount of unfolded
or aggregated proteins."** Chaperones recognise hydrophobic
stretches of polypeptides that become surface exposed as a
consequence of misfolding or unfolding. If refolding attempts
fail, irreversibly damaged polypeptides are removed by pro-
teases.

E. coli contains several intracellular proteases that recognise
and degrade abnormally folded proteins. The biochemical and
structural features of these ATP-dependent proteases have
been studied extensively (see Section 1). However, relatively
little is known about proteases that are responsible for the
degradation of nonnative proteins in the periplasmic compart-
ment of Gram-negative bacteria. Such a function has been at-
tributed to the heat shock protein DegP, also commonly refer-
red to as HtrA or Protease Do. While most factors involved in
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protein quality control are ATP-dependent heat shock pro-
teins,*® DegP fulfills this role without consuming chemical
energy."™ DegP homologues are found in bacteria, fungi,
plants and mammals. Some, but not all, are classical heat
shock proteins. They are localised in extracytoplasmic compart-
ments and have a modular architecture composed of an N-ter-
minal segment believed to have regulatory functions, a con-
served trypsin-like protease domain and one or two PDZ do-
mains at the C terminus."*® PDZ domains are protein modules
that mediate specific protein-protein interactions and bind
preferentially to 3-4 residues at the C-terminal of the target
protein.'* Prokaryotic DegPs have been attributed for toler-
ance against thermal, osmotic, oxidative and pH stress, as well
as to pathogenicity."™ A number of DegP substrates are
known. These are either largely unstructured proteins such as
casein, small proteins that tend to denature, hybrid proteins
or proteins that entered a nonproductive folding path-
way.['7161162) Stably folded proteins are normally not degraded.
In addition to its protease activity, DegP has a general chaper-
one function. The dual functions switch in a temperature-
dependent manner, with the protease activity being most ap-
parent at elevated temperatures.'®? The ability to switch be-
tween refolding and degradation activity and the large variety
of known substrates make DegP a key factor in the control of
protein stability and turnover.

The DegP protomer, a PDZ protease

DegP from E. coli was crystallised at low temperatures in its
chaperone conformation and analysed.'®® The protomer can
be divided into three functionally distinct domains, namely a
protease and two PDZ domains, PDZ1 and PDZ2 (Figure 21).
Like other members of the trypsin family, the protease domain
of DegP has two perpendicular p-barrel lobes with a C-terminal
helix. The catalytic triad is located in the crevice between the
two lobes. While the core of the protease domain is highly
conserved, there are striking differences in the surface loops
L1, L2 and L3 (for nomenclature, see ref. [164]), which are im-
portant for the adjustment of the catalytic triad (Asp105,
His135, Ser210) and the specificity pocket S1. The enlarged
loop LA protrudes into the active site of a molecular neigh-
bour, where it intimately interacts with loops L1 and L2. The
resulting loop triad, LA*-L1-L2, completely blocks the sub-
strate-binding cleft and results in a severe deformation of the
proteolytic site with formation of the catalytic triad, the oxyan-
ion hole and the S1 specificity pocket abolished. Thus, the pro-
tease domain of the DegP chaperone is present in an inactive
state, in which substrate binding and catalysis is prevented.'®”
The structure of the PDZ domains of DegP is similar to that of
PDZ domains of bacterial origin."*! Compared to the canonical
442 PDZ B sandwich,'*” the DegP PDZ domains show a circu-
larly permuted secondary structure, in which the N- and C-ter-
minal strands are exchanged. Furthermore, they contain a 20-
residue insertion following the first § strand (including helix f)
that is important for inter- and intramolecular contacts within
the oligomer. In analogy to other PDZ domains, PDZ1 and/or
PDZ2 should be involved in substrate binding. PDZ1 contains
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Figure 21. Structure of the DegP protomer in ribbon representation. Colour is
according to domain and residues of the catalytic triad are shown as ball-and-
stick models. The nomenclature of secondary structure elements, the termini of
the protein and regions that were not defined by electron density is indicated.

a deep binding cleft for substrate, which is mainly
constructed by strand 14, its N-terminal loop (the so-
called carboxylate-binding loop) and helix h. The car-
boxylate-binding loop is located in a highly positively
charged region and is formed by an Glu-Leu-Gly-lle
motif, which is similar to the frequently observed
Gly-Leu-Gly-Phe motif.™” Binding specificity is mainly
conferred by the specific configuration of the 0, —2
and —3 binding pockets,"®® where pocket 0 anchors
the side chain of the C-terminal residue. In PDZ1, all
pockets are built by mainly hydrophobic residues.
The thermal motion factors point to the flexibility of
strand 14 and its associated carboxylate-binding
loop, thereby indicating the plasticity of the binding
site. Thus, PDZ1 seems to be well adapted to bind
various stretches of hydrophobic peptide ligands.
Unlike PDZ1, the occluded binding site of PDZ2 is
unlikely to be involved in substrate recognition.

The DegP hexamer can adopt an open and a
closed form

In the crystallographic asymmetric unit, two DegP
molecules (A and B) were observed, which build up
two distinct hexamers (Figure 22). Both hexamers are
formed by staggered association of two trimeric
rings. Hexamer A is a largely open structure with a
wide lateral passage penetrating the entire complex
(see Figure 22 A), whereas hexamer B corresponds to
the closed form, in which a cylindrical 45 A cavity
containing the proteolytic sites is completely shield-
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ed from solvent (see Figure 22B). In both cases, the top and
bottom of the DegP cage are constructed by the six protease
domains, whereas the twelve PDZ domains generate the
mobile sidewalls. The height of the cavity is determined by
three molecular pillars, which are formed by the enlarged LA
loops of the protease domain. The PDZ domains are able to
adopt different conformations and represent side doors that
may open. This en bloc mobility enables the PDZ domains to
function as tentacular arms that capture substrates and deliver
them into the inner cavity. This structural organisation is strik-
ingly different from the other cage-forming proteases, where
substrates enter the central cavity through narrow axial or lat-
eral pores, as described in Sections 1-3.

DegP, a chaperone

E. coli DegP has the ability to stabilise and support the refold-
ing of several nonnative proteins in vivo and in vitro.'®*'6
Possible binding sites for misfolded proteins are located within
the inner cavity (Figure 23). The solvent-accessible height of
this chamber is 15 A at its centre and increases to 18 A near
the outer entrance. Due to these geometric constrictions, sub-
strates must be partially unfolded to reach the active site (see
Figure 23). As in other chaperones of known structure, the
DegP cavity is lined by hydrophobic residues. Two major hy-
drophobic grooves can be distinguished, which are mainly

Figure 22. Structure of the DegP hexamer. Top and side views of the hexamer constructed
by molecules A and B. Both hexamers are approximately equal in size with a height of
105 A and a diameter of 120 A. The nomenclature of the individual monomers and their

termini is given. Figure adapted from ref. [163].
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Figure 23. Properties of the inner cavity. Half cut presentations of molecule A (left: side view; middle and right: top
views) with cut regions shown in dark grey. Left: Surface representation of the internal tunnel illustrating its molecu-
lar-sieve character. Access is restricted to single secondary-structure elements as shown by the modeled polyalanine
helix (coloured yellow). Middle: Top view of the ceiling of the inner cavity with mapped thermal motion factors to
show its plasticity. Flexible regions are coloured red, rigid regions are blue. Right: Formation of the hydrophobic bind-
ing patches within the cavity. Hydrophobic residues of the protease domain are shown in cyan and the nonpolar

peptide-binding groove of PDZ1 is coloured green.

constructed by residues of loop LA and L2. Notably, the hydro-
phobic binding sites of the PDZ1 domains are properly orien-
tated to augment the number of potential binding patches.
The alternating arrangement of polar and hydrophobic surfa-
ces, both within one trimeric ring and between trimeric rings,
should allow the binding of exposed hydrophobic side chains
as well as of the peptide backbone of substrates. Taken togeth-
er, the ceilings of the DegP cavity represent docking platforms
for partially misfolded proteins. Both platforms are structurally
flexible and should thus allow binding of diverse polypeptides.

The protease form

The protease conformation of DegP is still elusive, as crystalli-
sation of a substrate-like inhibitor complex has failed and
maintenance of a stably folded protein precludes long-term
experimentation at elevated temperatures where it displays
protease activity. We propose a profound rearrangement of
the LA*-L1-L2 loop triad into the canonical conformation of
active serine proteases, ready for substrate binding. This may
be initiated by a collapse of the hydrophobic LA platforms and
an enlargement of the hydrophobic contacts caused at high
temperature.

Working model for an ATP-independent heat shock protein

Cage-forming proteases and chaperones can be ATP-depend-
ent or -independent. In the former group, ATPase activity is im-
portant for recognition of target proteins, for their dissociation
and unfolding, for their translocation within the complex and
for various gating mechanisms. The present crystal structure
indicates why these functions are not relevant for DegP. DegP
preferably degrades substrates that are per se partially unfold-
ed and that might accumulate under extreme conditions."*”'s”!
Alternatively, threading of substrate through the inner cham-
ber could promote unfolding into an extended conformation.
Removal of higher order structural elements may reinitiate
substrate folding after exit from DegP. By binding to the C ter-
minus or the B-hairpin loop of a protein, the PDZ domains
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A could properly position the
substrate for threading it into
the central cavity. After access-
ing this chamber, the fate of
the unfolded protein depends
on the interplay and structural
organisation of loops LA, L1
and L2. Recruitment of PDZ do-
mains for the gating mecha-
nism should permit a direct
coupling of substrate binding
and translocation within the
DegP particle. This two-step
binding process is similar to
that of other cage-forming pro-
teins, such as the proteasome
or the Clp proteases. Here, two
binding sites (chambers) exist,
the first of which primarily determines substrate specificity.

Conclusion and Outlook
From HslVU to other bacterial ATP-dependent proteases

HsIVU is still the best-characterised ATP-dependent protease at
the mechanistic level, but partial structural information for
other ATP-dependent bacterial proteases has also become
available, especially for the activatory domains. Very recently,
separate structures of the Lon protease domain'®® and of the
small, mostly helical a domain of the Lon AAA(+) module!®”
have been published. The structure of ClpP, the protease core
of the ATP-dependent proteases CIpAP and ClpXP, has already
been available for quite some time."”” More recently, the acti-
vatory components CIpA®® and ClpX"”" have been crystallised,
although only as the monomeric proteins and not as the phys-
iologically occurring oligomers. For the essential, membrane-
spanning metalloprotease FtsH, structural information at the
atomic resolution is available for the ATPase domain but is still
lacking for the protease component.'”>'”® Although atomic-
resolution structures of the active complexes would be highly
desirable, numerous unsuccessful efforts in our and other
hands suggest that this will be difficult. Even in the absence of
full structural information on the ATP-dependent proteases,
many conclusions can already be drawn. In particular, it is al-
ready clear that great variability in the protease domains con-
trasts with strong similarity of the ATPase domains in ways
that were not originally anticipated.

Although the protease domains all share the multimeric ar-
chitecture with a central channel or pore, there is no further
similarity, either at the level of fold or in the active-site archi-
tecture. HslV is an Ntn-hydrolase® with an N-terminal threo-
nine nucleophile.'”"”¥ CIpP is a serine protease that belongs
to the crotonase superfamily of enzymes, a large class of en-
zymes that catalyse a variety of chemical reactions that all
require the stabilisation of an intermediate by an oxyanion
hole."” The crystal structure of the protease domain of E. coli
Lon shows that this domain has yet another fold and a serine-
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lysine dyad in the active site."®® No structure is available for
FtsH, but an HEXXH motif in the sequence and the experimen-
tal identification of a Zn?*-chelating glutamate ligand place
the protease domain of FtsH in MEROPS clan MA(E), together
with other metallopeptidases such as thermolysin, angiotensin-
converting enzyme, and thimet oligopeptidase.!'”

In contrast to the proteolytic core complexes, the activatory
components of HsIVU, ClpXP, CIpAP, Lon and FtsH are structur-
ally related and belong to the AAA(+) family of ATPases.” The
activators are separate subunits in HsIVU, CIpXP and ClpAP
and occur in one polypeptide chain with the peptidase do-
mains in Lon and in FtsH. In HslU, ClpX, Lon and FtsH, only
one copy of the AAA(+) module is present per subunit, where-
as ClpA has two such modules.”” In addition to the common
AAA(4) domain, the different ATPases contain additional,
enzyme-specific domains. In HslU, a mostly helical | domain is
inserted into the AAA(+) module.” ClpX contains an N-termi-
nal domain that was shown to bind zinc""’® and to act as a di-
merisation module."”” Like ClpX, CIpA contains a non-AAA(+)
domain at its N terminus, and like the N-terminal domain in
ClpX, this domain also has the capability to bind zinc.”®' How-
ever, unlike the N domain of ClpX, the N domain of ClpA is
almost entirely helical and consists of two four-helix tandem
motifs. 2

In both ClpA and ClpX, the N-terminal non-AAA(+) motifs
serve as “docking modules” for accessory proteolysis factors
that modulate or change the activity of the proteolytic com-
plex itself."”® The N domain of ClpX interacts specifically with
the adaptor protein SspB that stimulates the degradation of
SsrA-tagged proteins.’® The tag is jointly recognised by the
SspB-ClpXP complex, where SspB interacts with the N-terminal
and central regions of the SsrA tag and leaves the C-terminal
region for interaction with ClpX."®®"®" The C-terminal region of
SspB shares considerable homology with the corresponding
region in RssB, another ClpX adaptor protein."”® It appears
that RssB promotes the degradation of a specific substrate,
namely a subunit of RNA polymerase known as ¢°."®? Very re-
cently, it was shown biochemically that the adapter protein
and the ATPase recognise distinct sites in the substrate."®
ClpA has its own adaptor protein, ClpS. At least in vitro, ClpS
switches CIpAP activity away from SsrA-tagged towards heat-
aggregated proteins.® Two independent crystal structures of
ClpS in complex with the N domain of CIpA are available.’?* s
They explain the specificity of ClpS for CIpA over other related
Clp proteins, especially ClpB."®! Although the membrane-pro-
tein complex HfIKC is mostly exposed to the periplasmic face
of the E. coli membrane, and although the periplasmic part of
FtsH is rather small, genetic and biochemical data indicate that
HfIKC can form a complex with FtsH and suggest that HfIKC
modulates FtsH activity."® " PinA has been described as a
modulator of Lon-dependent protein degradation. However,
instead of promoting degradation, it inhibits it by forming a
tight complex with Lon’s N-terminal region.['8-'*"

Mechanistically, bacterial ATP-dependent proteases can be
divided into two broad classes, the symmetry-matched com-
plexes HslVU, Lon and FtsH on the one hand and the symme-
try-mismatched complexes ClpXP and ClpAP on the other
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hand. In HslVU, the best-understood system, structural, func-
tional and mutagenesis data suggest allosteric activation of
the protease active sites by the C termini of the activator mole-
cules.P%** |n the crystal structure of the HslVU complex, the
C termini of all subunits insert into their binding sites in pro-
tease. If this feature was essential, a similar activation mecha-
nism should not be possible in the CIpAP and ClpXP systems.
This does not seem to be the case, because there is strong bio-
chemical evidence that an internal loop in ClpX could be the
functional equivalent of the C terminus in HslU."'®" Although
allosteric effects are clearly also involved in the activation of
the Lon and FtsH proteases, the details require further investi-
gation.

From the 20S to the 26S proteasome

The ATP-independent 20S proteasome is now fairly well char-
acterised, and its maturation, catalytic mechanism, broad sub-
strate specificity, regulation and interactions with a broad vari-
ety of inhibitors have been described in detail. This is in stark
contrast to the available data on the ATP-dependent 26S pro-
teasome, which has, so far, only been imaged at much lower
resolutions by electron microscopy and 3D-image reconstruc-
tion."?? Difficulties with crystallisation have to do with the size
of the complex, which approaches >2.5MDa, and probably
more importantly with the lability of the 19S cap. So far, it is
known that the ATP-dependent 19S regulators can be regard-
ed as a complex of two major subcomplexes, the “base” and
the “lid”."™ All six AAA(+) ATPases that occur in the 195 cap
are part of the base complex.

Thus, the 20S-proteasome-base complex is in some ways
reminiscent of bacterial HsIVU, even though there are impor-
tant differences. Firstly, the 20S proteasome, but not HslV, has
antichambers in addition to the central proteolytic chamber.
Secondly, bacterial HslV has sixfold symmetry, whereas eukary-
otic 20S proteasomes have pseudo-sevenfold symmetry and
are thus at least formally symmetry-mismatched with the six
different ATPases in the cap. Although the analogy with all
bacterial ATP-dependent proteases suggests a six-membered
ring in the base of the 19S cap, two-hybrid-experiment data
support a more complex model that places only four of the six
AAA(+) ATPases in a ring. Finally, allosteric activation, not
channel opening, appears to be essential for HslV activation. In
contrast, there is no evidence for allosteric active-site activa-
tion in 20S proteasomes, but there is strong evidence that the
activators control “gating” into the 20S particle.®® At present,
it is not clear whether the “insertion mechanism”, shared
among the very different ATP-dependent proteases HslVU and
ClpXP, has an equivalent in 26S proteasomes. Although there is
firm structural evidence for the role of the C termini of an ATP-
independent proteasome activator in gating,” no such evi-
dence is available for the C termini of AAA(+) ATPases in the
19S cap. Thus, the mechanism of 20S proteasome activation
remains open for further investigation.

Despite many differences, the 20S-proteasome-base com-
plex is likely to be similar to the bacterial peptidase HsIVU in
some ways. Although the details are controversial, it is general-
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ly assumed that several AAA(+) ATPases will form a ring, and
the analogy with HsIVU suggests that the ATPase subunits
could be in direct contact with the 20S core particle. Two-
hybrid-experiment data support this model, because they
reveal a number of interactions among proteasomal ATPases
and between ATPases and 20S core subunits.'™ As there is no
ubiquitin system in bacteria or archaea, the model systems
shed no light on the “lid” complex that seems to lack homo-
logues in these simpler organisms. Thus, currently the most
detailed structural information is derived from high-resolution
electron-microsopy data®® and from an exhaustive protein-
protein interaction map of the Caenorhabditis elegans 26S pro-
teasome."® In the light of the intriguing similarities between
the proteasomal 19S cap, the COP9 signalosome and the trans-
lation-initiation factor elF3,"° structural information on the
19S cap at atomic resolution could either come directly from a
crystal of this complex regulatory molecule or could result
more indirectly from the determination of the crystal structure
of either of the two other complexes.

In analogy to tricorn, which serves as a scaffold for interact-
ing proteases, it is becoming increasingly clear that the 195
cap serves as a scaffold for some ubiquitin isopeptidases that
deubiquitinate substrates prior to their degradation. In some
cases, the association is so tight that the isopeptidases are re-
garded as integral parts of the 26S proteasome. This is true for
Rpn11, a ubiquitin-metalloisopeptidase that appears to be
present in all eukaryotic proteasomes.™ It is also true for
Uch37, a conventional ubiquitin hydrolase with a cysteine nu-
cleophile that was found in eukaryotic proteasome prepara-
tions but that appears to lack a homologue in yeast.'™ More
recently, it was shown that Ubp6 (USP14 in mammals) is acti-
vated by and physically associated with 265 proteasomes,?”
thereby prompting the suggestion that it could be an integral
part of physiologically occurring proteasomes that was lost in
previous purification protocols of the 265 particle.'™ A physi-
cal association with proteasomes has also been reported for
Doa4, another class Il ubiquitin hydrolase."™ In contrast to
other non-ATPase subunits of the 19S cap, rough structural
models can be built for the ubiquitin hydrolases that are part
of the 195 cap or are associated with it: from the HAUSP®2*”
structure, it is known that conventional class Il ubiquitin hydro-
lases belong to the papain family of cysteine peptidases, and
the Rpn11 can partially be modeled after the structure of an
archaebacterial protein of unknown function.”®" Given the
loose association of 19S cap subunits, it is possible that more
structural information on this complex will emerge from struc-
tures of individual subunits or their homologues rather than
from a single crystal structure of the 19S cap or of the related
COP9 signalosome.

From tricorn to structurally and functionally related
proteases

Tricorn represents a striking example for molecular coevolu-
tion: the enzyme and its downstream peptidase share not only
similarities of the a—f hydrolase fold but also analogies in the
structure and mechanism of their catalytic machineries. The ac-
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tivities of the two enzymes compliment each other: Two tri-
corn arginine residues serve to recognise and anchor the C ter-
mini of substrates and thus explain the carboxypeptidase activ-
ity of tricorn. In contrast, two glutamate residues in F1 anchor
the N termini of substrates, thereby making F1 an aminopepti-
dase.

Quite unexpectedly, the eukaryotic DP IV exhibits striking
structural similarities with these archebacterial protein-degra-
dation enzymes, both with respect to the catalytic machinery
and the characteristic open-Velcro § propeller topology. By
contrast, the function of DP IV is related to delicately regulat-
ing the blood-glucose level and is thus very much diverged
from its archebacterial ancestors involved in “high-throughput
degradation”. Nonetheless, important analogies and conclu-
sions about the substrate-product passage through these
highly complex proteases can be drawn.

Functional eukaryotic tricorn analogues appear to be struc-
turally unrelated to tricorn. It is currently believed that protea-
some degradation products are digested by prolyl oligopepti-
dase, thimet oligopeptidase and a giant peptidase, tripeptidyl
peptidase 11.2°22% Tripeptidyl peptidase Il has several features
in common with tricorn. It is a serine protease as well, and like
tricorn it forms defined, giant, high-molecular-weight assem-
blies that far exceed the proteasome in size.?*” Apart from
these similarities, tricorn and tripeptidyl peptidase Il are quite
different. Their sequences and folds are so unrelated that the
two enzymes are classified in different clans in MEROPS.' The
helical features in the ultrastructure of tripeptidyl peptidase Il
have nothing in common with the regular icosahedral tricorn,
and most importantly, there is currently no experimental evi-
dence for any role of tripeptidyl peptidase Il as a scaffold to
physically assemble components of the protein-degradation
machinery.

From DegP towards proteins that tip the balance between
refolding and degradation

DegP can act either as a chaperone or as a protease. According
to the current working model, the switch depends on a confor-
mational change from the low-temperature conformation with
occluded active sites to the hypothetical high-temperature
conformation with accessible active sites. Thus, the switch de-
pends primarily on DegP and less so on substrates or cofac-
tors. This simple model contrasts with more complex mecha-
nisms to explain the balance between protein degradation and
protein refolding in eukaryotes.

In direct analogy to DegP, it has been reported that many
ATP-dependent proteases, including the proteasome, can act
as chaperones if the protease activity is artificially ablated. Al-
though this observation has been made multiple times in
vitro, its in vivo significance is not clear, and interactions be-
tween genuine chaperones and the protein-degradation ma-
chinery appear to be the key factor that tips the balance be-
tween protein degradation and refolding. The idea of cross-
talk between chaperones and the protein-degradation machi-
nery has received strong support from the discovery of specific
factors, such as CHIP (“C terminus of Hsc70 interacting pro-
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tein”),?* BAG-1 (“Bcl-2-associated athanogene-1")¢%7 or VCP
(“valosin-containing protein”),?® that interact with chaperones
or act as chaperones and have also been demonstrated to be
directly involved in ubiquitin-mediated protein degradation.

A physical association of components of the protein-degra-
dation machinery with chaperones makes mechanistic sense.
Chaperones select for aberrant proteins. Thus, the protein-deg-
radation machinery is most likely to find these proteins in asso-
ciation with chaperones and cochaperones. Moreover, proteins
that are encountered in complex with a chaperone are difficult
to refold, simply because proteins that are refolded efficiently
are quickly released from chaperones. Thus, a protease can be
more selective for truly “difficult” cases if it targets aberrant
proteins that occur in complex with chaperones. Substrates
could either be recognised specifically or simply be targeted
for degradation because of their persistent association with
chaperones. As both the key chaperones and the 26S protea-
some are abundant proteins, and because currently prominent
proteins at the interface of chaperones and the protein-degra-
dation machinery are rare proteins, we expect that more fac-
tors that have a role in the decision between protein degrada-
tion and protein refolding remain to be discovered.
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Duplex RNA-Binding Enzymes: Headliners from
Neurobiology, Virology, and Development

Peter A. Beal*?

1. Introduction

The discoveries of gene silencing by RNA interference (RNAI)
and microRNA regulation of development have focused much
attention recently on the properties of double-stranded RNA
(dsRNA) and dsRNA-binding proteins. However, the importance
of dsRNA to the fields of virology and neurobiology has been
recognized for some time. In all these cases, key proteins have
been identified that bind dsRNA through one or more copies
of a small domain called the double-stranded RNA-binding
motif or (dsRBM; sometimes referred to as the dsRBD).' In
this minireview, | will discuss five human enzymes implicated
in neurobiology, virology, and development that bind dsRNA
through dsRBMs and highlight opportunities for advancing
our understanding of these fascinating enzymes by chemical
biology.

1.1. The dsRBM: A versatile dsRNA-recognition module

The dsRBM is a ~65 amino acid motif found in many, but not
all, dsRNA-binding proteins (Figure 1).*! First identified in Dro-
sophila melanogaster Staufen protein and Xenopus laevis RNA-
binding protein A (Xlrbpa), it is now known to be present in
over 100 different gene products from a variety of organ-
isms."? dsRBMs have been structurally characterized in a
number of cases, revealing a characteristic a—f3-pf—p-a fold for
the motif.*® There are also two high-resolution structures of
dsRBMs bound to RNA targets.”® In a crystal structure of the
second dsRBM of Xlrbpa, the dsRBM spans two minor grooves
and the intervening major groove at a binding site made up of
16 base pairs (Figure 1A).” These three locations on the RNA
are contacted by three different parts of the motif: a1 binds
one minor groove, loop 2 between 1 and (32 binds a second
minor groove, and loop 4 between (33 and a2 contacts phos-
phodiesters that frame the opening of the major groove be-
tween the two minor groove sites (Figure 1A). Contacts are
primarily due to RNA 2'-hydroxy groups and phosphodiesters,
with only a few base contacts observed in the minor-groove-
recognition sites. This explains the RNA specificity and lack of
a strict sequence requirement for binding for members of the
dsRBM protein family. The NMR structure of Staufen dsRBM llI
bound to a hairpin-stem revealed a similar protein—-RNA inter-
face.®

Although dsRBMs do not require specific sequences of
duplex RNA for binding, our laboratory has shown that certain
sites on an RNA ligand can be selectively occupied by a
dsRBM.®'? We demonstrated this by using dsRBM proteins
tethered with EDTA-Fe. The EDTA-Fe modification converts the
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dsRNA-binding protein into a dsRNA-cleaving protein and anal-
ysis of the sites of cleavage allowed us to conclude that selec-
tive binding does occur. This binding selectivity is due to both
structural features in the RNA ligand and the structure of the
dsRBM involved and can be important to the function of the
protein containing the motif (see Section 2).'? Selective bind-
ing has also been demonstrated by others for dsRBM proteins
by using footprinting techniques and scanning force micros-
copy'[13,14]

Proteins that have a dsRBM more often than not have multi-
ple copies.”” Multiple dsRBMs can increase RNA binding affinity
and/or selectivity.®' Furthermore, the dsRBMs carry out func-
tions other than recognition of dsRNA. For instance, dsRBM Il
of the RNA-dependent protein kinase (PKR) acts as an autoinhi-
bitory domain through interactions with the catalytic domain
in that enzyme." Other examples of protein-protein interac-
tions mediated by dsRBMs have also been reported.”

dsRBMs are present in several enzymes of varying activity in-
cluding deaminases, kinases, and nucleases. In the following
sections, | will describe properties of several of these dsRNA-
binding enzymes (Figure 1B). ADAR1 and ADAR2 are adeno-
sine deaminases that act on dsRNA. ADARs deaminate adeno-
sines in duplex structures found in pre-mRNA and are essential
for a properly functioning central nervous system in metazoa.
Dicer and Drosha are dsRNA-specific ribonucleases implicated
in the RNA interference pathway and in the generation of mi-
croRNA regulators of translation. PKR is a protein kinase regu-
lated by dsRNA and a member of a family of elF2a kinases
that control translation initiation rates in response to stress.
PKR is involved in the interferon antiviral response and is also
an intracellular signal transducer.

ADARs: RNA Editing and the Nervous System
2.1. RNA editing by adenosine deamination

RNA editing refers to a wide variety of modification reactions
that change the sequence of an RNA molecule from that en-
coded by the gene sequence."”” Deamination at C6 of adeno-
sine (A) in RNA generates inosine (l) at the corresponding
nucleotide position. Since inosine is decoded as guanosine
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during translation, this RNA modification can lead to codon
changes and the introduction of amino acids into a gene prod-
uct not encoded in the gene (Figure 2A).l'8™

Interestingly, many targets of the A-to-l editing reaction are
the pre-mRNAs that encode receptors for neurotransmit-
ters."®2% |t is clear now that complex behavioral patterns are
made possible by the dizzying array of neurotransmitter recep-
tors on the surface of neurons that differ very subtly in struc-
ture and in function. One way mammals create these different
receptors is through editing of the messenger RNAs that
encode them. Thus, a single receptor gene can produce differ-
ent forms of the receptor protein through mRNAs edited at
different sites. Indeed, the many combinations of editing sites
lead to dozens of different forms of the receptor, each subtly
different from the next. In several cases, editing of the mes-
sage has been shown to have a clear effect on the function of
the encoded receptor. For instance, editing at sites A-D in the
message for the serotonin receptor 5-HT,. subtype alters the
ability of the receptor to transmit a signal to the intracellular
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transduction machinery by changing the nature of the intracel-
lular surface of the receptor that interacts with G proteins (Fig-
ure 2B, C).'® In another example, editing of the pre-mRNA for
the B subunit of the glutamate receptor (GIuR-B) causes codon
changes at two different sites."*?" The Q/R site is so named
because at that site a glutamine codon is altered such that the
new sequence encodes arginine. The R/G site is located in an
arginine codon that is converted to a sequence that encodes
glycine. Editing at the Q/R site affects the ion permeability of
the channel, whereas editing at the R/G site affects the rate at
which the receptor recovers from ligand desensitization.?"*?
Other nervous system targets of A-to-l RNA editing have also
been identified.?”

Consistent with the observation that the editing targets
include messages for neurotransmitter receptors, A-to-l RNA
editing is necessary for a properly functioning central nervous
system in metazoa.”>?® For instance, deletion of the gene en-
coding an enzyme responsible for A-to-l editing in D. mela-
nogaster leads to a morphologically normal fly with dramatic
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behavioral defects, such as tremors, uncoordinated locomo-
tion, and an inability to fly or jump.”” Likewise, Caenorhabditis
elegans containing similar gene deletions show defects in be-
haviors such as chemotaxis.”® The study of the effect that
changes in levels of RNA editing have on human behavior has
only recently been initiated and appears to link abnormal edit-
ing to psychiatric disorders.”’% Altered RNA-editing levels
might also be responsible for severe depression side effects ex-
perienced by some patients undergoing interferon treatment,
since one of the enzymes that carries out this reaction
(ADAR1) is interferon-induced.®”

Interestingly, ADAR1 also has been shown to have an essen-
tial function in mammals beyond the nervous system. This
function was demonstrated by the death of the ADAR1-knock-
out mouse because of a failure in erythropoesis.> Further-
more, the ability of ADARs to extensively deaminate messages
in noncoding regions suggests the possibility of a more wide-
spread role for this process in controlling RNA structure and
function.®"

2.2. ADARs: Enzymes responsible for A-to-1 RNA editing

Two different enzymes edit GIuR-B and 5-HT,c.R pre-mRNA in
vitro in the absence of additional proteins or RNAs. These en-
zymes have been given the name ADAR for adenosine deami-
nase that acts on RNA (Figure 1B).*? ADAR1 is purified from
tissue sources as a ~120 kDa protein®**¥ and efficiently modi-
fies the 5-HT,cR A-C sites and the GIuR-B R/G site.?**>3 |nter-
estingly, ADAR1 is interferon-stimulated and is believed also to
play an antiviral role in the cell by nonselectively deaminating
viral duplex RNAs.®” In addition to three dsRBMs in its RNA-
binding domain, ADAR1 also has a unique Z-DNA-binding
domain near its N terminus.*® ADAR2 is a ~80 kDa protein
that deaminates the 5-HT,R D and E sites and the GIuR-B Q/R
and R/G sites.®**3) ADAR2 has two dsRBMs for RNA recogni-
tion. ADAR1 and ADAR?2 are expressed in most tissues.®” Since
the phenotypes of ADAR knockouts are related to nervous-
system function, and known substrates for ADARs are primarily
nervous system targets, the function of ADAR1 and ADAR2 in
non-neural tissues is not firmly established at this time.
Deamination of adenosine occurs in an active site made up
of amino acids located C-terminal to the dsRBMs.***" This
region of the protein harbors conserved sequences similar to
those found in nucleoside deaminases. Cytidine deaminases
(CDAs) and adenosine deaminases (ADAs) have been exten-
sively characterized.*? These metalloenzymes use a zinc-acti-
vated water molecule to carry out hydrolytic deamination of
their nucleoside substrates. The active sites of CDA and ADA
are composed of highly conserved amino acids that provide
the ligands to the active-site zinc and the acidic/basic groups
for the necessary proton transfers. The ADARs and a family of
adenosine deaminases that act on tRNA (ADATs) have con-
served sequences similar to consensus sequences for the
CDAs.™ Putative active-site residues identified in this analysis
have been altered by site-directed mutagenesis with a corre-
sponding loss of editing activity."" Furthermore, Bass and col-
leagues have shown that the source of the oxygen atom pres-
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ent in the inosine of the ADAR product is water.* These ob-
servations indicate that the deamination steps in the ADAR re-
action are likely similar to those of the CDA reaction. In addi-
tion, although there is no sequence conservation between the
ADARs and ADAs, the mechanistic similarity between the CDA
and ADA reactions makes it likely that ADARs and ADAs also
share common mechanistic features. However, our work with
substrate analogues and inhibitors has shown that structure-
activity relationships are not entirely overlapping for the ADA
and ADAR reactions.">* Thus, ADA is an imperfect model for
adenosine deamination catalyzed by ADARs.

2.3. The ADAR reaction as we currently understand it

More detailed biochemical experiments have been carried out
for ADAR2, and its reaction mechanism is more clearly defined
than that of ADART. Given the necessary trajectory of the at-
tacking hydroxide for hydrolytic deamination of adenosine, it
seemed highly unlikely that the adenosine would be buried in
the core of the RNA double helix throughout the ADAR reac-
tion. Indeed, by using fluorescence spectroscopy with 2-amino-
purine-containing RNAs, our laboratory showed that ADAR2
causes a nucleotide position-specific conformational change in
an RNA substrate consistent with flipping the reactive base
from the helix into the enzyme’s active site.*”*¥ We have also
shown that the dsRBMs of ADAR2 bind selectively on a model
substrate for the Q/R editing site in the GIuR-B pre-mRNA, and
occupation of the selective binding sites is important for de-
amination at the Q/R site."? It has also recently been shown
that dsRBM | can be deleted from ADAR2 and that the result-
ing enzyme retains the ability to efficiently deaminate at an
editing site in a model substrate.*? Furthermore, this trunca-
tion mutant can deaminate short substrates that the full-
length enzyme is unable to process. These observations have
been rationalized by invoking an autoinhibitory role for
ADAR2’s dsRBM | (or the linker between the dsRBMs). Also, we
have shown that 8-azaadenosine in RNA is a better substrate
for ADAR2 than adenosine.”* Since nucleophilic aromatic sub-
stitution reactions are more facile for the 8-azapurine ring
system (compared to purine), these results suggest that attack
of the hydroxide on the heterocycle is rate limiting in the sub-
strates tested.”® Evidence has also been presented from sever-
al laboratories that supports dimerization of ADARs during the
editing reaction,”™¥ although it remains to be seen if this is
important for all ADAR reactions.”*”

Given the observations discussed above, a mechanism for
the ADAR2 reaction can be proposed (Figure 3). Initially, the
dsRBMs recognize dsRNA of sufficient length and selectively
occupy sites on this duplex substrate. If enough recognition
surface is present to allow both dsRBMs to bind simultaneous-
ly, the deaminase domain is relieved of the autoinhibition and
contacts the RNA. The reactive adenosine is flipped out of the
helix and binds into the active site. A metal-bound water is de-
protonated by E396, and the resulting hydroxide attacks the
C6 position of the purine ring in the rate-determining step of
the reaction. This is followed by protonation at N1 to generate
a tetrahedral intermediate. Proton transfer to N6 and from N1
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Figure 3. Proposed mechanism for the reaction of ADAR2. A) Binding of ADAR2’s dsRBMs to a dsRNA substrate relieves the deaminase domain of autoinhibition
and allows the adenosine to flip into the active site. B) Deprotonation of a zinc-bound water is followed by attack of the hydroxide on the purine ring in the rate-
limiting step of the reaction. Protonation at N1 leads to tetrahedral intermediate formation. Loss of ammonia from this intermediate generates the inosine product.

with departure of ammonia from this intermediate would
follow, yielding the inosine product.

In support of this mechanism, we have shown that 8-azane-
bularine (8-azapurine ribonucleoside), when incorporated at a
known editing site in a model RNA substrate, binds tightly to
ADAR2 and the deletion mutant lacking dsRBM 1.** This bind-
ing requires a functional active site, consistent with the hy-
pothesis that the high-affinity binding occurs to the covalent
hydrate, which is an excellent mimic of the proposed reaction
transition state (Scheme 1). The development of a tight-bind-

,VLA °
(“ H_OH
N N
8N’ fﬁiN — N j|\)<NH
NN N7

N

Scheme 1. Mechanism-based trapping of an ADAR. 8-Azanebularine, which dif-
fers from substrate by the replacement of the amine leaving group with hydro-
gen and insertion of a nitrogen atom for C8, binds tightly to ADAR2 when pres-
ent in a duplex RNA at a known editing site.*” This binding requires E396 and
is most likely in the form of the covalent hydrate.

ing nucleotide analogue for mechanism-based trapping of an
ADAR bound to RNA is distinctly advantageous. As stated earli-
er, dsRBM binding occurs without strict sequence require-
ments. Thus, dsRBM proteins typically bind multiple sites on a
dsRNA ligand, and the complexes formed have similar stabili-
ties; this complicates structure studies. Trapping the protein-
RNA complex via a transition state analogue in the RNA re-
duces heterogeneity in solution and facilitates analysis of the
structure. This general approach has seen application in the
study of a number of other nucleic acid modifying enzymes.*
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While the importance of ADAR RNA editing to nervous-
system function is firmly established, important basic questions
remain about these enzymes. For instance, how certain adeno-
sines in an editing substrate are selectively deaminated contin-
ues to be an important and challenging question. Also, with-
out a high-resolution structure, it remains unclear precisely
how ADARs recognize the adenosine nucleotide and catalyze
its deamination in an active site evolutionarily related to that
of the cytidine deaminases. Furthermore, little information is
available on regulation of ADAR editing activity or on their role
in non-neural tissues.®®

Dicer, Drosha, and Development
3.1. The RNase Ill family: Duplex-specific endoribonucleases

dsRBMs are also found in the RNase lll family of ribonucleas-
es.®*7 Class | RNases lll are the structurally simplest members
of this group containing one dsRBM and one nuclease
domain."® As expected from the presence of the dsRBM, all
RNase Ill proteins are specific for duplex-RNA secondary struc-
tures. Class | RNases lll, such as E. coli RNase lll, are involved in
the generation of mature, functional RNAs through the cleav-
age of duplex structures found in the initial transcripts.”® Two
other RNase lll family members, Dicer and Drosha, have been
implicated in duplex RNA-mediated regulation of gene expres-
sion (Figure 1B).%*" Each of these multidomain enzymes has a
single dsRBM at its C terminus. Both Dicer and Drosha also
have two nuclease domains in the C-terminal third of their se-
quences. In addition to these functional domains, Dicer has a
DExH helicase domain and a PAZ domain, the latter is believed
to be important in the binding of short overhangs at the ends
of RNA duplexes.® Drosha-like proteins are referred to as class
Il enzymes, whereas the more complex Dicers are classlll
RNases lll.
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Duplex RNA has been shown to regulate gene expression by
inhibiting translation in a message-specific manner via two
mechanistically distinct pathways (reviewed in ref. [63]). In the
RNA interference (RNAi() pathway, long, perfectly matched
duplex RNAs are cleaved into short interfering RNAs (siRNAs)
approximately 21-24 bp in length that are incorporated into a
multiprotein complex referred to as the RNA-induced silencing
complex (RISC). Sequences found in these “triggers” guides
RISC to selectively cleave mRNA with Watson—Crick comple-
mentarity, leading to destruction of the message. In a related
pathway, short oligoribonucleotides (~22 nt) referred to as mi-
croRNAs (miRNAs) bind to sites of imperfect complementarity
in mMRNAs. The formation of such complexes leads to transla-
tion inhibition from that message, likely through the assembly
of a noncleaving RISC at this site. A key distinction between
the two pathways appears to be the extent of complementari-
ty between either the siRNA antisense strand or miRNA and
the target site in the mRNA. The RNase lll family members
Dicer and Drosha are involved in different steps in these path-
ways. Drosha intercepts the primary transcript encoding a
miRNA (the primary miRNA or pri-miRNA) in the nucleus and
cleaves it into a ~70 nt hairpin-stem structure referred to as
the pre-miRNA (Figure 4).*" The pre-miRNA is exported from

Cytoplasm
Nucleus
b A _;_/')
. <pri-miRNA Df'}-r\’iﬂﬂ;i dsRNA
\1‘ Dn“)Shi 4( Dicer + Dicer
L _.I A
miANA SiANA
Translation mRNA
suppression  degradation

Figure 4. The role of Dicer and Drosha in duplex RNA-mediated regulation of
gene expression . Drosha intercepts the primary miRNA transcript (pri-miRNA)
in the nucleus and cleaves it into a ~70 nt hairpin-stem. The Drosha product is
exported into the cytoplasm where Dicer cleaves it into the miRNA. The miRNA
causes suppression of the translation of mRNAs with imperfect Watson—Crick
complementarity. Dicer also cleaves exogenous long dsRNA molecules into 21—
24 nt siRNA triggers for the RNA interference pathway where complementary
MRNAs are degraded in the RISC complex.

the nucleus into the cytoplasm where Dicer cleaves it into the
miRNA that ultimately causes translation suppression.*” Dicer
also cleaves exogenous, long, perfectly matched dsRNA in the
cytoplasm into siRNAs that trigger degradation of specific mes-
sages via RISC (Figure 4).1”

3.2. The miRNA/siRNA pathway and development

The RNAi machinery in eukaryotic cells is routinely usurped by
biologists to silence genes through the addition of synthetic
siRNAs that mimic the Dicer products. These siRNAs are incor-
porated into the RISC and lead to the degradation of the
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target message. However, a natural function for this pathway
is most likely the protection of the genome against invading
nucleic acids, such as RNA viruses or transposons. In addition,
there are clear links between the RNAi/miRNA regulation of
gene expression and development. For instance, Dicer knock-
outs in both mice and zebrafish lead to severe developmental
defects.®®®”! |ndeed, developmental arrest in the zebrafish
knockout correlated with a loss of production of miRNAs, con-
sistent with the notion that a primary function for Dicer is in
the production of miRNAs necessary in different organs at dif-
ferent stages of development.® This mirrors results obtained
in C. elegans where specific miRNAs have been shown to be in-
volved in the transition between specific developmental
stages.®® In addition, the bantam gene encodes a miRNA with
a role in the control of cell proliferation and apoptosis during
development in D. melanogaster® Hundreds of different
miRNA sequences have been identified and the vast majority
have no known biological function. Thus, an important chal-
lenge for future work in this area is identifying targets of spe-
cific miRNAs and the effect miRNA regulation has on the func-
tion of those targets.

3.3. The RNase lll reaction mechanism

Although no structures of RNase lll enzymes have been report-
ed with dsRNA bound, our understanding of the RNase Ill reac-
tion mechanism is aided by the availability of a structure of
the catalytic domain of Aquifex aeolicus RNase lll, a class |
enzyme.” The class| RNases Il are homodimers with active
sites at the dimer interface made up of conserved acidic resi-
dues.” As with all RNase Il proteins, class | enzymes generate
products with characteristic 2 nt 3’ overhangs with 5-phos-
phate and 3’-hydroxy termini. Recent studies by Filipowicz and
colleagues have shed additional light on the reaction mecha-
nism of Dicer, a class Ill RNase [IL”" This enzyme appears to
function as a monomer with a single dsRNA-processing center
made from residues found in each of the two nuclease do-
mains of the protein. Thus, although the active enzyme is a
monomer, one can consider the active site forming through
the association of the two nuclease domains in a pseudodimer.
Each nuclease domain has a catalytic site that is responsible
for the cleavage of one strand of the duplex. The relative posi-
tions of the two catalytic sites in the pseudodimer are thought
to generate products with 2nt 3 overhangs. Interestingly,
Dicer preferentially cleaves duplexes with 3" protruding ends in
a stepwise fashion releasing ~20 bp fragments from the end
of a dsRNA substrate. It appears the Dicer PAZ domain recog-
nizes the 3’ overhang at the duplex end and the single dsRBM
gives the enzyme general dsRNA-binding affinity.”” The prefer-
ence Dicer has for substrates bearing the 3’ overhang is consis-
tent with its role in the processing of pre-miRNAs generated
by the cleavage of pri-mRNAs by Drosha, another RNase I1.%"

Dicer is reported to be an inefficient catalyst.”? Part of the
reason for this is the enzyme’s high affinity for the ~20bp
duplex product of the reaction. Recent studies suggest that
Dicer accompanies an siRNA trigger it generates into the RISC
complex.” It is tempting to speculate that tight binding to its
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reaction product prevents the duplex RNAs generated by Dicer
from interacting with other dsRNA-binding proteins in the cell
(see Section 4).

Our understanding of the function and mechanism of the
RNase Ill family members Dicer and Drosha has proceeded rap-
idly in the last few years. It will be important for these studies
to continue to include analysis of the structures of these pro-
teins and their complexes with RNA. Furthermore, defining the
effect RNA structure has on the efficiency and selectivity of
each enzyme will be critical, particularly as it relates to miRNA
biogenesis. In addition, methods for controlling the function of
specific endogenous miRNAs will be necessary to fully define
the function of the Drosha/Dicer miRNA products in develop-
ment. It is interesting to note in this regard that 2’-O-methyl
oligoribonucleotides injected into C. elegans larvae have re-
cently been shown to inhibit miRNA function sequence specifi-
cally.”’ Small molecules capable of binding to specific pre-
miRNAs should also prove valuable in this studies.””

PKR: An Antiviral Protein Kinase
4.1. PKR is an RNA-regulated elF2a kinase

The RNA-dependent protein kinase (PKR) was originally identi-
fied as a protein that causes translation inhibition in reticulo-
cyte lysates treated with RNA.”® It is now known that this
effect comes from the PKR’s ability to phosphorylate and in-
hibit a key translation-initiation factor (elF2) in response to
double-stranded RNA (dsRNA)."” Indeed, phosphorylation of
elF2 on its alpha subunit is a general mechanism eukaryotic
cells use to control translation in response to various environ-
mental stresses.”® elF2 normally binds GTP, and the elF2-GTP
complex mediates the association of Met-tRNA with ribosomal
40S subunits. elF2 is released from the 40S subunit when GTP
is hydrolyzed to GDP. Phosphorylation of elF2a blocks binding
of the guanine nucleotide-exchange factor necessary for the
GTP-for-GDP exchange, locking elF2 in the GDP-bound form.
Thus, the phosphorylation event prohibits turnover of elF2 and
blocks further initiation of protein synthesis. Four different
elF2a kinases have been discovered; each activated by a differ-
ent cellular stress (PKR: viral infection;” PERK: unfolded pro-
teins;® GCN2: amino acid deprivation;”® HRI: heme deficien-
cy).BY All of these protein kinases have structurally similar
kinase domains with regulatory domains corresponding to the
unique activation mechanism of each. PKR has an N-terminal
RNA-binding domain selective for dsRNA, which is an indicator
of viral infection in higher eukaryotes.®?

4.2. PKR is a component of the interferon antiviral response
and is an intracellular signal transducer

Viral infection induces transcription of interferons o, 3, and v.
These interferons, in turn, induce the transcription of a number
of genes including PKR.®? However, PKR is synthesized in a
latent, inactive form that requires association with RNA to be
activated. In vitro, PKR is activated by binding to dsRNA mole-
cules of greater than approximately 20 bp.®*®¥ In vivo, PKR is
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believed to be activated by viral replicative intermediates that
build up in the cell during infection. This activation manifests
itself initially by autophosphorylation. Once autophosphorylat-
ed, the enzyme can phosphorylate elF20.® Viruses pathogenic
to eukaryotic cells have evolved mechanisms by which they
circumvent the activity of PKR.2%#287 For instance, adenovirus
and Epstein—Barr virus synthesize highly structured RNAs des-
ignated VA and EBER, respectively.®®®! These RNAs bind PKR
and block its activation, allowing continued translation in the
cell. Other viruses, such as influenza and vaccinia, synthesize
protein inhibitors of PKR.%

Several studies suggest that PKR plays a role in the normal
maintenance of cell-growth control in the absence of viral in-
fection.”? PKR activity also induces differentiation in myo-
genic cells, and expression of a dominant negative PKR mutant
interferes with the differentiation program.®® Thus, PKR plays a
role in the exit of muscle cells from the cell cycle during differ-
entiation. Furthermore, overexpression of PKR induces apopto-
sis in several systems.** Interestingly, overexpression of Bcl-2
protects cells from PKR-induced apoptosis, suggesting that
Bcl-2 is downstream of PKR in these apoptotic pathways.*
PKR is involved in other signal-transduction pathways that con-
trol transcription. For instance, PKR activates the transcription
factors NFxB and IRF-1, whereas it leads to an inhibition of the
activity of STAT1.”7*? Currently it is not known whether PKR's
effects on cell growth, differentiation, apoptosis, and transcrip-
tion are all mediated by phosphorylation of elF2a or if PKR can
directly affect these pathways through phosphorylation of
other substrates. Evidence for PKR’s direct phosphorylation of
the NFxB inhibitor, kB, has been presented.”” PKR can also
phosphorylate the transcription regulator NF-90."

4.3. The structure of PKR and its RNA-binding properties

The 68 kDa human PKR consists of a 20 kDa N-terminal RNA-
binding domain (RBD) and a C-terminal kinase domain (Fig-
ure 1B).""" Currently, no high-resolution structure of the full-
length PKR molecule exists neither are any high-resolution
structural data available on a PKR-RNA complex. The PKR RBD
is composed of two dsRBMs linked by a stretch of approxi-
mately 20 amino acids. The lack of structural data on PKR-RNA
complexes is undoubtedly related to the ability of the dsRBM-
containing RNA-binding domain to bind most dsRNA ligands
at multiple sites. This creates a heterogeneous mixture of com-
plexes in solution when PKR binds RNA. Covalent trapping of a
PKR-RNA complex might be necessary to achieve the homoge-
neity necessary for high resolution structure studies.*™ The so-
lution structure of the PKR RBD was solved by NMR spectros-
copy and shows that both dsRBMs have the characteristic fold
of the dsRBM family.®

The binding of PKR has been shown to be selective on cer-
tain dsRNAs."*'%™ |ndeed, our laboratory has demonstrated
that the RBD of PKR binds the 167 nt Epstein—Barr virus-encod-
ed RNA 1 (EBER1) at two places in its stem-loop IV.'" Further-
more, we found that a 37 nt RNA could be generated that re-
capitulated the binding observed on the full-length transcript.
We generated a molecular model of the complex formed be-
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Figure 5. Controlling dsRBM binding by steric occlusion of the dsRNA minor groove. A) Stem-loop IV from Epstein-Barr virus-encoded RNA 1 (EBER1) is a binding
site for PKRs dsRBM 1" B) Introducing N*-benzylguanosine at specific locations in this RNA blocks PKR binding.!'"?

tween PKR and EBER1 which predicted important contact sur-
faces on the RNA for interaction with dsRBM I. This model was
then tested by substituting specific nucleotides in the RNA
predicted to be near the protein contact site with N*-benzyl-
guanosine. Introducing a benzyl group at specific purine N*
positions blocks access to the minor groove at these locations
(Figure 5). This experimental approach allowed us to confirm
the importance of minor-groove contact sites for PKR binding
on the EBER1 RNA.

4.4. The mechanism of RNA-regulation of PKR kinase
activity

The dsRBMs play a key role in PKR regulation as both kinase-
activating and -inhibiting RNAs bind PKR through these motifs.
Previous studies of PKR’s RBD have provided some insight into
how the two dsRBMs interact with RNA ligands. It has been
shown that dsRBM | has a higher affinity for dsRNA than does
dsRBM 11! However, both motifs are required for maximal
dsRNA binding by PKR’s RBD, suggesting cooperativity be-
tween the two motifs.">"* Furthermore, binding of RNA to
PKR’s RBD induces an activating conformational change in the
kinase domain of the enzyme.®® 1% Stryctural studies led to

viral
RNA
inhibitors

> kinase

the suggestion that dsRBM Il of PKR is an autoinhibitory
domain, masking the kinase domain in the inactive conforma-
tion."®'% |t was suggested that an RNA ligand capable of
kinase activation could bind cooperatively to both dsRBMs,
relieving the kinase domain of its interaction with dsRBM II.
Therefore, an inhibiting RNA ligand might interact with PKR in
a distinct manner that does not allow for relief of autoinhibi-
tion by dsRBM II. Interestingly, although only ~16 bp of duplex
RNA is required for binding to PKR, activation of the enzyme
requires a longer duplex region, consistent with the idea that
an activation event requires the simultaneous binding of both
dsRBMs."™ A requirement for simultaneous contact to both
dsRBMs could ensure that PKR is only activated by long
stretches of dsRNA, which would be relatively rare in the ab-
sence of viral infection. Our results with EDTA-Fe-modified PKR
proteins, and various kinase-activating and inhibiting RNAs are
consistent with this activation mechanism.""®"

It has also been clearly established that dimerization is re-
quired for PKR activation." Indeed, heterologous dimerization
domains have been shown to functionally replace the first 258
amino acids of PKR, a region that includes the RBD."% The im-
portance of dimerization in the PKR activation mechanism was
further substantiated in this study by using chemical inducers
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Figure 6. Model for the activation of PKR by dsRNA. Simultaneous binding of both of PKR’s dsRBMs to an RNA activator relieves the kinase domain of autoinhibition
and reveals sites for dimerization. Viral RNAs that bind tightly only to PKR dsRBM | can prevent this step. Autophosphorylation generates a form of the protein with
high protein-kinase activity and low RNA affinity. Dephosphorylation with a PP1-like phosphatase inactivates the kinase and restores RNA affinity.
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of dimerization (CIDs) to bring PKR kinase domain monomers
together."® ' For native PKR, the binding of an activating
RNA ligand in the RBD is thought to unmask dimerization sites
leading to PKR self association and intermolecular autophos-
phorylation between active monomers in the dimer."® Thus,
an additional mechanism by which a viral inhibitor of PKR
might function is to prevent productive dimerization.

Autophosphorylation occurs throughout the PKR molecule,
including sites in the kinase domain, the RBD, and in the linker
between the two.""®" We have shown that autophosphory-
lated human PKR isolated from an E. coli expression system is
fully activated and binds RNA poorly."'? However, treatment
with the catalytic subunit of protein phosphatase 1 efficiently
dephosphorylates the enzyme, generating a form that has low
kinase activity, binds tightly to RNA, and can be activated by
RNA in vitro. A summary of the current model for PKR activa-
tion by RNA is shown in Figure 6.

4.5. PKR and RNA interference

Interestingly, the failure to induce a specific RNAI effect in eu-
karyotic cells with long dsRNA molecules can be attributed, at
least in part, to the activation of PKR and the resulting nonspe-
cific inhibition in translation.™ To overcome this obstacle,
siRNAs have been used that mimic the Dicer products of the
natural pathway."¥ These 19 bp duplex RNAs with two nucleo-
tide 3’ overhangs were thought at the time to be too short to
activate PKR. However, recent studies indicate that siRNAs can
activate PKR both in vitro and in vivo (our unpublished re-
sults).® Indeed, there are several conflicting reports in the cur-
rent literature on the extent to which activation of PKR specifi-
cally, or other components of the dsRNA-induced antiviral
pathways in general, are the cause of off-target effects ob-
served in RNAi experiments with mammalian cells.2*"'51 |t js
interesting to note in this regard that Invitrogen, Inc. (Carlsbad,
California, USA) offers a line of “Stealth” siRNA reagents that
are claimed to eliminate the nonspecific stress response of the
PKR/interferon pathways that can be induced by traditional
siRNA. Defining the effect siRNAs have on dsRNA-binding pro-
teins other than those involved in the RNAi/miRNA pathways
and developing ways to avoid these effects will clearly be im-
portant for the future development of RNAI as a research tool
and therapeutic approach.

4.6. Reagents available for studying PKR signaling

To test the importance of PKR in antiviral, antitumor, and apop-
totic pathways at the whole-organism level and to generate
PKR-null cell lines for further investigation of PKR’s role in cell
signaling, two PKR-null mice have been generated.""”""® How-
ever, analysis of the antiviral response, susceptibility to tumors,
and tumor necrosis factor X a-induced apoptosis in cells from
these mice gave conflicting results regarding the role of PKR in
these pathways in vivo. Interestingly, in neither case is the
mouse truly a PKR-null organism since each expresses frag-
ments of the protein displaying different activities."'” These re-
sults highlight the need for additional approaches to modulate
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PKR activity in intact cells or animal models for the purpose of
studying PKR signaling.

Small molecule inhibitors of protein kinases are powerful
tools for studying their role in cell signaling pathways."*”
Indeed, 2-aminopurine (2-AP) has been used at millimolar con-
centrations to inhibit PKR’s kinase activity in intact cells (Fig-
ure 7A).'* Although 2-AP does show some selectivity in its

A) B /=N
N
-y 0
” N)\NHZ

Figure 7. Small molecule inhibitors of PKR activity. A) 2-Aminopurine.’?" B) An
oxoindole PKR inhibitor discovered in a library screen."*"

Iz

ability to inhibit protein kinases, it is not completely specific to
PKR."?? MAP kinases, for instance, are also inhibited by 2-AP at
these high concentrations."” In an effort to discover new
small molecule inhibitors of PKR, our laboratory screened a
library of ligands for the ATP-binding site of protein kinases
generously provided to us by GlaxoSmithKline."* We ob-
served that various oxoindoles inhibit PKR at submicromolar
concentrations and, in certain cases, are selective enough to
rescue translation in rabbit reticulocyte lysates from the block
imposed by PKR activation (Figure 7B). Thus, in addition to 2-
aminopurine, the oxoindole scaffold might provide the basis
for the development of new, selective small-molecule inhibi-
tors of PKR. These will be useful reagents for the study of PKR
signaling and could find application in blocking PKR activity
induced by siRNAs ¥

Prospects

The significance of dsRNA-binding enzymes is highlighted by
the role PKR plays in the interferon antiviral response and
signal transduction, the effect ADARs have on the function of
the nervous system, and the activity of Dicer and Drosha in
miRNA biogenesis and development. Chemical biologists will
continue to contribute to our understanding of these impor-
tant proteins with new ways to study their structures and
mechanisms, as well as provide methods to control their activi-
ty both in vitro and in vivo.
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The Biosynthesis of Vancomycin-
Type Glycopeptide Antibiotics—A
Model for Oxidative Side-Chain
Cross-Linking by Oxygenases
Coupled to the Action of Peptide
Synthetases

[a] ]

Daniel Bischoff,” Bojan Bister,””’ Marcelo Bertazzo,®
Volker Pfeifer,” Efthimia Stegmann,®’

Graeme J. Nicholson,” Simone Keller,”

Stefan Pelzer,”” Wolfgang Wohlleben,*® and
Roderich D. Stissmuth*® 9

Vancomycin (Scheme 1) and teicoplanin are “last resort” antibi-
otics for the treatment of severe infections with enterococci
and methicillin-resistant Staphylococcus aureus (MRSA) strains.
However, over the past 15 years, vancomycin-resistant entero-
cocci (VRE) and intermediate resistant staphylococci (VISA)
have emerged. One approach to counter such resistance is the
generation of novel glycopeptides with altered antibiotic activ-
ity by combinatorial biosynthesis, that is, the reprogramming
of glycopeptide biosynthesis, a basic requirement for which is
the understanding of the process."

The recent sequencing of glycopeptide biosynthesis gene
clusters has provided deeper insights into glycopeptide antibi-
otic biosynthesis.”? Subsequent biosynthesis investigations
have been performed by heterologous expression and charac-
terization of enzymes, as well as gene inactivation combined
with the characterization of accumulated peptide intermedi-
ates.”! The latter approach has mainly been performed with
balhimycin (Scheme 1) produced by Amycolatopsis balhimyci-
na,” formerly referred to as A. mediterranei.”

Glycopeptides are assembled from amino acid precursors by
the action of nonribosomal peptide synthetases (NRPS),""’ and
modified by the action of so-called “tailoring enzymes”. The
tailoring enzymes include three P450-dependent oxygenases
responsible for the cross linking of the aromatic side chains,®”
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balhimycin

Scheme 1. Structural formulae of glycopeptide antibiotics balhimycin and
vancomycin.

glycosyl transferases for the attachment of carbohydrate resi-
dues and an N-methyl transferase!” that introduces a methyl
group at the amino group of leucine. The three oxidative side-
chain cyclizations were assigned to three oxygenase genes
(oxyA/B/C). A sequence for the assembly of the glycopeptide
aglycon from linear peptide precursors was deduced as: 1) CD-
ring (OxyB), 2) DE-ring (OxyA) and 3) AB-ring (OxyC) coupling.”!

Whether oxidative formation of AB, CD and DE rings occurs
before or after cleavage of the linear peptide from the NRPS
complex has not been determined.™ Our previous observation
of considerable amounts of various linear and cyclized hexa-
and heptapeptides isolated from oxygenase mutants (oxyA/B/
() cast doubt on whether side-chain-cyclized hexapeptides
were degradation products or were rather related to true bio-
synthesis intemediates.””’ Here we report on the characteriza-
tion of metabolites accumulated from balhimycin biosynthesis
mutants inactivated in the central step of heptapeptide forma-
tion. These studies lead to the important conclusion that pep-
tide assembly on the NRPS appears to be intimately coupled
to the action of the oxygenases (OxyA/B/C).

Two A. balhimycina in-frame deletion mutants, described in
earlier work and both inactivated in different stages of hepta-
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peptide formation, have been investigated.”'™ In the dpgA
mutant, a gene involved in the biosynthesis of 3,5-dihydroxy-
phenylglycine (‘Dpg)" is inactivated and thus lacks the ability
to produce Dpg for delivery to the peptide synthetase, BpsC
(Figure 1a). The bpsC mutant"” has a deletion in the first con-
densation domain of BpsC that is responsible for condensation
of a hexapeptide with Dpg to yield the heptapeptide precursor
(Figure 1b). In both cases, the antibiotically inactive culture fil-
trates were analyzed by HPLC-ESI-MS. This revealed chlorinated
peptide metabolites closely related to the putative balhimycin
biosynthesis intermediates. However, compared to the wild-
type strain, peptide production rates of these mutants were
significantly decreased (~100-fold). In order to obtain repre-
sentative metabolite-production profiles, fermentations were
scaled up to 80 (dpgA mutant) and 60 litres (bpsC mutant).

A previously described linear hexapeptide SP-969 (4)”! from
culture filtrates of the dpgA mutant was found to be the main
metabolite. C-terminally truncated penta-, tetra-, tri- and di-
peptides 5, 6, 7 and 8 were detected in significantly lower
amounts, along with two bicyclic hexapeptides (DB-979/DB-
993; 2a/b). In addition, two isobaric peptides, DB-1126" (1)
and DB-1126° (ESI-FTICR-MS: [M+H]* =1127.2960 and [M+H]*
=1127.2959) with the molecular formula Cs;H;,0,,NgCl,, were
isolated. The preparative HPLC yielded: 1 (~500 ug), DB-1126°

(~70 pg), 2a/b (~50 ug) and 4 (~5mg). Peptide sequences
were deduced from ESI-MS-MS experiments, in which struc-
tures of 4-8 could be assigned (Figure 2a and Scheme 2). 2D
NMR experiments for DB-1126" (1) revealed a tricyclic glyco-
peptide aglycon with ‘Dpg replaced by 4-hydroxyphenylgly-
cine ("Hpg; Scheme 2). This remarkable finding that a hepta-
peptide can be produced by this mutant is in contrast to the
unavailability of the amino acid 'Dpg in the mutant. The con-
figuration of "Hpg (p or L) in DB-1126* could not be assigned.
Surprisingly, the newly formed AB-ring of compound 1 is ex-
panded to a 13-membered ring; this is a possible reason for
the lack of antibiotic activity against the indicator strain Bacil-
lus subtilis. The second derivative, DB-1126 is assumed to
have a similar structure, but insufficient quantities were availa-
ble for detailed NMR studies.

Other important results came from investigation of culture
filtrates of the bpsC mutant, which were also found to contain
chlorinated metabolites. The linear hexapeptide 4 (SP-969;
~0.7 mg), the monocyclic hexapeptide 3 (DB-967; ~0.8 mg;
Scheme 2) and di- to pentapeptides 5-8 were detected by
HPLC-ESI-MS from the culture filtrates. In contrast to the dpgA
mutant, no bicyclic hexapeptide and no heptapeptide deriva-
tives were detected in extracts of the bpsC mutant by HPLC-
ESI-MS. As a consequence, except for compounds 4-8, both

. %
0

NH DpgC
HO . DpgD
Pgat
HO OH
B-Hty Dpg
prsC
b) M7
L
~ ™
XAz =]
heptapeptide-
precursor®

Figure 1. Scheme of a part of the nonribosomal peptide synthesis of balhimycin (BpsB/C, modules M4-7): gene inactivations of a) the Dpg assembly (dpgA

mutant) and b) the heptapeptide condensation (bpsC mutant) are assigned. The heptapeptide precursor * is only present in the wild-type; Hpg, 4-hydroxyphenylgly-
cine, B-Hty, B-hydroxytyrosine, Dpg, 3,5-dihydroxyphenylglycine, DpgA-D, Pgat proteins of the Dpg biosynthesis pathway;® Domains: C, condensation; A, adenyla-
tion; T, thiolation; E, epimerization; Te, thioesterase; X, condensation domain of unknown function).
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Figure 2. ESI-MS-MS spectra of peptides 5-8 from the A. balhimycina bpsC mutant. The same spectra were obtained for peptides 5-8 from the dpgA mutant. Pep-
tide sequences have been deduced as indicated from characteristic fragments (lower-case letters indicate fragment ions [F—H,0] ™).

mutants show markedly different peptide metabolite and side-
chain cyclization profiles. However, it was not clear whether
the truncated di- to pentapeptides 5-8 found in both of these
mutant strains were derived from proteolytic degradation of a
hexapeptide precursor. When the linear hexapeptide 4 and
heptapeptide SP-1134" were incubated with cell lysates from
the A. balhimycina bhp mutant (OP-696),"" which is incapable
of producing balhimycin peptide metabolites, C-terminal
degradation of the heptapeptide to the hexapeptide 4 was
observed. However, the hexapeptide was not significantly

ChemBioChem 2005, 6, 267 -272 www.chembiochem.org
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degraded. Vancomycin aglycon was also stable in these cell
extracts.

Semiquantitative HPLC-ESI-MS analyses of both dpgA and
bpsC mutants showed significantly higher amounts of tripep-
tide 7 and hexapeptides 4 compared to di-, tetra- and penta-
peptides 5, 6 and 8 (Figure 3). Interestingly, the tripeptide 7
and hexapeptide 4 correspond to the enzyme-free forms of
the products of NRPS BpsA and BpsB, respectively. The tripep-
tide 7, bound as a thioester to BpsA, should be transferred to
BpsB. Similarly, the thioester-bound form of hexapeptide 4
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(e} o
NH,
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Scheme 2. Structural formulae of peptide metabolites from A. balhimycina dpgA (1, 2a/2b, 4-8) and bpsC mutants

(3, 4-8).

should be transferred to the third NRPS, BpsC. According to
our previous results,””’ the occurrence of significant amounts
of hexapeptide could only be explained by cellular degrada-
tion from heptapeptide precursors; this is confirmed by the
presence of a suitable protease. However, the degradation
characteristics of hexa- and heptapeptides with cell lysates

270
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clearly differs from the peptidic
metabolite profiles found for
the dpgA and bpsC mutants. In
this context, N-terminally trun-
cated peptides or nonchlorinat-
ed precursor peptides were not
detected in extracts of the
dpgA and bpsC mutants. Appa-
rently, hydrolysis of the inter-
mediate thioesters could com-
pete with transfer between
peptide synthetases BpsA/B/C
to preferentially generate free
4 and 7.

A current model™ for the
biosynthesis of glycopeptide
antibiotics is based on the as-
sembly of a linear heptapep-
tide on the NRPS (BpsA/B/C)
followed by its cleavage from
3) the NRPS complex by a thioes-
terase (Te) domain located at
the C terminus of BpsC. Subse-
quent tailoring and decorating
steps occur, including side-
chain bridging by oxygenases
(OxyA/B/C), N-methylation and
glycosylation (Figure 4a). How-
ever, the exceptional detection
of monocyclic hexapeptide 3
(Scheme 2) from the bpsC
mutant demands a reconsider-
ation of this model because CD
ring cyclization could occur
even when the hexapeptide is
linked as a thioester to BpsB.
This suggests that the hexa-
peptide linked as a thioester to
BpsB can act as a substrate for
OxyB.

Particularly for the bpsC
mutant, peptide intermediates
must have been released by
premature hydrolysis from pep-
tide synthetases BpsA/B. The

5 5

® same is likely to be the case for
the dpgA mutant since Hpg is
usually not accepted as a natu-
ral substrate by BpsC.®! Thus a
proper heptapeptide assembly

is slowed down, resulting in
premature hydrolysis of peptide intermediates. Similar observa-
tions of intermediates in the field of polyketide biosynthesis
support our findings."? Even more significantly, the complete
absence of monocyclic hexapeptide 3 in the dpgA mutant
clearly argues against a possible cytoplasmic cyclization of a
free peptide precursor.

ChemBioChem 2005, 6, 267 -272
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Figure 3. Comparison of relative peptide amounts of hexa- (4), penta- (5),

tetra- (6), tri- (7) and dipeptide (8) from A. balhimycina balhimycin biosynthesis
mutants a) bpsC, and b) dpgA, determined by HPLC-ESI-MS.

a) BpsB BpsC
[l B E @ @ i
BEEE LB _ B A g
BOO00 T O ot ook-d oue D
HEE®°E o O O
oo O O O
m m m o o
b) BpsB BpsC BpsB BpsC BpsB BpsC
] B [ 7] [
ooo [2
OO0 = |O == O == - ==z
[61] E E OxyB o OxyA E OxyC - (an%cp
o O |
o il o

Figure 4. Models for the biosynthesis of vancomycin-type glycopeptide antibiotic balhimycin: a) NRPS independent
cyclizations by oxygenases OxyA/B/C. b) Proposed model: formation of the CD-ring on module 6 before or during
transfer to module 7. Dashed arrow: the formation of DE- and AB-rings is possibly also coupled to the NRPS. Green
squares symbolize the peptide backbone, red lines the AB, CD and DE rings, and blue hexagons the carbohydrate

residues of balhimycin.

The experimental results suggest an alternative model for
vancomycin biosynthesis in which the first ring-closure reac-
tion of OxyB and possibly even all oxygenase reactions occur
on NRPS thiolester-bound peptides (Figure 4b). Thus, forma-
tion of the CD ring (OxyB) should occur shortly before or

ChemBioChem 2005, 6, 267 -272 www.chembiochem.org
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during the transfer of the hexapeptide from module 6 on BpsB
to module 7 on BpsC. Then the occurrence of only linear and
monocyclic hexapeptide in bpsC-mutant cultures can be ex-
plained by the absence of an essential interaction site between
OxyA and the NRPS complex due to the deletion in BpsC.

This model provides an explanation for previously unsuc-
cessful attempts to convert linear peptide precursors to vanco-
mycin aglycon with over-expressed oxygenases,¥ and shares
similarities with the proposed biosynthesis of [-hydroxytyro-
sine from a NRPS-bound tyrosine.'” Furthermore, the present-
ed model stimulated experiments in which peptide carrier
domain-bound hexapeptide was successfully cyclized with
over-expressed oxygenase, OxyB."” The observation of the un-
usual substitution pattern in glycopeptide derivatives DB-1126"
(1) and DB-1126® indicates a certain substrate tolerance of
intact peptide synthetase, BpsC, and of the oxygenases to-
wards altered peptidic substrates. This will certainly stimulate
future attempts to vary glycopeptide structures by mutasyn-
thesis® or combinatorial biosynthesis or by a combination of
both.

Experimental Section

LC-MS experiments were performed on a Bruker Esquire3000+
(Bruker Daltonics, Bremen, Germany) coupled to an Agilent 1100
HPLC system (Agilent, Waldbronn, Germany). In order to obtain
semiquantitative data of peptide distribution patterns (4-8), ES-
ionisation yields were assumed to be approximately equal. FTICR-
ESI-MS spectra were recorded on an APEXII FTICR mass spectrome-
ter (4.7 T, Bruker Daltonics). NMR experiments were recorded on

an AMX600 NMR spectrometer

(Bruker,  Karlsruhe,  Germany)

equipped with a 5 mm triple-reso-
\ nance probehead with z-gradients.
Further data on the isolation and
characterization of compounds (1,
2a/b, 3, 4, 5-8) as well as peptide
degradation  experiments  are
given in the Supporting Informa-

Glycosylation
N-Methylation

fa— tion.
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Integrin o[}, Ligands: Biological
Evaluation and Conformational
Analysis

Dunja Zimmermann,®® Eckhart W. Guthéhrlein,®
Miroslav Maledevi¢,”™ 9 Katherina Sewald,?
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Norbert Sewald*®

Integrins are heterodimeric glycoprotein receptors that are in-
volved in many physiological and pathological processes. They
mediate cell-cell and cell-matrix adhesion. Integrin asf, is the
classical fibronectin receptor. Together with integrin o,f,, it
has an important function in the migration of activated lym-
phocytes during the immune response and is also involved in
cancer, diabetes and inflammatory diseases like rheumatoid ar-
thritis." The tripeptide sequence -Arg-Gly-Asp- (RGD) present
in the extracellular-matrix protein, fibronectin, is essential for
binding to integrin asf3;. This sequence is found in the tenth
type Ill repeat of fibronectin, which is part of the major cell-
binding domain.™

Small molecules that are able to interfere with the fibronec-
tin-asf; binding event might be of interest in the therapy of
cancer and inflammatory diseases.” Selective asB, ligands
have been proposed as lead structures for anticancer agents.”
Synthetic peptides containing the RGD sequence emerged as
an excellent starting point for the identification, synthesis and
development of selective integrin ligands, as was shown, for
example, for integrin o,f;.%* As the three-dimensional struc-
ture of integrin asf3; is not yet available, cyclic peptides are op-
timally suited to explore the structural requirements with re-
spect to the three-dimensional arrangement of pharmacophor-
ic groups (e.g., the guanidino group of Arg and the carboxy-
late of Asp) on a rational basis. For this approach the term
“spatial screening” was coined by Kessler et al. In order to an-
alyze the integrin asf;—fibronectin interaction in the frame of
the spatial screening procedure, it is necessary to induce differ-
ent conformations within the RGD sequence.” We synthesized
a library of cyclic RGD peptides that contain [3-amino acids as
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building blocks with predictable conformational bias. Some of
these peptides display high affinity towards integrin a,f3; to-
gether with good selectivity between integrins a,; and
aPs.>® Here we report on our finding that two cyclic pep-
tides containing the RGD sequence and a 3-amino acid display
considerable affinity towards integrin asf3;.

There are several relevant methods for analyzing the inhibi-
tory properties of small-molecule integrin ligands, for example,
cell-adhesion assays and microtiter plate-based integrin-bind-
ing assays.”® Cell adhesion assays not only allow for a fast
screening of the substances but also keep the experimental
conditions close to those of in vivo systems. K562 cells are re-
puted to present asf3; as the predominant or exclusive integ-
rin.® Therefore, this cell line seems to be especially suited for
investigations of osB,-ligand interactions. Microtiter plate-
based integrin-binding assays as classical in vitro assays pro-
vide more detailed information about the ligand-binding affini-
ty, but require the purified receptor." In addition to perform-
ing these two types of assay, we investigated the feasibility of
analyzing integrin-peptide interactions with competition ex-
periments in solution by using surface plasmon resonance
(SPR). We analyzed the receptor-ligand interaction in vitro
with enriched integrin, which was obtained in the form of a
membrane extract of cells exclusively presenting one specific
integrin type, for example, K562 cells. In contrast to the micro-
titer plate-based integrin binding assay, no purified integrin is
required for this experiment. This type of assay would not only
combine the advantages of the cell-adhesion assay and of the
integrin-binding assay, but would also allow for the evaluation
of kinetic parameters.

Conventional cell-adhesion assays (Figures 1 and 2) were
performed in parallel to validate the results of the SPR analy-
sis.>>" The peptide concentrations required to reduce specific
binding by 50% (ICs,) were determined in a concentration
series (Figure 2, Table 1).

The cyclic hexapeptide 3 and the cyclic pentapeptide 2 dis-
played the highest biological activity in this assay. They nearly
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Figure 1. Influence of cyclic peptides on K562 cells in a cell-adhesion assay
with immobilized fibronectin. The peptides were tested at a concentration of
70 ugmL™". The data represent the mean values with standard deviation for
the tests, each of which was performed in triplicate.
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Figure 2. Effect of cyclic peptides on the attachment of K562 cells to immobi-
lized human plasma fibronectin. C,q4e peptide concentration; Byss, binding of
K562 cells to immobilized fibronectin.

Table 1. ICs, values of asf3; ligands as determined from the cell-adhesion
assay.

Peptide No. ICs, [um]
c-(-Arg-Gly-Asp-p-Phe-Val-) 1 279+121
c-(-Arg-Gly-Asp-p-Phe-f-Leu-) 2 3+1
c-(-Arg-Gly-Asp-p-Phe-Val-B-Ala-) 3 2+1
c-(-Arg-Gly-Asp-p-f3-Phe-Val-Gly-) 4  >1x10°
c-(-Arg-Gly-Asp-p-Phe-Val-Gly-) 5 >1x10°
c-(-Arg-Gly-Asp-p-Phe-B-Leu-Gly-) 6 >1x10°
c-(-Arg-Gly-Asp-p-f3-HPhe-) 7 >1x10°
c-(-Arg-Gly-Asp-p-Phe--Leu-Ala-) 8 >1x10°
H-Gly-Ala-c-(Cys®*-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Cys®®)- 9 0.6+0.2
Gly-Ala-O(CH,CH,0),CH,CH,-NH,

completely inhibited the attachment of K562 cells to fibronec-
tin at a concentration of 70 pgmL™". In spite of its high affinity
towards asf3,, peptide 2 is a nonselective ligand because it also
binds tightly to integrins a,,B; and o,B."® Interestingly, pep-
tide 7 displays no affinity towards asf3;, but is a nanomolar
ligand for a,f;.' The IC,, values of peptides 2 and 3 are highly
comparable with the IC;, value of the reference peptide 9,
which is based on the sequence of the asf3;-selective cyclic di-
sulfide H-Gly-Ala-c-(Cys®*-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Cys®*)-
Gly-Ala-OH. This peptide was discovered by phage display,
does not contain an RGD sequence and was until now regard-
ed as the small-molecule ligand with the highest affinity to
asp,."? Peptide 9, a C-terminally modified analogue of this
peptide, has been recently employed successfully by us for the
isolation and affinity purification of integrin af,.l"”

The inhibitory activity of peptide 1, known to efficiently in-
hibit a,f;-mediated cell adhesion to fibronectin, is about 10°
times lower than that of 2 or 3."*'" Peptide 4 only partly in-
hibits the adhesion of the cells (60% reduction), and almost no
biological activity is displayed by peptides 5-8 (Figure 1). In
these cases, the RGD sequence is most probably not presented
in an appropriate conformation to interact with integrin osf3;.

SPR has emerged as a powerful technique for the evaluation
of protein—protein interactions."®'” The technique gives infor-
mation on sensitivity and specificity like an ELISA, but also pro-
vides, in principle, the opportunity for kinetic studies on a dy-
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namic system. SPR has already been used for the investigation
of different integrin-ligand interactions, like the binding be-
tween integrins o,f3; and a,f3, and collagen type |, or the inter-
action between a recombinant chimeric epidermal growth
factor-like module and integrins asf;, a,f; and oy,P;."*"™ Here
we describe for the first time the application of SPR to the
analysis of the interaction between fibronectin and integrin
asP;. SPR usually relies on the application of purified interac-
tion partners. Integrin-containing cell-membrane extracts were
used in our studies to evaluate the inhibitory properties of the
peptides with SPR.

During the enrichment process of the membrane extract
preparation, the s, protein expression of K562 and the asf3,
membrane extract were analyzed by SDS-PAGE and visualized
by silver staining or Western blotting with anti-as antibody.
The asf, integrin concentrations of the extracts were deter-
mined according to the method of Bhown and Bennett.” For
the SPR experiments, fibronectin was immobilized on a N-hy-
droxysuccinimide (NHS)-activated CM5 sensor chip. The asf3;-
containing membrane extract was injected as the soluble ana-
lyte in different concentrations, and the resulting SPR response
between fibronectin and asf; was found to be concentration
dependent (Figure 3). This protocol allows the evaluation of
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Figure 3. SPR sensorgrams for a.sf3,~fibronectin interaction with different
integrin concentrations as obtained from the K562 membrane extract. The in-
tegrin at 6.4 ugmL™" (1), 4.6 ugmL™" (2), 3.2 ugmL™" (3), 2.3 ugmL™" (4) and
1.6 ug mL~" (5) was injected over the fibronectin-derivatized sensor chip (flow
rate: 20 ul min~', contact time: 180 s, 25°C).

the association (K,) and dissociation (Kp) constants for this in-
teraction. K, (1.5x1078m) and K, (6.7x10”m), as determined
by SPR, indicate a high-affinity binding between a5, and im-
mobilized fibronectin.

Analysis of the SPR experiments revealed that high concen-
trations of Triton X-100 or octyl-B-p-glucopyranoside prevent
the interaction between o3, and the peptides. Therefore, the
membrane extract was diluted with the extraction buffer with-
out any detergent.

SPR competition experiments were also performed in so-
lution. The membrane extract was incubated with different
concentrations of peptide 3 to allow for complex formation
prior to injection. The resulting sensorgrams (Figure 4) prove
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Figure 4. SPR competition experiments in solution with K562 membrane extract
and peptide 3 on the fibronectin-derivatized sensor chip. The membrane extract
was incubated for 30 min with different concentrations of 3. Data are shown
for membrane extract alone (1) and after incubation with 349 um (2), 465 um
(3) and 930 um (4) of peptide 3, (flow rate: 20 uL min~', contact time: 300 s,
25°C).

the inhibition of the interaction between fibronectin and osf3,
in a concentration-dependent manner. As expected, the rela-
tive response decreased with increasing peptide concentra-
tions. This indicates that binding is proportional to the concen-
tration of the protein with free binding sites. The binding data
generated were used to calculate the concentration of peptide
3 (6x107*m) that results in an attenuation of integrin binding
to immobilized fibronectin to 50% (B, value).?"” Hence, in
principle, SPR studies are feasible for the evaluation of pep-
tide—integrin affinity. However, the detrimental influence of de-
tergents on the interaction has to be taken into account and
will prohibit broad application of this type of interaction
screening.

SPR technology has also been demonstrated to be, in princi-
ple, useful for monitoring cell adsorption to ligand-coated sur-
faces.’”? SPR experiments were performed with whole K562
cells and surface-bound fibronectin (Figure 5). The specificity
of the K562—fibronectin interaction was verified by competition
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Figure 5. SPR sensorgrams for whole K562 cells (1) and membrane extract of
K562 cells (2). Cells and membrane extracts were injected over a sensor-chip
surface with immobilized fibronectin (flow rate: 20 uL min™', contact time:
500, 25°Q).
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experiments with fibronectin or peptide in solution (results not
shown). However, the observed sensorgrams (Figure 5) indicate
limited reproducibility in the analysis of interactions when
intact K562 cells are used. Superior results were obtained with
the membrane extracts of K562 cells, as described above.

Additional microtiter plate-based integrin-binding assays
were performed. The results of this series of assays reflect the
same tendency as the results of the cell-adhesion assay and
the SPR studies (Table 2, Figure 6).

Table 2. IC;, values determined from the integrin binding assay.
Peptide No. 1Cs,
[um]
c-(-Arg-Gly-Asp-p-Phe-Val-) 1 11.0
¢-(-Arg-Gly-Asp-p-Phe-f3-Leu-) 2 2.0
¢-(-Arg-Gly-Asp-p-Phe-Val-f3-Ala-) 3 0.6
¢-(-Arg-Gly-Asp-p-Phe-Val-Gly-) 5 51.0
c-(-Arg-Gly-Asp-p-B-HPhe-) 7 1300
H-Gly-Ala-c-(Cys®>*-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Cys™>*)-Gly- 9 0.1
Ala-O(CH,CH,0),CH,CH,-NH,
110+
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Figure 6. Dose-response curves for peptides 1, 2 and 5, as determined with the
microtiter plate-based integrin-binding assay. C,eyi4e peptide concentration;
Bgy binding of biotinylated fibronectin to immobilized integrin asf3,.

Conformation analysis by NMR and molecular-dynamics
(MD) simulations were performed for the most active represen-
tative, peptide 3. Thirty-two distance restraints from a ROESY
spectrum were used in the procedure, which comprised dis-
tance geometry, restrained MD calculations and free MD simu-
lations.

As can be seen from the free MD simulations, the dominant
solution structure of peptide 3, c-(-Arg-Gly-Asp-b-Phe-Val-3-
Ala-), presented in Figure 7% is characterized by a Bl turn
with Asp and p-Phe in the i+1 and i+2 positions. This is sup-
ported by a strong NOE between Asp H* and p-Phe H" and a
medium NOE between p-Phe HM and Val H™. The BII turn is
overlapped by a Il-aRS turn, again with Asp in the i+1 posi-
tion. The turns are stabilized by a bifurcated hydrogen bond
between the amide protons of Val and [3-Ala and the carbonyl
oxygen of Gly. A distorted y' turn around Arg can also be ob-
served. Remarkably, p-Phe is found in the i+2 position of the
BIl turn. While providing a reasonable model for the preferred
solution structure of c-(-Arg-Gly-Asp-b-Phe-Val-3-Ala-), the MD
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Figure 7. Dominant solution structure of peptide 3.

trajectories also show that the molecule retains a significant
degree of intrinsic flexibility. The highest flexibility is observed
around B-Ala, as illustrated by the reversible flip of the peptide
bond between Val and p-Ala. The main feature of the peptide
is that the pharmacophoric RGD sequence is presented in a
somewhat elongated conformation with an average distance
between Arg C* and Asp CP of 930 pm.

The peptide c-(Mpa®™-Arg-Gly-Asp-Asp-Val-Cys®*)-NH,,** a
heterodetic cyclopeptide with a disulfide bridge, has been re-
ported to display affinity to asp; (ICs,=1.2 um).”*! The free and
receptor-bound conformations (as obtained from trNOESY ex-
periments) of this peptide are characterized by either a 3l turn
(free) or a BII turn (bound) with Gly>-Asp? in the i+1 and i+2
positions. The authors claim that the accessibility of a confor-
mation with a small average distance between Arg C and
Asp CP (560 pm for the bound peptide) is required for binding
to asf;. Presumably, peptide 3 would not match these criteria,
as the minimum value of this distance (600 pm) is only ob-
served for short periods during the 10 ns trajectory. Further
investigations on the receptor-bound conformation of 3 are
currently in progress.

In summary, we report on the biological evaluation and con-
formational analysis of the peptide c-(-Arg-Gly-Asp-b-Phe-Val-
B-Ala-), a ligand of integrin asf;. It emerged from a series of
cyclic RGD peptides that were tested in a cell-adhesion assay,
surface plasmon resonance studies and an integrin-binding
assay.

Peptide 3 is shown to be a low-micromolar inhibitor of the
asP,—fibronectin interaction. The solution conformation of this
peptide was determined, but the receptor-bound conforma-
tion is still the subject of further investigations.
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Phytodienoic Acids (Deoxy-J;-
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Mazhar Igbal,”™ Paul Evans, Agusti Lledd,"

Xavier Verdaguer, Miquel A. Pericas,'”’ Antoni Riera,"
Christiane Loeffler,” Alok K. Sinha,”” and

Martin J. Mueller*®

In plants, almost all abiotic and biotic stresses are associated
with enhanced endogenous production of reactive oxygen
species and free radicals. Free radicals in turn readily attack un-
saturated fatty acids in membrane lipids that can be non-enzy-
matically oxidised to a variety of products in situ. Eventually
oxidised lipids are released from membrane stores. It becomes
increasingly clear that several of these oxidised lipids, such as
malondialdehyde and the recently discovered phytoprostanes
that occur ubiquitously in plants, can be induced by oxidative
stress and display potent biological activities."? Consequently
it has been postulated that oxidised lipids represent archetype
mediators of oxidative stress, not only in plants but also in ani-
mals.”! The major metabolites of the phytoprostane pathway
are deoxy-J;-phytoprostanes (dPPJ;), which structurally resem-
ble potent, enzymatically formed defence mediators in plants
and animals such as 12-oxo-phytodienoic acid (OPDA) and 15-
deoxy-A'*"-prostaglandin J, (dPGJ,; Scheme 1). Notably, these
cyclopentenone phytoprostanes are more abundant than
OPDA even in young and unstressed plants.”! However, it is
not known whether the recently discovered dPPJ;s are merely
markers of oxidative stress or are biologically active stress me-
tabolites. It was the aim of this study to systematically prepare
and evaluate these cyclopentenone phytoprostanes.

In 1976, Pryor and co-workers discovered that a-linolenic
acid is prone to undergoing autoxidation to yield a series of
prostaglandin-like compounds by a free-radical-catalysed lipid-
peroxidation process in vitro.”! This finding remained a labora-
tory curiosity until 1990, when it was shown that arachidonic
acid undergoes a similar radical-catalysed oxidation to yield
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Scheme 1. Structures of deoxy-J;-phytoprostanes (dPPJ;) and structurally related lipid media-
tors from plants (12-oxo-phytodienoic acid, OPDA) and mammals 15-deoxy-A'*"*-PGJ,

(dPGJ,).

isomeric prostaglandins, termed isoprostanes, both in vitro
and in vivo.*” Today, isoprostanes are regarded as reliable
markers of oxidative stress.!! Moreover, total synthesis of sever-
al isoprostanes was accomplished, and it has been shown, that
many—but not all—isoprostanes bind to and activate prosta-
glandin receptors in the nanomolar concentration range and
might therefore represent mediators of oxidative stress in ani-
mals and man.*'?

An analogous scenario apparently exists in plants, which,
generally devoid of arachidonic acid (C20:4), use a-linolenic
acid (C18:3) as a precursor for non-enzymatic (C18-) isopros-
tane formation. Several classes of plant isoprostanes, termed
phytoprostanes, have been shown to be present in virtually all
plants so far investigated.""" Recently, it has been shown that
the most abundant phytoprostanes in several plant species are
apparently dPPJ;s.* Two regioisomers, dPPJ;-l (13,14-dehydro-
12-oxo-phytodienoic acid) and dPPJ;-ll can be formed in
plants. dPPJ;-I, was first isolated as the methyl ester by Bohl-
mann et al. in 1981-1982 from dried material of Chromolaena
species.'”> dPPJ,-| methyl esters comprised four geometric
double-bond isomers (with trans,trans, cis,cis, trans,cis, and cis,-
trans configurations)."*' The stereochemistry of the C9 asym-
metric centre has not yet been unambiguously determined;
however, if the compounds are derived via the phytoprostane
pathway they should be racemic. In contrast, Bohlmann et al.
report an optical rotation of 420 for the isolated dPPJ,-I
methyl ester."™ However, the possibility that these compounds
may be rapidly metabolised in an enantiomer-selective way
and undergo isomerisation in the dried plant material or after
extraction in the presence of light should not be discounted.
Both epimerisation and double-bond isomerisation of dPGJ,,
the mammalian congener of dPPJ;-l, have been shown to
occur rapidly in the presence of light.!"”

Several 13,15-geometric isomers of dPPJ;-I have been syn-
thesised previously in racemic form by both the Bohimann"®
and Liu™ groups. Since it is to be expected that different iso-
mers also display different biological activities, we first pre-
pared racemic dPPJ; by autoxidation of linolenic acid in vitro
to obtain a racemic mixture of dPPJ,-I and dPPJ,-Il isomers as
they most likely occur in nature.” Proton NMR spectroscopic
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analysis of both dPPJ, regioisomers revealed that
the predominant isomers obtained by this route
possess the trans,trans-dienone configuration (more
than 80% as judged by proton NMR spectroscopy)
and not the cis,trans configuration as has been sug-
gested previously.”

Naturally occurring cyclopentenone A,- and B;-
phytoprostanes are not only induced by oxidative
stress but also display powerful biological activities
including induction of secondary metabolism as well
as glutathione-S-transferase and activation of mito-
gen-activated protein kinases.? It has been pro-
posed that the biological activity of these com-
pounds is at least in part due to the electrophilic
properties of the cyclopentenone ring system.
Deoxy-J-ring compounds are by far the most reac-
tive electrophiles within the prostanoid series and
readily bind by a Michael-type addition reaction to free thiol
groups in proteins, a mechanism that is believed to be impor-
tant in signal transduction. When racemic synthetic dPPJ,-l and
dPPJ,-Il were applied to tobacco cell cultures (10 um each), a
transient increase of scopoletin in the medium of the cell cul-
ture was observed (Figure 1a). The highest scopoletin accumu-
lations (5-6-fold increases) were found 3-4 h after addition of
the phytoprostanes. A similar time course of scopoletin accu-
mulation (18-fold increase after 3 h) was found after applica-
tion of racemic OPDA (10 um). Albeit less active than OPDA,
dPPJ, was revealed to be as active as the established phyto-
hormone jasmonic acid and other phytoprostanes in this bio-
assay." Scopoletin is known to accumulate in solanaceous
plants upon oxidative stress and infection, and is generally
considered to be an antimicrobial, antiviral and antioxidative
plant-defence compound.'®' Hence, dPPJ;s are non-enzymat-
ic lipid-oxidation products that can induce antioxidative secon-
dary metabolites that might help plants to cope better with
oxidative stress.

Activation of mitogen-activated protein kinases (MAPK) is a
common reaction of plant cells in oxidative-stress and de-
fence-related signal-transduction pathways. Recently, it has
been shown that some members of the phytoprostanes can
rapidly activate MAPK, while other phytoprostanes and jas-
monic acid do not activate it." The effect of dPPJ,-l and Il puri-
fied from autoxidised linolenate was tested in tomato cell cul-
tures. Tyrosin-phosphorylated proteins were immunoprecipitat-
ed with a phospho-Tyr-specific MAPK antibody and analysed
by an in-gel kinase assay with the model substrate, myelin
basic protein (MBP)." As shown in Figure 1c, both dPPJ, types
resulted in fast and strong activation of a MBP phosphorylating
kinase activity, and thus a putative MAPK. Additionally, it has
been shown previously that a variety of cyclopentenones, in-
cluding OPDA and A,- and B;-phytoprostanes, induce gluta-
thione-S-transferase 1 (GST1) expression in Arabidopsis.!*"
When a racemic isomeric mixture of dPPJ;-l and dPPJ;-ll
(4 nmol) was infiltrated into leaves of a transgenic Arabidopsis
line expressing a GST1 promoter:-glucuronidase reporter
gene construct, we observed a dramatic increased glucuroni-
dase activity after 3, 6 and 24 h post infiltration (Figure 1d).
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Figure 1. Biological activities of racemic dPPJ, regioisomers. a) Time course of scopoletin levels (x-fold increase) in the medium of tobacco cell cultures when treated
with different cyclopentenones (10 um each, @) or water (o). Each data point is the average of measurements from two independent experiments. b) Structure of
scopoletin. c) Activation of mitogen-activated protein kinases. Tomato suspension cell cultures were treated with dPPJ,-I (75 um), dPPJ,-Il (75 um) or water (control).
Samples were taken after 5 min and analysed by in-gel kinase assay. d) Activation of the glutathione-S-transferase (GST1) promoter in transgenic Arabidopsis thali-
ana (Col-0) leaves containing the f3-glucuronidase (GUS)-coding region driven by the GST1 promoter after infiltration of dPPJ; (4 nmol) or water (control) through
stomata into the leaves. GUS activity was measured after 3, 6 and 24 h. Values are the mean (4 SD) of three independent experiments.

Both regioisomers were almost equally active in inducing
GST1, which is not only a marker gene of oxidative stress in
Arabidopsis but also an enzyme that is thought to be involved
in the detoxification of certain lipid-peroxidation products,
such as electrophilic a,p-unsaturated aldehydes and ketones
including cyclopentenones themselves."

Typically, different isomers of isoprostanes in animals and
phytoprostanes display different biological activities. In order
to explore possible structure-activity relationships, we also en-
gaged in a total synthesis of racemic dPPJ, isomers using our
recently disclosed conjugate addition-olefination ap-
proach.”?? Following these successful racemic syntheses (not
shown), the corresponding asymmetric version was approach-
ed in an analogous manner with optically active 8, available by
following an asymmetric Pauson-Khand cycloaddition and em-
ploying the bidentate chiral ligand 6.2 By using this ligand,
readily available from pulegone in multigram scale, both dia-
stereomeric cobalt complexes 7a and 7b can be easily sepa-
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rated by crystallisation or chromatography (Scheme 2). The
subsequent Pauson-Khand cyclisation of each diastereomer af-
fords either enantiomer of 8. In our case, based on the struc-
tural similarity of dPPJ,-l 1 to OPDA 3, the 9S configuration
was targeted. Starting from the crystalline complex 7b, the
Pauson-Khand reaction afforded (+)-8 in high yield and enan-
tiomeric excess. From this material, 1,4-conjugate addition
with the functionalised organometallic and in situ Peterson
olefination with trans-pent-2-enal gave the adduct in which
only the trans,trans isomer was detected. Subsequently, a stan-
dard deprotection—oxidation sequence furnished the corre-
sponding carboxylic acid. At this stage, it was possible to
remove cyclopentadiene directly; however, better yields were
observed if this was performed by using the corresponding
methyl ester. Thus, treatment of the cyclopentadienyl-protect-
ed methyl ester with MeAICl, and maleic anhydride under mi-
crowave conditions afforded (+)-1. HPLC analysis indicated an
enantiomeric excess of 94%. Following a more convergent
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route, (+)-2 was similarly accessed from the
functionalised o,p-unsaturated aldehyde 9
in 99% enantiomeric excess. Both com-
pounds recorded strongly dextrorotary
readings; however, the value obtained for
(+)-1 differed significantly from the +20
value reported under similar conditions pre-
viously.

Next we analysed whether different iso-
mers of the dPPJ, obtained by total synthe-
sis differ in their scopoletin-inducing poten-
cy. Scopoletin accumulation in the cell cul-
ture medium was determined 4 h after ap-
plication of the isomers (10 um each) to to-
bacco cell cultures. As shown in Figure 2, all
dPPJ;s induced a four- to sixfold accumula-
tion of scopoletin; this was similar to the in-
duction evoked by methyl jasmonate. Thus,
biological activity did not significantly differ
between the cis,trans and trans,trans geo-
metric isomers of dPPJ,-I and dPPJ-Il. In ad-
dition, the configuration also appears not to
have a significant impact on the activity, at
least in this bioassay. Methyl esters of dPPJ,
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Scheme 2. Total synthesis of 1 and 2. Conditions: a) 1,4-diazabicyclo[2.2.2]octane, PhMe, 80°C; b) norbor-
nadiene, N-methylmorpholine N-oxide, dichloromethane (DCM), 45°C; then recrystallisation from hexane;
¢) [TBSO(CH,)4l,CuLi (TBS =tert-butyldimethylisilanyl), Et,O/pentane (2:1), —78——5°C; then trans-pent-2-
enal, —78°C—RT; d) AcCOH/H,O/THF (6:3:1), RT; e) Dess-Martin periodinane, DCM, RT; f) NaClO,, tBuOH/
H,0 (1:1), RT; g) Me;SiCHN,, PhH/MeOH (3:1), RT; h) MeAICl,, maleic anhydride, DCM, microwave, 100°C;
i) Et,CuLi, Et,0, —78——5°C; then trans-9, —78°C—RT.

were all almost inactive, while OPDA methyl
ester and methyl jasmonate were somewhat less
active than the corresponding free acids.

In summary, several isomers of dPPJ; previous-
ly obtained by autoxidation of linolenate have
been prepared by total synthesis thereby unam-
biguously confirming their structures and provid-
ing sufficient dPPJ, isomers for detailed analyses
of their biological activity. Both naturally occur-
ring regioisomers were equally active in three
different bioassays; this indicates that dPPJ,
might trigger plant defence responses. More-
over, all of the major isomers of autoxidised li-
nolenate proved to be as active as jasmonates
in inducing scopoletin in tobacco cells. These
results strengthen a novel concept in which oxi-
dative-stress metabolites, the phytoprostanes,
function as mediators of oxidative stress in
plants."224 Since it has been shown that elec-
trophilic cyclopentenones in general (i.e. dPGJ,s,

o]
/, =
COOR
m

related prostaglandins, clavulones, punaglandins
and cyclopentenone itself) display a common

(o]

spectrum of pharmacological activities in

man,"2%* the current availability of chemically

(==}
N

Scopoletin (x-fold increase)

Figure 2. Scopoletin increases in the medium of tobacco cell cultures 4 h after application of dif-
ferent oxylipins (10 um each) applied as free acids (black bars) or as methyl esters (white bars).
Values are the mean (+SD) of three independent experiments.
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defined dPPJ, will allow their physiological func-
tion and mechanism of action in plants and
mammals to be studied. The antiviral, anti-in-
flammatory and apoptosis-inducing activities in
mammalian systems are currently being studied
and will be reported in the future.
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The Conformation of B18 Peptide in
the Presence of Fluorinated and
Alkylated Nanoparticles

Sandra Rocha,®™ 9 Andreas F. Thiinemann,*®!
M. Carmo Pereira,’” Manuel A. N. Coelho,

Helmuth Moéhwald,”® and Gerald Brezesinski®

The misfolding and aggregation of proteins into amyloid fibrils
are thought to be the cause of various neurological and sys-
temic diseases."” Amyloid fibrils consist of polypeptide chains
organized into B-sheets.? In contrast, the secondary structure
of the native proteins is dominated by a-helical and random-
coil conformations. Therefore, the inhibition of conformational
transitions and subsequent fibril formation constitute a possi-
ble approach for preventing the progression of amyloid-related
diseases.

Peptides consisting of short sequences with twelve to
twenty residues have been shown to self assemble into fibrils
with ultrastructures similar to those of larger polypeptides.”’
Hence these short sequences constitute ideal model systems
for studying conformational changes and fibrillization in vitro.

This work focuses on changes in the secondary structure of
the B18 peptide (LGLLLRHLRHHSNLLANI) when in contact with
fluorinated and alkylated nanoparticles. B18 represents a seg-
ment (amino acids 103-120) of the protein bindin, found in
Strongylocentrotus purpuratus (purple sea urchin). Bindin plays
a key role in the fertilization process and the B18 sequence is
recognized as the minimal membrane-binding and fusogenic
motif.” B18 is a short peptide sequence with a strong tenden-
cy to self assemble and form amyloid fibrils.”

Structural studies of B18 peptide upon binding to lipid
membranes revealed an oligomeric -sheet structure, but an
a-helical structure in lipid bilayers was also recently shown by
NMR studies.” Fusogenic properties are believed to contribute
to the neurotoxicity of amyloidogenic peptides by destabiliz-
ing cellular membranes and have been described for sequen-
ces of prion peptides and amyloid 3-peptides.”’

Fluorinated alcohols, such as trifluoroethanol, induce a-heli-
cal conformation in fibril-forming peptides.”! This effect, how-
ever, is not observed with their alkylated analogues. Fluorinat-
ed alcohols are not biocompatible and therefore have no ther-
apeutic relevance in vivo. However, polyelectrolyte-fluorosur-
factant complexes can, in principle, be engineered with bio-
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compatible properties.”! It was previously demon-
strated that these complexes are able to dissolve
amyloid plaques in sections of animal tissue” and to
convert B-sheet into a-helix structures."” These
complexes were tested on solid supports in a first
approach.

In order to increase the contact area between
peptide molecules and complexes, polyampholytes
with alternating cationic (N,N'-diallyl-N,N’-dimethyl-
ammonium chloride) and anionic charged mono-
mers (N-phenylmaleamic acid) were synthesized
with a degree of polymerization in the 60-80 units
range (see Scheme 1). Polyampholytes and dodeca-
noic and perfluorododecanoic acid complexes were
prepared. The result, in both cases, was nanoparti-
cles with hydrodynamic diameters of about 4 nm
(so-called polyampholyte dressed micelles).""

The radii of the nanoparticles were determined by
small-angle X-ray scattering (HASYLAB at DESY, Ham-
burg, Germany). Dispersions of particles in water
were transferred into glass capillaries that had a di-
ameter of 1 mm. The intensity measured was cor-
rected by using the intensity from a capillary filled
with pure water.

Intensity / a.u.

\
N o= 0

0

H,¢ CH, - NH
Na*

O\clr’”o Q

S

<(|:X2 >m
- CX; X=F,H 4 n=60..80

Scheme 1. Complexes of poly(N,N'-diallyl-N,N'-dimethylammonium-alt-N-
phenyl-maleamic carboxylate) and the sodium salt of dodecanoic acid (X=H)
and perfluorododecanoic acid (X=F)."""

The fluorinated nanoparticles produce a strong scattering in-
tensity (see Figure 1a) while the intensity of the alkylated
nanoparticles is low (not shown). This difference can be ex-
plained by the different densities of the nanoparticles, which
are 1.273 gcm > (alkylated) and 1.754 gcm~3 (fluorinated)."”
Taking into account that the small-angle scattering intensity is
proportional to the square of the electron density difference
between the particles and their surroundings (water), the scat-
tering intensity of the fluorinated particles is expected to be
one order of magnitude higher than that of their alkylated an-
alogues. On the basis of the present data, we can therefore
only evaluate the scattering of the fluorinated nanoparticles.
The scattering vector is defined as s=(2/4)sin 6, where 6 is the
scattering angle and 1 is the wavelength. It can be seen in
Figure 1 that the scattering intensity decreases proportionally
to s* at high values of s; this is a Porod asymptote.

Sharp phase boundaries are identified by the presence of
Porod’s law"? which is given by:

lim 27°s*(s) = K

LU A

(M
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Figure 1. a) Small-angle X-ray scattering intensity of fluorinated nanoparticles (o). The
straight line indicates the Porod asymptote. The scattering vector is defined as s=(2/))sin 6.
The s* I(s)—s plot in insert. b) s* I(s)—s plot showing the asymptotic behaviour of the data
(o). The solid line represents the best fit according to Porod’s law performed in the 0.15-
0.28 nm™~" range. The area under the curve is in c). c) Represents the invariant k. Experimen-
tal values (o) are only available between a lower limiting value of the scattering vector s,
and an upper value s,,,,. Extrapolations (solid lines) below s, and above s,,,, were carried
out to calculate the invariant as precisely as possible. The cord length of the fluorinated
nanopatrticles is 2.7 nm, and the radius is 2.0 nm.

where | is the scattering intensity, /, is the average cord length
and k is the invariant given by the expression:

00

k= 4:1/ s2I(s)ds

0

(2)

The scattering intensity is experimentally obtained from a
range lying between a lower limiting value of the scattering
vector s.,i, and an upper value s,,,. In order to calculate the in-
variant as precisely as possible, the experimental limits were
taken into account by approximation of the region of high and
low scattering vectors, resulting in:

Smax

k= s l(sme) +47 [ T fim [5*(s)]

Smax  $—%

s?I(s)ds +

(3)

Smin

A similar approximation for measurements performed with a
Kratky camera was earlier used by Ruland."® We have previ-
ously used Equation (3) to determine k precisely for poly(ethyl-
ene imine)-retinoic acid complexes.™

The areas under the solid lines in Figure 1c correspond to
the first and third term in Equation (3) and add up to 30% of
the invariant, which cannot be neglected. The main source of
error in the range of validity covered by Porod’s law is the
scattering due to density fluctuations and the widths of the
domain boundary."™ The value of s*(s), as shown in Figure 1b,
was found to be constant for a scattering vector in the range
of 0.15 to 0.28 nm™". This proves that the structures of the
nanoparticles are consistent with Porod'’s law. A broader transi-
tion or a statistical structuring of the domain boundary, as typi-
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cally observed in microphase-separated block copolymers in
bulk materials,"® can be excluded. Small deviations from a
sharp boundary would indicate a significant deviation from
Porod’s law."™ Therefore, we can conclude that the phase
boundaries of the nanoparticles are of the order of one to two
atomic distances. By using Equation (1), the average chord
length was calculated to be 2.7 nm. The radius of a spherical
particle™” is then given by r=>2/,,, which is 2.0 nm. This value
for the radius is in agreement with the values determined by
analytical ultracentrifugation and dynamic light-scattering
measurements.""!

The nanoparticles display negative surface charges with zeta
potentials in the range of —20 to —50 mV and dissolve at con-
centrations lower than 0.02 gL™' (this indicates that they are
not covalently cross-linked). Due to their small size they have
specific surface areas of approximately 1000 m?g~". The high
surface area can be expected to be useful in providing exten-
sive interactions with the peptide. The nanoparticles consist of
a hydrophobic core (formed by the surfactant chains) and a
hydrophilic shell. Here the low-molecular-weight counter ions
(Na*) of the micelle are replaced by the polyampholyte.

The aim of this study is to compare the influence of the fluo-
rinated and hydrogenated nanoparticles on the secondary
structure of B18. The investigations were performed at two dis-
tinct pH values: pH 4, at which B18 has five positive charges
(the side chains of three histidines and two arginines are pro-
tonated), and pH 7, at which approximately 10% of the pep-
tide has two protonated arginines and forms fibrils.”™! Assuming
a pK, of 6.3 for each of the three His residues, then, at pH 7,
the B18 peptide coexists as a dynamic mixture of differently
protonated peptides: with all three His residues unprotonated
(51%), with one His protonated (38%), with two His residues
protonated (10%), and with all three His residues protonated
(1%). The three His residues are probably not independent,
and one might expect some changes in their pK,'s due to
neighbouring effects.

Circular dichroism (CD) measurements were performed to
determine the secondary structure of the B18 peptide after ti-
tration with different amounts of nanoparticles. Final particle
concentrations were 0, 2, 4 and 6 gL' at a temperature of
20+ 1°C. The corresponding molar concentrations of the parti-
cles are in the range of about 6-18x107° molL™', which is
close to the molar concentration of B18 (10x 107> molL™).

The measured CD spectra are shown in Figures 2 (pH 4) and
3 (pH 7). It can be seen from these figures (curves 1) that, in the
absence of particles, B18 displays the typical spectrum of a
random-coil protein (minimum at 198 nm). For a quantitative
determination of the secondary structure, the content of struc-
tural motifs was calculated according to Greenfield."® This re-
sults in a content of 4% a-helix, 18% [-sheet and 78% random
coil at pH4 without contact to nanoparticles. At pH7, the
values were 2% a-helix, 24% (-sheet and 74% random coil.

The titration of B18 with increasing amounts of fluorinated
nanoparticles at pH 4 induces a change from random coil to a-
helix structure, as shown in Figure 2a (curves 2-4). The a-helix
content was found to be 22%, 38% and 44% for 2, 4, and
6gL™" fluorinated nanoparticles, respectively. An isosbestic
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Figure 2. CD data of B18 (96 um in acetate buffer) at pH 4 in the presence of

a) fluorinated and b) alkylated nanoparticles at 0 gL~ (curve 1), 2 gL™’

(curve 2), 4 gL' (curve 3) and 6 gL' (curve 4). The curves are normalized by
peptide concentration and cell path length.
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Figure 3. CD data of B18 (96 um in phosphate buffer) at pH 7 in the presence
of a) fluorinated and b) alkylated nanoparticles at 0 gL™" (curve 1), 2 gL™’
(curve 2), 4gL™" (curve 3) and 6 gL~ (curve 4). The curves are normalized by
peptide concentration and cell path length.

point can be seen at 203 nm (Figure 2a); this indicates an
equilibrium between two conformational states. The dominat-
ing process is the transformation of random coil to a-helix,
which is responsible for the observation of the isosbestic
point. The small fraction of p-sheet present at pH 4 remains
mainly unchanged. Our finding is in line with results reported
earlier by Glaser et al.,"® who showed that the titration of B18
with increasing amounts of trifluoroethanol also induced a
change from random coil to a-helix.

The alkylated particles, in contrast to the fluorinated nano-
particles, do not induce a-helix-rich structures at pH 4 (Fig-
ure 2b). Titration of B18 with alkylated nanoparticles resulted
in a decrease in the CD signal with increasing concentration of
the nanoparticles (Figure 2b, curves 2-4). This was accompa-
nied by the occurrence of turbidity in the solution. The pres-
ence of an isosbestic point at 210 nm indicates a two-state
transition from random coil to a B-sheet-rich structure. This
suggests that (3-sheet structures are present in B18 for the
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higher particle concentrations (4 and 6 gL™"), but, due to the
strong light scattering of the B18 aggregates, the distribution
of structure motifs could not be calculated. A possible reason
for the occurrence of aggregates in the case of alkylated parti-
cles might be charge compensation between the negatively
charged nanoparticles and the positively charged B18.

The changes in the secondary structure of B18 at pH 7 are
shown in Figure 3. Again a transition from random-coil to o-
helix structure after titration with the fluorinated nanoparticles
is observed, but the behaviour is more complex. The CD-signal
intensity (Figure 3 a, curve 2) is close to zero at small nanoparti-
cle concentrations (2 gL™"), and a high turbidity in the solution
is observed. This is probably due to charge neutralization be-
tween B18 and the particles.

At higher nanoparticle concentrations, the solutions are
transparent, and the shapes of the CD curves are typical for a-
helix structures. The content of a-helix was estimated to be
14% or 34% for particle concentrations of 4gL™" and 6 gL',
respectively. A further increase in the nanoparticle concentra-
tion does not result in a higher a-helix content.

Binder et al.? reported that Zn** ions induce a-helix struc-
ture in B18 by specific complexation with the histidine-rich se-
quence of B18 (HxxHH). In the absence of Zn?*, the peptide is
rapidly inactivated at pH 7 or higher, by aggregation into {3-
sheet amyloid fibrils. The fluorinated particles at a suitably
high concentration seem to have a similar effect on B18 as
Zn?* or o-helix-inducing solvents (trifluoroethanol).

For alkylated nanoparticles at pH 7, the change of the CD
signal is low at a particle concentration of 2 gL™' but changes
greatly at the higher concentrations (see Figure 3b). This was
accompanied by significant precipitation. A calculation of the
percentages of the different secondary structures was there-
fore not possible. Nevertheless, from the shape of the spectra
(curves 3 and 4 in Figure 3b) B18 seems to mainly contain f3-
sheet and random-coil motifs at particle concentrations of 4
and 6gL™".

Negatively charged fluorinated nanoparticles induce a-helix
structures in the B18 peptide at pH 4 and 7, whereas the nega-
tively charged alkylated ones lead to aggregation or (-sheet
formation. These results reinforce the idea that electrostatic in-
teractions are not the major force in determining the helical
state of the peptide. It is likely that B18 interacts with nanopar-
ticles by hydrophobic interactions, which are enhanced in the
case of fluorinated nanoparticles due to the presence of per-
fluorinated alkyl chains. This might explain why fluorinated
particles but not alkylated ones induce a-helix-rich structures
in B18. Since the degree of helicity in the presence of fluorinat-
ed particles is higher at pH 4, both electrostatic and hydropho-
bic interactions seem to be responsible for stabilizing the heli-
cal structures.

The strong effect of fluorinated nanoparticles indicates that
a dynamic structure in which part of the fluorinated chains is
in contact with the hydrophilic phase. This suggests that
proper micelle engineering is required for optimum response.
This means: i) enough fluorinated alkyl chains in the hydrophil-
ic phase to affect the peptide, i) a suitable particle/peptide
ratio to avoid precipitation.
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In conclusion, it has been demonstrated that fluorinated
nanoparticles made of a polyampholyte-fluorosurfactant com-
plex induce a-helix-rich structure in B18 at both pH4 and 7,
whereas their alkylated analogues do not have this effect. Fluo-
rinated nanoparticles are proposed to be potential candidates
for the inhibition and reversion of conformational changes of
proteins that lead to amyloid fibril formation.
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The Selectivity for Cysteine over
Serine in Coenzyme A Biosynthesis

Erick Strauss*® and Tadhg P. Begley*™

Coenzyme A (CoA, 1a) is an essential cofactor in all living sys-
tems and functions as a carrier and activator of acyl groups in
a large variety of enzymatic reactions.” In the tricarboxylic
acid cycle, acetyl-CoA and succinyl-CoA are key intermediates,
while CoA is the source of the 4-phosphopantetheine cofactor
active in fatty acid and polyketide biosynthesis.” Non-riboso-
mal polypeptide synthetases also utilize acyl-group activation
by CoA-derived 4’-phosphopantetheine for the formation of
peptide bonds,”™ while citrate lyase and malonyl decarboxylase
make use of 2'-(5”-phosphoribosyl)-3-dephospho-CoA.™ In
each case, the thiol group of either CoA or the CoA-derived co-
factor is the essential catalytic functionality; in its absence, or
when it is substituted by another functional group, the key
thioester intermediate cannot be formed, and CoA is unable to

OH |
HDWN\/\H,OH —T‘ Ho'p“ /XI\W \/\H,OH
0 o
2

perform its catalytic function. Consistent with this analysis, we
have shown that the CoA analogue ethyldethia-CoA, in which
the thiol has been replaced with a propyl group, is a potent
growth inhibitor of Escherichia coli.” Furthermore, numerous
other biological studies on similar CoA analogues have high-
lighted these compounds as competitive inhibitors of CoA-
and acyl-CoA-utilizing enzymes.®

The thiol group of CoA is derived from cysteine, which is se-
lectively incorporated and decarboxylated during CoA biosyn-
thesis. It is critically important that the level of this selectivity
is consistently high, since incorporation of other amino acids
would lead to the production of potentially toxic CoA ana-
logues. In this communication, we determine the extent of the
selectivity exerted by the CoA biosynthetic enzymes for cys-
teine in the presence of serine (its closest structural analogue),
and also identify the two biosynthetic enzymes involved in
mediating this selectivity.

CoA is biosynthesized from pantothenate (Vitamin Bs) as
shown in Scheme 1. We reconstituted this pathway in vitro
using the over-expressed biosynthetic enzymes (CoaABCDE)
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Scheme 1. The biosynthesis of Coenzyme A 1a and its analogue OxyCoA 1b.

[a] Dr. E. Strauss
Department of Chemistry, University of Stellenbosch
Private Bag X1, Matieland 7602 (South Africa)
Fax: (+27)21-808-3360
E-mail: estrauss@sun.ac.za

Prof. T. P. Begley

Department of Chemistry and Chemical Biology
120 Baker Laboratory, Cornell University

Ithaca, NY 14853 (USA)

Fax: (+1)607-257-4137

E-mail: tpb2@cornell.edu

=

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.

284

from E. coli, all of which have been identified.”’ The cysteine/
serine selectivity was determined by incubating [*H]-pan-
tothenate ([*H]-2, 100 um) and an excess mixture of L-cysteine
and L-serine (200 um each) with these enzymes followed by
the addition of OxyCoA 1b (~100 um) as a carrier to facilitate
the detection of trace amounts of biosynthesized [*H]-OxyCoA.
HPLC analysis of this reaction mixture demonstrated that while
[*H]-CoA was readily formed, [*H]-OxyCoA could not be detect-
ed (Figure 1). A lower limit for the cysteine/serine selectivity
was calculated from the ratio of the radioactive peak area for
[*H]-CoA to that estimated for the detection limit for [*H]-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/cbic.200400340 ChemBioChem 2005, 6, 284 -286
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Figure 1. HPLC analysis of coenzyme A biosynthesis from [°H]-2 in the presence
of equimolar amounts of cysteine and serine with the CoaABCDE enzymes from
E. coli shows the exclusive incorporation of radioactivity into CoA 1a. The sep-
aration was monitored simultaneously by absorbance detection at 254 nm
(upper trace, solid line) and in-line scintillation counting (lower trace, dashed
line).

OxyCoA. This gave a selectivity of >3000. The experiment was
subsequently repeated with a 100-fold excess of serine
(2.0 mm) over cysteine (20 um), and analyzed in the same way.
No [*H]-OxyCoA was detected; this demonstrated that the cys-
teine/serine selectivity ratio is greater than (5.041.3)x 10°.

We next set out to establish which of the CoaABCDE biosyn-
thetic enzymes are important in determining this high level of
selectivity. CoaA can be excluded because it acts on an inter-
mediate prior to the introduction of cysteine (Scheme 1), while
CoaD and CoaE can be excluded because both have been
shown to exhibit a wide substrate specificity.” To probe the se-
lectivity of the bifunctional CoaBC enzyme, unlabeled pan-
tothenate (2, 500 um) was incubated with unlabeled L-cysteine
and L-[*H]-serine (200 um each) in the presence of CoaABCDE,
and this was followed by HPLC analysis of the reaction mix-
ture. If CoaB is not cysteine-selective, and all of the selectivity
resides with CoaC, the oxy-intermediate 4b should accumu-
late. However, even in the presence of authentic 4b as a carri-
er, no defined peaks corresponding to [*H]-4b could be detect-
ed (Figure 2).®' On the other hand, if selectivity is entirely
based on CoaB, any 4b added to reaction mixtures should be
decarboxylated by CoaC to form 5b. This possibility was
tested by incubating 4b with CoaBC overnight and analyzing
the reaction mixture by ESI-MS. No formation of 5b could be
detected in this way (data not shown). These results indicate
that both CoaB and CoaC are involved in exerting the large
cysteine/serine selectivity found in the biosynthesis of CoA.

The selection of cysteine over serine occurs frequently in
biosynthesis, and the mechanistic basis of this selectivity is still
poorly understood. Two possible mechanisms have been pro-
posed.” The first mechanism is based on selection by non-
covalent interactions, such as hydrophobic interactions, the
weaker hydrogen bonding of thiols compared to alcohols, and
the larger size of sulfur (covalent radius 1.04 A) compared to
oxygen (0.66 A). Alternatively, cysteine can be selectively

ChemBioChem 2005, 6, 284-286 www.chembiochem.org
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Figure 2. HPLC traces of reaction mixtures analyzed for possible [H]-serine
incorporation into the oxy-intermediate 4b. Mixtures were coinjected with au-
thentic 4b to act as carrier of any small amounts of [’H]-4b that might have
been formed. The separation was monitored simultaneously by absorbance
detection at 214 nm (upper trace, solid line) and in-line scintillation counting
(lower trace, dashed line). Peaks corresponding to cytidine 5'-phosphates (CXP),
4b, and adenosine 5'-phosphates (AMP, ADP and ATP) are indicated.

bound at the active site by a disulfide bond or by coordination
to a zinc ion. It has recently been demonstrated that the cys-
teinyl-tRNA synthetase from E. coli, which is responsible for the
selective introduction of cysteine into proteins, utilizes such
coordination to zinc to achieve its cysteine/serine selectivity
ratio of 108"% However, an analysis of the proposed mecha-
nism of formation of 4a by CoaB suggests a third possible
mode for cysteine selection. For this enzyme, amide-bond for-
mation could occur by initial attack of the cysteine thiol on the
activated carboxyl of 2a to give a thioester intermediate, fol-
lowed by a facile intramolecular S—N acyl shift to give the
final product. In such a case, the cysteine selectivity of the
enzyme would be based on the greater nucleophilicity of a thi-
olate compared to an alcohol.

The mechanistic basis for the cysteine/serine selectivity of
CoaBC is still incompletely understood. Our current knowledge
of CoaB allows us to exclude mechanism two, because the
crystal structure of the human enzyme shows the absence of
an active site cysteine or zinc ion.""! Unfortunately, as it has
not yet been possible to obtain cocrystals of CoaB with sub-
strate analogues bound at the active site, the relative impor-
tance of size effects or thioester formation in mediating the se-
lectivity of this enzyme cannot currently be determined. The
first step in the CoaC-catalyzed decarboxylation reaction in-
volves the oxidation of the thiol of 4a to a thioaldehyde by a
tightly bound flavin cofactor."? Based on our current knowl-
edge of the mechanism of this enzyme and the crystal struc-
ture of the Arabidopsis thaliana enzyme with an intermediate
bound,"™ we suggest that the selectivity of this enzyme is
likely to be due to a combination of size effects and the great-
er ease of oxidation of a thiol compared to an alcohol moiety.
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In conclusion, we have demonstrated that the cysteine/
serine selectivity in CoA biosynthesis is greater than (5.0+
1.3)x10°. This selectivity, mediated by both the CoaB and
CoaC enzymes, ensures the production of the active cofactor
and avoids the production of the potentially toxic OxyCoA.

Experimental Section

All chemicals were from Aldrich, Sigma, Acros Organics, or Bachem
Bioscience and were of the highest purity. Radiolabeled chemicals
were purchased from American Radiolabeled Chemicals (St. Louis,
MO). HPLC analyses were performed on a Hewlett-Packard series
1100 HPLC system with in-line scintillation detector (Packard
500TR Flow Scintillation Analyzer with LQTR 300 pL flow cell and
Packard Ultima-Flow AP LSC-cocktail) by using a Supelcosil LC-18-T
3 pm, 15 cmx4.6 mm i.d. column (Supelco). CoaA was a generous
gift from Suzanne Jackowksi. CoaBC, CoaD, and CoaE were pre-
pared as previously reported.”’ Detailed synthetic procedures for
the preparation of OxyCoA 1b and its precursors are provided in
the Supporting Information.

Overall cysteine selectivity in CoA biosynthesis: The reaction
mixture (100 ul) contained b-2,3-PHl-pantothenate (0.1 mm,
200 mCimmol ™), ATP (2.0 mm), CTP (1.0 mm), L-cysteine (0.2 mm),
L-serine (0.2 mm or 2.0 mm), CoaA (5pg), CoaBC (5pg), CoaD
(5 ng), and CoakE (5 pg) in Tris-HCl buffer (100 mm, pH 7.6; 1.0 mm
dithiothreitol (DTT), 10 mm MgCl,). The reaction was initiated by
addition of pantothenate, and the mixture was incubated at 37°C
for 30 min. The reaction was stopped by raising the temperature
to 95°C for 5 min. The precipitated protein was removed by centri-
fugation (13000 rpm for 5min). The supernatant (95 ul) was
mixed with either water (5 pL) or OxyCoA 1b (2.5 mm, 5 pL) as car-
rier. The entire sample was subsequently injected onto the HPLC
for analysis, monitoring the separation simultaneously at 254 nm
and by in-line scintillation counting.

Data analysis: The magnitude of the selectivity was determined
by integration of the radioactive peaks and comparison of the
peak areas for CoA and OxyCoA. Since no distinct peaks were de-
tected for OxyCoA, a lower value based on an average baseline
peak area in the expected elution window (13-14 min) for OxyCoA
was used for the calculation.

CoaB selectivity: The reaction mixture (100 pL) contained p-pan-
tothenate (0.5mm), ATP (2.0mm), CTP (1.0 mm), L-cysteine
(0.2 mm), L-PHl-serine (0.2 mm, 250 mCimmol™'), CoaA (5 ug),
CoaBC (5pug), CoaD (5pg), and CoaE (5ug) in Tris-HCl buffer
(50 mm, pH 7.6; 1.0 mm DTT, 5 mm MgCl,). The reaction was initiat-
ed by addition of the enzymes, and the mixture was incubated at
37°C for 60 min. The reaction was stopped by raising the tempera-
ture to 95°C for 5 min. The precipitated protein was removed by
centrifugation (13000 rpm for 5 min). The supernatant was loaded
onto a 500 uL cation exchange column (Dowex 50WX8-100) pre-
pared in a plastic pipette, and the column was washed with de-
ionized water (4x300 pL). The combined eluates were frozen and
lyophilized. The resulting residue was dissolved in a buffered so-
lution (50 uL) of 4b (5.0 mm 4'-phosphopantothenoylserine 4b,
50 mm Tris-HCl, 5.0 mm MgCl,; pH 7.6). The solution was subse-
quently injected onto the HPLC for analysis, monitoring the separa-
tion simultaneously at 214 nm and by in-line scintillation counting.

CoaC selectivity: The reaction mixture (150 ulL) contained 4'-phos-
phopantothenoylserine (5.0 mm) and CoaBC (12.5 pg) buffered in
Tris-HCI buffer (50 mm, pH 7.6; 5.0 mm DTT, 5.0 mm MgCl,). The re-
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action was initiated by addition of the enzyme, and the mixture
was incubated at 37°C for ~16 h. The reaction was stopped by
loading the reaction mixture onto a Dowex 50WX8-100 cation ex-
change column (500 L) prepared in a plastic pipette. The column
was washed with deionized water (4x300 pL), and the combined
eluates were frozen and lyophilized. The resulting residue was dis-
solved in CH;CN/H,O (1:1, 200 pL) and analyzed by ESI-MS for the
formation of any decarboxylated products.

Note added in proof

The crystal structure of E. coli CoaB has since been determined [S.
Stanitzek, M. A. Augustin, R. Huber, T. Kupke, S. Steinbacher, Struc-
ture 2004, 12, 1977-1988] but also fails to unambiguously deter-
mine the mechanism of cysteine selectivity. However, the data do
suggest that noncovalent interactions of the cysteine thiol with a
small hydrophobic cavity might play an important role in selection.
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Small-Molecule Inhibitors and
Probes for Ubiquitin- and Ubiquitin-
Like-Specific Proteases

Anna Borodovsky,™ Huib Ovaa,'” Wim J. N. Meester,”!
Emily S. Venanzi,” Matthew S. Bogyo,™

Brian G. Hekking,” Hidde L. Ploegh,*™

Benedikt M. Kessler,*® and Herman S. Overkleeft!

The post-translational modification of proteins with ubiquitin
(Ub) or ubiquitin-like (Ubl) modifiers is an important signal in
the regulation of a variety of biological processes. The attach-
ment of either a single Ub, a 76 amino acid polypeptide, or
multiple Ub entities helps to control the targeting of sub-
strates for degradation. Processes such as receptor internaliza-
tion, trafficking to the lysosomal compartments, and regulation
of gene expression are likewise affected by Ub conjugation."?
Ubiquitin-like modifiers also play a role in protein targeting
and in the regulation of protein function.”! For instance, the
small Ubl modifier SUMO, a 97 amino acid polypeptide, func-
tions as a nuclear targeting signal, amongst other functions.”
Nedd8, another polypeptide with homology to Ub, regulates
the activity of E3 ligases, thereby influencing the ubiquitylation
process.”® In addition, a family of Ub related proteins, referred
to as APGs, has been shown to control autophagy.”®

The reversibility of protein modification with Ub/Ubl resem-
bles a phosphorylation/dephosphorylation cycle, and is essen-
tial to allowing control over this modification. At least 400 spe-
cific Ub ligases, responsible for the attachment of Ub to pro-
tein substrates, are thought to exist.”'” The reverse reaction,
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removal of Ub moieties from substrates, is performed by the
large family of Ub-specific proteases, USPs (also referred to as
deubiquitinating enzymes, DUBs).""'¥ The attachment and re-
moval of Ubl modifiers is carried out by a less numerous set of
enzymes.'*™?

Insight into the enzymatic function of individual DUBs has
been obtained for several members, including USP7,['%'"
UsPg,®'9 UCH37,2% USP14,2"# |soT®24 USP9,”” BAP1,9
UCH-L1,%% and UCH-L3.”' However, the physiological role of
many proteases of this enzyme class remains largely uncharac-
terized. In addition, a high degree of functional redundancy, as
inferred from mutation analysis in yeast, complicates the study
of the biological roles for individual USPs (Casagrande and
Ploegh, unpublished data). Many Ubls have a single conjuga-
tion system and only a few deconjugating enzymes have been
identified to date for SUMO, Nedds, ISG15, and APG8.""

An attractive strategy to further our understanding of pro-
teolytic enzymes is the design of selective inhibitors. Indeed,
this approach has been successfully applied to the caspase®”
and cathepsin®" families as well as the individual enzymatic
activities of the proteasome.®? Despite considerable research
efforts in recent years, there is still a lack of selective small-
molecule synthetic inhibitors that target USPs and Ubl-specific
proteases.

The first generation of USP and Ubl-specific protease inhibi-
tors is based on the entire Ub/Ubl protein itself modified at
the C terminus with electrophilic entities capable of reacting
with the active-site cysteine thiol, present in most Ub and Ubl-
specific proteases. These electrophilic traps include aldehydes
(Ubal),®**% nitrile derivatives,”” Michael acceptors (including
vinyl sulfone, vinyl methyl ester), and alkyl halides.®™ Different
C-terminally modified Ub moieties allow the profiling of
enzyme activity, and show the selectivity of these probes for
subsets of the corresponding proteases.®™ To date, only a few
examples of small molecules with inhibitory potential toward
USPs have been reported.?*38 However, these examples exhib-
it only moderate activity and selectivity. Unlike other proteolyt-
ic enzymes, USPs require a considerable portion of the Ub
moiety—in addition to the electrophilic trap mimicking the
isopeptide linkage—for optimal recognition.***? Based on the
structural similarity between Ub and Ubl proteins, this most
likely holds true also for Ubl-specific proteases,."!

Here we report the synthesis of a panel of peptide vinyl sul-
fones harboring various portions of the Ub C terminus. We
show that this strategy can be applied also to the synthesis of
C-terminal peptide vinyl sulfones corresponding to the Ubl
modifiers Nedd8, SUMO 1, FAT10, Fau, and APG12. Depending
on their length, such compounds can efficiently target USPs
and Ubl-specific proteases.

Our synthetic strategy toward C-terminally modified Ub/Ubl
peptides is based on the use of Kenner’s safety-catch linker, re-
cently revitalized by Ellman and co-workers®? and applied by
us for the synthesis of peptide vinyl sulfone proteasome inhibi-
tors.*** Briefly, standard Fmoc-based solid-phase peptide syn-
thesis starting from sulfonamide resin 1 afforded immobilized
oligopeptide 2, the N terminus of which is equipped with a
biotin moiety, and 5, with a N-terminal, benzyl oxycarbonyl ()
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Scheme 1. Synthesis of truncated ubiquitin C-terminal vinyl sulfone-based probes by using a safety-catch approach.

protected tyrosine residue for ensuing radioiodination
(Scheme 1, the side-chain protective groups in 2 and 5 are
omitted for clarity). After activation of the acylsulfonamide
resin by alkylation with iodoacetonitrile, cleavage from the
resin with concomitant installation of the C-terminal vinyl sul-
fone was realized by treatment with glycine vinyl sulfone de-
rivative 3 and diisopropylethylamine (DiPEA). Finally, the acid-
labile side-chain protective groups were removed by treatment
with TFA, to provide the target peptide vinyl sulfones 4 and 6.
In this fashion, a panel of 5-mer to 18-mer peptide vinyl sul-
fones, corresponding to the C-terminal sequence of ubiquitin,
was prepared (Table 1). Yields after HPLC purification were typi-
cally in the range of 10-15% with a high purity (for a represen-
tative example of HPLC purification and MS analysis, see
Figure 1), and mg quantities were obtained in all cases. By
using the same strategy, N-terminally biotinylated oligomers
corresponding to the C terminus of the Ubl modifiers Nedd8
(15), SUMO1 (16-18), APG12 (19-21), FAT10 (22), and Fau (23)
were prepared with comparable efficiency and purity. In-
creased yields in biotin incorporation were achieved when a
biotin-aminohexanoic acid spacer was used (biotin-Ahx,, for
16-23). The compounds 20-22 contain a cysteine residue that
might react with the C-terminal vinyl sulfone moiety. However,
we did not observe evidence of any cyclization or dimerization
reactions, since 20 and 21 were able to modify polypeptide
species (see Figure 4A, lanes 3, 4, below).

The sequences are from the mouse proteins with the follow-
ing accession numbers (http://www.ncbi.nlm.nih.gov): ubiqui-
tin: P62991; Nedd8: AAH04625; SUMO1: NP_033486; APG12:
BAB62092; FAT10: P63072; Fau: 1483346. The corresponding C-
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Figure 1. HPLC purification and MS analysis of peptide vinyl sulfone 6. A) UV
(214 nm) HPLC analytical chromatogram of compound Z-YSTLHVLRLRGG-vinyl
sulfone (6). B) LC-MS analysis of compound 6 performed on a single quadru-
pole mass spectrometer (Waters, MA, USA) coupled to a HPLC system (Hewlett—
Packard HP1100) reveals the product with a mass of M,= 1680.37 [M+H]*. The
theoretical mass is M,= 1679.02.

. — — — . terminal sequences are identical in mouse and
ZIS)I;J;I List of the truncated ubiquitin and ubiquitin-like modifier probes prepared in man with the exception of FAT10.

Y As the next research objective, we set out to es-
Ub peptide vinyl sulfones Ubl peptide vinyl sulfones tablish the inhibitory activity of the peptide vinyl
Z-RLRGG-VS (7) Biotin-SVLHLVLALRGG-VS (15) (Nedds) sulfone series 7-14. Crude lysates prepared from
Z-LRLRGG-VS (8) Biotin-Ahx,EQTGG-VS (16) (SUMO1) the EL-4 mouse thymoma cells were incubated
ZULRRGGVS (0 BiotimAwEVIQEQTGG S (17) SUNOT) | with 7-11 at 1, 50, and 100w for 2h prior to
Z-LHLVLRLRGG-VS (10 iotin-Ahx,EDVIEVYQEQTGG-VS (18) (SUMO1 e 112507 ) ]
Z-STLHLVLRLRGG-VS (11) Biotin-Ahx,SQAWG-VS (19) (APG12) treatment with [*1}-UbVS, a broad-spectrum USP
Biotin-STLHLVLRLRGG-VS (4) Biotin-Ahx,HYCKSQAWG-VS (20) (APG12) specific probe previously reported from our labora-
Z-Y-STLHLVLRLRGG-VS (6) Biotin-Ahx,LVLHYCKSQAWG-VS (21) (APG12) tory.?" As can be seen in Figure 2, labeling of a va-
Z- KESTLHLVLRLRGG-VS (12) Biotin-Ahx,SLLFLTTHCTGG-VS (22)(FAT10) riety of polypeptides corresponding to active USPs
Z-IQKESTLHLVLRLRGG-VS (13) Biotin-Ahx, TTLEVAGRMLGG-VS (23) (Fau) resent in crude extracts can be effectively abo-

Z-YNIQKESTLHLVLRLRGG-VS (14) P y
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lished by 12-mer 11, but not by the smaller pep-
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COMMUNICATIONS

Probe S-mer (T) g-mer (8)  8-mer(9)  10-mer(10) 12-mer (11} seen in panel C, incubation with
M 1 50 100 1 50 100 1 50 100 1 50 100 1 50 100 12-mer 4 leads to the appear-
USPEX, 24— ' — . s - p ance of a new band corre-
USP19— :fﬁg sponding to the UCH-L3-12-
Usp4_5.?|{ ‘ 120 mer adduct. The appearance of
i — 100 a single band is consistent with
USP14— the suggestion that only the
80 active-site cysteine of UCH-L3 is

o modified by the vinyl sulfone.
UCH3T— We extended our approach,
and prepared 12-/13-mer
UCH-L3—§ s probes corresponding to the C
ueHL1_ 1 termini  of Nedd8, SUMO1,
k- APG12, FAT10, and Fau (15, 18,
4 ﬁ' 30 21-23). Initial labeling experi-

["**1]-UbVS Labeling

Figure 2. Optimal-length requirements for targeting USPs by truncated ubiquitin probes. Crude extracts were prepared
from mouse thymoma cells (EL-4), and cell lysate (50 ug per sample) was incubated with the indicated concentrations
of the 5-mer (7), 6-mer (8), 8-mer (9), 10-mer (10), or the 12-mer (11) ubiquitin-based probe for 30 min at 37°C. ['*[]-
Ub-VS, prepared as described,”” was then added, followed by incubation for 1 h at 37°C. Labeled crude extracts were
separated by SDS-PAGE (10%) and analyzed by autoradiography. Targeted USPs are indicated based on a functional

proteomics study as described previously.””

tide vinyl sulfones (7-10). The observation that extended C-ter-
minal peptides are required for effective USP inhibition is un-
derscored by the finding that the commercially available fluo-
rogenic pentapeptide substrate RLRGG-AMC, with amino an
acid sequence that corresponds to peptide vinyl sulfone 7, can
be used to identify USP activity only at elevated concentra-
tions. The available structural data also point in the direction
of a requirement for extended C-terminal peptide fragments
to achieve efficient USP binding. Inhibition of labeling did not
further improve when using 14-mer 12, 16-mer 13, or 18-mer
14 as competitors (data not shown). We conclude that, at least
from this series, the truncated peptide vinyl sulfone corre-
sponding to the 12 C-terminal amino acid residues is the most
effective probe.

Next, we tested whether 12-mer peptide vinyl sulfones are
able to target a recombinant, purified DUB, the Ub C-terminal
hydrolase UCH-L3. For this purpose, we expressed and purified
UCH-L3 enzyme.™ UCH-L3 was incubated with decreasing
amounts of biotinylated Ub 12-mer 4 (Figure 3A, lanes 2-5).
The adducts were then analyzed by SDS-PAGE, followed by
streptavidin-HRP detection. The bands in lanes 3-5 correspond
to the covalent complex of UCH-L3 and the biotinylated 12-
mer. The addition of the generic S-alkylating agent N-ethylma-
leimide (NEM, lane 2) effectively abolishes labeling; this indi-
cates that UCH-L3 modification occurs through Michael reac-
tion of the active site thiol with the vinyl sulfone moiety in 4.
In a similar fashion, radioiodinated peptide vinyl sulfone 6
proved to be effective in labeling UCH-L3, as visualized in the
autoradiogram in Figure 3B. (Introduction of ['#I] in 6 was ac-
complished following a previously established protocol.") As

ChemBioChem 2005, 6, 287-291 www.chembiochem.org
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ments of crude EL-4 extracts in-
dicated that the SUMO1 13-mer
and APG12 12-mer probes tar-
geted specific polypeptides.
These compounds were there-
fore examined in further detail.
The labeling of EL-4 lysates with
the selected Ubl probes is pre-
sented in Figure 4. The lysates
were incubated with the C-ter-
minal truncated 5-mer, 9-mer,
and 12- or 13-mer at a concen-
tration of 2 um for 15 min for the APG12 peptides and at a
5 um concentration for 1 h for the SUMO1 peptides, respec-
tively. Whereas the APG12 5-mer 19 does not seem to modify
any target at the concentrations applied (the two visible bands
correspond to nonspecific labeling of background material
normally observed in biotin-streptavidin blots), addition of the
corresponding 9- and 12-mers 20 and 21 to EL-4 lysate result-
ed in the labeling of several polypeptides in the 47 kDa range
(Figure 4A). To our surprise, the set of SUMO1 probes 16-18

A) B)
ey 125

Biotin 12-mer  NEM pl [=71)-Y-12-mer (6)

(4:} uM 4] 25 25 125 6.25 1 1.5 z

——

UCH-L3
Streptavidin-HRP dataction

C)

ug UCH-L3 25 uM biotin-12-mer (4}
31 03 0 3 1 03 00

; = i UCH-L3
I — e —
125 autoradiacgraphy

Sibver stan

Figure 3. Specific labeling of UCH-L3 with ubiquitin C-terminal 12-mer probe 4.
A) Labeling of UCH-L3 (1 ug per lane) with 4 in a dose-dependent manner.

B) Labeling of UCH-L3 (1 ug per lane) with ['*I] radiolabeled 6. C) Labeling of
UCH-L3 with 4 reveals a 1 kDa shift in molecular weight, corresponding to the
covalent enzyme-probe adduct.
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A) B)
APG12 probe SUMO1 probe

SUMO1-5-mer (16) APG12-8-mer (20)

Although only two Ubl proteins
were examined in further detail, we

kDa . S-merg-meri2-mer 5-mer 9-meri3-mer mUNEM O 1 5 0 1 5 10 observed that specificity is retained
(19) {20} (21) ({18} (17} (18) . .
61 — —:5222_ = am in a shorter C-terminal stretch for
47— =
36 — = Ubl-specific proteases as compared
25 — ® = to USPs. The reason for this discrep-
= - ancy is not clear. However, the
15 — 25 — structure of Ub aldehyde-yuh1, Ub-
& — 19 UBP7, and SUMO aldehyde-ULP1
complexes showed that the mode
of Ub recognition is substantially
C) SUMO1-5-mer (16) different from that of SUMO. ULP1
WHSUMOI 0 4 B 20 40 0 4 & 0 L lorgh and UBP7 both recognize the C-ter-
fulllength P S — — e e minal Gly-Gly motif but by using
5 __ o5 distinct modes of binding. Also, a
A

i . smaller surface area of SUMO is rec-

18 — —A1

Figure 4. Probing for Ubl-specific hydrolases requires shorter C-terminal peptide fragments than for USPs. A) La-
beling of EL-4 lysate with APG12 C-terminal 5-mer, 9-mer, and 12-mer (19-21) and SUMO1 C-terminal 4-mer, 8-
mer, and 12-mer probes (16-18). B) Labeling of EL-4 lysate with 16 and 20 can be abolished by the addition of
the S-alkylating agent N-methylmaleimide. C) Competition of SUMO1 5-mer 16 labeling of EL-4 lysate with full-

length SUMOT1 and full-length ubiquitin protein.

appeared to be equally efficient at labeling a specific set of
proteins in EL-4 lysate at 20 and 30 kDa. It appears that, in this
case, 5 amino acid residues are sufficient to achieve selective
targeting. With both the SUMO1 and APG12 probes, addition
of N-ethyl maleimide resulted in the disappearance of the la-
beled proteins (Figure 4B). This showed that all of the labeled
proteins were modified through the interaction with the vinyl
sulfone moiety of the Ubl probes and thus contain an active-
site thiol nucleophile. Furthermore, competition experiments
demonstrated that labeling with the SUMO1 5-mer probe is
specific for a SUMOT1 protease (Figure 4C). To illustrate specific-
ity, EL-4 lysates were incubated with either full-length SUMO1
or full-length Ub protein prior to the addition of the electro-
philic SUMO1 5-mer. An increasing concentration of full-length
SUMO1 abolished the labeling with the 5-mer, while the addi-
tion of full-length Ub did not have any effect on the labeling
pattern. Likewise, we observed that labeling with the APG12 9-
mer 20 was not inhibited by an excess of full-length ubiquitin.
Competition experiments with intact APG12 were not per-
formed because of difficulties in expression and isolation of
the pure protein.™ Consistent with these results, the SUMO
5-mer and APG12 9-mer probes failed to label recombinant
UCH-L3; this further indicated the specificity and selectivity
contained in the C-terminal region Ubls (data not shown).

In conclusion, we have demonstrated the efficacy of Ken-
ner’s safety-catch linker in the preparation of extended peptide
vinyl sulfones corresponding to the C terminus of Ub/Ubl. De-
pending on the number of residues incorporated, these C-ter-
minally modified peptides proved capable of modifying re-
combinant UCH-L3 and were effective in competing with full-
length Ub-VS in DUB inhibition in complex biological mixtures.
Preliminary studies indicate that truncated Ubl peptide vinyl
sulfones are capable of modifying Ubl-specific proteases in a
manner similar to that of the Ub-based peptide vinyl sulfones.
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ognized by its cognate enzyme; this
might indicate that specificity is
confined to a smaller molecular
domain on the substrate. This is
consistent with the observation that
only a small number of proteases
recognize Ubl proteins, whereas
many different DUBs, spanning several enzyme families, can
recognize the ubiquitin domain. The Ub-recognition motif ap-
pears to be more universal and used in the regulation of a
large variety of different biological processes.

Current research is focused on establishing the DUB specific-
ity of the developed probes and on the application of tandem
mass spectrometry-based protocols for the identification of the
modified proteins targeted by the truncated Ub/Ubl peptide
vinyl sulfones.
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A New Chemical Probe for
Proteomics of Carbohydrate-Binding
Proteins

Lluis Ballell,” Kirstin J. Alink,”’ Monique Slijper,™
Cees Versluis,™ Rob M. J. Liskamp,® and
Roland J. Pieters*®

One of the main consequences of the completion of the
human and other genome-sequencing projects has been the
fact that the challenge in biological research has shifted to-
wards the assignment of functions to the numerous gene
products. The field of proteomics contributes to this process
by developing and applying novel methods for the global
analysis of protein expression in biological samples of high
complexity." Proteomics research typically starts by reducing
the sample complexity through multidimensional separation
methods based on the unique characteristics of the proteins or
their peptides, such as isoelectric point, molecular mass or hy-
drophobicity, followed by identification and quantification by
mass spectrometry. This methodology, however, has some dis-
advantages as it may overlook, for example, low-abundance or
extremely lipophilic proteins that are physiologically important.
Moreover, these methods are based on the detection of pro-
tein abundance rather than protein activity, whereas numerous
forms of post-translational regulation” take place that turn the
proteins into their active forms.

Only recently new synthetic molecular probes have been de-
veloped that are capable of selectively capturing enzymes by
means of their catalytic activity.®! This “activity-based” ap-
proach holds promise for the study of enzyme families for
which irreversible inhibitors can be designed, but cannot be
applied to proteins devoid of catalytic activity. Amongst those,
the lectins are a particularly intriguing group. These proteins
recognise carbohydrate motifs and are involved in multiple im-
portant cellular-recognition processes.”! Considering their im-
portance, we envisaged the need for developing new synthetic
molecular probes for the functional study of lectins in biologi-
cal systems. We here report on the development of a new
chemical probe that allows the covalent capture and subse-
quent analysis of members of an important lectin family: the
galectins.”’ Galectins are a subfamily of lectins known to bind
monovalent (3-galactoside-containing motifs. Around 14 mem-
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bers of the family have been characterised in mammals and
they are known to be implicated in many different processes
such as development, differentiation, cell-cell adhesion, cell-
matrix interaction, growth regulation, apoptosis, RNA splicing
and tumour metastasis.'*” Gaining insight into the levels of ga-
lectins in biological samples is highly relevant as their levels
are linked to, for example, malignancy.® In a neuroblastoma
model, galectin-1 induced tumour cell apoptosis, while galec-
tin-3 blocked the effect.”!

The probes designed in our lab are based on the combined
application of three elements: 1) a ligand containing a photo-
affinity label,"” 2) a chemoselective ligation motif'” and 3) a
chemical tag for visualisation (Scheme 1). Several examples
exist in the literature in which some of these elements have
been successfully employed."? A chemoselective ligation
method proved useful in in vivo enzyme profiling without the
disturbance of a bulky fluorescent tag,"* and a photoaffinity
label was shown to capture kinases."* To our knowledge this
is the first report in which all three of the mentioned elements
are employed together to generate a new chemical probe.

The design of the probe was based on available crystal
structures. Close inspection of the Lac and LacNAc complexes
of galectin-1"* and galectin-3"" revealed the possibility of
elaborating the 3-OH position of the galactose unit without in-
terference with the binding of the sugar. While the 4-OH is en-
gaged in hydrogen bonding, substituents at the 3'-OH could
run parallel to the surface of the protein. The orientation of
the sugar is conserved in both crystal structures, and elabora-
tion of the 3'-OH has already been exploited to synthesise ga-
lectin-3 inhibitors with enhanced activity." We thus decided
to position the photoreactive group at the 3’-OH of the lacto-
side. Benzophenone was chosen, since it can be activated in a
reversible manner, it does not react with protic solvents and it
only modifies C—H bonds within 3 A of the carbonyl oxygen.'®
Due to the highly lipophilic nature of the benzophenone sub-
stituent and in order to minimise the overall hydrophobic char-
acter of the probe, a water-solubilising linker containing ethyl-

® = photoreactive group

(S0

In-gel visualisation

incubate

"Click"

-

V4
®
N

ene glycol units was incorporated. Finally, an azido functionali-
ty was included with the purpose of taking advantage of the
highly efficient 1,3-dipolar chemoselective copper-catalysed cy-
cloaddition between azides and alkynes, denoted as “click”
chemistry." All of these features are present in compound 6.

The synthesis of 6 (Scheme 2) started with the mono-tosyla-
tion of commercially available tri(ethylene glycol) to yield the
mono-substituted spacer 1.7 Glycosylation of 1 with hepta-O-
acetyl-lactosyl bromide 2" under IBr-promoted conditions
gave only the B-O-glycosylated product 3. After displacement
of the tosyl group with sodium azide to give 4, the acetates
were fully removed to yield the deprotected lactoside 5."% Mi-
crowave-assisted, tin-mediated regioselective 3-O-alkylation®”
with 4-(bromomethyl)benzophenone gave the desired 3'-O-
substituted photoprobe 6 in high yield. The alkyne-rhodamine
conjugate 8, for in-gel visualisation of trapped proteins, was
prepared from commercially available succinimidyl ester 7.

In order to asses the effect of photoactivation on the pro-
tein, the probe was irradiated in the presence of human galec-
tin-1 (360 nm, 30 min), and the ability of the isolated protein
(after ultrafiltration) to bind a carbohydrate chip surface was
measured. A 40% decrease in the equilibrium SPR signal was
observed when compared to unmodified protein. To unequivo-
cally establish the covalent attachment of the probe to the
target protein, galectin-1 was irradiated in the presence of a
50-fold excess of probe 6 (2 mm), and the resulting mixture
was ultrafiltrated (cut-off 5 kDa) to eliminate excess labelling
reagent. The filtrate was diluted tenfold in 0.1% (v/v) acetic
acid and 50% (v/v) acetonitrile in H,O, then analysed by ESI-
MS (Figure 1). MS data showed that around 70-80% of the
protein was labelled with 6. The 14.8 kDa galectin-1 peaks
were always accompanied by peaks corresponding to the addi-
tion of one probe molecule 6 (Figure 1). Under these condi-
tions, the possibility of formation of noncovalent adducts can
be excluded. Repeating the experiment with a 20-fold excess
of competing lactose (with respect to 6) resulted in complete
prevention of covalent attachment of the probe to the protein;

® N

Scheme 1. General outline for the recognition-based selective tagging of proteins. The initial binding event is followed by covalent capturing through photoactiva-

tion and subsequent chemoselective ligation for in-gel visualisation.
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Scheme 2. Synthesis of chemical probe 6 and rhodamine derivative 8. Reagents and conditions: a) IBr, DCM/CH;CN, 61 %; b) NaN;, DMF, reflux, 95 %; c) NaOMe,

MeOH, 93 %; d) Bu,SnO, Benzene/CH;CN (5:1), uW, 5 min.,
71%; f) propargyl bromide-HCl, iPr,NEt, CH,Cl, 94 %.

this clearly showed that binding-site recognition was necessary
for the covalent attachment of the probe to the protein (data
not shown).

After validating the photoinduced covalent attachment of 6
to galectin-1, we focused on the “bio-orthogonal” (inert to
chemical functionalities present in common biological samples)
chemoselective attachment of the labelled protein to a report-
er group that would allow visualisation by attachment of a
rhodamine dye to the targeted protein. Our choice was the
copper-catalysed 1,3-dipolar cycloaddition “click” reaction be-
tween azides and alkynes."" The azido functionalised probe 6
was treated with the alkyne-containing rhodamine derivative 8
in the presence of CuSO,, a tris(triazolyl)amine ligand,”"” and
copper wire for 1 h in phosphate buffer (pH 8); this resulted in
the total consumption of alkyne 6 to generate the triazolyl-
containing adduct. Once optimal conditions for the “click” re-
action were determined, we proceeded to analyse its potential
application in the presence of the azide-containing labelled
protein. Thus galectin-1 was incubated with probe 6 under
360 nm light, and the resulting mixture was ultrafiltrated to
eliminate excess labelling reagent. The protein was treated
with the alkyne-derivatised rhodamine 8 (2 mm, twofold excess
with respect to probe), and, after ultrafiltration, the solution
was run on an 18% SDS-PAGE gel. Visualisation by a laser-in-

ChemBioChem 2005, 6, 291-295 www.chembiochem.org

150°C, followed by e) 4-(Bromomethyl)benzophenone, Bu,NI, Benzene/CH;CN (5:1), uW 10 min.,
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duced fluorescence scanner produced the image depicted in
Figure 2 (lane 2). After visualisation, the same gel was immedi-
ately stained with Coomassie blue to reveal both labelled and
unlabelled protein. It could be clearly observed that the rhoda-
mine tag had been incorporated into galectin-1. In order to
rule out unspecific tagging of the protein, the same sample
preparation was repeated with denatured protein. As shown in
Figure 2 (lane 1), no labelling was observed in that case; this
confirmed that specific binding is required for galectin-1 label-
ling.

In order to further support the carbohydrate binding-site
dependent nature of the labelling, galectin-1 and galectin-3
together with cytochrome C and glyceraldehyde-3-phosphate
dehydrogenase were subjected to the same photolabelling
and tag-attachment routine as described before to generate
the image observed in Figure 3. Selective labelling of the gal-
actose-recognising proteins was observed.

In conclusion, we have described the synthesis and valida-
tion of a new chemical probe for the study of galectins based
on the combined application of photoaffinity labelling, chemo-
selective ligation and affinity-tag visualisation. Placement of
the photoaffinity label was based on the crystal structures of
galectins and proved to be a crucial factor, since attachment of
the label to the reducing end of lactose (see Supporting Infor-
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Figure 1. Section of an ESI-MS spectrum for labelling experiments. Galectin-1
was incubated in phosphate buffer with 6 under 360 nm light for 45 min. After
ultrdfiltration, two major sets of triple peaks are observed (even pure galectin-1
was always observed as triple peaks since the protein was not 100 % homoge-
neous). The mass difference is consistent with the expected result from covalent
addition (675.7 Da corresponding to the mass of the probe (693.7 Da) minus
the loss of one molecule of H,0). Relative integration of the two signals gave
an estimated 70-80 % yield for the photoactivation step.

Galectin-1

Fluorescence Coomassie

1a 2a

Figure 2. Specific labelling of galectin-1 after the two-step (photoactivation
and chemoselective ligation) procedure; excitation 532 nm, emission 560 nm.
Lanes 1 and 1a: pure galectin-1 where the protein has been denatured prior to
incubation with 6; lanes 2 and 2a: result of galectin-1 (active) photoincubation
with 6.

A

1 2

mation) yielded no detectable protein labelling. Our method,
which includes design aspects, complements the application
of the Sulfo-Bed cross-linking agents that were conjugated to
(neo)glycoproteins and shown to capture bacterial adhesin
proteins.”?? Whether the design aspect of the placement of the
photoreactive group is required might depend on the targeted
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Figure 3. SDS-PAGE of the products obtained after photodffinity labelling and
rhodamine tag attachment of a mixture of galectin-1, galectin-3, cytochrome C
and glyceraldehyde-3-phosphate dehydrogenase. Lane 1: fluorescence image;
lane 2: Coomassie staining.

lectin or lectin class. This novel probe will now be applied in a
proteomic study in complex biological samples to help unravel
different aspects of galectin biology. The approach is amenable
to many protein families, since only the existence of a photo-
reactive version of a ligand/inhibitor is needed. The use of
large molecular constructs is also minimised, as the result of
the use of chemoselective ligation methods to incorporate the
reporter group. To those attractive features must be added its
simplicity and sensitivity, the small amounts of probe required
and the ease of synthesis, thus providing a quick and inexpen-
sive way for many laboratories to analyse particular subpro-
teomes of interest.
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Specific 3’-Terminal Modification of DNA with a
Novel Nucleoside Analogue that Allows a
Covalent Linkage of a Nuclear Localization
Signal and Enhancement of DNA Stability

Yutaka lkeda,”®®' Shun-ichi Kawahara,™
S gla, bl
Kazunari Taira*®

We report a straightforward method for the site-specific modifi-
cation of long double-stranded DNA by using a maleimide
adduct of deoxycytidine. This novel nucleoside analogue was effi-
ciently incorporated at the 3'-termini of DNA by terminal deoxy-
nucleotidyl transferase (TdT). Thiol-containing compounds can be
covalently linked to the maleimide moieties. We added a nuclear

Introduction

The vectors used as gene-delivery systems play a very impor-
tant role in gene therapy. Two types are available: viral and
nonviral vectors. Viral vectors provide the more efficient gene-
delivery systems, but their use is associated with high cost, im-
munogenicity, and—in particular—high potential toxicity,"” so
the development of nonviral vectors as safe gene-delivery sys-
tems is of great interest. However, there are also problems
with nonviral gene-delivery systems, such as low cell-specificity
of gene delivery, inefficient uptake by cells, inefficient delivery
to nuclei, limited stability, and inefficient expression.” Further
improvements in certain properties such as cell-specific deliv-
ery, cellular uptake efficiency, controlled intracellular distribu-
tion, stability against degradation, and target specificity are re-
quired. Many methods for attaining these desired improve-
ments are being investigated.

The chemical modification of DNA might help to solve some
of the problems associated with nonviral vectors. For example,
peptides and/or proteins have been conjugated to DNA as en-
hancers of biological functions. Because covalent linkage gives
a consistent product in which the desired properties can be
carefully controlled, it is preferable to link these molecules to
DNA covalently rather than through ionic interactions. A major
method for the covalent modification of DNA at a specific po-
sition involves solid-phase synthesis. In efforts to enhance anti-
sense technology,” methods have been developed for linking
single-stranded  oligonucleotides covalently to peptide,
lipid,®’ cholesterol,” and carbohydrate” moieties. Such modifi-
cations enhanced certain properties of the DNA, such as
uptake by cells and nuclear localization of oligonucleotides.
However, methods for modification in a DNA synthesizer are
subject to limitations with respect to the length of the DNA
oligomer that is synthesized. Moreover, since the reaction con-
ditions—oxidation with iodide and/or deprotection with am-
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localization signal peptide to the 3'-terminal of a 350 bp-long
DNA that encoded short-hairpin RNA, and these modifications re-
sulted in the enhancement of silencing activity by RNA interfer-
ence. This enhancement is mainly attributed to increased stability
of the template DNA.

monia, for example—are so harsh, the introduction of certain
functional groups that are reactive under these conditions can
be very difficult.

In contrast to the modification of an oligonucleotide, post-
synthesis modification of long double-stranded DNA (linear or
plasmid DNA) is both difficult and complicated. Some meth-
ods, such as diazocoupling®'® and photocoupling,™'® that
allow the modification of DNA through covalent bonding have
been developed, but the limited or nonexistent specificity of
such reactions—varying numbers of a particular modification
are introduced at a variety of sites in the target DNA—has
been a serious problem.!”"" The excessive extent of the chem-
ical modifications introduced by these methods results in the
inhibition of transcription. In contrast to these unspecific
chemical methods, the specific modification of the end of a
DNA molecule appears not to inhibit transcription and has
even been reported to enhance the nuclear import®” and the
expression of the DNA.?" The cited reports indicate that modi-
fication of DNA at a specific position can allow the effective
delivery of genes to the nucleus. However, the method for
conjugating the peptide to the DNA adapted by Zanta et al.
requires tedious synthesis of a DNA-NLS peptide conjugate
(NLS=nuclear localization signal); this excludes the possibility
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of scaling up to the microgram range.”" Therefore, it is neces-
sary to develop methods for efficient and site-specific modifi-
cation of long double-stranded DNA (dsDNA). The challenge is
to develop a novel, convenient method that can be easily
scaled up if necessary.

Considering the site-specific modification, we decided to
modify the 3'-termini of linear DNA because, in plasma, hydrol-
ysis of DNA is the result of exonucleolytic activity and occurs
exclusively in the 3’ to 5 direction.”? Therefore, protection of
DNA from such enzymatic degradation by modifying its 3'-ter-
mini should be advantageous in a clinical setting. To the best
of our knowledge, however, there are no reports of general
methods that allow the efficient modification of DNA at 3'-ter-
mini with covalently linked peptides, proteins, and other mole-
cules, and so we have attempted to develop a method for the
enzymatic modification of DNA at its 3’-termini. An outline of
our strategy is shown in Scheme 1. A maleimide adduct of de-
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Scheme 1. Selective modification of the 3'-termini of long double-stranded DNA. The novel nucleic acid analogue
containing a maleimide moiety is introduced at the 3'-termini of DNA by the action of terminal deoxynucleotidy!

transferase (TdT).

oxycytidine is incorporated at each 3’-end of a long double-
stranded DNA through the action of terminal deoxynucleotidyl
transferase (TdT). In contrast to the other forms of DNA poly-
merase, such as the Klenow fragment, TdT is a template-inde-
pendent polymerase that catalyzes the addition of deoxynu-
cleotides at the 3'-hydroxy termini of DNA®® and allows modi-
fication of DNA at its 3'-termini. The maleimide moiety is very
useful for linking biomacromolecules because it reacts with
thiol groups, such as the cysteine residues in proteins. Such re-
actions proceed even under very mild conditions and yields
are usually very high. Here we report the synthesis of a novel
nucleic acid analogue (1) and its efficient incorporation at DNA
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3'-termini. We have applied this novel technique for enhance-
ment of the silencing activity by RNA interference (RNAI).

Results and Discussion

We synthesized a novel nucleoside analogue (1) that contained
a maleimide moiety, as shown in Scheme 2. The amino and 5'-
hydroxy groups of the deoxycytidine starting material were
protected with acetic anhydride and with 4,4’-dimethoxytrityl
chloride (DMTrCI), respectively. The oxygen of the 3’-hydroxy
group was then removed in order to avoid the introduction of
multiple maleimide moieties at the 3'-termini of the DNA.*¥
After deprotection of the 5’-amino group, a single maleimide
moiety was introduced. Finally, deprotection of the hydroxy
group yielded the novel analogue 1. The 5'-triphosphate of
this dideoxynucleoside (7) was synthesized by a previously de-
scribed method.”

We examined the enzymatic
incorporation of 7 into DNA (9-
mer ODN) using radiolabeled oli-
godeoxynucleotides (ODNs,
Figure 1) and found that 7 was
added very efficiently to the 3'-
termini of DNA (Figure 1, lane 3).
It is noteworthy that as much as
200 pmol of DNA were labeled
by only four units of TdT. TdT
catalyzes both the phosphoryla-
tion and the phosphonylation of
3’-hydroxy moieties and it allows
the introduction of various kinds
of compound into DNA.”? |t is
likely that a strategy similar to
ours should allow the incorpora-
tion into DNA of a variety of
functional groups and not only
maleimide.

In order to check the reactivity
of the maleimide moiety in DNA
with a thiol group, we added
various concentrations of cys-
teine to a reaction mixture con-
taining the modified DNA
(Figure 2, lanes 4, 5 and 6). An
increase in the concentration of
cysteine increased the yield of the conjugate (Figure 2). At
50 mm cysteine, formation of the conjugate was quantitative.
The obvious efficiency of the conjugation reaction is a major
practical advantage because it facilitates purification and scal-
ing up of the reaction.

To the best of our knowledge, only one method for the in-
troduction of maleimide into DNA has been reported: namely,
the coupling of a free primary alkylamine to an activated
ester/maleimide bifunctional crosslinker, such as an ester of 4-
(N-maleimidomethyl)cyclohexane-1-carboxylic acid and N-hy-
droxysuccinimide (SMCC).?"#* However, the yield of this re-
action is usually low (=30%). Alternatively, DNA can be modi-
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Scheme 2. Incorporation of a maleimide moiety into a nucleoside analogue (1).
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Figure 1. Incorporation of 7 into an oligodeoxynucleotide by the action of TdT.
Products were analyzed on a denaturing 20 % polyacrylamide gel. Lane 1: 9-
mer oligodeoxynucleotide (ODN) + TdT (control). Lane 2) 10-mer ODN. Lane 3:
same as in lane 1 after treatment with 7 (2 mm).
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Figure 2. Covalent attachment of cysteine to the 3'-termini of maleimide-modified DNA. Products were analyzed on a
denaturing 20 % polyacrylamide gel. Lane 1) 9-mer ODN + TdT (control). Lane 2) 10-mer ODN. Lane 3) same as in
lane 1 after treatment with 7 (2 mm). Lanes 4, 5, and 6) lane same as in 3 plus 1 mm, 10 mm, and 50 mm of cysteine,

respectively.
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fied with a thiol and then conjugated with peptides functional-
ized with maleimide.®*>? Our method has many advantages
over these: i) the yield is almost quantitative and 200 pmol of
DNAs were modified with only 4 U of TdT, so even milligram
quantities of modified DNA can easily be prepared in the labo-
ratory, i) our method does not involve any extra modification
of the DNA, such as the preparation of alkylamino-containing
DNA, and iii) our method can be applied to any unmodified
double-stranded DNA (dsDNA), prepared by PCR or by other
methods, and there is no limit to the length of the DNA that
can be modified.

This reaction can be used for the conjugation of DNA with
other thiol-containing com-
pounds, and so we tried to use
it to link long dsDNA covalently
with peptides, introducing a
maleimide moiety into dsDNA
(350-mer, PCR product) with the
aid of TdT, as described above.

e After removal of excess 7, we

/ 9-mer ODN ‘é" treated the modified DNA with a
cationic peptide including an

i NLS®" and a cysteine residue at

Dmer ODN N‘TJ its carboxyl terminus (PKKKRKVE-

o DPYQ). In order to avoid precipi-
tation of the DNA, the amount
of peptide in the reaction mix-
ture was kept below the level
that would approach the
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Figure 3. a) Covalent attachment of a nuclear localization signal (NLS) to long double-
stranded DNA (dsDNA). b) Products were analyzed on a 3% agarose gel. Lane 1) untreated
350 bp dsDNA. Lane 2) 350 bp dsDNA after incubation with the NLS peptide. After incuba-
tion, excess peptide was removed by washing with NaCl (2m). Lane 3) 350 bp dsDNA, modi-
fied with 7 by TdT, after incubation with the NLS peptide. Excess peptide was removed after
incubation by washing with NaCl (2 m). Lanes 4 and 5) DNA with free termini (lane 4) or
with covalently attached NLS (lane 5) was incubated with exonuclease for 1 hour. Unlike
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fected Hela S3 cells with an expression vector encod-
ing Renilla luciferase, an expression vector encoding
firefly luciferase, and dsDNA with or without the con-
jugated peptide, or with control vector DNA [pU65*].
As shown in Figure 4, dsDNA that expressed shRNA
directed against firefly luciferase disrupted the ex-
pression of the firefly gene for luciferase without al-
tering the activity of Renilla luciferase serving as an
internal control (compare lanes 1 and 2). This gene-
specific silencing activity by RNA interference was en-
hanced when the NLS was linked to the 3'-termini of
the DNA (compare lanes 1 and 4). This enhancement
can be attributed to two factors: i) protection of the
DNA from attacks by nucleases by the modification
of the DNA at 3'-terminus, and/or ii) enhancement of
the import of the DNA into the nucleus by the at-
tached NLS. With regard to the former factor, a simi-
lar conclusion had been reached by detection of en-
hancement of silencing activity by increasing the sta-
bility of DNA templates against nucleases by forma-
tion of dumbbell-shaped DNA?"*' To check the
latter factor, we conjugated mutated NLS (mNLS;
PKTKRKVEDPYC?") to the 3'-terminus of the DNA. As
shown in Figure 4, only a small difference (5%) be-
tween the silencing activities of DNA-NLS and DNA-

the unmodified DNA (lane 4), DNA modified with NLS peptide was stable under these

conditions.

charge-neutralizing ratio. The reaction was allowed to proceed
in phosphate buffer (20 mm, pH 7.0) for 6 h. Excess peptide
was removed by two washes with NaCl (2 m), which eliminated
unspecific electrostatic interactions. The peptide-conjugated
DNA was analyzed for altered mobility on a 3.0% agarose gel
(Figure 3). The mobility of the dsDNA that had reacted with
the peptide after modification with maleimide was reduced
(lane 3), while the migration of unmodified dsDNA that had
been incubated with the peptide was similar to that of un-
treated dsDNA (compare lanes 1 and 2). This result indicated
the successful covalent linkage of maleimide-modified dsDNA
and the NLS, and the reaction was almost complete.

Next, we checked the stability of dsDNA covalently conju-
gated with NLS at its 3'-termini. The linear PCR product and
the NLS-dsDNA conjugates were independently treated with
exonuclease lll and the resulting mixtures were analyzed on
agarose gel (Figure 3). DNA with free termini was totally de-
graded after incubation with the exonuclease for 1 hour
(lane 4), whereas the dsDNA covalently attached to the NLS
clearly resisted nucleolytic degradation under the same condi-
tions (lane 5).

Finally, we investigated the effect of the covalently linked
NLS on the suppressive activity of RNAi. RNAi is a natural phe-
nomenon by which double-stranded RNA (dsRNA) or short-
hairpin RNA (shRNA) induce the sequence-dependent degrada-
tion of a cognate mRNA in cells.*® We attached the NLS to the
3’-termini of a dsDNA 350-mer encoding a shRNA. The target
of the shRNA was the firefly gene for luciferase.®¥ We trans-

300

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

mNLS conjugates could be detected (compare lanes
3 and 4). This enhancement was smaller than we had
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Figure 4. Covalently linked NLS enhanced the suppressive activity of RNA inter-
ference. HelLa S3 cells were transfected with the empty vector pU6 (control) or
with dsDNA or with the NLS-DNA or mNLS conjugate. See text for details.

expected, a likely explanation for such weak enhancement
being the apparent loss in the nuclear import ability of the
positively charged NLS to interact with transport receptors
after conjugation to negatively charged DNA. The loss of func-
tion of NLS is most probably due to electrostatic interactions
between the negatively charged phosphate groups of the
DNA and the cationic NLS peptides. The positive charges of
the lysine and arginine residues of the NLS peptides are critical
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for recognition by the transport receptors, and their neutraliza-
tion would probably diminish the import abilities of the NLS.
Possible ways to overcome this problem include increasing the
spacer length separating the NLS peptide from the DNA, and
the use of other types of NLSs, such as the M9 nuclear localiza-
tion signal, which does not interact with DNA so strongly, or
the longer NLS of SV40 which has phosphorylation sites within
the NLS signal, because phosphorylation reduces the positive
charge of the NLS.”!

Conclusion

We have described a novel method for conjugating dsDNA
with thiol-containing compounds. In our system, DNA can be
efficiently labeled with maleimide, allowing large-scale synthe-
sis of the product. Our method allows the selective modifica-
tion of the 3'-termini of DNA, and so inactivation of transcrip-
tion is apparently avoided. Moreover, NLS covalently attached
to the 3’-termini of DNA enhanced the suppressive activity of
NLS-DNA-driven siRNA. Modification of the 3’-termini of DNA
increased the stability of the DNA against enzymatic degrada-
tion, which is one of the problems associated with construc-
tion of an efficient delivery system.?

The goal of our work is the development of artificial viruses
expressing short RNAs, such as shRNA and micro RNA
(miRNA).B%37] Modification of DNA with small molecules and/or
large biomacromolecules holds promise because such modifi-
cations can enhance the biological deliverability of the DNA
into cells. Conjugation of DNA with a bioactive peptide or pro-
tein appears to be a very attractive strategy, and in this study
we have shown that a covalently linked NLS enhanced RNAi
activity, although to a limited extent. We are now attempting
to conjugate DNA with other proteins or longer peptides pre-
pared in E. coli or yeast cells. Since our novel system enables
one to attach any molecule specifically to the end of DNA, this
system should contribute to the development of artificial
viruses.

Experimental Section

Materials: All solvents and reagents were purchased commercially
and were used without further purification. 'H NMR spectra
(400 MHz) were recorded on a Varian AS400 spectrometer. Column
chromatography was performed on silica gel (Wako gel-C200),
while Wako 70F silica gel was used for thin layer chromatography.
Terminal deoxynucleotidyl transferase (TdT) was purchased from
New England Biolabs (Beverly, MA, USA). Peptides were purchased
from Genenet (Fukuoka, Japan).

Synthesis of a novel nucleoside analogue, 2',3'-dideoxy-N*-(3-
maleimidopropylamino)cytidine (1 in Scheme 2)

Synthesis of N*-acetyl-2'-deoxy-O°-di-p-methoxytrityl cytidine (2): A
solution of the 2'-deoxycytidine monohydrate starting material
(5.0 g, 19.0 mmol) in dimethylformamide (190 mL) was treated with
acetic anhydride (1.79 mL, 19.0 mmol) and triethylamine (5.3 mL,
38.0 mmol). After the mixture had been stirred at room tempera-
ture for 6 h, the solvent was removed under vacuum. The resulting
residue was redissolved in pyridine and the solvent was removed
by evaporation. After this step had been repeated once, the crude
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product was dissolved in pyridine (180 mL), and 4,4’-dimethoxytri-
tyl chloride (DMTr-Cl; 6.4 g, 18.9 mmol) was added. After this mix-
ture had been stirred at room temperature for 3 h, the solvent was
evaporated and the residue was partitioned between CHCl; and
5% aqueous NaHCO;. The organic phase was dried over Na,SO,,
concentrated by evaporation, and applied to a column of silica gel.
Evaporation of appropriate fractions yielded 2 (7.8 g, 69% over
two steps). '"H NMR (400 MHz; CDCly): 6=2.20 (s, 3H; CH;C=0),
2.24 (m, 1H; H-2'), 2.75 (m, 1H; H-2), 3.40 (dd, J=3.7, 10.8 Hz, 1H;
H-5'), 3.47 (dd, J=3.0, 10.8 Hz, 1H; H-5'), 3.78 (s, 6H; OCH,), 4.15
(m, 1H; H-4'), 452 (m, 1H; H-3), 6.25 (t, J=5.8 Hz, 1H; H-1), 6.86-
7.40 (m, 13H), 7.19 (d, J=7.4 Hz, 1H; H-5), 8.26 ppm (d, J=7.4 Hz,
1H; H-6), 9.59 (brs, 1H; NH).

Synthesis of N*-acetyl-2'-deoxy-O°-di-p-methoxytrityl-O%-phenoxythio-
carbonyl cytidine (3): A solution of 2 (7.8 g, 13.2 mmol) in CH;CN
(130 mL) was treated with 4-(dimethylamino)pyridine (DMAP; 3.3 g,
27.0 mmol) and phenyl chlorothionoformate (2.2 mL, 14.5 mmol).
The solution was stirred at room temperature for 16 h, the solvent
was evaporated, and the residue was partitioned between CHCI,
and 5% aqueous NaHCO,. The organic phase was dried over
Na,SO,, concentrated by evaporation, and applied to a column of
silica gel. Evaporation of appropriate fractions yielded 3 (7.0 g,
73%). 'H NMR (400 MHz; CDCl,): § =2.24 (s, 3H; CH,C=0), 2.44 (m,
TH; H-2"), 3.10 (m, 1H; H-2), 3.54 (dd, J=2.7, 10.7 Hz, 1H; H-5),
3.58 (dd, J=3.6, 10.7 Hz, 1H; H-5'), 3.79 (s, 6H; OCH,), 4.54 (m, 1H;
H-4), 5.88 (m, 1H; H-3'), 6.37 (dd, J=5.7, 7.8 Hz, 1H; H-1'), 6.83-
7.45 (m, 13H), 7.10 (d, J=7.4 Hz, 1H; H-5), 7.30-7.49 (m, 5H; Ph),
8.09 (d, J=7.4 Hz, 1H; H-6), 8.64 ppm (brs, 1H; NH).

Synthesis of N*-acetyl-2',3'-dideoxy-O°-di-p-methoxytrityl-cytidine (4):
A solution of 3 (7.0 g, 9.62 mmol) in anhydrous toluene (192 mL)
was heated at reflux and treated dropwise over the course of
5 min with a mixture of tributyltin hydride (nBu;SnH; 7.5 mL) and
2,2’-azobisisobutylnitrile (AIBN; 607 mg). After the system had
been heated at reflux for a further 30 min, the solvent was re-
moved under vacuum. The resulting residue was partitioned be-
tween CHCI; and 5% aqueous NaHCO;, and the organic phase was
dried over Na,SO,, concentrated by evaporation, and applied to a
column of silica gel. Evaporation of appropriate fractions yielded 4
(4.12g, 78%). '"HNMR (400 MHz; CDCl;): 6=1.95 (m, 2H; H-3)),
2.21 (m, TH; H-2'), 2.22 (s, 3H; CH;C=0), 2.50 (m, 1H; H-2), 3.35
(dd, J=4.1, 11.0 Hz, 1H; H-5'), 3.55 (dd, J=2.7, 11.0 Hz, TH; H-5'),
3.81 (s, 6H; OCH,), 4.27 (m, 1H; H-4), 6.09 (m, 1H; H-1), 6.85-7.43
(m, 13H), 7.10 (d, 1H; J=7.0Hz, 1H; H-5), 842 (d, J=7.0Hz, 1H;
H-6), 8.58 ppm (brs, 1H; NH).

Synthesis of 2,3'-dideoxy-O°-di-p-methoxytrityl-cytidine (5): A so-
lution of 4 (4.12 g, 7.5 mmol) in K,CO; in methanol (50 mm, 75 mL)
was stirred at room temperature for 6 h and the solvent was then
removed under a vacuum. The resulting residue was partitioned
between CHCI; and 5% aqueous NaHCO,, and the organic phase
was dried over Na,SO,, concentrated by evaporation, and applied
to a column of silica gel. Evaporation of appropriate fractions yield-
ed 5 (2.54 g, 66%). '"H NMR (400 MHz, CDCl,): 6=1.87 (m, 1H; H-
3), 1.95 (m, 1H; H-3'), 2.15 (m, 1H; H-2'), 242 (m, 1H; H-2), 3.31
(dd, J=3.8, 10.7 Hz, 1H; H-5'), 3.54 (dd, J=2.4, 10.7 Hz, 1H; H-5),
3.80 (s, 6H; OCH,), 4.22 (m, 1H; H-4), 532 (d, J=7.3 Hz, 1H; H-5),
6.10 (m, TH; H-1), 6.83-7.44 (m, 13H), 8.11 (d, J=7.0 Hz, TH; H-6),
8.58 ppm (brs, 1H; NH).

Synthesis of 2',3'-dideoxy-O°-di-p-methoxytrityl-N*-3-maleimidopro-
pionylamino cytidine (6): A solution of 3-maleimidopropionic acid
(796 mg, 4.71 mmol) in CH,Cl, (20 mL) was treated with anhydrous
1-hydroxybenzotriazole (HOBT; 636 mg, 4.69 mmol), DMAP (26 mg,

301



www.chembiochem.org



BIO

0.21 mmol), and 1,3-dicyclohexylcarbodiimide (DCC; 927 mg,
4.49 mmol). After the solution had been stirred at room tempera-
ture for 30 min, undissolved material was removed by filtration.
The filtrate and triethylamine (596 pL, 4.28 mmol) were added to 5
(1.1 g, 2.14 mmol) with stirring at room temperature over 30 min.
The reaction mixture was partitioned between CH,Cl, and brine,
and the organic phase was dried over Na,SO, concentrated by
evaporation, and applied to a column of silica gel. Evaporation of
appropriate fractions yielded 6 (1.0 g, 70%). 'H NMR (400 MHz;
CDCly): 6=1.91 (m, 2H; H-3'), 2.18 (m, 1H; H-2), 2.50 (m, 1H; H-2'),
2.86 (t, J=6.9 Hz, 2H; CH,C=0), 3.35 (dd, /=4.0, 10.9 Hz, 1H; H-5'),
3.54 (dd, J=2.5, 10.9 Hz, 1H; H-5'), 3.82 (s, 6H; OCH,), 3.88 (t, J=
6.9 Hz, 2H; CH,N), 4.28 (m, 1H; H-4), 6.06 (m, TH; H-1'), 6.68 (s,
2H; CH=CH), 6.85-7.44 (m, 13H), 7.09 (d, /=7.0 Hz, 1H; H-5), 8.41
(d, J=7.0 Hz, TH; H-6), 9.72 ppm (brs, TH; NH).

Synthesis of 2',3'-dideoxy-N*-3-maleimidopropionylamino cytidine (1):
A solution of 6 (500 mg, 0.75 mmol) in CH,Cl, (75 mL) was treated
at 0°C with trifluoroacetic acid (TFA; 750 pL). After it had been stir-
red at 0°C for 3 min, the reaction mixture was neutralized with 5%
aqueous NaHCO;. The neutralized solution was partitioned be-
tween CH,Cl, and brine, and the organic phase was dried over
Na,SO,, concentrated by evaporation, and applied to a column of
silica gel. Evaporation of appropriate fractions yielded 1 (165 mg,
61%). '"H NMR (400 MHz; CDCly): §=1.93 (m, 2H; H-3'), 2.19 (m,
1H; H-2'), 249 (m, 1H; H-2), 2.89 (t, J/=6.8 Hz, 2H; CH,C=0), 3.78
(dd, J/=3.0, 1.2 Hz, TH; H-5'), 3.88 (t, J=6.9 Hz, 2H; CH,N), 4.05 (m,
1H; H-5'), 425 (m, TH; H-4'), 6.05 (m, 1H; H-1), 6.70 (s, 2H; CH=
CH), 733 (d, J=7.4Hz, 1H; H-5), 843 (d, J=7.0Hz, 1H; H-6),
10.05 ppm (brs, TH; NH); elemental analysis calcd (%) for
Ci6H1sNOg: C 53.02, H 5.01, N 15.47; found: C 52.94, H 4.97, N
15.03.

Synthesis of 2',3'-dideoxy-N*-3-maleimidopropionylamino cytidine 5'-
triphosphate (7): Compound 1 (100 mg, 0.28 mmol) was dissolved
in trimethyl phosphate (1.4 mL), and the solution was cooled to
0°C. This solution was treated with 1,8-bis(dimethylamino)naphtha-
lene (90 mg) and phosphorus oxychloride (30 uL), and was then
stirred for 2 h at 0°C.?¥ Tributylamine (410 uL) and tributylammo-
nium pyrophosphate (240 mg in 3.2 mL DMF) were then added,
and the solution was stirred for 1 min before the addition of tri-
ethylammonium bicarbonate (1 ™M, 28 mL, pH 7.5) to quench the re-
action. After further stirring for 20 min at room temperature, the
reaction mixture was lyophilized. Purification by reversed-phase
(C18) HPLC (CH;CN in 0.1 M triethylammonium bicarbonate, pH 7.5)
yielded the desired triphosphate (7). Phosphorus NMR was taken
in D,0 with Tris (50 mm, pH 7.5) and EDTA (2 mm); an external
phosphoric acid standard was used. *'P NMR (140 MHz):0 = —7.34
(a-phosphate), —21.48 (3-phosphate), —4.44 ppm (y-phosphate).

Covalent attachment of cysteine to oligodeoxynucleotides: The
9-mer oligodeoxynucleotides (ODNs) were radiolabeled at their 5'-
termini by use of [y-*P]JATP and T4 polynucleotide kinase, and la-
beled ODNs were purified on PAGE. We used 100 pmol of ODNs,
including a small amount of DNA-[5-**P primer, for each experi-
ment. Each assay mixture (10 ul) contained buffer as indicated,
TdT (4 U), and the triphosphate (2 mm). Cysteine was added to the
reaction mixture at various concentrations, the reaction mixtures
were incubated for 1 h at 37°C, and the resulting conjugates were
analyzed for altered mobility on a 20% polyacrylamide denaturing
gel.

Covalent attachment of a peptide to DNA: A 350-mer DNA (2 pg)
that encoded a short hairpin RNA (shRNA) directed against the fire-
fly gene for luciferase was prepared by PCR as follows. Two syn-

302

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

K. Taira et al.

thetic DNA primers (1 pmol each) were mixed with the plasmid
vector, which included a U6 promoter and encoded shRNA target-
ed to the firefly gene for luciferase.®*¥ The target sequence is 5'-
GTGCGCTGCTGGTGCCAAC-3.BY Amplification by PCR was then
performed with ExTag DNA polymerase (Takara, Kyoto, Japan). The
sequences of the sense and antisense primers were 5-CAAGCT-
TGCATAAAAAGTGCG-3" and 5-CCAGTGAATCAAGGTCGGG-3'.
The PCR product was isolated by electrophoresis on a 1% agarose
gel, and the purified product was labeled with the adduct by TdT
as described above. Excess adduct was removed by ultrafiltration
(Ultrafree-MC 30000, Millipore, MA, USA). The recovered DNA that
had been modified with the maleimide adduct at its 3'-termini was
dissolved in distilled water to a final concentration at 0.2gL™". In
order to avoid precipitation of the DNA, the appropriate peptide
was added to a level that did not approach the charge-neutralizing
ratio, wherein the ratio of positive to negative charge is 0.9:1.0.
The reaction mixture, in phosphate buffer (20 mm, pH 7.0), was in-
cubated for 6 h. Excess peptide was removed by two washes with
NaCl (2 M) in the ultrafiltration unit, which were followed by three
washes with distilled water. The peptide-DNA conjugate was ana-
lyzed for altered mobility on a 3.0% agarose gel, which was
stained with ethidium bromide after electrophoresis.

The treatment of DNA-peptide conjugate with exonuclease: The
linear PCR product and DNA-peptide conjugate were independent-
ly treated with exonuclease Ill (TaKaRa). Aliquots (100 pmol) of sub-
strates were incubated with exonuclease (100 U) for 1 hour. The
products were analyzed on agarose.

Cell culture, transfection, and luciferase assays: Hela S3 cells
(30000 cells per well) were seeded 24 h before transfection in 48-
well tissue culture plates. Transfections were performed with Lipo-
fectamine 2000 reagent (Invitrogen, Germany) according to the
manufacturer’s instructions. Hela S3 cells were transfected with an
expression vector encoding Renilla luciferase (pRL-RSV; 25 ng), an
expression vector encoding firefly luciferase (25 ng), and dsDNAs
with or without the conjugated peptide (25 ng), or control vector
DNAs (pU6P¥). Luciferase activities were analyzed after 24 h by use
of the dual luciferase system (Promega, Madison, WI, USA). Cells
were lysed and the activities of firefly and Renilla luciferases were
measured sequentially with a Berthold luminometer (Lumat
LB9501, Berthold, Wildbad, Germany). The firefly luciferase activities
were normalized by reference to the activity of Renilla luciferase.

Keywords: bioconjugates gene technology nuclear

localization signal - nucleic acids - peptides
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Family
Bivalve Atrina rigida

Bat-Ami Gotliv,™ Naama Kessler,™ Jan L. Sumerel,® Daniel E. Morse,®

from the Prismatic Shell Matrix of the
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Almost all mineralized tissues contain proteins that are unusually
acidic. As they are also often intimately associated with the min-
eral phase, they are thought to fulfill important functions in con-
trolling mineral formation. Relatively little is known about these
important proteins, because their acidic nature causes technical
difficulties during purification and characterization procedures.
Much effort has been made to overcome these problems, particu-
larly in the study of mollusk-shell formation. To date about 16
proteins from mollusk-shell organic matrices have been se-
quenced, but only two are unusually rich in aspartic and gluta-
mic acids. Here we screened a cDNA library made from the
mMRNA of the shell-forming cells of a bivalve, Atrina rigida, using
probes for short Asp-containing repeat sequences, and identified
ten different proteins. Using more specific probes designed from
one subgroup of conserved sequences, we obtained the full se-
quences of a family of seven aspartic acid-rich proteins, which

Introduction

Unusually acidic macromolecules are components of the or-
ganic matrices of mineralized tissues from many different or-
ganisms.”™ The first such protein was discovered in vertebrate
dentin.” The acidic nature of these proteins, their intimate as-
sociation with the mineral phase and widespread distribution,
suggest that they fulfill key functions in the mineralization
process.”™® Aspartic and/or glutamic acid usually constitute be-
tween 30 and 40 mole percent of the matrix protein.’®?

There are few observations that indicate that the acidic pro-
teins are directly involved in controlling mineral formation."”
There is, however, a large literature on in vitro experiments
showing that these macromolecules are able to specifically
modulate mineral formation. Acidic proteins and peptides gen-
erally inhibit crystal nucleation and/or growth® when in so-
lution, and when adsorbed on a substrate they can induce
crystal formation."""'? Thus, certain acidic proteins interact se-
lectively in vitro with calcite crystal faces,"*' resulting in mod-
ifications in the shape of the growing crystal™ Once bound
to the surface, the proteins are overgrown by the crystal and
are occluded in the intracrystalline environment."® Their pres-
ence inside the crystals changes the mechanical properties of
the mineral."™” Acidic macromolecules are promoters or inhibi-
tors of calcium carbonate crystal formation and are also capa-
ble of controlling polymorph type.'®' Despite the in vitro evi-
dence showing that these molecules do potentially fulfill im-

304 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

we named “Asprich”; a subfamily of the unusually acidic shell-
matrix proteins. Polyclonal antibodies raised against a synthetic
peptide of the conserved acidicl domain of these proteins react-
ed specifically with the matrix components of the calcitic pris-
matic layer, but not with those of the aragonitic nacreous layer.
Thus the Asprich proteins are constituents of the prismatic layer
shell matrix. We can identify different domains within these se-
quences, including a signal peptide characteristic of proteins des-
tined for extracellular secretion, a conserved domain rich in as-
partic acid that contains a sequence very similar to the calcium-
binding domain of Calsequestrin, and another domain rich in as-
partic acid, that varies between the seven sequences. We also
identified a domain with DEAD repeats that may have Mg-bind-
ing capabilities. Although we do not know, as yet, the function of
these proteins, their generally conserved sequences do indicate
that they might well fulfill basic functions in shell formation.

portant functions in mineral formation, very little is known
about their primary structures, and almost nothing about their
secondary and tertiary structures.

Mollusk-shell organic matrices contain tens of different mac-
romolecules that are soluble after the mineral is removed, not
all of which are unusually acidic.? Quantitatively, the most
abundant protein constituents are the Asp-rich proteins.””
These can be fractionated by ion-exchange chromatography,
but until recently have been difficult to characterize by gel
electrophoresis because they readily diffuse out of the gel and
are not generally stained by Coomassie Blue."”

Some matrix proteins from mollusk shells have been se-
quenced."?* Most of the sequenced proteins contain blocks
of repeat sequences. This property most likely allows them to
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interact with either repetitive structures of other macromolecu-
lar constituents of the matrix or with the repeating motifs in
the crystal itself. Some structural motifs may tentatively be at-
tributed to certain functions, based on the available sequen-
ces.P%3 AG-rich proteins homologous to silk and C-rich hydro-
phobic proteins are most probably framework pro-
teins.2>#:3031 The (GN), motif, present in five sequences of
mollusk soluble proteins®*?*? may be a chitin-binding motif,
as it has homology to insect chitin-binding proteins. S-rich do-
mains, found in three mollusk-shell matrix proteins,?>?72>34 are
similar to those found in Sericin—a protein closely associated
with silk.*" They may thus have a silk-binding function. Two
proteins with proven carbonic anhydrase activity are most
probably involved in the modulation of carbonate ion
supply.”>? The basic domains present in three different pro-
teins clearly fulfill some as yet unknown key function.?>%7:3234
Some proteins, such as MSP1 and Lustrin, have multifunctional
domains'[22,27,34l

Only two mollusk-shell proteins that have been completely
sequenced to date are really acidic, namely MSP-12>3 and
Aspein.™ These proteins are rich in aspartic acid, and their pl's
are accordingly very low (pla3). Aspein is more acidic than
MSP-1 and also contains continuous runs of Asp residues. Both
proteins contain DXD or DXYD repeats of aspartic acid. These
repeat several times in the protein sequence. MSP-1 contains
two acidic domains with such repeats. Both domains share a
high degree of sequence similarity. The existence of acidic
repeat sequences in the mollusk-shell soluble proteins was first
predicted by Weiner and Hood,*? who used partial acid hy-
drolysis of matrix proteins to reveal the existence of (Asp-Y),
repeat sequences, where Y represents mainly serine or glycine.
Partial sequencing of matrix proteins suggested that polyas-
partic acid domains might be present.*?

We chose to study Atrina rigida because it is a large bivalve,
and the nacreous and the prismatic-shell layers can easily be
separated. Furthermore, the soluble organic-matrix fraction of
the aragonitic layer (nacre) contains 45 mol% acidic residues
(Asx + GIx)®" and the prismatic calcitic layer contains
53 mol% Asp and 11 mol% Glu.* Thus Asp-rich proteins are
major constituents of its organic matrix. Here we identified
and characterized a novel acidic protein subfamily at the RNA
level. Antibodies produced against synthetic peptides with
conserved sequence segments from the identified proteins
showed that these proteins are indeed constituents of the pris-
matic shell layer.

Results
The strategy

In order to isolate and characterize the primary sequences of
members of the Asp-rich family of proteins, we assumed that
the short Asp-containing repeat sequences were common and
therefore used appropriate oligonucleotides to screen the
cDNA library. The library was made from the mantles (the
organ responsible for shell formation) of Atrina rigida speci-
mens harvested during mid-summer, when growth, and,

ChemBioChem 2005, 6, 304-314 www.chembiochem.org
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hence, shell formation, is at a maximum.” The first screen
with PCR was broad and was performed with short degenerate
oligonucleotides that were designed according to the acidic
repeats in the two published mollusk-shell acidic-protein se-
quences.#*3 We then isolated a specific subgroup of cDNAs
encoding Asp-rich proteins, and used their conserved sequen-
ces as a probe for hybridization and fluorescent cDNA screen-
ing. Finally, we used polyclonal antibodies against synthetic
peptides derived from the sequences to show that these pro-
teins are components of the prismatic shell layer of Atrina.

Screening the Atrina cDNA library with short oligonucleo-
tides—PCR method

Two sets of sense primers encoding DDGSDD and DDGDDD
were designed. These degenerate sets contain oligonucleo-
tides of all the possible codons for each amino acid. Each set
was reacted separately against the antisense RNA polymerase
promoter sequence T3 located downstream from the multiple
cloning site of the Lambda zap vector. Numerous DNA frag-
ments resulted from each PCR reaction, and smear bands were
obtained on an agarose gel. Selection and isolation of the DNA
fragments were achieved by molecular cloning of the PCR
products.

About 300 clones were isolated, and each insert DNA was
sequenced. Sequence segments corresponding to either the
subcloning vector or to the Lambda zap vector were omitted.
Eleven different sequences were identified as sequences that
encode acidic proteins. One of these was similar to DNA bind-
ing proteins. None of the remaining ten sequences (Figure 1)
was found to have significant similarity to any protein in the
NCBI protein data bank.

Sequence 4 in Figure 1 shows unusual continuous repeats of
aspartic acid, which are rarely interrupted by other amino
acids. This sequence, containing 53.2 mol% aspartic acid, was
the most acidic deduced sequence identified at this stage of
the screening. Sequences 1 to 3 (Figure 1) have an average of
92% identity. The average calculated pl of these translated
proteins is 3.1. All three sequences contain identical hydropho-
bic domains prior to the acidic domain. The acidic domain con-
tains an average of 35.4 mol% aspartic acid (D) and 9.3 mol%
glutamic acid (E), separated by hydrophobic amino acids. The
remaining sequences, although all different, are unusually rich
in acidic residues.

Sequences 1, 2, and 3, although less acidic than sequence 4,
are highly conserved in their N-terminal region. The N-terminal
sequence is composed of a relatively hydrophic portion fol-
lowed by a rather basic sequence. We decided to take advant-
age of this unusual region and use these sequences for further
screening of the library.

Screening the Atrina cDNA library with a fluorescent probe

The DNA sequence encoding for the first 64 amino acids in the
identical domains of sequences 1 to 3 (Figure 1) was chosen to
be a probe for further cDNA screening (highlighted with gray
background in Figure 3, below).
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Figure 1. Clustal W multiple sequence alignment of the deduced unique proteins found by screening the Atrina rigida cDNA library by the PCR method. The black
squares indicate identical amino acids. The gray squares indicate similar amino acids. The numbers indicate amino acid residue positions. The dots are gaps, which
were opened to align the sequences. Sequences 1 to 3 were used to construct the DNA probe for the hybridization and cDNA fluorescent screening. Sequence 4 is

the most acidic sequence to be identified.

Seven DNA sequences encoding acidic proteins were found
(shown schematically in Figure 2). The DNA sequences are ho-
mologous and share similar domains. However, they vary in
length and are not identical; this shows that they are different
mMRNA products. The sequences were repeatedly checked by
using specific internal primers from both directions, and there-
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fore sequencing errors can be ruled out. The nucleotide se-
quences are different, especially, but not only, in the noncod-
ing regions (Figure 2 and the NCBI data base).

Six sequences are terminated by a poly-A tail. A search was
performed with an open-reading-frame finder program (NCBI
database). The right open reading frame was selected accord-

ChemBioChem 2005, 6, 304-314



www.chembiochem.org



Asprich

ATG TAG
| [~ 9A a)
4325
ATG TAG
18A b)
ATG TAG 7
. l— J—15A c)
985
ATG TAG
1?87 d)
ATG TAG
* ‘ 3034 ¢
ATG TAG
9A f
AT'G TAG 1202
9A
: - 7651 9

Figure 2. Comparison of Asprich DNA sequences isolated by hybridization and
fluorescent screening of the Atrina cDNA library. The solid lines indicate identi-
cal DNA sequences. The gaps within the sequences were opened in order to
align the identical domains to one another. Vertical lines mark the positions of
the ATG initiation codon and the TAG stop codon. The numbers under the solid
lines indicate the length of each sequence in bp. The numbers above the solid
lines indicate the poly-A regions.

ing to the poly-A tail direction. All seven sequences contain
open reading frames in the same domain. These DNA sequen-
ces encode acidic proteins that are highly homologous and
share identical domains (sequences a to g in Figure 3) flanked
by untranslated sequence regions. All the sequences encode a
stop codon prior to the open reading frame; this, together
with the poly-A region, implies that the complete deduced
protein has been located. The proteins have variable lengths
(209-244 amino acids) and a high degree of similarity. No N-
glycosylation sites were found. The sequences might, however,
contain O-glycosylation and phosphorylation sites. These need
to be validated by direct investigation.

Immunodetection of the deduced proteins in different shell
extracts

The cDNA library of Atrina rigida mantle cells includes sequen-
ces coding for many different functions. In order to determine
whether the isolated cDNAs encode extracellular proteins lo-
cated in the shell, two sets of polyclonal antibodies were
raised separately against two synthetic polypeptides. These
polypeptides were derived from the deduced protein se-
quence. One comprises the first 20 amino acids of the de-
duced proteins (MKGLAILIAIAALLAVSHPK), while the sequence
of the second follows the former (SLSDPSDDGGANDVADDVEA-
DAADL) and is much more acidic. The two sets of antibodies
were tested against either the nacre or the prismatic soluble
proteins extracted from the mollusk shell, and the specificity of
this interaction was detected by using ELISA. The deduced pro-
teins were only detected by the antibodies against the acidic
sequence in the prismatic-matrix proteins and not in the nacre-
ous-matrix proteins (Figure 4). Furthermore, no interaction was
detected between the antibodies raised against the first 20
amino acids in either the nacre proteins or the prismatic pro-
teins. We conclude that the deduced proteins are components

ChemBioChem 2005, 6, 304-314 www.chembiochem.org
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of the Atrina rigida prismatic-shell-layer organic matrix, and
that the first 20 amino acids are not a component of the ex-
pressed proteins in the shell. More specific identification of in-
dividual proteins, such as is routinely performed for nonacidic
proteins by Western blot, is most problematic (Albeck, PhD
thesis, unpublished) probably because these highly charged,
hydrophilic macromolecules freely diffuse out of SDS gels.?"

Discussion

Ten aspartic acid-rich proteins have been identified and their
amino acid sequences determined. Three sequences were only
determined by PCR and cDNA screening, and might be incom-
plete. Seven sequences, determined by hybridization and fluo-
rescent screening of the cDNA library, are complete. They have
molecular weights between 20 and 30 kDa, and are composed
of 51-61% acidic amino acids (39-50% D and 10-13% E).
They have highly homologous sequences, including sequences
with unusual continuous stretches of aspartic acid (Figure 3).
These seven proteins are present in the organic matrix of the
calcitic prismatic shell layer of the mollusk Atrina rigida. They
thus constitute a family of shell matrix proteins and are named
“Asprich (a-g)".

The Asprich proteins can arbitrarily be divided into six do-
mains, schematically represented in Figure 5.

The fact that one of the domains has a highly variable
sequence, suggests that the Asprich (a-g) family of proteins
might well be the products of alternative RNA splicing of the
same gene. The complete sequences of proteins 1-3 listed in
Figure 3 are not known as yet, and they differ from each other
and the Asprich family. Alternative RNA splicing might be very
common in the mollusk-shell proteins, since these proteins are
thought to be closely related to one another and to contain
variations of characteristic motifs.*

The N-terminal hydrophobic domain is present in all ten pro-
teins. It is predicted to be a signal peptide by SignalP server.*”"
The most likely cleavage site is between P19 and K20. The
signal peptide contains a core of 14 hydrophobic amino acids
preceded by a basic amino acid (K). This pattern, specifically lo-
cated at the N terminus, is common to other signal peptides
that direct proteins to the endoplasmic reticulum.***? More-
over, all the deduced proteins lack a targeting sequence at
their carboxyl terminus (KDEL or KKxx) that marks proteins des-
tined for retention in the endoplasmic reticulum. They are
therefore destined for transport to the Golgi and to be secret-
ed out of the cell. This is consistent with the extracellular loca-
tion of the mollusk-shell organic matrix. Our ELISA results
show that the signal peptide is not present in the extracellular
matrix proteins, as no interaction was detected between the
antibodies raised against the hydrophobic signal polypeptide
and the nacre proteins or the prismatic proteins. Interestingly,
the N-terminal signal peptide has significant similarity to that
found in Aspein (Figure 6B)™ one of the two acidic shell
matrix proteins identified to date.

The basic domain is thus the N-terminal part of the secreted
protein. No homology was found between this sequence and
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Figure 3. Multiple alignments among the deduced proteins identified by hybridization and fluorescent screening of the Atrina cDNA library (a-g) and PCR cDNA
screening (1-3). The translated probe sequence used for hybridization is marked with a gray background. Arrowheads show the borders between the different
domains, as described in the discussion (Figure 5). The putative calcium-binding domain identified by the alignment to Calsequestrin is underlined. The DEAD
domains are shown in bold. Asterisks indicate identical amino acids. The numbers indicate amino acid residue positions.

any known protein in several protein data bases (SwissProt,
Swall, PDB, PROSITE, NR). As this sequence is common to all
the deduced proteins, we can only surmise that it must have
an important function, possibly, but not necessarily, related to
directing the proteins to a specific region of the matrix.

The acidic domain is identical in all the Asprich proteins (but
not proteins 1-3). It is interesting that the sequence of this
domain is similar to Calsequestrin, a calcium-binding protein
from cardiac and skeletal muscle (Figure 6 A). Calsequestrin has
44% identity to the deduced proteins over a 66 amino acid
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Figure 4. Graphic presentation of the ELISA results. Each bar represents the
absorbance at 405 nm of the ELISA color reaction of two polyclonal antibody
mixtures, antiADL and antiHyd, on different substrates. ADL = acidic peptide
SLSDPSDDGGANDVADDVEADAADL from the acidic1 domain. Hyd = signal pep-
tide CMKGLAILIAIAALLAVSHPK. Hatched bars: the substrate was matrix protein
(10 ug) from the aragonitic nacreous layer of the Atrina rigida shell; neither
antibody reacted. Gray bars: the substrate was matrix protein from the calcitic
prismatic layer (10 ug); the acidic peptide gives a positive reaction. Black bar:
control reaction with substrate poly-D. Dotted bars: positive controls of anti-
ADL and antiHyd on the polypeptides ADL or Hyd. The strong positive reactions
indicate that the antibody titer is high. All antibodies were diluted 1:500 in PBS.
ELISA negative controls (not shown) were: 1) preimmune antibody, 2) no anti-
gen, 3) no antibody. The absorbance of all the controls was below 0.2.

region within the conserved acidic1 domain. When taking into
account all the amino acids of the same type, the similarity in
this region increases to 68%.°% The length of the D-rich region
of Calsequestrin is important for the Ca>*-binding capacity.®"
Unlike other calcium binding proteins, which bury calcium ions
in specific “pocket” motifs, Calsequestrin interacts with calcium
ions on its surface. These characteristics are well suited to the
acidic matrix proteins associated with mollusk shells, where
calcium-binding capacity is essential for building and interac-
tion with the mineral phase.

The variable acidic domain sequences differ in all seven of the
Asprich family members, although the last 14 amino acids are
conserved throughout. The presence of long stretches of poly-
D sequences in mollusk-shell-matrix proteins has been report-
ed based on protein-level sequencing.®?

The DEAD domain, which starts with an ASA triplet, is con-
served in all seven members of the Asprich family. The DEAD
motif is the most prominent feature in RNA helicases. It is
thought to play an important role in ATP binding or ATP hy-

drolysis. The first two negatively charged residues in the DEAD
region are important for Mg”*-coordinated ATP hydrolysis,
while the last aspartate plays a role in coupling ATPase and
helicase activities.®™ In helicases, the DEAD motif appears
once, while the Asprich proteins contain a sequence of four
DEAD repeats and one DEAD sequence in the acidicl domain.
Asprich proteins lack other typical features of the helicase
family, and thus are not suspected to have helicase activity. If,
however, the function of the DEAD motif is similar to that in
helicases, these proteins are capable of binding at least five
ATP molecules through Mg?*. The possible involvement of
Mg?* is in itself incredible, when considering that Mg has a
recognized, important, though not well-understood, function
in the deposition of calcium carbonate-based mineralized
tissues.>¥

The acidic part of Asprich (a-g), comprising acidic domains 1
and 2, the variable acidic domain, and the DEAD box domain,
accounts for 85-88% of the sequences. They have an overall
composition of 57-68% acidic amino acids (depending on the
variable length of the poly-D domain). It is therefore not sur-
prising that Asprich proteins were automatically identified by
the search in the different databases as being similar to other
proteins containing many acidic residues. The similarity howev-
er is limited to the high percentage of aspartic acid residues in
the sequence. Some of these acidic proteins are involved in
mineralization processes, such as dentin sialophosphoprotein,
DSPP**! bone sialoprotein-binding protein,*® the aspartic acid-
rich protein aspolin1 found in fish muscle,*” and Starmaker,*®
a protein associated with aragonite in zebrafish otoliths.

Aspein," the shell-matrix protein from the mollusk Pinctada
fucata, has 48.6 % identity to Asprich (b) over a 276 amino acid
overlap, comprising the whole Asprich (b) sequence and ap-
proximately 2/; of Aspein (Figure 6B). Besides the above-men-
tioned similarity in the signal-peptide region, Aspein contains
aspartic acid domains homologous to Asprich (b). Aspein, the
Asprich family, and MSP-1 were identified in different pterio-
morph bivalves (Pinctada fucata, Atrina rigida, and Patinopecten
yessoensis respectively). Interestingly, they are all present only
in the calcitic shell layers. No homology exists, however, be-
tween MSP1 and Asprich proteins. In particular, MSP1 does not
have poly-D domains, and its N-terminal hydrophobic pep-
tide®¥ is also different from those of Asprich and Aspein. This
indicates that, although there are extensive similarities in the
acidic proteins isolated from different bivalves, there are prob-
ably many different families that coexist in the prismatic layer,
presumably fulfilling different functions.

We can only speculate about the specific function of the As-
prich proteins. Some characteristics are, however, evident. The
acidic region is probably the functional part of the molecule in
terms of mineral formation. It is associated with calcium-bind-

N-hydrophobic  basic acidicl variable acidic (DEAD)« acidic2

Figure 5. Schematic diagram showing the six domains present in the Asprich family of proteins: N-hydrophobic (19 residues), basic (9 residues), acidic1 (consensus
sequence of 97 residues), variable acidic, DEAD domain (consensus 20 residues), acidic2 (consensus 25 residues) -C. The exact boundaries between these domains
are shown by arrowheads in Figure 3.
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A) 30 40 50 60 70 80
Asprich (b) FKRSLSDPSDDGGANDVADDVEADAADLEEDVDQDVDENDVDDEEDADDEADGGDDDASD
Calsequestrin QDNTDNPDLST TWIDPDDFPLLVPYWEKTFDTDLSAPQTGVVNVTDADSV- === ME
280 290 300 310 320
90 100 110 120 130 140
Asprich (b) GEDDDDGDSAFEDEDNGDDSGADDGEDDSADDDSEDDDDDDDDDDASDDDGDDDDDASDD
Calsequestrin MDDEEDLPSAEE LEDWLED-~VLEGE INTEDDDDEDDDDDDDD
330 340 350 360
B)
10 20 30 40
Asprich (b) MKGLATLIATAALLAVSHPKPVFKRS——————————————— LSDPSDDGGANDV-—-ADDV
Aspein MKGIATIMCLAALVAVSYTEPVADOTTNELGS SGAAAAGAVVSEPSDAGDAADAGDADAA
10 20 30 40 50 60
50 60 70 80 a0
Asprich (b) EADAADLEEDYDQDYDENDYDDEEDADDEADGGDDDAS D= -~ ~GEDDDDGDS AR - ~EDED
Aspein DADAADADADADADADNDDGDDDDDDDDD-DSGDDDSGDDDDS GDDDDSGDDDDSGDDDD
70 80 90 100 110
100 110 120 130 140 150
Asprich (b) NGDD--SGADDGEDDSADDDSEDDDDDDDDDDASDDDGDDDDDAS DDDDDDD-=DDDDDD
Aspein SGDDDDSGDDDGDDDSEDDDDSGODDSGDGDDGDSGDDDDDDDSGDDIDDDSGODDDDS
120 130 140 150 160 170
160 170 180 190 200 210
Asprich (b) DDDDDEDDDDDDDDDDDDDDDDDDDDD-~-DDDDDDDDNEEEDDGGDDDASADEADEADA
Aspein GDDDDGDSGDDDS GDDDGDDDDSGDDDSGDDDDSGDDDSGDDDDS GDDDSGDDESGDDDS
180 190 200 210 220 230
220 230 240
Asprich (b) - -DEADADEADADNDAADETDAADVGTEAEDVADDE
Aspein GDDDDSGDDDSGDDDSGDDGDDDDS GDD-DDSGDDDDSGDDDDDDDDSGDDDDGDSGDDD

240 250

260

270 280 290

Figure 6. Comparison between the deduced amino acid sequence of Asprich (b) and A) Calsequestrin and B) Aspein.!” Identical amino acids are indicated by double
dots and similar amino acids are indicated by single dots. The numbers indicate amino acid residue positions.

ing and possibly magnesium-binding activities. As noted, Asp-
rich proteins are associated with the prismatic layer of Atrina
shells, but not with the nacre. The proteins associated with the
prismatic layer are generally much more acidic then those of
nacre. In Atrina in particular, the total assemblage of proteins
and the intracrystalline proteins of the soluble matrix fraction
have a very acidic composition with more than 60% aspartic
and glutamic acid. This is similar to the Asprich family. The in-
tracrystalline proteins constitute only about 20% of the total
protein, but their compositions are very similar®? The intra-
crystalline proteins are mainly located on planes perpendicular
to the prism axes.” As each prism is a single crystal of calcite
with the c-axis oriented along the prism axis, this corresponds
to the intracrystalline proteins being in contact with the (001)
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plane of calcite. The (001) plane of calcite has a very character-
istic structure, with alternating calcium and carbonate layers,
such that an aspartic acid-rich protein interacting with these
planes is well positioned to have the carboxylate groups of as-
partic acid interacting with the calcium ions. The continuous
Asp-runs may affect both crystal nucleation and crystal
growth. It would in fact be very tempting to suggest that they
may be adsorbed on the (001) plane of a growing prism, and
then induce nucleation of a new crystallite domain.

It must be noted that the peptide injected for producing
the antibodies used in the immunoassay, had a sequence
taken from the acidicl domain. The immunoassay was nega-
tive for proteins extracted from nacre; this indicated that the
acidic1 domain, and thus Asprich, is absent in nacre. This does
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not mean, however, that proteins containing poly-D sequences
are necessarily absent in nacre.

It is interesting, although admittedly possibly coincidental,
that the only acidic proteins sequenced to date are all associat-
ed with calcite. This is even more peculiar when taking into ac-
count that most investigations on protein sequences concen-
trated on nacre or were motivated by attempts to understand
the proteins present in nacre.

Conclusion

The known properties of the acidic proteins indicate clearly
that they must fulfill key functions in controlling mineral depo-
sition, such as in calcium transport, establishment of calcium
carbonate supersaturation, crystal nucleation, orientation, and
modulation of shape. How these functions are fulfilled by indi-
vidual proteins, is not clear. With the addition of seven new se-
quences, the challenge is to elucidate the structure-function
relationships and identify the in vivo locations of these pro-
teins in relation to the forming crystal. In contrast to many
other proteins that have “sequences in search of a function”,
we are confronted here with “functions in search of a protein”.

Experimental Section

General materials and equipment: DNA fragments were se-
quenced at the Weizmann Institute (WIS) DNA sequencing unit,
which utilizes the BigDye Terminator Cycle Sequencing Kit from
Applied Biosystems. Most primers for PCR and sequencing, NaCl,
NaOH, Tris-HCl, Na-citrate-2H,0, CaCl,, Tween 20 (Polyoxyethylene
sorbitan monolaurate), gelatin, and EDTA were from Sigma-Aldrich
(Rehovot, Israel). Sequencing primers for T3, T7, and SP6 were sup-
plied by the DNA sequencing unit (Biological services, WIS). Pri-
mers were designed and analyzed by using the Oligo-4 program.
All PCR reactions were performed with Agarosel biotechnology
grade, which was from Amresco (Solon, Ohio, USA). Low DNA mass
ladder standard was from Invitrogen (Carlsbad, CA, USA). Uncut
Lambda DNA standard was from New England Biolabs (Beverly,
MA, USA). IPTG and X-Gal were from Fermentas GmbH (Germany).
Plasmid DNA quantity was determined by using a micro (capillary)
spectrophotometer (DNA sequencing unit, WIS). Plaque-lifting
membranes, circles Nytran N 82 mm 0.45 um, were from Schleicher
and Schuell (Dassel, Germany). Hybridization was performed on
Promega TermoHYBAID roller bottle and hybridization oven (Madi-
son, WI, USA). ExAssist helper phage with SOLR strain was from
Stratagene (West Cedar Creek, TX, USA). Activated BSA (bovine
serum albumin), KLA and IgG purification kit were from Pierce
(Rockford, IL, USA). PBS (Dulbecco’s phosphate buffered saline),
secondary antibody, alkaline phosphatase conjugated goat-anti-
rabbit IgG, and p-nitrophenylphosphate were purchased from
Jakson Immunoresearch (West Grove, PA, USA).

cDNA library construction: The average growth rates of Atrina
rigida in Florida bay are highest during July-September.®” There-
fore, fresh Atrina rigida bivalves were collected in August at Fort
Pierce, Florida. The mantle cells were isolated and snap frozen in
liquid nitrogen. The cells were shipped to Stratagene on dry ice.
Poly-A 4+ mRNA was purified with oligo(dT) and random primers.
The cDNA library was cloned in a Lambda Zap Il vector. The insert
sizes ranged between 0.6-2.5 kb.
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Purification of lambda DNA- preparation of template DNA for
the PCR cDNA screening: After infection of Escherichia coli XL1-
Blue MRF’ (Stratagene) with 270000 pfu (plaque-forming units) of
lambda phage, the cells were plated and grown at 37°C overnight.
The plates were overlaid with SM buffer (3.5 mL; 50 mm Tris, pH 8,
0.01% gelatin, 100 mm NaCl, 10 mm Mg,Cl,). The covered plates,
sealed with Parafilm, were incubated at room temperature for 3 h.
The SM buffer was then removed to sterile 50 mL polypropylene
tubes. Chloroform (1/50 volume) was added and mixed in by
vortex. The tube was incubated at room temperature for 10 min.
The phage DNA was further isolated and purified by high pureTM
lambda isolation kit (Roche Molecular Biochemicals, Mannheim,
Germany). The purified DNA was examined in 0.4% agarose gels
and compared to uncut Lambda DNA standard.

Screening the Atrina cDNA library with PCR: The Atrina rigida
cDNA library was screened by PCR. Amplification was performed
with Expand High Fidelity enzyme (Roche Molecular Biochemicals,
Mannheim, Germany) in an automated thermal gradient cycler by
using cycles of 4 min incubation at 94°C; 30X (1 min incubation at
94°C, 2 min incubation at 52.5°C with gradient of G=7.5°C, 3 min
incubation at 72°C); 7 min incubation at 72°C. Four sets of degen-
erate primers were designed (Figure 7). Each set was reacted sepa-
rately against T3 primer, ATTAACCCTCACTAAAGG.

Set 1: Degenerate primers encoding DDGSDD, sense direction:

1.5'- GAT GAY GGN AGY GAY GAY - 3' 64 different primers
2.5'- GAT GAY GGN TCN GAY GAY - 3' 128 different primers

Set 2: Degenerate primers encoding DDGSDD, antisense direction:

1.5'-RTC RTC RTC NCC RTC ATC - 3' 64 different primers
2.5'- RTC RTC NGA NCC RTC ATC - 3' 128 different primers

Set 3: Degenerate primers encoding DDGDDD, sense direction:

5'- GAT GAY GGN GAY GAY GAY - 3' 64 different primers

Set 4: Degenerate primers encoding DDGDDD, antisense direction:
5'-RTC RTC RTC NCC RTC RTC - 8' 64 different primers
Where: Y=CorT,N=A,G,CorT,R=Aor G.

Figure 7. Degenerate primer sets used to screen the Atrina rigida cDNA library
with PCR. The two primers in set 1 were mixed and interacted as one degener-
ate primer against T3, as were the primers in set 2.

The concentration of the purified lambda DNA in all the experi-
ments was 50 ng per 50 uL solution. All reactions were performed
at two annealing temperatures (57.5 and 60.1°C). Six sets of reac-
tion were performed for each degenerate primer. In four of them,
the T3 primer concentration was 25 pmol per 50 pL solution and
the degenerate primers were in variable concentrations (25, 50,
100, and 200 pmol, 50 pL). In the other two reactions, the T3 con-
centration was 10 pmol per 50 pL and the degenerate primer con-
centrations were 25 or 100 pmol per 50 pL. The PCR products were
examined in 2% agarose gels and compared to a low DNA mass
ladder standard.

cDNA cloning and sequencing: The PCR products were cloned in
a pGEM®-T Easy vector system (Promega, Madison, WI, USA). Posi-
tive clones, which contain insert DNA were identified as white col-

31



www.chembiochem.org



BIO

onies on LB agar plates containing IPTG and X-Gal in contrast to
the blue colonies, which did not contain insert DNA. The plasmid
DNA was purified by QlAprep® miniprep kit (Qiagen, Valencia, CA,
USA). The DNA was examined in 1% agarose gel and compared to
DNA mass ladder standard. The plasmid DNA was sequenced by
using SP6 primer, CCAAGCTATTTAGGTGACAC. Each DNA sequence
was screened with VecScreen program, which is part of the NCBI
WWW BLAST server. After the vector sequence had been excluded,
the insert sequence was copied to SeqEd editor (Wisconsin pack-
age), and six-frame translation was performed on Map program
(Wisconsin package). Multiple alignments were performed with the
CLUSTALW (1.82) program and viewed with the PrettyBox pro-
gram. Protein analysis was performed with PEPTIDESORT program.
Only one continuous frame, which does not contain a stop codon
in the middle and includes the original primer sequence (encoding
either DDGSDD or DDGDDD), was chosen to be the representative
frame.

Labeling DNA probe for fluorescence screening of Atrina cDNA
library: Atrina cDNA fluorescent screening was performed with the
DIG-dUTP system. The PCR DIG probe synthesis kit, DIG wash and
block buffer set, DIG easy hyb granules, Anti-Digoxigenin-AP Fab
fragments, and CDP-star reagents were purchased from Roche
Molecular Biochemicals (Mannheim, Germany).

Probe labeling with DIG-dUTP was performed in two steps with
PCR. In the first step the DNA fragment was amplified in the ab-
sence of DIG-dUTP. The template DNA was the DNA sequence,
which encodes to sequence 1 in Figure 1 (50 ng, 50 pL). The specif-
ic primers were: CATCATCGACATCATTTTCATCTA and AACATGA-
AGGGGTTAGCCATTTT. Amplification was performed with Expand
High Fidelity enzyme in an automated thermal gradient cycler by
using cycles of 2 min incubation at 95°C; 10x (30 s incubation at
95°C, 30s incubation at 62-0.3°C per cycle, 40 s incubation at
72°C); 20x (30 s incubation at 95°C, 30 s incubation at 59°C, 40 s
incubation at 72°C), 7 min incubation at 72°C. The PCR product
was observed in 3% agarose gel and compared to low DNA mass
ladder standard. At the second step the PCR reaction was per-
formed on the PCR product of the first step (10 pg, 50 pL) with the
same primers, but in the presence of PCR DIG labeling mix. The
PCR conditions were the same as the first step. As a control, the
second-step PCR reaction was performed in the absence of DIG-
dUTP. This control product was sequenced to verify the probe
sequence.

Plaque lifts: After infection of E. coli XL1-Blue MRF" with 3000 pfu
of lambda phage, the cells were plated and grown at 37°C over-
night. The plates were then incubated for 2 h at 4°C. Transfer
membranes marked with three asymmetrical dots were placed on
each plate for 1 min. A second control membrane, marked at the
same position, was placed on the same plate for 2 min. The mem-
branes were incubated in denaturation solution (100 mL, 1.5m
NaCl, 0.5m NaOH) for 3 min, transferred to neutralizing solution
(100 mL, 1.5m NaCl, 0.5m Tris-HCl, pH 7.5) for 5 min, and then incu-
bated in 2xSSC solution (100 mL, 0.3m NaCl, 0.03m Na-citrate-
2H,0) for 30s. The membranes were cross-linked on cross-linker
DNA and then air-dried.

Plaque hybridization: The plaque-lift membranes were incubated
in prewash solution (0.75m NaCl, 75 mm Na-citrate-2H,0, 0.5%
SDS, and 1 mm EDTA, pH 8) for 1 h at 42°C with shaking. They
were then placed in a 24 cm hybridization roller bottle (Termo-
HYBAID) containing hybridization solution (10 mL). Each bottle
contained up to 10 membranes. The roller bottles were incubated
(4 h, 42°C) in a hybridization oven (TermoHYBAID) with rolling. The
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hybridization solution was changed after 2 h. The DNA probe
(25 ngmL™', 10 mL hybridization solution) was incubated at 95°C
(3 min) and then on ice (1 min). This probe was added to the hy-
bridization bottles and incubated while rolling overnight at 42°C
in the hybridization oven. The hybridization solution was discarded
and pre-warmed (42°C) low-stringency solution (30 mL; 0.3 m Nadl,
0.03 M Na-citrate:2H,0, 0.1% SDS) was added to the rolling bottles
for 5 min incubation. This step was repeated once more. The mem-
branes were placed on prewarmed (62 °C) high-stringency solution
(200 mL; 30 mm NaCl, 3 mm Na-citrate:2H,0, 0.1% SDS) for 1 h in-
cubation at 62°C with shaking. This step was repeated once more.

A 192 bp DNA probe was amplified by PCR in the presence of DIG-
dUTP. This labeled probe was hybridized to Atrina cDNA inserted in
the Lambda phage plaques and visualized with a chemilumines-
cence substrate, which when dephosphorylated leads to light
emission recorded on X-ray film. The phage plaques containing hy-
bridized cDNA, were isolated and hybridized again to the labeled
probe. Plaque isolation and hybridization processes were repeated
until single plaques were detected. Their insert DNA was then ex-
cised and sequenced.

Probe detection: The hybridization membranes were incubated
with blocking buffer (30 min). Each membrane, with the agar side
facing down, was incubated with DIG antibody (3 mL, 30 min),
then twice in washing buffer (15 min each) and then in detection
buffer (5 min). The membranes were incubated with the chemilu-
minescent substrate CPD star (500 uL, 15 min, 37°C) and then
transferred in the dark to a cassette (JPI) containing X-ray film
(35X43 cm) for 10 min incubation. The film was developed on a
Kodak M35 X-OMAT processor. The spots obtained in each mem-
brane were compared to the second hybridized control membrane,
and the spatially separated dots were identified relative to the
original plaques. The hybridized plaques were identified and isolat-
ed. These plaques were used for the second hybridization and fluo-
rescent detection. The resulting positive plaques were continued
to the third hybridization and fluorescent detection until a single
plaque was isolated.

DNA excision and sequencing: The pBluscript SK(—) phagemid
was excised from the Lambda zap Il vector by using ExAssist helper
phage with SOLR strain. These plasmid-DNA inserted sequences
were determined by backward and forward sequencing with T3
GCGCAATTAACCCTCACTAAAG and T7 TAATACGACTCACTATAGGG
primers. These sequences were then completed by sequencing
with specific internal primers compatible to each sequence.

DNA sequence analysis: The vector sequences were determined
by using the VecScreen program (NCBI WWW BLAST). These se-
quences were then omitted, and the unique inserts were analyzed
by using SequencherTM 4.1 program. This program aligns all the
sequences and gathers the homologous sequences into subgroups
according to their similar domains. Six-frame translation of the se-
quences was performed by using the MAP program (Wisconsin
package). Protein multiple alignments were performed with the
CLUSTALW (1.82) program and viewed with the PrettyBox pro-
gram. Signal-peptide prediction was performed with the SignalP
program  (http://www.cbs.dtu.dk/services/SignalP/).  Database
searches for homologous sequences were performed by using
SwissProt, Swall, PROSITE, NR web databases (ExPASy Molecular
Biology Server of the Swiss Institute of Bioinformatics) and the PDB
website.

Synthetic polypeptides: CMKGLAILIAIAALLAVSHPK denominated
Hyd and CSLSDPSDDGGANDVADDVEADAADL denominated ADL
were synthesized by using an APEX396 Multiple Peptides Synthe-
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sizer (Advanced Chemtech, Louisville, KY, USA). The peptides were
conjugated to BSA prior to producing polyclonal antibodies in
order to stimulate an immune response after the injection to rab-
bits. The same peptides were conjugated to KLH (keyhole limpet
hemocyanin) for binding to a polystyrene dish for ELISA detection.

Polyclonal antibodies against the synthetic polypeptide: Polyclo-
nal antibodies were produced according to the following proce-
dure. New Zealand rabbits (3 months old) were injected subcuta-
neously with synthetic polypeptide (100 pug) conjugated to BSA in
complete Freund's adjuvant. 3 weeks later they were boosted sub-
cutaneously with antigen (100 pg) in incomplete adjuvant, and 3
weeks after that boosted intermuscularly with antigen in PBS
(100 ng). The rabbits were bled 10 days later. The presence of anti-
gen was tested. Two boosts were given in PBS at 3 weeks intervals
and bled 10 days later. These experiments conformed to the US
National Institures of Health ethical guidelines.

The specificity of the polyclonal antibodies was tested with ELISA
in which the synthetic polypeptide conjugated to KLH (25 pg) was
treated with diluted antibodies (1:100, 1:300, 1:600, 1:900). The
specific ELISA conditions and controls are as described below. The
antibodies and the preimmune serum were purified by using Im-
munopure (G) IgG purification kit (Pierce, Rockford, IL, USA).

Enzyme linked immunosorbent assay (ELISA): Soluble proteins
were extracted either from the nacreous aragonitic layer or from
the prismatic calcitic layer of the shell of the mollusk Atrina rigida
by using an ion-exchange resin for dissolution of the mineral as
describe elsewhere.”" The proteins were diluted in PBS (containing
magnesium and calcium) and incubated in a 96-well multidish
overnight (10 ug, 0.1 mL per well, 4°C). Protein concentrations
were based on amino acid analysis. Note that the OD of the anti-
body solution was 1.0, and that when 5 pg of protein was used, no
significant reaction was obtained. The unbound proteins were re-
moved by washing three times with PBS and Tween 20 (0.05%, v/v,
3 min). The wells were then incubated with 0.5% (w/v) gelatin for
1 h to block the exposed region. Purified antibodies diluted in PBS
(1:500) were applied to each well (0.1 mL per well), incubated for
1 h, and then washed (x3, 3 min) with PBS and Tween 20 (0.05%,
v/v). The secondary antibody, alkaline phosphatase conjugated
goat-anti-rabbit IgG diluted 1:1000 in PBS and Tween 20 (0.05%,
v/v) was applied to each well (0.1 mL per well) and incubated for
1 h. The unbound secondary antibody was washed (3x, 3 min)
with PBS and Tween 20 (0.05%, v/v). For the standard color reac-
tion, p-nitrophenylphosphate was dissolved at 1 mgmL™' in sub-
strate buffer (10% triethanolamine buffer, pH 9.8, containing
0.01% MgCl, and 0.02% NaN,) and incubated (0.1 mL per well) for
30 min. The color reaction was stopped by EDTA (0.1 m, 0.1 mL per
well). Absorbance was measured at 405 nm with a Spectrafluor
Plus fluorometer (TECAN, Switzerland). Negative controls were:
1) The pre-immune serum (diluted 1:500), 2) no antigen, 3) no anti-
body. Positive controls were: ADL synthetic polypeptide conjugat-
ed to KLH (25 pg) interacted with antiADL polyclonal antibodies
(diluted 1:500) and Hyd synthetic polypeptide conjugated to KLH
(25 pg) interacted with the antiHyd polyclonal antibodies (diluted
1:500)

The nucleotide sequences of Asprich (a) to (g) and Asprich 1 to 3
were submitted to NCBI GenBank. The accession numbers are:
AY660589, AY660590, AY660591, AY660592, AY660593, AY660594,
AY660595, AY660596, AY660597, and AY660598.
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Selection of an Active Enzyme by Phage Display
on the Basis of the Enzyme’s Catalytic Activity

in vivo

Satoshi Fujita,” ' Takashi Taki,”* and Kazunari Taira*® "

We have developed a novel phage display method based on cat-
alytic activity for the in vivo selection of an enzyme. To confirm
the validity of our method and to demonstrate its potential utili-
ty, we used biotin protein ligase (BPL) from Escherichia coli as a
model enzyme. We were able to demonstrate the potential value
of our method by selective enrichment for the birA gene, which
encodes BPL, in a mixed library. The presented method for in vivo

Introduction

The increasing demand for enzymes for medical, pharmaceuti-
cal, chemical, biological, and industrial applications has gener-
ated considerable interest in the engineering of enzymes with
novel properties. Moreover, there is a demand for methods
that allow for the in vivo selection of enzymes on the basis of
their intracellular activities, which can be used for the elucida-
tion of protein—protein interactions and the characterization of
as yet unknown intracellular networks of enzymes. Develop-
ment of artificial enzymes, the identification of novel enzymes,
the analysis of unknown enzymes, and the in vivo characteriza-
tion of intracellular networks of enzymes are also attractive
goals from the perspective of molecular evolution.

Several basic approaches exist for the engineering of pro-
teins. Specific mutations can be introduced at predetermined
sites within a protein."™® Alternatively, introduction of random
mutations can be followed by in vivo or in vitro selection, and
many variants can be assayed cheaply and rapidly.*® The
main advantage of in vivo methods of selection is that the
properties of the selected proteins reflect the cellular environ-
ment. However, the diversity of sequence libraries is limited by
the efficiency of transformation and by the nature of the pro-
tein in question, in particular, for housekeeping proteins and/
or when over-expression is associated with intracellular toxici-
ty.” The main advantage of selection in vitro is that the diver-
sity of protein libraries is larger than can be achieved by in
vivo selection, although the activity of the selected protein in
the cellular environment is not necessarily guaranteed.” %

Phage display is a powerful method for in vitro selection of
functional proteins, including enzymes, from a random or com-
binatorial library with more than 10° different members.*® The
selection of proteins by their display on the surface of phage
molecules, which is based on binding activity, has been well
documented; however, the selection of enzymes on the basis
of catalytic activity is significantly more difficult"® since, for
example, reaction products diffuse from the reaction site
(Figure 1) and the properties of the displayed enzyme remain

ChemBioChem 2005, 6, 315-321 DOI: 10.1002/cbic.200400215

selection should allow selection of various enzymes that catalyze
modification of peptides or proteins, such as protein ligase, ace-
tylase, kinase, phosphatase, ubiquitinase, and protease (including
caspase). The method should be useful in efforts to analyze
mechanisms of signal transduction, to find unidentified enzymes
encoded by cDNA libraries, and to exploit artificial enzymes.

the same before and after the catalytic event. One way to
solve this problem is to select the enzyme, which is displayed
on a phage, by binding to a suicide inhibitor""¥ or to a transi-
tion-state analogue that is connected covalently to a solid sup-
port (see Figure 2A)."*"® However, binding to such an ana-
logue does not necessarily guarantee a perfect correlation
with the catalytic activity of the enzyme.!>"”

Other methods have also been developed®?" that correlate
the activity of a displayed enzyme with the specific binding of
the product to a solid support by linking the product to the
enzyme either directly or indirectly (Figure 2B). The enzyme is
linked to its product by a strategy that makes use of a part of
the substrate or product that has strong affinity for a part of
the displayed enzyme (noncovalent connection between part
of the enzyme and its substrate; see Figure 2B). Such a
method allows direct selection for catalysis and does not re-
quire any knowledge of the structure of the transition state or
of the mechanism of catalysis.'"!

We have developed a novel system that allows the in vivo
selection of a catalytically active enzyme. Bothmann and Pluick-
thun selected an active chaperone in vivo using phage display.
In their system, misfolded scFv was converted to the correctly
folded form by the action of the chaperone.”® Potential sub-
strates, displayed on a phage, that can be labeled with biotin
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Figure 1. In vitro selection of enzymes by using phage display. The various steps are described as follows: 1) Phagemid carrying an enzyme library is introduced
into E. coli. 2) and 3) A pool of phages that display the enzyme is generated by infection of the host cell with helper phage. 4) Enzyme selection on the basis of its
catalytic activity is difficult since, for example, reaction products diffuse away from the enzyme after catalysis. 5) Selected phage is used to infect E. coli, and the

cycle of amplification and selection is repeated. P=promoter site.

have also been selected in vivo by a phage display system.?”

In our system for in vivo selection of active enzymes, substrate-
and enzyme-coding DNA are both introduced into Escherichia
coli (Figure 3). An engineered M13 filamentous phage, namely
the substrate-displaying phage, in which the DNA sequence
that encodes the substrate has been fused upstream of gene lll
(g3) is used to infect E. coli. The E. coli harbors a phagemid
with a DNA sequence library that encodes proteins (protein li-
brary). In the host-cell cytoplasm, the substrate that is fused to
the gene Il protein (g3p) is converted to the product if a pro-
tein encoded by the library catalyzes the appropriate reac-
tion.” Then, the product, which is fused to g3p, is displayed
on the surface of the phagemid-phage. When the phagemid-
phages are selected on the basis of product affinity, it is possi-
ble to isolate those that have packaged the genome that en-
codes the protein with catalytic activity. The cycle of amplifica-
tion and selection can be repeated with the selected phage-
mid-phage.

Our novel method for selection of enzymes has the advan-
tages of protein selection both in vivo and in vitro. The proper-
ties of the selected enzyme reflect the cellular environment be-
cause the enzyme catalyzes the reaction in the cell. Moreover,
because the phage display method is used, the diversity of
protein libraries is larger than that associated with other in
vivo methods. Finally, the size of the enzyme is not a limiting
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factor, because as it acts in the E. coli cytoplasm, it is not
displayed on the surface of the phage.

Results

Construction of a system for the selection of an active
biotin protein ligase (BPL) in vivo by using phage display

The goal of this study was to establish a method for the selec-
tion of enzymes on the basis of their catalytic activity in vivo
by using phage display. To confirm the validity and potential
utility of the method that we have developed, we used E. coli
BPL as a model enzyme (Figure 3).”"* BPL catalyzes the for-
mation of biotinyl-5"-adenylate from biotin and ATP, and trans-
fers biotin to a specific lysine residue on the biotin carboxyl
carrier protein (BCCP), which is a subunit of acetyl-CoA carbox-
ylase. The biotinylation reaction is highly specific and only
biotin-dependent carboxylases, including acetyl-CoA carboxyl-
ase, serve as substrates in vivo.?*3"

Firstly, for the infection of phages into cells, we generated
the E. coli strain BM4062F’, which we produced by introducing
an F’ plasmid (tet') into BM4062 cells that harbor a tempera-
ture-sensitive birA gene as a result of an Arg235Cys point mu-
tation.”’?>34 The generated BM4062F’ cells have both F’ plas-
mid and the endogenous mutant birA gene that expresses

ChemBioChem 2005, 6, 315-321
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Figure 2. A) The selection of an enzyme displayed on phage by chemical link-
age to a suicide inhibitor or to a transition-state analogue that is covalently
connected to a solid support. B) Selection of an enzyme by display of both
enzyme and substrate on phage.

mutant BPL. The mutant BPL has very low activity at 37°C and
requires a high concentration of biotin for the biotinylation re-
action.

The enzyme-coding phagemid, pTVBirA, that we prepared
carried the birA gene. For the negative-control phagemid,
pTVlacZa, we replaced the birA gene of pTVBirA by the lacZa
gene, the product of which is the a-peptide derived from f3-
galactosidase. Both pTVBirA and pTVlacZa carried an ampicil-
lin-resistance gene (amp’) and included the origin of replica-

ChemBioChem 2005, 6, 315-321  www.chembiochem.org
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tion of the pUC plasmid. The levels of expression of the birA
and lacZa genes were regulated by the lactose promoter (P,,)
and the lactose operator (lacO), so that both genes were indu-
cible by isopropyl-1-thio-f3-p-galactoside (IPTG).

We prepared M13KE-Btag-phage as the substrate-encoding
phage, since a 14-residue peptide, the biotin-tag-peptide
(Btag), was recently identified by combinatorial methods as
the minimum sequence required by the E. coli BPL®¥ M13KE-
Btag-phage was a simple derivative of M13KE, in which the se-
quence that encodes Btag had been introduced between the
signal sequence and the 5 end of g3. We anticipated that
Btag, when fused to the amino terminus of g3p and thus
giving rise to the Btag-g3p fusion protein, would be incorpo-
rated into the phage capsid (Figure 3).

In this study, as mentioned above, we used E. coli BM4062F’
as the host for selection because repression of the activity of
endogenous BPL is necessary to minimize background biotin-
ylation of Btag. E. coli BM4062F was transformed with either
pTVBIirA or pTVlacZa, and then host cells were incubated in
LB medium with biotin, ampicillin, and tetracycline. Then the
pTVBirA- or pTVlacZo-harboring cells were infected with
M13KE-Btag-phage, and incubation was continued.

We anticipated that the Btag-g3p fusion protein, expressed
from the genome of the M13KE-Btag-phage, should be labeled
with biotin if, and only if, active BPL had successfully catalyzed
biotinylation in the host cells. In theory, the progeny phage-
mid-phages that have packaged the pTVBirA genome
(pTVBirA-phage) and the progeny phages that have packaged
M13KE-Btag should both display the biotinylated Btag-g3p
fusion protein, but only the former should include the genetic
information for synthesis of the enzyme. In practice, both the
avidin-bound biotinylated-pTVBirA phage and the avidin-
bound biotinylated-M13KE-Btag-phage were collected and
used to reinfect host cells (step 6 in Figure 3). However, only
host cells infected with biotinylated pTVBirA-phage were able
to survive on plates prepared with ampicillin because only the
pTVBirA-phage carried the amp’ gene. This phenomenon al-
lowed for selection based on the catalytic activity of BPL.

Confirmation of in vivo biotinylation of Btag

To confirm the in vivo biotinylation of Btag that was displayed
on phagemid-phage under the above-described conditions,
we infected E. coli BM4062F’ that harbored either pTVBirA or
pTVlacZa, or a mixture of E. coli that harbored either of the
phagemids at a ratio of 1:1 or 1:10, with M13KE-Btag-phage
(steps 1 and 2 in Figure 3). In this study, biotinylation of phage-
mid-phage was carried out at a “leaky” level of BPL and biotin
normally present in commercial LB medium, without further
addition of biotin (see Supporting Information and Figure S1).
We purified the mixture of each secreted phagemid-phage and
phage after incubation at 37°C for 4.5 h or at 30°C for 16 h. In
the case of E. coli that harbored pTVBirA, we anticipated that
both biotinylated phagemid-phage particles, which included
the birA gene, and biotinylated phage particles, which included
the gene for the substrate, would be secreted by the host cells
(step 3 in Figure 3). Similarly, in the case of host cells that har-
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Figure 3. Schematic representation of the in vivo selection system for an enzyme on the basis of catalytic activity by using phage display. The steps for the selection
of BPL from a pool that contains BPL and a-peptide, derived from B-galactosidase, are as follows. 1) A library containing phagemids that include the birA gene or
the lacZa. gene is introduced into E. coli BM4062F host cells. 2) The host cells are then infected with M13KE-Btag-phage. 3) A mixture of phagemid-phage and
phage that display the Btag peptide is generated. If BPL is expressed in E. coli, Btag is biotinylated. 4) Biotinylated phage particles are captured on avidin resin. 5)
and 6) After washing, phage particles that have bound to the resin are used to infect E. coli and the cycle of amplification and selection is repeated. P=promoter

site.

bored pTVlacZa, both phagemid-phage particles that included
the lacZa gene and phage particles that included the gene for
the substrate would be secreted without biotinylation from
the cells. Thus, we reasoned that, in the case of a mixture of
E. coli cells that harbored pTVBirA and pTVlacZa, four kinds of
particle would be secreted: biotinylated phagemid-phage, bio-
tinylated phage, phagemid phage-without biotinylation, and
phage without biotinylation (step 3 in Figure 3). Titers of
phage and phagemid-phage particles could be determined
after purification by counting plaques and colonies, respective-
ly.

To confirm the efficiency of in vivo biotinylation of Btag, we
mixed each purified sample of 10° phagemid-phages with Soft-
Link™ soft-release avidin resin, which carries immobilized mon-
omeric avidin that binds to biotin with a K; of 107"m and
allows the elution of biotinylated phage under mild conditions,
for example, by the addition of biotin as a competitor (steps
4-5 in Figure 3). As a control for measurement of background
levels, we treated the resin with excess biotin prior to the addi-
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tion of the purified sample so that even biotinylated phage
would not bind to the resin (black bars in Figure 4A and B).
The material that had bound to the resin, which included
phagemid-phage, was eluted by a solution of biotin (step 5 in
Figure 3), and the eluate was mixed with E. coli ER2738 for in-
fection by phagemid-phage (step 6 in Figure 3). The cells were
then plated on agar-solidified LB medium that contained ampi-
cillin and tetracycline. Since the cells, which carried the tet’
gene, had been infected with phagemid that included the
amp’ gene, they were able to survive on such plates. We were
then able to monitor the recovery efficiency of each
phagemid-phage by counting colonies. Our results revealed
that at either 37°C or 30°C, the number of ER2738 colonies in-
fected with pTVBirA-phage was six to ninefold higher than
that of ER2738 cells infected with pTVlacZa. (Figure 4A and B).
At 37°C, 17% of the pTVBirA-phages was recovered from
the resin, whereas only 2% (12 % relative to pTVBirA-phage) of
pTVlacZa-phages was recovered, as shown by shaded bars in
Figure 4A. The efficiency of isolation of pTVlacZa-phages was

ChemBioChem 2005, 6, 315-321



www.chembiochem.org



Enzyme Selection by Phage Display in vivo

A) @

~,

b

E‘ [[] Selected phages (-Biotin)

o 100 [l Background (+Biotin) =

=)

E so |4

[=1]

L]

-

2 60 H

[=]

g

= 40 4

[=]

L]

g

s 20 4

[

T

g o - rh -
é‘*‘v y & S
2 N & S
) é\ & §

37°C
B) &

@

% [ Selected phages (-Biotin)

-5_ 100 B Background (+Biotin) B

B2

E 80 |-

o —

o

=

a 60 |-

©

[

e 40 4

g

& 20 |-

=

= lJ:l-__-j_

o 0

= A > 8
& & F F

o
Q e § &
30°c

Figure 4. The efficiency of recovery of individual phagemid-phage. Results are
averages from two or three independent experiments. E. coli BM4062F' that
harbored pTVBIrA, pTVlacZa, or pTVBIirA and pTVlacZa. at a ratio of 1:1 or 1:10
were infected with M13KE-Btag-phage. After incubation at 37°C for 4.5 h or at
30°C for 16 h, released phage particles were purified and allowed to bind to
avidin resin. The numbers of phagemid-phages are indicated in relation to the
number of pTVBirA-phages. A) Relative recovery of phagemid-phages at 37°C.
The recovered pTVBirA-phages were 16.7 % of the total input. B) Relative recov-
ery of phagemid-phages at 30°C. The recovered pTVBirA-phages were 12.3 % of
the total input.

higher than the efficiency of the nonspecific binding of pTVlac-
Za-phages to the resin after prior treatment of the resin with
excess biotin (black bars in Figure 4A and B). Thus, it is likely
that some pTVlacZa-phages had been biotinylated by endoge-
nous BPL even though we had used E. coli BM4062F" cells as
host. We anticipated that, when we mixed E. coli cells that har-
bored pTVBIirA or pTVlacZa at a ratio of 1:1 and 1:10, the re-
covery of phagemid-phages compared to the recovery of
pTVBirA-phages, which were generated from E. coli cells that
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harbored only pTVBirA, in the absence of background biotiny-
lation would be ', (50% of biotinylated pTVBirA-phages and
50% of pTVlacZa-phages without biotinylation) and ', (9% of
biotinylated pTVBirA-phages and 91% of pTVlacZa-phages
without biotinylation), respectively. Therefore, the actual recov-
ery ratios of 60% and 18% (37°C), or 73% and 15% (30°C) are
reasonable (Figure 4A and B).

Our results showed that, during culture at 37°C and at
30°C, the efficiency of biotinylation by endogenous mutant
BPL was very low, so that pTVBirA-phage was selectively bio-
tinylated by BPL that was expressed from pTVBirA.

Selective enrichment of the phagemid-phages that pack-
aged the pTVBirA genome

As described above, we qualitatively confirmed the successful
biotinylation of the substrate by using BPL encoded by
PTVBirA. We next tried to enrich our preparation for the
enzyme-coding phagemid-phage and to quantitate the exact
level birA gene enrichment by colony PCR. In each selection
cycle, we recovered a sample that included phagemid-phage
that had bound to the resin (step 5 in Figure 3). This sample
was mixed with E. coli ER2738 for the reinfection of cells with
phagemid-phage (step 6) and the infected cells were plated on
agar-solidified LB medium that contained ampicillin and tetra-
cycline. Only tetracycline-resistant cells that had been infected
with phagemid that encoded amp’ survived on such plates.
The surviving E. coli cells were then infected with phage
(step 2) for the next round of selection (step 3) and further
enrichment.

In this study, to confirm that the pTVBirA and pTVlacZa li-
braries could indeed be selectively enriched for the pTVBirA
genome by using our system, we investigated whether
PTVBIrA- or pTVlacZa-phagemids were included in the E. coli
cells that survived on the above-mentioned ampicillin plates
(step 6). In this specific case, we identified pTVBirA- or
pTVlacZa-phagemids by using colony PCR (Table 1). To confirm

Table 1. Selective enrichment for pTVBirA-phages that displayed the Btag-
g3p fusion protein

Conditions™ Before selection® After selection™ Enrichment
pTVBirA  pTVlacZo. pTVBirA pTVlacZa factor

(1:1) 19 13 13 3 3.0

(1:1) 11 9 15 5 2.5

(1:1) 11 9 18 2 74

(1:10) 4 20 16 8 10.0

(1:10) 0 20 6 14 >8.6

(1:10) 0 20 3 17 >35

[a]l A mixture of E. coli BM4062F" cells that harbored pTVBirA or pTVlacZa
at a ratio of 1:1 or 1:10 were infected with M13KE-Btag-phage (4x
10° pfu). The infected cells were incubated in LB medium at 37°C for
4.5 h. [b] The ratio of the number of secreted pTVBirA-phages to the
number of secreted pTVlacZa-phages. Even if pTVBirA and pTVlacZa
were transformed to E. coli at a ratio of 1:1 or 1:10, the ratio of pTVBirA-
phages to pTVlacZa-phages prior to selection is not always 1:1 or 1:10 in
each experiment. [c] The ratio of the number of pTVBirA-phages to that
of pTVlacZa-phages after selection.
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the ratio of pTVBirA- to pTVlacZa-phage before selection with
avidin (prior to step 4) we also examined which phagemid,
namely pTVBirA or pTVlacZa, was included in the surviving
E. coli cells on the ampicillin plates that had been prepared for
determination of the titer of each secreted phagemid-phage
(see previous section).

We found that, at 37°C, the concentration of pTVBirA-phage
was successfully increased 2.5 to tenfold from the pool of
E. coli cells that harbored pTVBirA or pTVlacZa at a ratio of 1:1
or 1:10 (Table 1). In the case of each result shown in Table 1,
the enrichment (2.5- to tenfold) cycle was performed only
once. At 30°C, pTVBirA-phage was also enriched 2.5 to tenfold
from the pool of E. coli cells (data not shown). When the con-
centration of the desired enzyme-coding phagemid is low, re-
peated rounds of selection should allow easy isolation of the
desired phagemid. In our experiments, we failed to eliminate
the background activity of endogenous BPL completely. It
should be possible to improve the selection system that is
based on enzymatic activity if the system is based on an
enzyme, such as an acetylase, Dicer, or caspase, that is not en-
coded by the E. coli genome.

Discussion

In this study, we developed a method for in vivo selection of
enzymes that is based on catalytic activity using phage-display.
Our method has several advantages over earlier phage-display
methods. i) Since the substrate is converted to the product by
an enzymatic reaction in E. coli, the properties of the selected
enzyme reflect the cellular environment. Thus, we automatical-
ly select enzymes that are stable in vivo. i) Since the enzyme is
expressed and catalyzes a reaction in E. coli without secretion
from cells, the size and nature of the enzyme, which might in-
fluence phage secretion, are not limiting factors. iii) In general,
M13 is not a useful vehicle for the expression of cDNAs, be-
cause of the requirement for in-frame connection with both
the leader sequence, which is required for secretion, and the
amino terminus of the coat protein, g3p. Thus, the DNA must
be inserted in the correct reading frame at both ends (p="/;).
This requirement results in a vanishingly small number of pro-
ductive clones in M13 cDNA libraries. However, in our method,
cDNAs have to be inserted in the correct reading frame only at
the amino terminus (p="/;) because the enzyme has only to
catalyze a reaction in E. coli and does not have to be displayed
on the surface of the phage. Therefore, the number of produc-
tive clones is threefold higher than that in the conventional
phage-display method.

Using our method for enzyme selection, in theory we should
be able to select enzymes that catalyze modification of pep-
tides or proteins, such as protein ligase, acetylase, kinase,
phosphatase, ubiquitinase, and protease (including caspase).
The in vivo selection of a chaperone and a substrate sequence
by using phage has already been reported, but this report pro-
vides the first evidence that an enzyme can be selected in vivo
by using this method. Our system should help us to analyze
mechanisms of signal transduction and to isolate unknown en-
zymes encoded by cDNA libraries, as well as artificial enzymes.
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Experimental Section

Construction of phagemids, phage, and host strain of E. coli:
The commercially available phagemid pTV118N (Takara, Kyoto,
Japan) is renamed pTVlacZa in this paper to indicate the presence
of the lacZa gene. pTV118N has an ampicillin-resistance gene
(amp"), the origin of replication of plasmid pUC, and a lacZo. gene
that is regulated by a lactose promoter (P,) and operator (lacO).
Phagemid pTVBirA was derived from pTV118N as follows. The birA
gene?2°3134 which encodes BPL was amplified from the genome
of E. coli ER2738 (New England BioLabs, Beverly, MA, USA) and in-
serted downstream of lacO in pTV118N to replace the lacZa gene.

The M13KE-Btag-phage was derived from M13KE-phage (New Eng-
land BioLabs) as follows. i) E. coli ER2738 was infected with M13KE
and ii) the replicative form (RF) of the phage that was generated in
E. coli was purified with a QlAprep® Spin Miniprep Kit (QIAGEN,
Hilden, Germany); iij) A DNA oligonucleotide encoding a 14-residue
peptide (GLNDIFEAQKIEWH),®® which we call Btag, was synthesized
and ligated between the signal sequence and g3 in the RF of
M13KE. The purified RF was used to transfect E.coli and the
M13KE-Btag-phage released from the cells was purified.

E. coli BM4062F', derived from E. coli BM4062, harbor an F’ plasmid
that includes a tetracycline-resistance gene (tet').”>*3? E. coli
ER2738 harboring the F’ plasmid that included tet’, was mixed with
BM4062 cells that carried a streptomycin-resistance gene (str) and
the mixture was incubated in Luria—Bertani (LB) medium for 1 h at
37°C. The mixture was then plated on agar-solidified LB medium
with streptomycin (50 mg mL™") and tetracycline (50 mg mL™"). Sur-
viving cells were isolated as E. coli BM4062F'.

Generation of the phagemid-phage: We incubated BM4062F
cells that harbored pTVBIirA or pTVlacZa, in LB medium (8 mL) at
37°C or 30°C with ampicillin (50 mgmL™"), tetracycline
(50 mg mL™"), and ATP (1 mm). At the logarithmic phase of growth
(OD at 600 nm =~ 0.6), we mixed the cultures to generate a mixture
of E. coli that harbored pTVBirA or pTVlacZa at a ratio of 1:1 or
1:10. These cells were infected with M13KE-Btag-phage (4x
10° pfu). After incubation at 37°C for 45 h or 30°C for 16 h, re-
leased phage and phagemid-phage were purified by precipitation
with polyethylene glycol. Samples were stored in TBS buffer
(50mm Tris-HCI (pH 7.5), 150mm Nacl).

Affinity selection of phagemid-phage that display the biotinylat-
ed Btag peptide: A mixture of 10° phagemid-phage (pTVBirA-
phage, pTVlacZa-phage, or a mixture of pTVBirA- and pTVlacZa-
phages at ratio or 1:1 or 1:10) and 10° phage (M13KE-Btag-phage)
in TBST buffer (50 pL; 50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 0.1%
Tween 20) was added to SoftLink™ soft-release avidin resin (7 pL;
Promega, Madison, WI, USA) with or without biotin (1 mm). After
incubation for 1 h at 30°C, the resin was washed with TBST buffer
(3% 1 mL). For elution of the phage, elution buffer (100 uL; 100 mm
sodium phosphate buffer (pH 7.0), 5 mm biotin) was added to the
resin. Then elution buffer (1 pL) that contained the selected phage-
mid phage was added to LB medium (100 pL) that contained E. coli
ER2738 at the logarithmic phase of growth (OD at 600 nm ~0.6).
After incubation for 10 min at room temperature, the mixture was
plated on agar-solidified LB medium with ampicillin (50 mg mL™")
and tetracycline (50 mg mL™") to determine the titer of the select-
ed phagemid-phage.

In order to determine which phagemid, pTVBirA or pTVlacZa, had
infected the cells, each surviving colony of E. coli cells that har-
bored phagemids that included the birA or the lacZa gene was
used as template for the PCR reaction mixture. PCR products were
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then analyzed by electrophoresis on an agarose gel and the phag-
emids in the cells identified. Enrichment factor was calculated by
the following equation:

pTVBIrA after selection

Enrichment f r= -
chment facto pTVlacZa after selection

pTVBIrA before selection
pTVlacZa before selection
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A Biosynthetic Pathway to Isovaleryl-CoA in
Myxobacteria: The Involvement of the

Mevalonate Pathway

Taifo Mahmud,*® 9 Silke C. Wenzel,™ Eva Wan,"® Kwun Wah Wen,
Helge B. Bode,™ Nikolaos Gaitatzis,’™ 9 and Rolf Miiller*®!

Dedicated to Professor Heinz G. Floss on the occasion of his 70th birthday.

A biosynthetic shunt pathway branching from the mevalonate
pathway and providing starter units for branched-chain fatty
acid and secondary metabolite biosynthesis has been identified
in strains of the myxobacterium Stigmatella aurantiaca. This
pathway is upregulated when the branched-chain a-keto acid
dehydrogenase gene (bkd) is inactivated, thus impairing the
normal branched-chain amino acid degradation process. We pre-
viously proposed that, in this pathway, isovaleryl-CoA is derived
from 3,3-dimethylacrylyl-CoA (DMA-CoA). Here we show that
DMA-CoA is an isomerization product of 3-methylbut-3-enoyl-

Introduction

Branched-chain fatty acids (BCFAs) constitute more than half of
the cellular fatty acids in myxobacteria™ and some Gram-posi-
tive bacteria, for example, Bacillus, Micrococcus, and Sarcina.
They cover about 65% of total fatty acids of Myxococcus xan-
thus and about 90% of those in Bacillus anthracis and Bacillus
subtilis.® In general, BCFAs are important for the control of
membrane fluidity of the cells, but in myxobacteria the BCFAs
are also involved in cell-cell communication and signaling
during development.® One of the essential signals in these
processes is known as the E-signal and is required for the ex-
pression of numerous developmental genes. This signal has
been proposed to be particularly mediated by the isovalerate-
derived BCFA species iso-15:0, iso-13:0, and iso-17:0.1
Isovaleryl-CoA (IV-CoA), 2-methylbutyryl-CoA (2MB-CoA), and
isobutyryl-CoA (IB-CoA) serve as primers of branched-chain
fatty acids and are derived from the branched-chain amino
acids leucine, isoleucine, and valine, respectively. They also
function as starter units during the biosynthesis of many mi-
crobial secondary metabolites, for example, avermectin,” myx-
othiazol,”™ and myxalamid.”? An aminotransferase is involved in
the conversion of branched-chain amino acids to a-keto acids,
and an evolutionarily conserved multienzyme assembly, the
branched-chain a-keto acid dehydrogenase complex (BCKAD),
is responsible for decarboxylation of the keto acids. Downard
and co-workers reported that bkd transposon-insertion mu-
tants of M. xanthus still produce reduced levels of BCFA and
exhibit reduced BCKAD enzyme activity.” These facts indicate
the existence of a bkd-independent pathway for the produc-
tion of these fatty acid species or the presence of a bkd iso-
gene. A similar phenomenon has also been observed during

322 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CoA (3MB-CoA). This compound is directly derived from 3-hy-
droxy-3-methylglutaryl-CoA (HMG-CoA) by a decarboxylation/
dehydration reaction resembling the conversion of mevalonate 5-
diphosphate to isopentenyl diphosphate. Incubation of cell-free
extracts of a bkd mutant with HMG-CoA gave product(s) with
the molecular mass of 3MB-CoA or DMA-CoA. The shunt pathway
most likely also operates reversibly and provides an alternative
source for the monomers of isoprenoid biosynthesis in myxobac-
teria that utilize L-leucine as precursor.

studies on the biosynthesis of the antifungal agent myxothia-
zol produced by the myxobacterium Stigmatella aurantiaca
DW4/3-1." Here, a bkd mutant retains the production of its
total branched-chain fatty acids and of the secondary metabo-
lite myxothiazol, albeit at a reduced level.”) Incorporation ex-
periments with the wild-type strain showed that IV-CoA, the
starter unit of myxothiazol, is derived from leucine."” However,
an analogous experiment with the bkd mutant revealed that
leucine was no longer the immediate precursor of the starter
unit, which is instead derived from acetate through a novel
branch of the mevalonate pathway.” 3,3-Dimethylacrylate
(DMAA) or its coenzyme A-activated form has been found as
intermediate in this pathway; this further suggested a direct
link between the mevalonate pathway and branched-chain
fatty acid biosynthesis in myxobacteria.”

Besides branched-chain fatty acid biosynthesis, the utiliza-
tion of leucine as the carbon source for sterol biosynthesis has
been observed in mammals, plants, and fungi.'""'¥’ However,
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this phenomenon is mainly due to a complete degradation of
leucine to acetyl-CoA in the mitochondrion before this com-
pound is transferred and used further in the cytosol as the pre-
cursor for the biosynthesis of a number of metabolites, for ex-
ample, fatty acids and steroids. However, Goad and co-workers
reported that the trypanosome Leishmania mexicana efficiently
utilizes the amino acid leucine for steroid production, and
found that the leucine skeleton is incorporated, after degrada-
tion to IV-CoA, into the isoprenoid pathway leading to
sterol." It was suggested that the integration of leucine into
the mevalonate pathway might take place through the leucine
degradation pathway, in which leucine is converted to IV-CoA,
then 3,3-dimethylacrylyl-CoA (DMA-CoA), 3-methylglutaconyl-
CoA (3MG-CoA), and HMG-CoA (Scheme 1). The last compound
is then directly reduced to mevalonic acid, the precursor of
steroids. Alternatively, leucine might be incorporated into iso-
prenoids through the hypothetical trans-3-methylglutaconate
pathway, in which one of the intermediates in leucine degrada-
tion (e.g., 3MB-CoA or DMA-CoA) is directly reduced to the
corresponding alcohol (isopentenyl alcohol (IPOL) or dimethyl-
allyl alcohol (DMAOL)) followed by a phosphorylation to enter
the mevalonate pathway.

To investigate the metabolic route that links the mevalonate
pathway and IV-CoA biosynthesis in myxobacteria, we have
therefore undertaken the studies described here using wild-
type and bkd mutants of S. aurantiaca Sg a15 (producer of the
isoprenoid aurachin) and S. aurantiaca DW 4/3-1. The charac-
terization of this alternative pathway on the molecular level is
critical for our understanding of its regulation and function in

myxobacteria, and it could also be a model for the investiga-
tion of similar pathways in various other microorganisms.

Results

Involvement of trans-3-methylglutaconate in the alternative
pathway to IV-CoA

To evaluate whether 3MG-CoA is involved in the alternative
pathway from acetyl-CoA to IV-CoA, deuterium-labeled 3MGA
was synthesized and fed to the bkd mutants of the myxothia-
zol producer. The synthesis was initiated from methyl aceto-
acetate by employing a modification of the method reported
by Kuchkova et al™ and using D,50,/D,0 and KOD/D,O as
deuterium sources. The product was identified based on direct
comparisons of its TLC and mass spectrometry with those of
an unlabeled analogue. Incorporation experiments with
[Dg]3MGA and the bkd mutants of S. aurantiaca DW 4/3-1
showed that the compound was not incorporated into myxo-
thiazol and branched-chain fatty acids. 3-Hydroxy-3-[D;]methyl-
glutaric acid ([D;]JHMGA) was then fed to the wild-type and the
bkd mutant of myxothiazol producers. HMGA is a free acid ana-
logue of HMG-CoA and known as an antilipemic agent that
acts by interfering with the enzymatic steps involved in the
conversion of acetyl-CoA to HMG-CoA, as well as inhibiting the
activity of mammalian HMG-CoA reductase. However, it was
also expected that HMGA would be activated to HMG-CoA and
utilized further for the biosynthesis of steroids and IV-CoA in
S. aurantiaca. In fact, in the presence of this compound, both

E (o}
o} o o O (OHO )J\>8H/\
A SCoA MSCOA = HOWR HO 7 oH
HMG-CoA: R = SCoA maet\’/ﬂ:nate mevalonic acid
HMGA: R = OH p Y
-0,

-0, _no || v2ATP

-H,0 2ADP
i Pobbobind oPP

HO R R OH
3-methylbut-3-enoyl-CoA isopentenyl IPP

3-methylglutaconyl-CoA
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COOH COOH
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Scheme 1. Possible pathways connecting mevalonate and IV-CoA. The dashed box shows the most likely intermediates involved in the shunt pathway. The solid
arrows show reactions that are likely to occur in the new shunt pathway and the dashed arrows show those that are not likely to occur.
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the wild-type and the bkd mutant strains of S. aurantiaca DW
4/3-1 grew normally and produced the antibiotic. However, no
incorporation of [D;]JHMGA into myxothiazol could be detected
in the LC-MS analysis.

Synthesis and evaluation of [D;13MBA, [D,]IPOL, and
[Dz]DMAOL as possible intermediates in IV-CoA biosynthesis

3MB-CoA, IPP and its free alcohol (IPOL), or DMAPP and
DMAOL (3-methylbut-2-en-1-ol) are possible intermediates that
might link acetyl-CoA with IV-CoA through the mevalonate
pathway (Scheme 1). While DMAOL was proposed to be one of
the intermediates in the trans-3-methylglutaconate shunt,*'®
3MB-CoA has never been associated with any related biosyn-
theses. To determine whether any of these compounds is in-
volved in IV-CoA biosynthesis, the isotopically labeled corre-
sponding free acids, [D;]3MBA, [D,]IPOL, and [Dg]DMAOL were
synthesized and fed to the myxothiazol producer (strain EBS7).
Thus, [Ds]3MBA was prepared from [Dg]DMAA® by treating the
latter with lithium diisopropylamide (LDA) at —78°C for 1 h.
The reaction was quenched with 10% hydrochloric acid so-
lution to give a mixture of [Ds]DMAA and [D;]3MBA in a ratio
of about 4:6. By using silica gel chromatography, [Ds]3MBA
could be isolated as yellowish syrup (% atom D>95% as
judged by GC-MS and 'H NMR data). In contrast to [Ds]DMAA,
the product [DsI3MBA lacks UV absorption at 254 nm, but its
spot on TLC can be easily visualized by potassium permanga-
nate exposure. Reduction of [D;]3MBA with lithium aluminum
deuteride (LiAID,) at room temperature gave [D,]IPOL (% atom
D >85%), whereas the reaction of ethyl [D]3,3-dimethylacryl-
ate with the same reducing agent gave [Dg]DMAOL (% atom
D >90%), the fragmentation pattern of which in the GC-MS
analysis is consistent with that of the authentic compound,
3-methylbut-2-en-1-ol (Aldrich). Ethyl [Dg]3,3-dimethylacrylate
was prepared from [Dglacetone and triethyl phosphonoacetate
employing the Wittig/Wadsworth-Emmons reaction.”

Mass spectral analysis of the biosynthetic products revealed
that [D;]3MBA was the only compound that was incorporated
into myxothiazol (45%; Table 1). No deuterium incorporation
into myxothiazol was observed in the feeding experiments
with [D;]IPOL and [DgIDMAOL. Parallel incorporation experi-
ments with [DgJDMAA and [DylIVA were also performed for
comparisons, in which both compounds were incorporated
into myxothiazol with incorporations of 40% and 55 %, respec-
tively. Similar results were obtained for the incorporation of
[DsI3MBA into BCFA (Table 2).

Incorporation of mevalonolactone into aurachin, but not
into myxothiazol

The nonincorporation of [Dg]DMAOL and [D,]IPOL into myxo-
thiazol suggests that the shunt pathway is not bridged by
either IPP or DMAPP. To further prove this assumption, feeding
experiments with [2-">C] mevalonolactone to the bkd mutants
of both the myxothiazol and the aurachin producers were car-
ried out. The products were isolated and analyzed by ESI-MS
and the results showed that mevalonolactone was incorporat-
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Table 1. Incorporation of isotopically labeled intermediates into myxothia-
zol and aurachin.”

Compounds Amount myxothiazol aurachin
Fed DW4/3-1 DWEBS7 Sg Sg
[mm] al5 aEBS7
[De3MGA 1 - — _ _
[D;HMGA 1 — - NT _
[DsI3MBA 1 - ++++ + +++
[DsIDMAA 1 - ++++ +- ++
[DS]IVA 1 NT ++++ NT +++
+
[D;]IPOL 1 — — — _
[DgIDMAOL 1 — - — _
[D;olleucine 3.8 44+ - + NT
+
[2-®Clmevalonolac- 1 NT - NT +

tone

[a] —: 0%, +—: 1-5%, +:5-15%, ++: 16-25%, +++: 26-35%, +++
+:36-45%, +++++: 46-55%; NT: not tested.

Table 2. Incorporation of [DJJDMAA and [D<]3MBA into fatty acids.

Fatty acid Sg al5 Sg aEBS7
[Ds]IDMAA [Ds13MBA [Ds]DMAA [Ds13MBA
is0-15:0 0 0 33 74
is0-16:0 0 0 51 75
iso-17:0 0 0 36 80
iso-17:0 20H 0 0 39 77
iso-17:0 30H 0 0 35 60

ed into aurachin (~20%) but not into myxothiazol in S. auran-
tiaca DW4/3-1/EBS7.

Enzymatic decarboxylation/dehydration of HMG-CoA

In further attempts to prove a direct involvement of HMG-CoA
in the shunt pathway, in vitro enzymatic reactions were carried
out with cell-free extracts of the bkd mutant and the wild-type
strain DW4/3-1. The reactions were performed by using HMG-
CoA as substrate in the presence of adenosine triphosphate
(ATP), dithiothreitol, EDTA, PMSF, and the HMG-CoA-reductase
inhibitor mevinolin. The last compound was added to block
HMG-CoA reductase, which might exhaust the substrate
supply. ESI-MS (negative-ion mode) analysis of the reaction
products revealed a significant enzyme activity in the cell-free
extract of the bkd mutant that converts HMG-CoA to a product
with pseudomolecular ions at m/z=848 [M—H]~ and 424 (the
doubly charged ion species; Figure 1B). ESI-MS analysis of
commercially available standard DMA-CoA (Sigma) and syn-
thetic 3MB-CoA, which was synthesized from 3MBA and co-
enzyme A by using the procedure reported by Kawaguchi
etal.,"” both gave an identical set of pseudomolecular ions.
Tandem mass spectrometry experiments with these com-
pounds did not provide any information to differentiate the
two CoA esters. While approximately 10% of the enzyme activ-
ity was also observed in the cell-free extract of the wild-type
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100 4552 to prove or disprove any of these notions. Because in
HMG-CoA myxobacteria, IV-CoA is derived from HMG-CoA via
A) 4658 800.7 3MB-CoA and DMA-CoA, it is intriguing to explore
whether isoprenoids can be derived from L-leucine
50 237.4 o .
HMG-CoA through the same pathway, albeit in the opposite
9301 direction. To investigate this possibility, incorporation
33i‘ w experiments with [D;clleucine (3.8mm) were carried
s s ade bt a LA Dl 600 700 800 90 out with the wild-type strain of S. aurantiaca Sg al15
100 4851 miz (aurachin producer). This strain has been described
fodel as producing three structurally unrelated antibiotics,
2374 424.4| 4656 . . [18] s 7] .
T stigmatellin,”® the myxalamids,” and the aurachins
(Scheme 2). The aurachins are a complex mixture
R S . . . .
€ of quinoline alkaloids containing sesquiterpene side
A chains that are normally derived from the mevalo-
v nate pathway.””
E 200 300 400 500 600 700 800 800
A 100 455.0 miz
B
u
g S/\>/\ ?Me
ﬁ C) 465.9 )\/ SMN \/L
E 50 2374 /\/A‘/\\N MeO CONH,
703.7 .
806.6 8204 Myxothiazol
3352 932.0 OH
W W TP TN NN ", ,...ij '
2002374 300 400 500 600 700 800 900 O
100 ‘ miz f{LNH
D) N/
50 .
335.3 Myxalamid  A: R = 1-methylpropyl
6415 7037 B: R = isopropyl
820.8
t L l 806.7 C: R = ethyl
"\ " antb ookl l L RV TN T D: R = methyl
200 300 400 500 600 700 800 900
miz — (0]
Figure 1. Negative-ion-mode mass spectral analysis of samples from enzymatic
experiments with HMG-CoA and cell-free extracts of S. aurantiaca DW4/3-1 |
(wild-type) and the bkd mutant. A) cell-free extract of the wild-type incubated 'f‘ Aurachin C
with HMG-CoA; B) cell-free extract of bkd mutant incubated with HMG-CoA; OH

C) boiled cell-free extract of bkd mutant and HMG-CoA; D) cell-free extract of
bkd mutant only. Peaks at 910 and 932 (singly charged) and 455 and 466
(doubly charged) represent pseudomolecular ion species of HMG-CoA and its
sodium salt, respectively. Peaks at 848 and 424 (marked as single and double
stars, respectively) represent pseudomolecular ion species of the product.

strain (Figure 1A), no products could be detected in the reac-
tion with boiled cell-free extract (Figure 1C). On the other
hand, incubation of cell-free extract of the bkd mutant and
HMG-CoA in the absence of ATP resulted in only trace amounts
of the expected product (data not shown).

The fate of leucine in S. aurantiaca Sg a15

In many organisms leucine is catabolized to acetyl-CoA before
entering the isoprenoid (mevalonate) pathway. However, in
some species of Leishmania, leucine was found to be efficiently
used and incorporated as IVA backbone into isoprenoids. Al-
though a number of possible pathways have been proposed
for this direct conversion, no experimental data are available
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Stigmatellin A

Scheme 2. Chemical structures of secondary metabolites isolated from S. aur-
antiaca DW4/3-1 (myxothiazol) and S. aurantiaca Sg al15 (myxalamid, aura-
chin, and stigmatellin).

As leucine is utilized as substrate in protein biosynthesis and
is thus involved in primary metabolism, the incorporation ex-
periments require a high concentration of labeled leucine in
order to observe a significant incorporation of the isotope-
label into the secondary metabolite. Nevertheless, leucine was
found to be incorporated intact [M+H+5]" (from incorpora-
tion of leucine derived DMAPP) and [M+H+6]" (from incorpo-
ration of leucine derived IPP; ~10% for both isotopomers)
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into the isoprene units of the aurachins. This result suggests
that the shunt pathway might operate reversibly in myxobac-
teria. Very similar results were observed for the incorporation
of label into cycloartenol® with approximately 15 % incorpora-
tion into the [M—HOSiMe;+5]t and the [M—HOSiMe,+6]"
isotopomers.

Cloning and inactivation of the bkd locus from S. aurantiaca
Sg a15 and further evaluation of the involvement of the
shunt pathway in isoprenoid biosynthesis

To study further the involvement of the shunt pathway in the
biosynthesis of isoprenoids in myxobacteria, a bkd mutant of
the aurachin producer (strain Sg a15/EBS7) was prepared. The
mutant was constructed by using a strategy similar to that re-
ported for the myxothiazol producer (strain DW4/3-1/EBS7).”!
Starting from the genomic sequence of bkd E18 from M. xan-
thus DK1622, oligonucleotides esgup and esgdown were de-
duced. By using this set of primers and genomic DNA of strain
Sg al5 as template, a PCR product of the expected size
(600 bp) could be amplified from the heterologous primer set.
This product was cloned into pCR2.1/TOPO, resulting in plas-
mid pCBS6. The insert of the plasmid was sequenced, revealing
an insert size of 592 bp. The bkd fragment from strain Sg al15
shows 92.7% identity with the fragment reported from strain
DW4/3-1, the deduced proteins show 93.7% identity. The size
of the insert from pCBS6 seemed too large to be used for a
gene-inactivation experiment by homologous recombination,
because the resulting expected 3’ deletion in one of the two
copies of the B-subunit after integration is relatively small and
might not be of significance for the function of the gene.
Therefore, plasmid pCBS6 was used as a template for a PCR
reaction with primers esgup and esg2. The corresponding
476 bp PCR product was again cloned and resulted in plasmid
pCBS8, which was resequenced to verify the correctness of the
clone. Strain Sg a15 was electroporated with pCBS8 and pEBS7
(fragment from DW4/3-1®)) according to published proce-
dures.”? Chromosomal DNA from resulting kanamycin-resistant
mutants was prepared and analyzed by Southern hybridization
with the labeled insert of pEBS7 as a probe. Different strains
showing genotypes consistent with site-specific integration
into the target gene were named Sg a15/EBS7. These mutants
showed a hybridization pattern almost identical to strain DW4/
3-1/EBS7.

As expected from the previous experiments, incorporation
of [Ds]3MBA and [Dg]DMAA into branched-chain fatty acids of
S. aurantiaca Sg al15 and its descendants was observed exclu-
sively in the bkd mutants, and no incorporation of label was
observed in the wild-type (Table 2). [D;]3MBA, [Dg]IDMAA, and
[DolIVA were also found to be incorporated into aurachin,
while [Dg]3MGA, [DgIDMAOL, and [D,]IPOL were not; this pro-
vides evidence for the participation of the proposed intermedi-
ates in the biosynthesis of isoprenoids. Feeding with [Ds]3MBA
and [DJDMAA both gave [M+H+4]" and [M+H-+5]% as the
predominant pseudo-ion species (~35% incorporation for
3MBA and ~15% for DMAA) together with other pseudo-ions
that have different levels of deuterium label (isotopomers with
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various percentage incorporations). On the other hand, [Do]IVA
predominantly gave [M+H+5]" and [M+H+6]t pseudo-ion
species (~25% incorporation); this is consistent with the loss
of three deuterium atoms due to dehydrogenation and isomer-
ization reactions to 3MB-CoA. The same phenomenon was also
observed in the experiments with L-[D,clleucine, in which at
least four deuterium atoms are lost during transamination,
dehydrogenation, and isomerization processes. An unspecific
wash out of one or more deuteriums also appeared to occur
during the conversion of 3MB-CoA to the isoprene moieties of
aurachin, as pseudomolecular ions with lower levels of deuteri-
um labeling were also observed.

Discussion

A shunt pathway from acetyl-CoA to IV-CoA via DMA-CoA in
myxobacteria could occur by various routes including a
number of possible intermediates (Scheme 1). First, it may
branch from the mevalonate pathway at HMG-CoA via either
3MB-CoA or 3MG-CoA. The involvement of the former com-
pound requires a dehydration/decarboxylation of HMG-CoA,
whereas the intermediacy of the latter compound would re-
quire stepwise reactions. Alternatively, the shunt pathway may
branch at a point further downstream in the mevalonate path-
way, for example, via isopentenyl diphosphate (IPP) or dimeth-
ylallyl diphosphate (DMAPP). If the latter is true, a dephosphor-
ylation step is required prior to the oxidation of the alcohol to
the carboxylic acid by the action of an alcohol dehydrogenase
and an aldehyde dehydrogenase, as has been proposed by
Edmond and Popjak."? The carboxylic acid is then converted
to the CoA ester and reduced to IV-CoA. 3MG-CoA appeared
to be one of the likely intermediates due to its involvement in
the leucine catabolism pathway in mammals and plants
(Scheme 3). It was also proposed to be involved in the transfer
of carbon atoms from mevalonate to n-fatty acids in mammals
and insects (known as the trans-3-methylglutaconate
shunt)."®# |n addition, the free acid is present in the organic
acid excretion in humans with HMG-CoA lyase deficiency.*”
While it is not clear whether the mammalian leucine catabo-
lism processes operate fully in myxobacteria, it was intriguing
to investigate the existence of such a pathway in S. aurantiaca
in connection with the possibility of its involvement in the
alternative shunt pathway from HMG-CoA to IV-CoA. We as-
sumed that the conversion of HMG-CoA to IV-CoA takes place
through a reverse direction of leucine catabolism. However,
this turned out to be an unlikely scenario, as feeding experi-
ments with a number of possible intermediates did not sup-
port this hypothesis. The nonincorporation of 3MGA into myx-
othiazol suggests that the trans-3-methylglutaconate shunt
pathway is not involved in the alternative biosynthetic path-
way to IV-CoA in myxobacteria. However, this notion suffers
from the classical possibility of cellular uptake problems, in
which the dicarboxylate compound might not be able to freely
penetrate the cell membranes or might not be activated to its
CoA ester for further utilization in the cell. This is underlined
by the results from feeding experiments with another dicar-
boxylic acid, [D;]JHMGA, which resulted in no effect on the
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Scheme 3. The shunt pathway from HMG-CoA to IV-CoA identified in this study together with other possible pathways present in other organisms. The question
mark indicates a possibility of 3MB-CoA directly reduced to IV-CoA and vice versa. The enzymes of leucine catabolism are: ) BCAA aminotransferase, ij) BCKAD
complex, iii) isovaleryl-CoA dehydrogenase, iv) 3-methylcrotonyl-CoA carboxylase, v) 3-methylglutaconyl-CoA hydratase, vi HMG-CoA lyase.

growth of the bacteria. Neither did it result in the incorpora-
tion of the compound into myxothiazol. Even if 3MGA and
HMGA can make their way into the cells, they may not be fur-
ther processed if the appropriate activating enzyme that con-
verts the free acid to its CoA ester is not present. On the other
hand, the free monocarboxylic acids appear to be fairly well
taken up by the cells and are converted to their activated
forms. In the form of their N-acetylcysteamine (SNAC) deriva-
tives, which resemble coenzyme A esters, they were also able
to penetrate the cell membranes. However, the amounts of in-
corporation into myxothiazol are lower than those of the free
acids (.M., M. Xu, unpublished data). It is assumed that the
SNAC esters are not directly utilized by the enzymes, but are
rather hydrolyzed and activated to their coenzyme A esters.
However, the activation process might not be equally effective
for all compounds. Data from a number of experiments consis-
tently indicate that percent incorporations of [D;]DMAA into
myxothiazol and aurachin were lower than those of [D;]3MBA
and [Dg]IVA. Whether or not the substrate specificity of cellular
coenzyme A ligases is responsible for the observed discrepancy
remains to be biochemically elucidated. Alternatively, DMA-
CoA might not be directly involved in the pathway, and its
incorporation might take place exclusively via 3MB-CoA after
isomerization. The latter compound can be reduced directly to
IV-CoA or carboxylated and hydrated to HMG-CoA.
Nevertheless, the incorporation of [Ds]3MBA, [D;]DMAA, and
[DglIVA into myxothiazol, BCFA, and aurachin provided new in-
sight into an alternative pathway connecting the mevalonate
pathway and the BCFA biosynthesis in myxobacteria. This is
strongly supported by the results of in vitro experiments, in
which cell-free extracts of bkd mutants in the presence of ATP
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efficiently convert HMG-CoA to a product with a pseudomolec-
ular ion at m/z=848 [M—H]~, which could be rationally inter-
preted as a decarboxylation/dehydration product of HMG-CoA
(My,=911). This decarboxylation/dehydration reaction of HMG-
CoA resembles the reaction from mevalonate 5-diphosphate to
IPP. A dedicated enzyme, which is upregulated in the mutant
strain, is believed to be responsible for this conversion, as the
cell-free extract of the wild-type strain did not show a compa-
rable activity. The enzyme presumably requires ATP for its ac-
tivity, because only trace amounts of the expected product
could be observed in the absence of exogenous ATP. In addi-
tion, no molecular ion peak correlating to 3MG-CoA (M,,=893)
was observed; this further suggests that the involvement of
the normal leucine catabolism is unlikely. A direct conversion
of HMG-CoA to 3MB-CoA also indicates that HMG-CoA is the
branching point that connects the mevalonate pathway to
BCFA biosynthesis. Participation of the mevalonate pathway
further downstream is less likely, as none of mevalonolactone,
IPOL, or DMAOL was incorporated into myxothiazol. We be-
lieve that some of the HMG-CoA decarboxylation/dehydration
product, 3MB-CoA, in the reaction mixture might have been
converted further to DMA-CoA, as an enzyme capable of such
conversion may be present in the cell-free extract. However, at-
tempts to distinguish the two isomers by means of HPLC and
mass spectrometry have been unsuccessful.

The involvement of the shunt pathway in isoprenoid biosyn-
thesis is also revealed by the ability of S. aurantiaca to effi-
ciently synthesize steroids from leucine.?” Presently, this phe-
nomenon has only been clearly demonstrated in the trypano-
some Leishmania mexicana and related species."” However, it
was proposed that the integration of leucine into the mevalo-
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nate pathway in Leishmania takes place through the normal
leucine-degradation pathway to give HMG-CoA, which is then
directly reduced to mevalonic acid, or through the hypotheti-
cal trans-3-methylglutaconate pathway. While both proposed
pathways are equally attractive, it will be intriguing to deter-
mine if the alternative shunt pathway identified in this work is
also present in Leishmania and other species. A complete un-
derstanding of the biosynthetic pathways to IV-CoA and iso-
prenoids in pathogenic bacteria and other infectious agents
will potentially lead to new ways of combating diseases
caused by these organisms.

Experimental Section

Instruments and chemicals: The 'H and "*C NMR spectra were
recorded on Bruker AF-300 or AM-500 NMR spectrometers with
MacNMR 5.5 PCl as the instrument controller and data processor.
Low-resolution mass spectra were recorded on a Bruker-Esquire
(electrospray ionization) and a ThermoFinnigan LCQ Advantage
(electrospray and atmospheric pressure chemical ionizations) liquid
chromatograph-ion trap mass spectrometer. A Bruker APEX Il 47e
Fourier Transform (lon Cyclotron Resonance) mass spectrometer
was used for the high-resolution mass spectrometry. A quadrupole
mass spectrometer (Hewlett Packard model 5971A) with gas chro-
matograph (model 5890) inlet, was used for the GC-MS experi-
ment. A ISF-4V shaker, Adolf Kuhner AG, was used for the fermen-
tation. All synthetic reactions were carried out under an atmos-
phere of dry argon at room temperature in oven-dried glassware,
unless otherwise noted. Reactions were monitored by TLC (silica
gel 60 F,5,, Merck) with detection by UV light or by alkaline per-
manganate or Ce(SO,),/H,SO, solutions. Column chromatography
was performed on 230-400 mesh silica gel (Aldrich). For HPLC, a
Beckman System Gold Programmable Solvent Module was used
with a Beckman System Gold Diode Array Detector Module. All
non-isotope-labeled chemicals were purchased from Aldrich or
Sigma and used without further purification, unless otherwise
noted. [D,]Sulfuric acid was purchased from Isotec, Inc. [DglAce-
tone, [D,Jmethanol, CDCl;, and D,0 were purchased from Cam-
bridge Isotope Laboratories, Inc. [Dyllsovaleric and 3-hydroxy-3-
[D;Imethylglutaric acids were purchased from CDN lIsotopes, Inc.
pL-[D,clleucine was purchased from Campro Scientific.

DNA manipulations, analysis, sequencing, and PCR: Routine ge-
netic procedures, such as genomic and plasmid DNA isolations,
restriction endonuclease digestions, DNA ligations, and other DNA
manipulations, were performed according to standard protocols.””
PCR was carried out by using Tag DNA polymerase (Invitrogen)
according to the manufacturer’s protocol. The conditions for ampli-
fication with the Eppendorf Mastercycler gradient were denatura-
tion: 30 s at 95°C, annealing: 30 s at 55°C, and extension: 45 s at
72°C for 30 cycles and a final extension at 72°C for 10 min. Se-
quencing was performed by using the Big Dye RR terminator cycle
sequencing kit (PerkinElmer Biosystems), and the gels were run on
ABI-377 sequencers. Southern analysis of the genomic DNA was
performed by using the standard protocol for homologous probes
of the DIG High Prime DNA labeling and detection starter kit Il
(Roche Molecular Biochemicals). Amino acid and DNA alignments
were performed by using the programs of the Lasergene software
package (DNASTAR Inc.) and Clustal W.?9

Cloning and inactivation of the bkd locus of { aurantiaca Sg
a15: Based on the genomic sequence of bkd E1b from M. xanthus
DK1622, a set of oligonucleotides, esgup (5'-ggcatccgcgggtccatct-
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3’) and esgdown (5’-gcggggccagcagcgactag-3’), were deduced and
used to amplify a bkd gene fragment from genomic DNA of S. aur-
antiaca Sg al15 by PCR. The product (592 bp) was cloned into
pCR2.1/TOPO, resulting in plasmid pCBS6. This plasmid was then
used as a template for a PCR reaction with primers esgup and
esg2 (5'-aggccttgatgagctcccagtcg-3’) to give a 476 bp PCR product,
which was cloned into vector pCR2.1/TOPO (harboring a kanamy-
cin-resistance gene), resulting in plasmid pCBS8. Plasmids pCBS8
and pEBS7 (fragment from DWA4/3-1%) were electroporated into
strain Sg a15 according to published procedures”? The correct-
ness of the integration of the plasmid into the chromosome of
kanamycin-resistant colonies was verified by Southern hybridiza-
tion (data not shown).

Incorporation experiments with isotopically labeled compounds:
Incorporation experiments with [D;]3MBA, [DgIDMAA, [Dg]IVA,
[Dg]3MGA, [D;]IPOL, [Dg]IDMAOL, [D;JHMGA, and bL-[D;illeucine
were carried out in tryptone-starch medium (100 mL)® after inocu-
lation with 1x107 cells. The cells were grown at 28°C in a gyratory
shaker (200 rpm) for 24 h, and the labeled compounds were pulse-
fed in equal amounts at 24, 26, 28, 44, 46, 52, 68, and 74 h to give
final concentrations of 1 mm. Amberlite XAD-1180 (2g) were
added to each flask after 80 h. The cells and the resin were harvest-
ed after 96 h.

Analysis of precursor incorporation into fatty acids, myxothia-
zol, aurachin, and cycloartenol: Fatty acid analysis was carried out
according to published procedures.”) Myxothiazol was isolated
from S. aurantiaca DW4/3-1 and the bkd mutant by repeated ace-
tone extraction of cell pellets and resins, and the extracts were
dried over anhydrous sodium sulfate. The organic solvent was
evaporated to dryness, and the residues were dissolved in a small
amount of methanol, filtered through an Acrodisc 0.2 pm PVDF
membrane (Pall), and subjected to LC-MS analysis (analytical
column: Agilent Zorbax SB-Cg; solvent gradient: acetonitrile/0.2%
aqueous acetic acid 6:4—100% acetonitrile). Aurachin was isolated
from S. aurantiaca Sg a15 and its bkd mutant (strain EBS7) by using
the same procedure described for myxothiazol. Cycloartenol was
isolated as described previously.”" The incorporation rates were
obtained by comparisons of the selected ion monitoring mass
spectra of the isotope peaks with the parent peaks of the samples.

Cell disruption and enzyme assay: Cells from culture of S. auran-
tiaca DW 4/3-1 and strain EBS7 (50 mL each) were disrupted by
sonication in buffer A (sodium phosphate buffer pH 7.4 (50 mm),
EDTA (1 mwm), dithiothreitol (1 mm), and phenylmethyl sulfonyl fluo-
ride (PMSF) (1 mm)), and the resulting cell-free extracts were clari-
fied by centrifugation (10000g, 20 min, 4°C). Incubations of HMG-
CoA with the cell-free extracts were carried out with substrate
(5mwm), ATP (25 mm), mevinolin (1 mwm), cell-free extract (50 pL), and
buffer A to a final incubation volume of 100 uL. The reaction mix-
tures were incubated at 30°C for 3 h and then lyophilized. MeOH
(200 pL) was added to the residues, and the mixtures were agitat-
ed in a Vortex mixer and allowed to stand for 30 min. The suspen-
sions were centrifuged to remove the precipitates, and the super-
natants were subjected to mass spectrometry analysis.

Synthesis of 3MGA: Methyl acetoacetate (9.29 mL) was added
dropwise to concentrated H,SO, (16.2 mL) at 0°C. The mixture was
stirred at room temperature for four days, ice (40 g) was added,
and the mixture was stirred for another 5 min. The products were
extracted with diethyl ether (3x50 mL), and the organic layer was
pooled and washed with water and brine. The solution was dried
over anhydrous sodium sulfate and concentrated in vacuo to give
crude crystals, which were dissolved in MeOH (10 mL) and cooled
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to 0°C. A solution of KOH (20 g) in H,0O (20 mL) was added drop-
wise over 30 min, and the mixture was stirred at room temperature
for 1 h. Water (100 mL) was added, and the mixture was acidified
to pH 1 with concentrated hydrochloric acid. The products were
isolated with ethyl acetate, and the organic layer was washed with
brine and dried over anhydrous sodium sulfate. The organic sol-
vent was evaporated under reduced pressure, and the residue was
separated by chromatography over a silica gel column (50 g silica
gel, n-hexane/EtOAc 2:1—1:1—1:2—EtOAc) to give white crystals
of trans-3MGA and its cis-isomer in a 1:1 ratio. The geometrical
configurations of the products were determined by NOE experi-
ments. Repeated recrystallization (in n-hexane/Et,O 1:1) of the mix-
ture increased the trans/cis-isomer ratio to approximately 95:5.
"HNMR (300 MHz, CDCly): for the trans-isomer 6=221 (d, J=
1.75 Hz, 3H; 6-CH,), 3.20 (d, J/=1.0 Hz, 2H; 4-H,), 5.82 (m, 2-H, 1H);
for the cis-isomer =198 (d, J=1.56 Hz, 3H; 6-CH,), 3.76 (s,
4-H,, 2H), 5.86 (m, 2-H, 1H); Electrospray-MS: m/z: 167.0 [M+Nalt;
Electrospray-HRMS: m/z: 167.0323 [M+Na]*; calcd for CgHgO,Na:
167.0320.

Synthesis of [Dg]3MGA: [Dg]3MGA was synthesized according to
the procedure developed for the unlabeled analogue. However,
D,SO, (96% in D,0, 99% D), CD,0D, and a solution of KOD (24 g)
in D,0 (24 mL) were used in the synthesis to give [Dg]3MGA as
amorphous crystals. R;=0.2 (n-hexane/EtOAc 1:1); Electrospray-MS
m/z: 173.1 [M+Nal*; electrospray-HRMS: m/z: 173.0698 [M+Na]™;
calcd for CH,D40,Na: 173.0697.

Synthesis of [D;]3MBA: Butyl lithium solution (5.89 mL, 9.4 mmol)
in hexane (1.6m) was added to a solution of diisopropylamine
(1.32 mL, 9.4 mmol) in anhydrous THF (10 mL) at —20°C under an
argon atmosphere. The solution was stirred at room temperature
for 15 min, then cooled to —78°C, and a solution of [DJDMAA
(500 mg, 4.7 mmol) in THF (7 mL) was added. The reaction mixture
was stirred at —78°C for another 1 h, then quenched by stirring
with 10% HCI (10 mL) at —78°C, then allowed to warm to room
temperature. The product was extracted with diethyl ether (2x
15 mL), and the extract was washed with brine, dried over anhy-
drous sodium sulfate and concentrated in vacuo. The resulting resi-
due was purified by silica gel column chromatography (n-hexane/
ethyl ether 5:1—4:1—3:1, v/v). Concentration of the appropriate
fractions afforded [Ds]3MBA (192 mg, 1.83 mmol, 38.9%) as a yel-
lowish liquid: Ri=0.35 (n-hexane/Et,O 2:1, UV negative) and recov-
ered [D;]DMAA (279 mg, 2.63 mmol, 56%): R;=0.40 (UV positive).
'H NMR (300 MHz, CDCl;) §=3.08 (s, 2-H,, 2H); for unlabeled ana-
logue: 6=1.84 (d, J=0.7 Hz, 3H; 3-CH,), 3.09 (s, 2-H,, 2H), 4.90 (m,
4-H,, 1H), 4.96 (m, 4-H,, 1H); GC-MS for [Ds]3MBA (Agilent J&W Sci-
entific GC DB-5MS column, initial oven T=50°C (run for 5 min),
gradient: 10°Cmin~", T;,,=220°C), R,=5.1 min, EI-MS (%): 105
[MIT, 87, 77, 60 (100), 52; GC-MS for [Dg]DMAA: R,=5.3 min; EI-MS:
106 [M]™, 88, 60, 52.

Synthesis of [DgIDMAOL: A solution of LiAID, in THF (1.0m,
7.0 mL) was added to a solution of ethyl [D¢]3,3-dimethylacryloate
(500 mg, 3.4 mmol) in THF (12mL) at —78°C. The mixture was
stirred for 1.5 h at room temperature and quenched by an addition
of hydrochloric acid solution (2N, 10 mL), diethyl ether (50 mL),
and water (40 mL). The product was extracted with diethyl ether
(3x), and the ether portion was washed with brine and dried over
anhydrous sodium sulfate. The product was separated by chroma-
tography over a silica gel column (n-hexane/Et,0 5:1) to give
[Dg]DMAOL (160 mg, 50%) as a colorless liquid. R;=0.25 (n-hexane/
ethyl acetate 2:1, v/v); electrospray-MS m/z: 211.2 [2M+Na]*; elec-
trospray-HRMS: m/z: 211.2264 [2M+Nal*; caled for C,H,D;40,Na:
211.2365; GC-MS for [Dg]DMAOL (Agilent J&W Scientific GC DB-5MS
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column; oven initial T=50°C (run for 5 min), gradient: 10°C min~',

Tina = 220°C), R,=3.87 min; EI-MS (%): 94 [M]*, 76 (100), 57; GC-MS
for the authentic compound (Aldrich), R,=4.00 min; EI-MS (%): 86
[MI, 71 (100), 53.

Synthesis of [D,]JIPOL: A solution of LiAID, in THF (1.0m, 4.0 mL)
was added to a solution of [D;]3MBA (200 mg, 1.9 mmol) in THF
(6.4 mL) at —78°C. The mixture was stirred at room temperature
for 1 h. The reaction was quenched by addition of hydrochloric
acid solution (2N, 6 mL), diethyl ether (30 mL), and water (24 mL).
The product was extracted with diethyl ether (3x), and the ether
portion was washed with brine and dried over anhydrous sodium
sulfate. The product was separated by chromatography over a
silica gel column (n-hexane/Et,O 5:1) to give [D,]IPOL (80 mg, 45 %)
as a colorless liquid. R=0.25 (n-hexane/ethyl acetate 2:1, v/v); GC-
MS for [D,]IPOL (Agilent J&W Scientific GC DB-5MS column, initial
oven T=50°C (run for 5 min), gradient: 10°Cmin~", T, =220°C),
R,=4.05 min; EI-MS (%): 93 [M]™, 73 (100), 61, 56.
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Exploring the Active-Site of a Rationally
Redesigned Lipase for Catalysis of Michael-Type

Additions

Peter Carlqgvist,”” Maria Svedendahl,"™ Cecilia Branneby,® Karl Hult,™

Tore Brinck,**® and Per Berglund*™!

Michael-type additions of various thiols and a,f3-unsaturated car-
bonyl compounds were performed in organic solvent catalyzed
by wild-type and a rationally redesigned mutant of Candida ant-
arctica lipase B. The mutant lacks the nucleophilic serine 105 in
the active-site; this results in a changed catalytic mechanism of
the enzyme. The possibility of utilizing this mutant for Michael-
type additions was initially explored by quantum-chemical calcu-
lations on the reaction between acrolein and methanethiol in a
model system. The model system was constructed on the basis of

Introduction

The 1,4-addition of a nucleophile to an a,p-unsaturated car-
bonyl compound, commonly referred to as a Michael-type
addition, is a fundamental reaction in organic synthesis
(Scheme 1). It is especially important for the synthesis of com-

-R* L J
0 Hs-R* 0o s 0o N
lipase
1
R = R3 + or organic solvent R’ R? o RWMRS
R? AN R? R?
H

Scheme 1. A general reaction scheme for the Michael-type addition of various thiols or an
amine to a,f-unsaturated carbonyl compounds (Table 3) catalyzed by Candida antarctica

lipase B.

pounds with a thioether linkage where reactions similar to
Mannich- or aldol reactions do not exist. Such hetero-Michael
additions can be catalyzed by Brgnsted acids™ or variants of
Lewis acids and bases.”

In nature, there are enzymes with Michael-type addition as a
part of their natural catalytic mechanism, for instance O-acetyl-
serine sulfhydrylase™ and thymidylate synthase.”) Despite this,
there are few reports of enzyme-catalyzed Michael-type addi-
tions. However, Kitazume et al. used some hydrolytic enzymes
(not Candida antarctica lipase B) to catalyze Michael-type addi-
tions of triflourinated a,f-unsaturated carbonyl compounds in
buffer solution.”! Recently, Lin et al. reported that alkaline pro-
tease from Bacillus subtilis catalyzes Michael-type additions of
imidazole and pyrimidine derivates to a,f-unsaturated carbon-
yl esters.”

In this paper, we present evidence for active-site-catalyzed
Michael-type additions. The results are based on experiments

ChemBioChem 2005, 6, 331-336 DOI: 10.1002/cbic.200400213

docking and molecular-dynamics simulations and was designed
to simulate the catalytic properties of the active site. The catalyt-
ic system was explored experimentally with a range of different
substrates. The k., values were found to be in the range of 1073
to 4 min~', similar to the values obtained with aldolase antibod-
ies. The enzyme proficiency was 10’. Furthermore, the Michael-
type reactions followed saturation kinetics and were confirmed
to take place in the enzyme active site.

made by varying the pH conditions, covalent inhibition of the
active-site, experiments made in the absence of enzyme and
kinetic analyses. Reactions between a wide range of thiols and
o,p-unsaturated carbonyl compounds could be catalyzed by
the wild-type and the Ser105Ala mutant of C. antarc-
tica lipase B. According to turnover numbers from ki-
netic studies, the mutant was more efficient than the
wild-type enzyme for the catalysis of the tested sub-
strates. In addition, the Ser105Ala mutant has previ-
ously been shown to function as catalyst for aldol ad-
ditions, another unnatural reaction for the lipase.”
The idea of targeting this particular mutant for catal-
ysis of Michael-type additions was based on a quan-
tum-chemical analysis that preceded the experimen-
tal work.

Results and Discussion

The reaction mechanism for the Michael-type addition be-
tween methanethiol and acrolein was explored in detail by
means of quantum-chemical calculations in a model system.
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The model system incorporated all catalytically important parts
of the Ser105Ala mutant’s active site (Scheme 2). Similar, but

smaller, model systems have been successfully used to study

the catalysis of aldol addition and Baeyer-Villiger oxidation in
the mutant and ester hydrolysis in the wild-type enzyme.”™

O, (Thra0)
H

HsC
Q ,CH; (6]
>N S

H o H. A

i H H
(GIn108) O
|

H

H
|

,H'S‘CHS

N
E_/Z (His224)
H CH;
o)

e
=0
H (Asp187)

Scheme 2. Model system used in the quantum-chemical studies of the Michael-
type addition of methanethiol to acrolein (bold). The catalytic machinery, the
histidine-aspartate dyad, together with the oxyanion hole, is represented by
molecular fragments and annotated as corresponding amino acids in the
enzyme.

T. Brinck, P. Berglund et al.

Automated docking (Autodock 3.0)"? of the two substrates
in the mutant enzyme showed that the unsaturated aldehyde
always bonded to the oxyanion hole, while the thiol in the
majority of the dockings was in proximity to, or hydrogen
bonded to, His224. Molecular dynamic simulations with the
program Q" confirmed the docking results and showed the
existence of near-attack complexes between the substrates
over extended periods of time. On the basis of these results,
the potential-energy surface of the reaction was explored. The
quantum-chemical calculations support the two-step reaction
mechanism presented in Scheme 3. Starting from the near-
attack complex (1) with the thiol hydrogen bonded to His224,
the first step is a proton transfer to His224 concerted with a
nucleophilic attack of the sulfur on the -carbon of the unsatu-
rated aldehyde. The basicity of His224 is increased due to the
negative Asp187, and the nucleophilic attack is facilitated by
the oxyanion hole, since hydrogen bonding stabilizes the parti-
al negative charge on the carbonyl oxygen in the TS (2TS). The
combination of these two effects leads to a considerable stabi-
lization of 2TS; the activation energy was only 0.7 kcal mol™" at
the B3LYP/6-31+ G* level of theory. Consideration of solvation
effects lead to an increase in the activation energy of only
1.3 kcalmol™. Thus, the results indicate that this reaction step

Al stationary points (minima e T e ] e e —
and transition states (TS)) of the f"(r |l| P f’ir |'-| 2 ""\: |1| S ~’J\‘r |l| .3
reaction in the enzyme were op- HH H. ;H HH H... 7H
timized by using the B3LYP 9 Qe 00 °
method with a specially aug- H 1 — HJ\I — HTN\_ — H)\’s
mented 6-31G basis set. The po- oS~ o ‘Hj:s\ H ~ a+/'H \
sitions of the catalytic residues (,N" NZ /N@ _N
(the catalytic dyad and oxyanion N“Z {ll {,JZ ’(“JZ
hole) were determined from mo- Ho o Hoooo Ho LH ¥
lecular dynamics simulations of 1 TS 3 4TS
the mutant, and a limited
number (3) of constraints were J
used to keep the overall struc-
ture of the active site. More spe- ,H\J “;LW 71’
cifically, the distance between H | _H
Asp187 and Thr40, the distance 0I
between Thr40 and GIn106 and HJ\
the orientation of His224 relative 14 S\
to Asp187 were constrained. m N
Thus, full flexibility were main- : : | : : E_Z
tained within the different resi- 1 TS 3 TS 5 H
due models. Single-point calcu- ) )

Reaction coordinate — 5

lations at the B3LYP/6-314G*
level were performed to obtain
more accurate energies. The
Gaussian 98 suite of programs'®
was used for the gas-phase
quantum-chemical calculations. In order to estimate the solva-
tion effects of the enzyme environment on the catalytic reac-
tion, the Poisson-Boltzmann method of Jaguar 4.1"" was used
to calculate solvation energies at the B3LYP/6-31+G* level
with a dielectric constant of 4.0.
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Scheme 3. Two-step mechanism of the Michael-type addition of methanethiol to acrolein in the mutant suggested by
calculations and computed potential-energy surface (PES) B3LYP/6-31+ G* energies (dashed line) relative to the reac-
tion complex (1). Solid line represents energies corrected for solvation effects.

should be catalyzed very efficiently by the Ser105Ala mutant.
The formation of intermediate 3 was exothermic by 21.2 or
13.5 kcalmol™' before and after solvation correction, respec-
tively. The last step, a proton transfer from His224 to the sub-
strate (4TS), had an activation energy of 15.6 kcalmol™" rela-

ChemBioChem 2005, 6, 331-336
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tive to 3. The barrier height became 11.8 kcalmol™' after the
addition of solvation effects. This final proton transfer is clearly
the rate-determining step in the reaction, and the computed
activation energy is similar in magnitude to that of the natural
reaction in lipases.

In normal base-catalyzed Michael-type addition of thiol to
unsaturated carbonyl compounds, the nucleophilic sulfur
attack is considered to be the rate-determining step. The
reason for this difference is most likely the presence of the
oxyanion hole in the enzyme, which has the effect of strongly
stabilizing 2TS and 3 through hydrogen bonding. It should be
noted that gas-phase calculations indicate that the stabilization
of 3 is so strong that the reaction might not proceed to prod-
uct (5). However, solvation effects raise the energy of 3 relative
to 5 and make the final reaction step exothermic by
2.2 kcalmol™". The most likely explanation is that the interac-
tion between the oxyanion hole and the negative oxygen of 3
is so strong that it diminishes the interactions between the
oxyanion hole and neighbouring groups in the enzyme. In
agreement with this interpretation, the optimized geometries
showed that the oxyanion hole formed three hydrogen bonds
to the oxygen in 3 but only two in 5.

The quantum-chemical calculations were followed by an
experimental study. First, C. antarctica lipase B Ser105Ala was
created by site-directed mutagenesis.”’ Both wild-type C. ant-
arctica lipase B and the Ser105Ala variant were expressed in
Pichia pastoris, purified, immobilized on Accurel MP1000 and
equilibrated to obtain a water activity of 0.11."*'

The ability of wild-type lipase and the Ser105Ala variant to
catalyze the addition of pentane-2-thiol to but-2-enal was
tested in cyclohexane. The pH dependence of the enzymes
was studied by immobilization of the wild-type and mutant in
potassium phosphate buffers at pH 7.6 or 8.6 (Figure 1). There
was a tenfold increase in the apparent turnover number (k2°F)
as the buffer was changed from pH 7.6 to 8.6 for the mutant,
while the reaction rate of the wild-type was almost independ-
ent of pH (Table 1). The proposed mechanism in Scheme 3 re-

Ser105Ala, pH 8.6

WT, pH 8.6
WT,pH 7.6

I

Product

H 0
formation / % Ser105Ala, pH 7.6

0 10 20 30
Time / days

Figure 1. Michael-type addition of pentane-2-thiol to but-2-enal in cyclohexane
catalyzed by C. antarctica lipase B Ser105Ala mutant (e, o) and wild-type (m,
o). The bottom five curves show control experiments with imidazole (x), empty
carrier (A, ), inhibited wild-type (<) and the background reaction with sub-
strates only (+). Filled and open symbols denote immobilization of enzyme

or prewashed carrier with potassium phosphate buffer of pH 8.6 or pH 7.6,
respectively.
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Table 1. The pH dependence of k¥ for the Michael-type addition of pen-
tane-2-thiol (400 mm) to but-2-enal (300 mm) catalyzed by C. antarctica [i-
pase B variants in c-hexane. The calculated turnover numbers are apparent

since they are only measured at one concentration.

Catalyst pH® k2P [min]
CALB Ser105Ala 8.6 1.03

CALB Ser105Ala 7.6 0.099
CALB WT 8.6 0.67

CALB WT 7.6 0.62
inhibited CALB WT 7.6 0.0034
imidazole (0.037 mwm) 0.025®

[a] pH of the immobilization buffer potassium phosphate. [b] Turnover
frequency.

quires the histidine 224 to be in a deprotonated state. Thus,
the observed pH dependence on the reaction rate indicates
that the histidine changed protonation state on going from
pH 7.6 to 8.6 in the mutant, while, in the wild-type, the histi-
dine was deprotonated at both pH values. The lower pK, of
the histidine in the wild-type is not surprising considering that
the deprotonated form of the histidine can form a hydrogen
bond to Ser105, an ability that the mutant obviously lacks. This
pH dependence of the mutant enzyme supports the key role
of histidine 224 for catalysis of the Michael-type addition
reaction.

Several control experiments were performed to prove that
the reaction occurs in the active site of the enzyme. To investi-
gate the requirement of the active-site for catalysis, immobi-
lized wild-type C. antarctica lipase B was inhibited with p-nitro-
phenyl n-hexylphosphonate.™ Inhibition is only possible with
wild-type C. antarctica lipase B, since p-nitrophenyl n-hexyl-
phosphonate reacts with serine 105 to form a covalent adduct.
The inhibition blocked the catalysis (Figure 1) and the kP
value decreased 180 times (Table 1) compared to that of the
wild-type lipase. Further elucidation of the necessity of the
protein and its oxyanion-hole for catalysis was made by the
substitution of the lipase for imidazole. Imidazole was chosen
as a control catalyst since the side-chain of histidine has the
structure of imidazole. Free imidazole was added as catalyst to
a Michael-type reaction mixture at a concentration correspond-
ing to that of the lipase. The imidazole-catalyzed reaction was
much slower than the lipase-catalyzed reactions (Figure 1 and
Table 1); this suggests that the protein with the oxyanion hole
is needed for efficient catalysis. Control experiments were run
with empty carrier to confirm that the catalytic effect of the
immobilized enzyme was not due to the carrier or the immobi-
lization buffer. Two control experiments were run with empty
carrier prewashed in an immobilization buffer of either pH 7.6
or pH 8.6 and with the same water activity as the immobilized
enzyme. These two control reactions were almost as slow as
the background reaction with substrates only (Figure 1). This
indicates that the catalytic activity of the enzyme-catalyzed
reactions is a result of the enzymes and not of the carrier or
the immobilization buffers. The results of these control experi-
ments give strong indications that the catalysis of the Michael-
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type addition takes place in the active site of Candida antarcti-
ca lipase B.

To gain more information about the catalytic system, a kinet-
ic study of C. antarctica lipase B Ser105Ala was made in which
the initial rates were measured. One reaction system consisting
of thiophenol and cyclohex-2-enone in toluene was chosen for
evaluation. The concentration of thiophenol (30 mm) was kept
constant, and the concentration of cyclohex-2-enone was
varied (Table 2). Since only one of the two substrates was

Table 2. The catalytic proficiency of C. antarctica lipase B Ser105Ala for
the Michael-type addition of thiophenol to cyclohex-2-enone in toluene.

Catalyst KRG Ky Kk KUK Ko
s "M [s'™T Ml

CALB Ser105Ala 2.2x107% 3.4

Substrates only 1.4x1077

Ratios 1.6x10° 2.4x10

varied, the calculated values are apparent and underestimated.
The reaction followed Michaelis-Menten kinetics when the
data were treated according to pseudo-first-order kinetics. The
catalytic proficiency ((kK3P/KiPF)/k..,) was estimated to be 24
million, which is comparable to natural enzymes."®

The scope of the catalytic system was explored with 13 dif-
ferent substrates (Table 3). Michael acceptors, like aldehydes,
ketones and esters, formed Michael-type adducts with thiols.

Alcohols were tested as nucleophiles, but did not react in a Mi-

T. Brinck, P. Berglund et al.

chael-type addition. This can be explained by the concept of
soft and hard nucleophiles. Thiols are considered soft nucleo-
philes and therefore preferably react at the -carbon in a 1,4-
fashion. Alcohols are hard nucleophiles and consequently react
in a 1,2-fashion. Even primary and secondary amines were
tested, but resulted in imine and enamine formation, respec-
tively, when added to aldehydes. Secondary amines, however,
formed Michael-type adduct when added to an o,-unsaturat-
ed carbonyl ester, methyl acrylate. No enantioselectivity could
be achieved for any of the tested substrates with either the
wild-type or the Ser105Ala variant of the lipase. This may seem
to be a contradictory result since these reactions were shown
to take place in the enzyme active-site. The reason for this will
be further investigated.

The catalytic performance of the Ser105Ala mutant was
compared to the wild-type enzyme for some of the tested sub-
strates (Table 3). As shown in Table 3, the mutant enzyme cata-
lyzed Michael-type addition of thiols faster than the wild-type
enzyme in 6 out of 9 cases. The turnover numbers of entries 2,
7 and 13 were almost the same for both enzymes. Larger dif-
ferences between the two enzymes can be seen for the reac-
tions in entries 10, 17, 21 and 22. In entries 21 and 22 thiols
were added to methyl acrylate. The catalysis of these two reac-
tions was much faster with the mutant enzyme compared to
the wild-type. However, the opposite effect was shown when a
secondary amine, diethyl amine, was treated with methyl acry-
late. The wild-type enzyme catalyzed this reaction with a kP

cat

value of 810 min~', while the kP value was less than 15 with

cat

the mutant enzyme. The characteristic k" values for the

cat

Michael-type addition of thiols

range from 107 to 4min,
Table 3. The a,(-unsaturated carbonyl compounds (300 mm) and thiols or diethyl amine (400 mwm), according to which is comparable to kg,
Scheme 1), used to compare the catalytic performance of C. antarctica lipase B Ser105Ala and wild-type C. antarc- values of cross-aldol reactions
tica lipase B. Both enzymes were immobilized in 50 mm potassium phosphate buffer at pH 8.6. The calculated turn- . ]
over numbers are apparent since they are measured at only one concentration. catalyzed by aldolase antibodies
(1073 to 1 min™").l""
1 2 3 4 app app app app .. .
No. R R R R kg mt ket Wt ket mukest WT foon Similar reaction rates for both
[min~'] [min~] [min~'m™ ] . .
enzymes were obtained in some
-5
! H H H tBu 35 1.5x10 of the reactions. This indicates
2 H H Me Et 43 46 0.94 3.0x107° L .
3 H H Me  tBu 06 33%10° that the serine in the wild-type
4 H H Me  2-Bu 0.18 1.1x10°° does not significantly influence
5 H H Me  2-pent 1.03 0.67 15 9.9x1077 the catalysis by its presence. The
-4
6 H H Me Bz 13 1.3x10 reason might be that serine 105
7 H H Et Et 1.03 0.93 1.1 3.8x10°° h . .
8 H H Et tBu 77%10- 33%10-¢ can only interfere with the first
9 H H Et 2-Bu 44x10°? 65x10° | step of the  mechanism
10 H H Et 2-pent 56x1072 1.8x1072 3.1 50x107° (Scheme 3). Since the second
-5
M H H Et Bz 13 3.8x10 ) step of the reaction mechanism,
12 H Me  Et Et 0.41 2.0x10”
13 H Me  Et Bz 021 0.22 0.96 33%10° the transfer of the proton from
14 H H Ph Et 0.13 6.5%10°5 histidine 224 to the a-position
15 H H Ph tBu 24x1072 23x10°° of the substrate, was found to
2 -7
16 H H Ph 2-Bu 5.8x10 20x10 be rate limiting (Scheme 3), the
17 H H Ph 2-pent 0.27 9.7x1072 2.8 9.9x107° .
18 H H Ph Bz 12 1.0%10°¢ presence of the serine 105
19 o) @ ) 2-pent 027 048 0.56 19x10°5 cannot be expected to signifi-
20 w © “ Ph 1.4 1.1x1077 cantly alter the reaction rate.
-2 -2 -7
21 OMe H H Et 6.4x10 : <1.0x10 : >6.4 2.0x10 ! It can be noted that the mea-
22 OMe H H 2-pent 2.8x10™ <1.7x10™ > 1600 23x10” .
23 OMe H H (o) <15 810 <1.9%10°2 24%10-3 sured reaction rates are not as
- - high as indicated by the quan-
[a] Cyclohex-2-enone. [b] Diethyl amine: tum-chemical calculations. How-
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ever, the average error in calculations of reaction energetics
with the computational method (B3LYP/6-31+ G*) used in this
work is around 4-5 kcalmol~'."®" |n addition, the calculations
were performed in a limited model system without considera-
tion of enzyme dynamics. The frequency of formation of near-
attack complexes (NACs) as well as the occurrence of promot-
ing and demoting motions can have a significant impact on
the reaction rates.”?¥ Thus, considering the importance of
such effects and the accuracy of the quantum-chemical calcu-
lations, the discrepancy between theory and experiments is
not surprising.

In conclusion, the quantum-chemical calculations indicate
that the Michael-type addition of thiols to o,-unsaturated car-
bonyl compounds should be catalyzed in the active-site of the
Ser105Ala mutant of C. antarctica lipase B. This was confirmed
by experimental data. Inhibition of the wild-type lipase
blocked the catalysis; this proves that the Michael-type addi-
tion reaction is catalyzed in the active-site of the enzyme. The
pH dependence of the immobilized C antarctica lipase B
Ser105Ala supports the key role of histidine 224 in the cataly-
sis. This was also confirmed by using imidazole as catalyst. The
kinetic study showed saturation (Michaelis-Menten) kinetics,
and the catalytic proficiency of the Ser105Ala mutant to cata-
lyze the Michael-type addition was in the order of 10’. This
value is in the same range as that of natural enzymes. The
turnover numbers for C. antarctica lipase B towards Michael-
type additions were improved in many cases by the mutation
of serine 105 to alanine for the tested substrates.

Experimental Section

Protein production: C. antarctica lipase B Ser105Ala and wild-type
C. antarctica lipase B were produced as previously described.” '

Immobilisation: The Ser105Ala and wild-type C. antarctica lipa-
ses B were immobilized on the polypropylene carrier Accurel
MP1000 (< 1500 um) at 2.31% (w/w) and 1.78% (w/w), respectively,
in potassium phosphate buffers (50 mm) at pH 7.6 or 8.6 and 20°C
for 24 h in an end-over-end rotator. The enzymes were then fil-
tered and equilibrated against a saturated aqueous solution of
LiCl, to obtain a water activity of 0.11.1"

Irreversible inhibition: Irreversible inhibition of immobilized wild-
type C. antarctica lipase B was carried out with methyl p-nitrophen-
yl n-hexylphosphonate as described by Rotticci et al."

Michael-type reactions: In a typical reaction, immobilized lipase
(429 mgmL™") was added to a solution of a,f-unsaturated carbon-
yl compound (300 mwm), thiol/diethyl amine (400 mm) and internal
standard (n-decane), dissolved in c-hexane. Reaction mixtures con-
taining methyl acrylate were dissolved in diethyl ether. For the
Michael-type addition of thiophenol to cyclohex-2-enone, the mix-
ture was dissolved in toluene. The mixtures were incubated at
20°C in an end-over-end rotator. Samples were taken for GC-FID
(flame-ionization detection) and GC-MS analyses on capillary col-
umns (J & W CycloSil-B, 30 mx0.32 mm i.d., thickness of stationary
phase d;=0.25 pm and Chrompack CP-Sil 5 CB, 25 mx0.32 mm
i.d., d.=1.2 um). The reactions were run on a 1.75 mL scale; some
of them also on a larger scale (8 mL). All products were confirmed
by GC-MS, and some products also by NMR spectroscopy.

ChemBioChem 2005, 6, 331-336  www.chembiochem.org
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Michaelis-Menten kinetics: The apparent turnover numbers (kZF)
were calculated at low conversion by dividing the number of milli-
moles of product by the reaction time and number of millimoles
of enzyme. The turnover numbers are apparent since they were
only measured at one concentration (300 mm). The lipase concen-
tration was determined spectrophotometrically before and after
immobilization, and the amount of active enzyme was determined
by active-site titration."” Both wild-type and mutant enzymes con-
tained the same amount of correctly folded enzyme before immo-
bilization according to CD measurements. The k., values were cal-
culated from the reaction rates, according to v=k,,,[S];[S],, where
[S]; and [S], are the concentrations of substrates 1 and 2, respec-
tively, at 300 mm o,f3-unsaturated carbonyl compound and
400 mm thiol/diethyl amine for all reactions except the enzyme
proficiency measurement experiment. For the enzyme-proficiency
experiment, thiophenol (30 mm) and cyclohex-2-enone (300 mm)
were used for calculations of k., and kP values. The kP/Ki®
value was calculated from the initial rate of the Michaelis-Menten
curve as cyclohex-2-enone was varied and the thiophenol was kept
constant.

Note added in proof

During the production of this paper, Gotor and co-workers pub-
lished the Michael addition of secondary amines to acrylonitrile
catalyzed by wild-type Candida antarctica lipase B. Their results are
in agreement with our result (Table 3, entry 23) since we, in this
case, found that the wild-type were faster than the mutant by a
factor of more than 50: O. Torre, |. Alfonso, V. Gotor, Chem.
Commun. 2004, 1724-1725.
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Transport Of Surface-Modified Nanoparticles
Through Cell Monolayers

Annette M. Koch,® Fred Reynolds,” Hans P. Merkle,”™ Ralph Weissleder,” and

Lee Josephson*®

We synthesized three peptides, a p-polyarginyl peptide (r8(FITC)),
a Tat peptide (Tat(FITC)), and a control peptide (Cp(FITC)) and at-
tached each to amino-CLIO, a nanoparticle 30 nm in diameter.
We then examined the effective permeability, P, of all six mate-
rials through CaCo-2 monolayers. The transport of peptide-nano-
particles was characterized by a lag phase (0-8 h) and a steady-
state phase (9-27 h). The steady-state P.; values for peptides
were in the order r8(FITC) > Tat(FITC)=Cp(FITC). When r8(FITC)
and Tat(FITC) peptides were attached to the nanopatrticle, they
conferred their propensity to traverse cell monolayers onto the
nanopatrticle, whereas Cp(FITC) did not. Thus, when the r8(FITC)
peptide was attached to the amino-CLIO nanopatrticle, the result-

Introduction

Barriers to the movement of molecules, presented either by
the plasma membrane or in the form of epithelial or endothe-
lial layers of cells, preclude the use of many bioactive substan-
ces as pharmaceuticals. Various types of nano- or microparti-
cles have been proposed as vehicles for transporting drugs
across the blood brain barrier,""? across the nasal mucosal epi-
thelium,®* across the intestinal epithelial barriers,>®” and for
topical delivery.® ' The covalent attachment of peptidic mem-
brane-translocating sequences (MTSs), peptides with the ability
to pass through membranes, to nanoparticles could yield a
wide variety of new pharmaceuticals. The MTS of the HIV Tat
protein (Tat peptide) has been used to obtain membrane-per-
meable forms of cyclosporine!” and radiopharmaceuticals with
increased potency,"? for DNA-based gene therapies"*'¥ and
for a variety of other applications.™™ A second use of the Tat
peptide is in imaging cells used for cell-based therapies. Here
cells are labeled ex vivo with Tat peptide—nanoparticle conju-
gates, followed by their administration and tracking in living
systems.'®'® Cell-based therapies include neuroprogenitor cell
implantation to overcome neurological disease, stem-cells in-
jection for bone-marrow reconstitution, and the injection of
cells for restoring blood cells (platelets, leukocytes, red blood
cells).

A magnetic nanoparticle, Tat-CLIO, has been used to load
cells so they can be tracked in vivo by MRI. Tat-CLIO consists of
a superparamagnetic iron oxide core and a coating of cross-
linked dextran (CLIO, cross-linked iron oxide) to which Tat-pep-
tides are attached at high valency (about 20 peptides per 2064
iron atoms per nanoparticle, see ref. [19]). The nanoparticle fea-
tures attached fluorochromes to follow its disposition by tech-
niques like FACS or fluorescence microscopy, and a magnetic

ChemBioChem 2005, 6, 337-345 DOI: 10.1002/cbic.200400174

ing peptide-nanoparticle had a P, similar to that of this poly-p-
arginyl peptide alone. The P of r8(FITC)-CLIO (M,,~ 1000 kDa)
was similar to that of mannitol (M,,= 182 Da), a poorly trans-
ported reference substance, with a far lower molecular weight.
These results are the first to indicate that the modification of
nanoparticles by attachment of membrane-translocating se-
quence-based peptides can alter nanopatrticle transport through
monolayers. This suggests that the surface modification of nano-
particles might be a general strategy for enhancing the perme-
ability of drugs and that high-permeability nanoparticle-based
therapeutics can be useful in selected pharmaceutical applica-
tions.

core that can be tracked by MRI. Tat-CLIO is internalized by a
variety of cells, and has been used to track hematopoietic
stem cells and antigen-specific T lymphocytes.!'®'”
Understanding the feasibility of using Tat-based materials for
pharmaceutical applications is complicated by the diversity
of chemically different Tat-based materials and the variety of
the systems in which they can be studied. Tat-like materials
include: i) Tat-like peptides (including polyarginyl peptides)
labeled with metal chelates or fluorochromes (M <
3 kDa),""'>22" jj) Tat-derivatized enzymes (10-500 kDa),>>>¥
and i) Tat-based  nanoparticles or  liposomes  (ca.
1000 kDa).'*'®%1 We therefore chose to study the transport
through CaCo-2 monolayers of two distinctly different types of
Tat-based materials, Tat-like peptides and peptide-nanoparticle
conjugates made by the attachment of Tat-like peptides to
the amino-CLIO nanoparticle. Three peptides were employed:
i) Tat(FITC) bearing the membrane-translocating sequence of
the HIV Tat protein, ii) a b-polyarginyl peptide (r8(FITC)), which
has been reported to have superior membrane-translocating
properties compared to Tat peptides,”*?¥ and iij) a negatively
charged control peptide (Cp(FITC)). The nanoparticle used for

[a] Dr. F. Reynolds, Prof. Dr. R. Weissleder, Prof. Dr. L. Josephson
Center for Molecular Imaging Research
Massachusetts General Hospital/Harvard Medical School
Building 149, 13th Street, Charlestown, MA 02129 (USA)
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[b] Dr. A. M. Koch, Prof. Dr. H. P. Merkle
Department of Chemistry and Applied BioSciences
Drug Formulation and Delivery
Swiss Federal Institute of Technology Ziirich (ETH Ziirich)
Winterthurerstral3e 190, 8057 Ziirich (Switzerland)
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peptide attachment was amino-CLIO, which has been widely
used for the attachment of biomolecules.**** Concentrations
of peptides or peptide-nanoparticles were determined by
using an immunoassay that recognized FITC; this avoided the
need to synthesize radiolabeled forms of the six compounds
(three peptides, three peptide-nanoparticles) used in this
study.®" In addition, we wanted to follow relatively slow trans-
port processes for times up to 44 h, at which time the proba-
bility of some degree of dechelation becomes substantial. The
FITC immunoassay employed stable FITC-labeled peptides and
peptide-nanoparticles and was performed in microtiter-plate
format, thus permitting rapid as-
saying of large batches of sam-
ples.

There are now several reports

difficult to quantitate the amount

L. Josephson et al.

Results

A schematic representation of the synthesis and structure of
the peptide-nanoparticle conjugates we employed is shown
for the Tat(FITC)-CLIO nanoparticle in Scheme 1, which is de-
rived from ref. [36] All peptides had a common C-terminal se-
quence of amino acids (-GYK(FITC)C-NH,) and were attached to
the amino-CLIO nanoparticle through C-terminal cysteine and
a thioether linkage. The differences in peptide transport there-
fore reflected the number and nature of the N-terminal amino
acids. Peptide-nanoparticles differed from the parent peptides

I
that the attachment of MTS pepti- N2 orose- Oi
des to enzymes or nanoparticles linked 0 NH
leads to the transport of these dextran h‘;
‘ , HO o 0
materials through endothelial bar- O U
riers after intravenous injec- 0 HO Ei,—7
tion.?2232 Though these experi- %:-D; HO 4 orP - 0
ments indicate that MTS attach- (¢] H%D 0 0
OH 0 )y HO
ment affects cell permeation in or)/d OH OH 50 i ?—IO o
vivo, compared to the control ma- HO 0 %H HO 0. OH 0,.?: :%H OH OI-?
terial without MTS attached, it is HO DI—'Ejl
0
5

of transport or compare it to the
transport of other substances.
Therefore we describe here the
transport of Tat-like peptides and
the peptide-nanoparticle conju-
gates made with those peptides
through CaCo-2 monolayers. The
CaCo-2 model is a well-established

uperparamagnetic
iran oxide core

-:- b
Tk
/7 amino-CLIO
nanoparticle

substances, compare the perme-
ability of unknowns with well-
established controls, and estimate
bioavailability.®>3

We show that the transport of
peptide-nanoparticle conjugates
through monolayers is strongly
dependent on the surface of the
nanoparticle, determined by the
nature of the attached peptide.
These results suggest that libraries
of surface-functionalized nanopar-
ticles could be synthesized and
screened as we have described®™
in order to obtain still more per-
meable nanoparticles. Cell-perme-
able nanoparticles might be con-
sidered for the delivery of agents
that are therapeutically effective
even when only slowly transport-

ed through cell layers. the nanoparticle.

338

H 0
epithelial model and is often used HN N g-ﬂNHz
to measure the permeability of G/ HN
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Tal{FITC) peptide
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Scheme 1. Synthesis and features of peptide-nanoparticle conjugates. Amino groups on the cross-linked dextran
coating of the nanoparticle were activated with succinimidyl iodoacetate (SIA). Addition of one of three peptides
(Cp(FITC): GDSDSGYK(FITC)C-NH,, Tat(FITC): GRKKRRQRRRGYK(FITC)C-NH,, or r8(FITC): GrrrrGrrrrGYK(FITC)C-NH,) re-
sulted in a thioether linkage between the C-terminal cysteine and the nanoparticle. FITC was attached to the epsilon
amino group of the penultimate C-terminal lysine residue. Only a protease capable of cleaving the peptide bond
(bold arrow) between a FITC-modified lysine and a modified cysteine can separate fluorescein from the nanoparticle.
Cleavage of the peptide bonds of the GRKKRRQRRRG sequence does not result in the release of the fluorescein from
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both in terms of size (~1000 kDa versus less than 3 kDa) and
by the valency of peptide attachment. Peptides are monova-
lent while the Tat(FITC)-CLIO, r8(FITC)-CLIO, and Cp(FITC)-CLIO
nanoparticles had average peptide-to-nanoparticle ratios of
21+6, 20+5, and 18+ 7, respectively. The side chain of the
penultimate lysine was modified by treatment with FITC and
the C-terminal cysteine was modified by adding nanoparticles.
The stability of the linkage between FITC and the nanoparticle
was shown after internalization by Hela cells. We have shown
that Hela cells retain FITC attached to nanoparticle through
the peptide, see Scheme 1, and a Cy3.5 dye attached directly
to the cross-linked dextran in a similar manner.?® In addition,
in vitro, fluorescein cannot be separated from the nanoparticle
by incubation with proteases (Josephson, unpublished obser-
vations). Therefore immunoreactive FITC can be used as a sur-
rogate to determine nanoparticle concentrations as we have
done in Figures 2, 3, and 4, below.

The uptake of the Cp(FITC)-CLIO, Tat(FITC)-CLIO, and
r8(FITC)-CLIO nanoparticles by CaCo-2 cells was examined by
exposing monolayers to compounds, detaching the cells, and
analyzing FITC-associated cell fluorescence by FACS. We em-
ployed two methods to express cell-associated, probe-based
fluorescence: the percent of cells labeled is shown in Figure 1,
and the relative median fluorescence (RMF) is shown below in
Figure 2. RMF is the median fluorescence of labeled cells divid-
ed by the median fluorescence of unlabeled cells. The percent
labeled cells after one- and four-hour incubation times with
Cp(FITC)-CLIO (Figure 1A), Tat(FITC)-CLIO (Figure 1B), and
r8(FITC)-CLIO (Figure 1C) are shown, the vertical lines indicate
the demarcation between labeled and unlabeled cells. The
time course of cell labeling with the three nanoparticles (Fig-
ure 1A-C) is summarized in Figure 1D. A similar set of experi-

A} 820- B) 320+
2404 | 240 |
T 1604 | 160 |
cell count j !
4 80 |

0 0 £

100 101 102 103 1o 100 1o!

FULL PAPERS

ments was performed with the Cp(FITC), Tat(FITC), and r8(FITC)
peptides (histograms not shown) and are summarized in Fig-
ure 1E. It can be seen that nanoparticle uptake was strongly
dependent on the nature of the attached peptide, with the
amount of cell-associated fluorescence for r8(FITC)-CLIO great-
er than for Tat(FITC)-CLIO, which was greater than for
Cp(FITC)-CLIO. Peptides r8(FITC) and Tat(FITC) rapidly became
cell associated while Cp(FITC) was slow in this regard. It ap-
pears that the r8(FITC) and Tat(FITC) peptides labeled cells
slightly faster than the corresponding nanoparticles, though
our data do not permit an estimate of how much faster this
labeling might be.

Data from the 4 hour time points of Figure 1D and E are
also shown in Figure 2 A, which compares the uptake as RMFs
of our three peptide-nanoparticles and three corresponding
peptides at 37°C. The uptake for peptides was greatest for
r8(FITC)-CLIO, then came Tat(FITC)-CLIO at p < 0.05, which was
greater than Cp(FITC)-CLIO (p < 0.01). However, the major con-
clusion of Figure 2A was that the RMFs of peptide-nanoparti-
cles closely paralleled those of peptides. The RMFs of the Tat-
(FITC)/Tat(FITC)-CLIO pair and r8(FITC)/r8(FITC)-CLIO pair were
not significantly different (p>0.05). The RMFs for peptide-
nanoparticles at 37°C versus 4°C are shown in Figure 2B. The
RMF of r8(FITC)-CLIO was higher at 37°C than at 4°C (p<
0.01), as was the RMF of Tat(FITC)-CLIO (p < 0.01). The low RMF
of Cp(FITC)-CLIO was not dependent on temperature. The
temperature dependence obtained suggests a metabolic-
energy-dependent, endocytic mechanism for the transport of
the Tat(FITC) and r8(FITC) nanoparticles, a result that is consis-
tent with recent observations.*’*® Finally, we compared the
RMFs of CaCo-2 cells with earlier data on Hela cells for Tat-
(FITC) and Tat(FITC)-CLIO, as shown in Figure 2C.¥ The RMFs
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Figure 1. Uptake of peptide-nanoparticle conjugates and peptides as determined by FACS. A), B), C) FACS histograms (frequency distribution) of CaCo-2 cells incu-
bated with Cp(FITC)-CLIO (A), Tat(FITC)-CLIO (B), or r8(FITC)-CLIO (C) for 1 (white) or 4 h (black). The left distributions represent unlabeled control cells. The vertical
line is the demarcation between labeled and unlabeled cells. D) and E) Percentage of labeled cells over time for peptide-nanoparticle conjugates (D) and, for com-
parison, unconjugated peptides (E). White: Cp(FITC)-CLIO and Cp(FITC), gray: Tat(FITC)-CLIO and Tat(FITC), black: r8(FITC)-CLIO and r8(FITC). Experiment shown is

representative for two experiments.
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Figure 2. Uptake of peptide-nanoparticle conjugates and peptides by CaCo-2 cells. A) Peptide-nanoparticle and pep-
tide uptake by Caco-2 cells (37°C, 4 h). B) Peptide-nanopatrticle uptake at 4 or 37°C (4 h). C) Comparison of Tat(FITC)
and Tat(FITC)-CLIO uptake in HeLa (37°C, 3 h) and CaCo-2 cells (37°C, 4 h). Cells were incubated with 10 (Caco-2) or
5 um peptide (Hela) either as peptide or as peptide-nanoparticle. Uptake is expressed as the RMF, calculated by divid-
ing the median fluorescence intensity of the labeled cell population by the median fluorescence intensity of an un-
treated cell population. Student’s t-test was performed A) to compare RMF values of r8(FITC)-CLIO, Tat(FITC)-CLIO and
Cp(FITC)-CLIO and B) to compare values obtained at 4°C to 37°C for each peptide-nanoparticle conjugate (*p < 0.05,
**p < 0.01). Values are the mean & SEM (n=3).
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resistance (TEER) values of 651+
24 Qcm? before and 641+
30 Qcm? (n=25) after the per-
meability experiments; this indi-
cated no significant changes in
the TEER values during these
experiments. Cell-culture inserts
without cells were not found to
be a significant barrier for the
permeation of peptide-nano-
particle conjugates (data not
shown). We first determined the
concentration-versus-time  pro-
files when the concentration of
materials in the donor compart-
ment was constant for the du-
ration of the experiment, as
shown in Figure 3A. The trans-
port of peptides and peptide-

of Hela cells exceeded those of CaCo-2 cells by over ten-  nanoparticles was lower for the initial 9 h, and then increased
fold. in the period between 9 and 27 h. The percentages of nano-

We next evaluated the permeation of peptide-nanoparticle  particles traversing the monolayer at 27 h are given in Fig-
conjugates and peptides across Caco-2 monolayers, as shown  ure 3B, and indicate that the permeation of nanoparticles was
in Figure 3 using a recently developed immunoassay for fluo-  strongly dependent on the nature of the peptide attached,
rescein (see above). Monolayers had transepithelial electrical ~ with Tat(FITC)-CLIO greater than Cp(FITC)-CLIO (p <0.05). No
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Figure 3. Permeation of peptide-nanoparticle conjugates across Caco-2 monolayers. Cells were incubated with Tat-
(FITCO)-CLIO, r8(FITC)-CLIO, Cp(FITC)-CLIO, Tat(FITC), r8(FITC) or Cp(FITC). Concentration was 10 um (referring to pep-
tide). A) Time dependence of concentration in the receiver compartment. Contact between donor solution and mono-
layers was maintained for the full duration of the experiment (27 h). o: Tat(FITC)-CLIO, e: Tat(FITC), A: r8(FITC)-CLIO,
A r8(FITC), t: Cp(FITC)-CLIO, m: Cp(FITC), squares. B) Percent of peptide-nanopatrticles transported to receiver com-
partment after 27 h (from A). Black bar: r8(FITC)-CLIO, gray bar: Tat(FITC)-CLIO, white bar: Cp(FITC)-CLIO. C) Cells
were incubated with peptides or peptide-nanoparticle conjugates for 4 h, then the donor solution was replaced with
fresh cell-culture medium. Symbols as in (A). D) Percentage of peptide-nanoparticles transported to the receiver com-
partment after 20 and 44 h (from C). Bars coded as in (B). A) and B) Values are the mean 4 SD (n =4, experiment was
performed in duplicate and analyzed twice). C) and D) Values are the mean £ SD (n=3). Student’s t-test was per-
formed and related to Cp(FITC)-CLIO (*p < 0.05, **p < 0.01).

statistically significant difference
between r8(FITC)-CLIO and Tat-
(FITC)-CLIO (p value of 0.40) or
between  r8(FITC)-CLIO and
Cp(FITC)-CLIO (p value of 0.38)
was obtained, due to the high
standard deviation for r8(FITC)-
CLIO.

We also employed a protocol
in which CaCo-2 cells were incu-
bated with peptide-nanoparti-
cles or peptides for 4 h, followed
by incubation in culture-free
medium (Figure 3C). Again the
nature of the attached peptide
strongly influenced nanoparticle
transport:  r8(FITC)-CLIO  was
greater than  Tat(FITC)-CLIO,
which  was  greater than
Cp(FITC)-CLIO. The percentages
of nanoparticles passing the
CaCo-2 monolayer at different
time points, together with the p
values, are given in Figure 3D.

The P, values and molecular
weights for the peptides and
peptide-nanoparticles  synthe-
sized, together with those of the
reference materials as derived
from refs. [39,40] are presented
in Figure 4. The transport be-
tween the 9 and 27 hour incuba-
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Figure 4. Effective permeability versus molecular weight. P of peptide-nano-
particle conjugates and unconjugated peptides in Caco-2 cells as calculated
from the slope of the concentration time profile between 9 and 27 h. For com-
parison, literature values for propranolol, a well-absorbed drug, mannitol, a
nonpermeable marker, and sulfasalazine are shown. Also shown is the depend-
ency of effective permeability of mannitol and FITC-dextrans FD4 and FD 20
on molecular weight (0.2, 4, and 20 kDa, respectively).

tion times was used (data from Figure 3A), and a
constant concentration of donor material was as-
sumed. The reference materials were mannitol, a
poorly transported, low-molecular-weight substance,
propranolol, a well-transported, low-molecular-
weight substance, and FITC-labeled dextrans of 4 and
20 kDa, two poorly transported polymers. Also
shown is sulfasalazine, a substrate for the P-glycopro-
tein (PGP) efflux pump.”" The P, of the r8(FITC)-
CLIO nanoparticle (My,~1000 kDa) was similar to that
of mannitol, though the nanoparticle was about
5000 times larger on a weight basis. The Py of the
r8(FITC)-CLIO and Tat(FITC)-CLIO nanoparticles were
similar to those of the unconjugated peptides,
though the nanoparticles were about 300 times
bigger on a weight basis. The attachment of the
r8(FITC) or Tat(FITC) peptides to the amino-CLIO
nanoparticle yielded peptide-nanoparticles with P
values that were far higher than that obtained when
Cp(FITC) was attached, again this indicated the ability
of surface modification to control the transport of
nanoparticles through CaCo-2 monolayers.

The intracellular localizations of Tat(FITC)-CLIO,
r8(FITC)-CLIO, or Cp(FITC)-CLIO nanoparticles in
CaCo-2 cells were examined by confocal microscopy,
as shown in Figure 5. A strong surface fluorescence
was found for Tat(FITC)-CLIO- and r8(FITC)-CLIO-
treated cells, even after thorough washing with

Tat(FITC)-CLIO
e

r8(FITC)-CLIO
—

Cp(FITC)-CLIO
—

FULL PAPER [ -
1 | BIANRI ™ "™
i LL.D LL FAFERD

fluorescence. Fluorescence was cytoplasmic, displaying a punc-
tuated pattern indicative of storage in vesicles, similar to that
seen with Tat protein.*? The unconjugated peptides showed a
similar pattern, with high surface fluorescence, punctuated
staining in the cytoplasm and occasionally nuclear uptake
(data not shown).

Discussion

The current study is the first to demonstrate the ability of MTS
peptides to affect the transfer of nanoparticles across monolay-
ers and to compare the transport of MTS peptides with that of
the MTS peptide-nanoparticle conjugates. Our data indicate
that the transport of nanoparticles (defined as P.) through
CaCo-2 monolayers can be dramatically altered through the at-
tachment of MTS peptides. The attachment of r8(FITC) yielded
a nanoparticle with a P of 1.65x 1077 cms™', which was about
80 times higher than the P of the nanoparticle with a control
peptide attached. The influence of peptide attachment largely
overcame the negative effects of high nanoparticle molecular

Surface Middle with TB

after Trypsinization
with PI

Figure 5. Localization of peptide-nanoparticle conjugates in Caco-2 monolayers. Cells were
treated with Tat(FITC)-CLIO (upper panels), r8(FITC)-CLIO (middle panels) or Cp(FITC)-CLIO
(lower panels) for 4 h and washed with HBSS. Concentration was 10 um (referring to pep-
tide). Confocal sections were taken in living cells, from the surface of the monolayer (A, D,
G), from the middle of the monolayer (B, E, H), or after trypsinization (C, F, I). In B, E, and H,
trypan blue (TB) was added to reduce background fluorescence. In C, F, and | cells were tryp-
sinized to reduce background fluorescence and propidium iodide (Pl) was added to check

for viability and cell membrane integrity.

Hank’s balanced salt solution (HBSS; Figure 5A, D).
No surface fluorescence was obtained with Cp(FITC)-
CLIO (Figure 5G). After the addition of trypan blue to quench
surface fluorescence, internal cell fluorescence for cells incubat-
ed with r8(FITC)-CLIO (Figure 5B) and Tat(FITC)-CLIO (Fig-
ure 5E) was obtained, which was far weaker than the surface
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weight on monolayer transport. Thus the attachment of
r8(FITC) to the CLIO nanoparticle yielded the r8(FITC)-CLIO
nanoparticle (M,,~1000 kDa), which had a P, similar to the
r8(FITC) peptide and which was substantially higher than the
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P+ of much smaller (4 and 20 kDa) FITC-dextrans, as shown in
Figure 5. The P of the r8(FITC) peptide (M,,~2.221 kDa) was
in the range of P, values reported for mannitol (M, =
0.182 kDa), with 1.2x 107 cms "™ or 2.3x 107" cms .54 p .
values were also compared with propranolol and sulfasalazine.
However, the literature values used (Figure 5) were obtained
after shorter incubations than we employed (up to 2 h).

We observed two phases of transport for both peptides and
peptide-nanoparticles, a slow lag phase (0-8 h), followed by a
faster, steady-state phase (9-27 h), as shown in Figure 3A,
from which P values were taken. A lag phase over time peri-
ods of up to 2-3 h has been seen with the transport of various
substances through CaCo-2 monolayers."*™*” A long lag phase
of at least 3 h has been reported for the translocation of intact
HIV virions through brain endothelial cell monolayers with a
substantial increase in translocation after 24 and 48 h.*® The
mechanism of translocation was by lipid-raft-mediated macro-
pinocytosis. Interestingly, the same mechanism has recently
been identified for the cellular internalization of Tat conju-
gates." Intact HIV virions have a diameter of about 100 nm,*”
comparable to our nanoparticle size of 49 nm ¢

loading or steady-state
Nanoparticle _lagphase _ | oaded _phase Nanoparticle
apical cells basolateral

Scheme 2. Uptake of nanoparticles by CaCo-2 monolayers.

An initial lag phase in transport, followed by a faster steady-
state phase, likely reflects the need to load cells with materials
from the apical compartment over the initial hours (see Fig-
ure 3 A), before the maximal rate of transport from iron-loaded
cells to the basolateral medium occurs, as depicted in
Scheme 2. The uptake of Tat(FITC) and Tat(FITC)-CLIO was
higher for Hela cells than CaCo-2 cells (Figure 2C), which may
reflect a higher surface area for Hela cells.

Using CaCo-2 cells, we observed a strong surface staining
with Tat-like peptides and the corresponding nanoparticles
(Figure 5), with minimal staining in the interior of the cells. In
some studies with MDCK and CaCo-2 monolayers, however, a
lack of intracellular fluorescence was obtained with fluorescent
Tat peptides, see refs. [51,52]. By contrast, with MDCK cells, a
fluorescent Tat peptide showed punctuated cytoplasmic fluo-
rescence.”™ Differences in the peptide sequences, cell culture,
and other experimental details limit our ability to interpret
theses discrepancies.

The transport of a Tc-labeled Tat peptide through CaCo-2
and MDCK monolayers has been studied by Violini et al.*?
Their P values were for the initial two hours, whereas our P
values reflect transport after a lag phase and at 9-27 h after
addition of the nanoparticle to the apical side of the monolay-
er (Figure 3 A). Violini found that Tat peptide transport was sim-
ilar to that of inulin, a poorly transported compound, and
about 100-fold lower than that of propranolol, a well-trans-
ported compound. However, using CaCo-2 monolayers, Violini
obtained higher P values than usually reported for propranol-
ol and higher P values for the Tat peptide than we obtained.
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The reason for this discrepancy is not clear. They concluded
that there was a permeation barrier to the transport of Tat
peptide through well-differentiated cells. Trehin etal. also
found little translocation of the Tat peptides through monolay-
ers.”¥ Lindgren et al., using a similar system to our, studied the
permeability of penetratin, which, like the Tat-peptide, is a
basic MTS peptide, and found 0.6% of the peptide passed
through CaCo-2 cells in 2 h.*® We obtained values for the Tat
peptide and polyarginyl peptide of 0.7 and 2.4%, respectively,
in 27 h, see Figure 3B.

It might be argued that the reliance on fluorescein, that is
on fluorescein as determined by immunoassay, for our analy-
tical method could lead to misleading conclusions. However,
the design of the peptide-nanoparticle conjugates employed
results in nanoparticles with very high chemical stability. The
linkage between the FITC and the nanoparticle is not suitable
for proteolytic attack because of the highly modified amino
acid side chains used to link FITC to the nanoparticle, see
Scheme 1. The cross-linking of dextran with epichlorohydrin to
obtain the amino-CLIO nanoparticle to which peptides are at-
tached results in a coating that remains bonded to the iron
oxide even with temperatures as high as 121°C.”® After the in-
ternalization of the Tat(FITC)-CLIO nanoparticle by Hela cells,
the FITC linked to the nanoparticle was retained by cells in a
manner similar to the retention of Cy3.5 attached directly to
the dextran; this indicated that no separation of FITC from the
nanoparticle occurred after internalization into Hela cells.*® Fi-
nally the rapid metabolism of peptide-nanoparticles to some
minimal degradation product is inconsistent with the consider-
able differences in the transport of peptide-nanoparticles over
long periods of time, see for example Figure 3A. Our results
cannot eliminate the possibility of some peptide degradation
with the peptide-nanoparticle conjugates. However, such deg-
radation will not affect our central conclusion: the transport of
the core nanoparticle (iron oxide, cross-linked dextran, fluores-
cein, see Scheme 1) through CaCo-2 monolayers can be greatly
enhanced by the attachment of Tat-like membrane translocat-
ing peptides to that core.

The ability of surface modification to alter nanoparticle
transport through a monolayer suggests several lines of future
work. First, the synthesis of the surface-modified nanoparticles
we employed can be done in a parallel fashion to rapidly syn-
thesize positionally encoded libraries of surface-modified nano-
particles.”™ By determining the nanoparticle transport through
monolayers with the nonisotopic FITC immunoassay, nanopar-
ticles can be prepared in advance and stored before use in
monolayer transport studies. These synthetic and analytic
methods might permit a large body of data on nanoparticle
transport to be generated (P versus surface chemistry), per-
haps leading to the design of nanoparticles with far higher P
values than those of the current study. A second conclusion re-
garding nanoparticle transport relates to the relatively long lag
phase followed by a faster steady-state phase we obtained.
This implies that substantial rates of nanoparticle transport
may occur, if nanoparticles are exposed to the apical side of
cells for long periods of time. While rapid transport through
cells is needed for pharmaceuticals used to treat acute condi-
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tions, more slowly absorbed pharmaceuticals could be equally
useful. For example, the transcellular transport of topically ap-
plied agents, such as steroid hormones, can be a slow process
and still provide therapeutic benefit. Enhanced internalization
and transport might also be used in the design of immuno-
gens, which, when used as vaccines, might require mucosal
uptake. An understanding of the kinetics of nanoparticle inter-
nalization and transcellular transport, together with an under-
standing of the pharmacokinetics and therapeutic require-
ments of various therapeutic agents, can be used to select
drugs that might benefit from the formulation into surface
modified, nanoparticle based designs.

Experimental Section

Three peptide—-nanoparticle conjugates were synthesized by using
three peptides and named Tat(FITC)-CLIO, r8(FITC)-CLIO, and
Cp(FITC)-CLIO. Peptides were synthesized by using Fmoc chemistry
and modified by treatment with FITC as described."® Peptides
were purified by reversed-phase HPLC and were within 1 Da of
their expected mass by mass spectrometry. The peptides were:
i) Tat(FITC), GRKKRRQRRRGYK(FITC)C-NH, (Mp 2237), i) r8(FITC),
GrrrrGrrrrGYK(FITC)C-NH, (Mg 2221), and iii) Cp(FITC), GDSDSGYK-
(FITC)C-NH, (M 1156). Amino-CLIO was prepared as described.!'®3

Peptide-nanoparticle conjugates were prepared by adding amino-
CLIO (4 mg, 0.071 mmol Fe) to N-succinimidyl iodoacetate, (SIA;
10 mg, 35 pmol, Molecular Bioscience, Boulder, CO, USA) in DMSO
(200 pL). The mixture was vortexed, allowed to sit for 15 min, and
purified with a PD-10 desalting column (Sigma-Aldrich, Buchs,
Switzerland) in citrate (0.02m) and NaCl (0.15m), pH 8, to remove
unreacted SIA. The activated amino-CLIO was then split into three
equal amounts, and either Tat(FITC), r8(FITC), or Cp(FITC) (about
1 mg) in 0.1% v/v trifluoroacetic acid in water was added. The mix-
ture was vortexed, allowed to react for 1-2 h, and purified with a
PD-10 desalting column (Sigma-Aldrich). Unreacted peptide was
removed by ultracentrifugation (Minicon YM-30, Millipore, Bedford,
MA, USA) and dialysis (Spectrapor, MWCO 8000, Spectrum Europe
B.V., Breda, The Netherlands). The number of attached FITC dyes
per nanoparticle was determined spectrophotometrically (€40,=
73000). Iron was determined spectrophotometrically,™ and the
ratio of Tat(FITC), r8(FITC), and Cp(FITC) per nanoparticle was calcu-
lated by assuming 2064 iron atoms per CLIO particle.””

Cell monolayers: Caco-2 cells were purchased from ATCC (Mana-
ssas, VA, USA). Cells were cultured in DMEM (Dulbecco’s modified
Eagles Medium) with glucose (4.5 mgmL™"), containing 20% fetal
bovine serum (FBS) for the first two passages after thawing, and
10% FBS for further maintenance. Medium was supplemented
with penicillin (100 UmL™"), streptomycin (100 pgmL™"), Na-pyru-
vate (1 mm), L-glutamine (2mm), and nonessential amino acids
(0.1 mm). Media, balanced salt solutions and supplements were
from Cellgro (Mediatech Inc, Herndon, VA, USA). Cells were cul-
tured and passaged according to standard conditions.”® Confluent
and differentiated Caco-2 cells were used for experiments at days
18-21. Passage numbers used were 20-30. The medium was ex-
changed three times a week.

For cell transport/permeability studies, cells were seeded on cell-
culture inserts (polyethylene terephthalate; PET), 1 um pore size,
1.6x10° pores per cm? 0.9 cm? growth area) and companion
plates (12-well plates, Falcon, Becton Dickinson, Franklin Lakes, NJ,
USA) with a density of 10° cells per cm® Cells were kept with
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medium (1.5 mL) in the basolateral chamber and with medium
(0.5 mL) in the apical chamber. The integrity of the Caco-2 cell
monolayer was evaluated by measuring the TEER. TEER is repre-
sented as resistance in Qcm? corrected for the blank filter and
normalized for surface area with an epithelial tissue voltohmmeter
(Evom, Hilton, South Australia). Cells had a resistance between 600
and 700 Qcm?. Microscopy studies were performed on glass cham-
ber slides (Lab-Tek Chambered Coverglass, Nalge Nunc, Naperville,
IL, USA) and flow cytometry (FACS) in cell-culture inserts or on 24-
well plates (Falcon). Cell density was identical to that used for per-
meability studies.

For FACS, cells were incubated with Tat(FITC)-CLIO, r8(FITC)-CLIO,
or Cp(FITC)-CLIO nanoparticles at 10 um peptide concentration,
which corresponds to 50 ng FemL™', or with unconjugated Tat-
(FITC), r8(FITC), or Cp(FITC) peptides (10 um). Conjugates and pep-
tides were added to complete cell-culture medium. The medium
was sterile-filtered (0.2 pm pore size, low protein binding, Gelman,
Ann Arbor, MI, USA) before addition to cells. After incubation, cells
were washed with HBSS (4x) and trypsinized for 15 min. Trypsini-
zation was stopped by addition of cold DMEM containing 20%
FCS. Cells were separated by pipetting up and down for several
times and transferred to FACS tubes (Becton Dickinson), spun
down, washed with HBSS (2x), and fixed in 2% paraformaldehyde
(Sigma-Aldrich) in HBSS. Cells were analyzed by FACS on a FacsCa-
libur (Becton Dickinson, Franklin Lakes, NJ, USA). A total of 10000
cells per sample were analyzed. The number of cells with a fluores-
cence intensity higher than that of unlabeled cells was used to cal-
culate the percent of labeled cells. The baseline was determined
by analyzing unlabeled control cells. RMF (relative median fluores-
cence) was calculated by dividing the median of the labeled cells
by the median of an unlabeled cell population.

For confocal-laser scanning microscopy (CLSM), cells were incubat-
ed with Tat(FITC)-CLIO, r8(FITC)-CLIO, Cp(FITC)-CLIO, or unconju-
gated Tat(FITC), r8(FITC), or Cp(FITC) peptides (10 um) for 4 h at
37°C in complete cell-culture medium. After 3.5 h, the medium
was removed and replaced by Hoechst 33342 (10 um; Molecular
Probes) in HBSS. After 30 min, the cells were washed with HBSS
(4x) and examined by CLSM (Zeiss 410 inverted microscope,
Zirich, Switzerland). Two-dimensional multichannel image process-
ing was performed by using the IMARIS software (Bitplane AG,
Switzerland). The background fluorescence of the cells was deter-
mined by analyzing unlabeled cells.

To more clearly view intracellular fluorescence, trypan blue was
used to quench surface FITC fluorescence.”**" Half of the volume
(0.2 mL) was replaced with 0.4% trypan blue before CLSM.

To check for membrane integrity of the cells after 4 h incubation
with peptide nanoparticle conjugates, cells were trypsinized and
detached as described for FACS. Suspensions were then incubated
with propidium iodide (30 ugmL™'; Molecular Probes, Leiden, the
Netherlands) in HBSS for 5 min, spun down again, and resuspend-
ed in cell-culture medium. Cells were allowed to settle down on a
glass chamber slide for 3 h and examined by CLSM without prior
fixation.

Monolayer permeability was measured in complete cell-culture
medium across cell layers grown on PET cell-culture inserts in 12-
well plates. Conjugates or peptides (0.4 mL) as donor solutions
were added to the apical side, and of cell-culture medium (1.5 mL)
to the basolateral side. The study was performed under normal cul-
ture conditions (37°C, 5% CO, containing O,). The integrity of the
cell culture layers was monitored before and after each permeabili-
ty study by measuring the TEER.
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Two experimental designs were used to measure cell permeability.
For the first, peptides or peptide-CLIO conjugates were placed on
the cells, and transport was monitored continuously for 27 h (Fig-
ure 3A). In the second, peptides or peptide-nanoparticle conju-
gates were placed on the apical side for 4 h, and replaced with
cell-culture medium. After 4 h, cells were washed with medium
(3x) and incubated for a further 44 h. Samples were taken out of
the receiver solution after 4, 12, 20, and 44 h (Figure 3C). Both de-
signs used 0.4 mL of Tat(FITC)-CLIO, r8(FITC)-CLIO, Cp(FITC)-CLIO
nanoparticles or Tat(FITC), r8(FITC), or Cp(FITC) peptides at 10 um
peptide added to the apical side of the insert. The amounts of
nanoparticles transported were obtained by applying corrections
for sample removed.

In order to be able to compare our results to other studies that
made use of CaCo-2 monolayers, a linear rise in concentration be-
tween 9 and 27 h was assumed, and an estimation of an effective
permeability coefficient P between 9 and 27 h was calculated
according to Equation 1:

dcC \Y
Peff:(E>SSA.—CD (1)

Here (dC/dt),, is the steady-state slope of the concentration versus
time profile in the receiver compartment, A is the cross-sectional
area of the filter membrane, V is the volume of the receiver cham-
ber, and C; is the initial concentration in the donor compartment.
The donor concentrations used to calculate P were 10 pm, as ini-
tially added to the apical side. Donor concentrations for r8(FITC),
Tat(FITC), r(8)FITC-CLIO, and Tat(FITC)-CLIO decreased in the apical
medium by about 50% during the 27 h experiment—presumably
due to surface attachment to and internalization into cells—where-
as donor concentrations in the apical solution were maintained for
Cp(FITC) and Cp(FITC)-CLIO. For simplicity, constant donor concen-
trations were used for the calculation of P, even though effective
permeability values might be underestimated.

Additionally, the percentage of permeated substance was deter-
mined. The absolute amount in the donor chamber was set at
100%, and the ratio of absolute permeated amount to the receiver

was calculated. P, has units of cms™.

For peptides and peptide-nanoparticle conjugates, determination
of the concentrations of transported materials was based on fluo-
rescein, whose concentrations were determined by using an
enzyme immunoassay that permits the concentrations of both
peptides and peptide-nanoparticles to be determined by one
single nonisotopic method that is more sensitive than direct fluo-
rescence. The assay uses FITC-BSA-coated (BSA=bovine serum al-
bumin) microtiter plates and an anti-FITC horseradish peroxidase
(HRP). It is run in competitive format, see Figure 1 of ref. [31], in
which FITC in the sample reduces the attachment of the anti-FITC
HRP conjugate to the solid-phase FITC. Briefly, at the respective
time points, cell-culture medium (50 L) was removed from the ba-
solateral side of the insert and diluted 1:10 four times in 0.1 % BSA.
The diluted solutions were first treated overnight at 4°C with an
anti-FITC horseradish peroxidase conjugate (40 ngmL™"; Molecular
Probes), and the mixture was then transferred onto a 96-well plate
(MaxiSorp, Nunc; 200 uL per well) coated with FITC-labeled BSA
(125 ngmL™"; Sigma Chemical). Plates were then washed three
times (PBS, 0.1% BSA, 0.1% Triton X-100), and horseradish perox-
idase activity was quantitated at 650 nm by using 3,3',5,5'-tetra-
methylbenzidine dihydrochloride (200pL; TMB, Sigma) after 30 min
incubation at room temperature. Iron concentrations of the appro-
priate dilution (1:100 or 1:1000) of the samples were calculated
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from a standard curve by using nanoparticle standards in 0.1%
aqueous BSA solution. A more complete description of the FITC
immunoassay method has recently been published.

Keywords: drugs - iron - nanomaterials - particles - peptides
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High-Throughput Mass-Spectrometry
Monitoring for Multisubstrate Enzymes:
Determining the Kinetic Parameters and
Catalytic Activities of Glycosyltransferases

Min Yang,” Melissa Brazier,” Robert Edwards,”™ and Benjamin G. Davis*®

A novel high-throughput screening (HTS) method with electro-
spray time-of-flight (ESI-TOF) mass spectrometry allows i) rapid
and broad screening of multisubstrate enzyme catalytic activity
towards a range of donor and acceptor substrates; ij) determina-
tion of full multisubstrate kinetic parameters and the binding
order of substrates. Two representative glycosyltransferases (GTs,
one common, one recently isolated, one O-glycosyltransferase (O-
GT), one N-glycosyltransferase (N-GT)) have been used to validate
this system: the widely used bovine [-1,4-galactosyltransferase
(EC 2.4.1.22), and the recently isolated Arabidopsis thaliana GT
UGT72B1 (EC 2.4.1.-). The GAR (green/amber/red) broad-sub-
strate-specificity screen, which is based on the mass ion abun-
dance of product, provides a fast, high-throughput method for
finding potential donors and acceptors from substrate libraries.
This was evaluated by using six natural and non-natural donors

Introduction

Leloir-type glycosyltransferases (GTs or GlyTs) catalyse the
transfer of sugar glycosyl moieties from an electrophilic mono-
or diphosphate sugar nucleotide to a nucleophilic (typically O
or N) glycosyl acceptor.™ GTs may be divided into 66 families,””
which can be further subdivided according to catalytic mecha-
nism into inverting and retaining glycosyltransferases. As en-
zymes using two substrates and producing two products, their
kinetic behaviours are different to those analysed through
single-substrate and pseudo-single-substrate approximations
(Michaelis—-Menten).

To date various assays have been used to study the kinetics
of glycosyltransferases,” including the use of radiochemi-
cals,*® immunological methods*®”  spectrophotometric
assays,”” chromatography™ and some examples of mass spec-
trometry."®" Mass spectrometry (MS) offers a potentially fast,
robust and sensitive method, especially for those reactions
that otherwise cannot be easily monitored."? In particular, it
can simultaneously determine both substrate depletion and
product accumulation to widen the source of potentially
useful data.

Three publications have recently highlighted the potential
for investigating enzyme kinetics by using ESI-MS."%™'3 How-
ever, all require a high level of manual experimental manipula-
tion, which is not well suited to high-throughput screening
(HTS) methods. Here we describe a novel automated method
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(a-UDP-p-Glucose  (UDPGIc),  a-UDP-N-Acetyl-p-glucosamine
(UDPGIcNAc), a-UDP-p-5-thioglucose (UDP5SGIc), a-GDP-L-fucose
(GDPFuc), a-GDP-p-mannose (GDPMan), a,3-UDP-b-mannose
(UDPMan)) and 32 broad-ranging acceptors (sugars, plant hor-
mones, antibiotics, flavonoids, coumarins, phenylpropanoids and
benzoic acids). By using the fast-equilibrium assumption, Ky, K.q
and K, were determined for representative substrates, and these
values were used to determine substrate binding orders. These
screening methods applied to the two very different enzymes re-
vealed some unusual substrate specificities, thus highlighting the
utility of broad-ranging substrate screening. For UGT72B1, it was
shown that the donor specificity is determined largely by the nu-
cleotide moiety. The method is therefore capable of identifying
GT enzymes with usefully broad carbohydrate-transfer ability.

that has allowed rapid and broad assessment of two represen-
tative glycosyltransferases."”

A plant glycosyltransferase from Arabidopsis thaliana
UGT72B1 (EC 2.4.1.)" and a mammalian (bovine) B-1,4-galac-
tosyltransferase (B-GalT; 2.4.1.22)"" were selected to test our
method. Ideally, for comparative purposes, parameters have
been previously established by different conventional methods
for both of these enzymes. (3-GalT is one of the most widely
used enzymes for the synthesis of glycosidic bonds and is
commercially available. It transfers the galactosyl moiety from
a-UDP-p-galactose (UDPGal) to an acceptor with inversion of
anomeric configuration to form [3-O-galactosides. In contrast to
B-GalT, UGT72B1 from Arabidopsis is an N-glycosyltransferase.
It is a family 1 GT;®? the excitingly wide-ranging role of these
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additional kinetic analysis and hyperlinked GAR screen results.
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High-Throughput Monitoring for Multisubstrate Enzymes

enzymes in plants has recently been highlighted,"” but is
largely unexplored. Only recently isolated,””™ UGT72B1 appears
to detoxify certain pollutants, such as 3,4-dichloroaniline (3,4-
DCA), by transferring the glucose moiety from UDPGIc to form
N-glycosides.

Results and Discussion
Method development

To accurately quantify concentrations and concentration
changes, we developed a method that relies upon an internal
standard. While potentially more convenient, experiments to
measure component concentrations simply from their absolute
total ion count (TIC) without internal standard but with exter-
nal calibration essentially failed. Although some broad trends
in TIC that corresponded to concentration were observed, the
data obtained displayed a low response correlation (R*=0.58).

However, pleasingly, similar experiments with a fixed con-
centration of an internal standard (GDP) gave an excellent
linear response (R*>0.97) and was subsequently selected as
the calibration method of choice. Ideally, internal standards
should be similar to the substrates of interest to ensure similar
jonisation response in MS."™ We chose GDP because of the
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consistent use of nucleotide donors in our chosen GIyT reac-
tions.

Introduction of an internal standard directly into a given re-
action system, although potentially convenient, might also
cause inhibition. This is especially pertinent to GTs, for which
feedback inhibition by nucleotide diphosphates (NDPs) is prev-
alent. Furthermore, a given standard might not be stable
under reaction conditions. Indeed, during initial experiments,
problems with use of “in-reaction” standards were highlighted
by observed GDP decomposition with certain benzoic acid ac-
ceptors plus, in many cases, high feedback inhibition of the GT
enzymes. Previous methods"®'" have added internal standards
after manual aliquot removal and quenching work-up proce-
dures; a solution that is time consuming and therefore not
amenable to HTS.

Thus, to avoid potential interference with the enzyme assay,
the GDP internal standard was introduced into the mass-spec-
trometer injection loop by using an HPLC autosampler imme-
diately prior (within 0.3 min) to the injection of the reaction
mixture to be tested. Suitable adjustment of the injection loop
and sample tubing between HPLC and MS ensured that a con-
sistent GDP standard signal appeared at ~0.7 min and lasted
during the reaction mixture (donor, acceptor, products) signals,
which appeared at ~1.2 min onwards (Figure 1).
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Figure 1. a) Typical TIC time course of GDP and product obtained during the monitoring of UGT72B1 activity. Adjustment of concentration and conditions ensured
a “blanket” background GDP standard ion count (upper spectrum, y scale shows % of maximum ion count, TIC=3.1x 10*) covering the time period of the product
ion count without needing to introduce the standard to sample solution (“pseudospiking”). While some ion suppression of GDP signal (< 10%) is observed at high
concentrations of product, at the low concentrations used for initial rate kinetic methods there is little or no effect. b) Good calibration (R?=0.995) of TIC to concen-
tration is seen in calibration curves, illustrated here for glucosylated 3,4-dichloroaniline (GIc34DCA). c) Time-course TIC measurements of products therefore allow
good determination of concentration time courses from which initial rates may be determined, illustrated here for formation of GIc34DCA by using UGT72B1.

d) Under pseudo-single-substrate conditions, this in turn allows the determination of Michaelis-Menten curves, illustrated here for formation of GIc34DCA by using

UGT72B1.
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Hence, the two solutions, standard and sample, were moni-
tored through near-simultaneous analysis (“pseudosimultane-
ous spiking”), thus allowing internal calibration (R*>0.97) in a
manner suitable for high-throughput screening, without any
potential effect (inhibition, etc.) of the internal standard on the
reaction or on the standard itself.

Additional parameters affecting the MS quantification were
also investigated. The signal/background noise (S/N) ratio can
be adversely affected during monitoring due to buffer ionisa-
tion at a higher level than that of the reactants or product due
to their relative concentrations in the assay. Bufferless reaction
solutions are thus ideal in MS. In our assays, while such solu-
tions improved S/N they proved impractical. For example, in
the absence of Tris buffer and the resulting nonoptimal, unsta-
ble reaction pH, the turnover of enzyme UGT72B1 was ex-
tremely slow and variable. A variety of buffers and correspond-
ing elution-solvent systems were evaluated—notably MeCN/
H,O/Et;N, 35:65:0.2;"" NH,OAc/NH;/H,0, 1mm, pH 8.0 and
MeCN/H,0, 1:1—from which Tris with MeCN/H,0O 1:1 proved
the best solvent for all systems. The effect of buffer was further
minimised by the use of a baffled, “Z" channel mass spectrom-
eter"® GT enzymes such as -GalT may require metal ion co-
factors (Mn?*), which can also interfere with MS analysis. To
solve this third experimental problem, the concentrations of
cofactor metal salts were minimised to levels that supported
optimal enzyme activity yet improved S/N. It should be noted
that, in many GT buffer systems,"® vastly excessive cofactor
concentrations are employed that are, in our experience, un-
necessarily high and beyond those needed for optimal rate. Fi-
nally, because the ionisation of certain component reactants/
products (UDPGIc salt; sugars) is typically very strong, a very
effective signal is obtained. Together, the use and optimisation
of these four parameters—pseudosimultaneous spiking, cor-
rect buffer pK, with corresponding elution solvent, Z-channel
and low cofactor ion concentration—created a robust and
powerful analytical HTS enzyme-monitoring system.

Calibration and data acquisition

In all the reactions studied, five ions were monitored, where
possible, in order to obtain the maximum possible information
on the progress of the reaction. The ions monitored (ESI")
were the donor [M—H*]", acceptor [M—H*]" and/or
[M4>°CI7]", NDP product [NDP-H*]~, glycoside product
[M+*CI]™ and internal standard [GDP-H*]". The total ion
counts of each peak were then integrated, and the absolute
concentration of each compound was obtained from standard
curves after normalising the ionisation efficiencies for each re-
action with respect to the internal standard GDP.

Standard curves were constructed for each component at
concentrations around those found under the initial reaction
conditions needed for initial-rate-method measurements. Thus,
concentrations of donor and acceptor were typically varied
from 10-100 um at 20 um intervals, while the products (NDP
and glycosides) were typically determined at one tenth of the
donor concentrations. In each case, the concentration of GDP
(internal standard) was fixed at 100 um (administered through
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“pseudospiking”, vide supra), and the buffer composition was
as used in actual reactions. Finally, the TICs for each ion de-
rived from the components of known concentration were inte-
grated. For each compound, the integral of the TIC for a given
concentration was then divided by the integral of the TIC of
GDP. All the ratios of the concentrations thus obtained were
plotted against actual values to give standard plots that in all
cases gave excellent linear correlations (R*>0.97).

For reaction monitoring, donor and acceptor consumption
and product formation, as judged by their TIC integrated
values, were monitored as a function of time. To allow full de-
termination of the kinetic parameters, one substrate was held
at a fixed concentration while the other was varied before the
roles were reversed. Later determinations and analyses then al-
lowed uncurtailed variation of either concentration parameter
through the use of surface correlation regression analysis (vide
infra). Typically each analysis required ~6 min for completion,
and, for full parameter evaluation, typically ~80 such injection
runs were required, thus highlighting the need for an automat-
ed, high-throughput process. In the absence of HTS, only parti-
al parameter determination has been practicable in previous
studies."" In addition, the limited stability of some GT en-
zymes provides another important reason for rapid through-
put.

Kinetic analysis

The Michaelis—-Menten steady-state equation®*?” can be used

in single-substrate or pseudo-single-substrate situations but
cannot be directly applied to glycosyltransferase enzymes that
use two substrates and generate two products. In many stud-
ies,"*"21 3 saturated concentration of one substrate has been
used to reduce the kinetic analysis of glycosyltransferases to a
pseudo-single-substrate reaction. However, the data generated
under these circumstances do not reflect the general proper-
ties of the enzyme and, indeed, can only be applied to the
analysis of such atypical saturation conditions. These analyses
are therefore of limited utility.

For two substrate reactions as catalysed by GTs, steady-state
assumptions may be reliably applied to multisubstrate enzyme
reactions.”” King-Altman analysis® allows the reaction equa-
tion of an “ordered bi bi” reaction, Cleland nomenclature,*” to
be analysed (Scheme 1).2*!

kq ko ka3 Kq
E+A =—— EA+B =—— (EAB —— EPQ) —— EQ+P E+Q
k4 P ks K

Scheme 1. Ordered bi bi enzyme mechanism. A, B: substrates, E: enzyme, P, Q:
products.

For initial-rate studies, such as those described here, this
may be simplified with the assumption [P]=[Q]=0 to give:

. Vool
KiaKg + Kg[A] + Ka[B] + [A][B]

(M)
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K, and K; are the Kys for each substrate, and K, is the dissocia-
tion constant for the EA complex. With a fixed concentration
of one substrate, for example, A, a Lineweaver-Burk plot analy-
sis, for example, 1/19 versus 1/[B], can be performed.

1 Kg Kia 1 KA-‘,-[A}
EZE;O+W)E+KJW @)

Since, if the concentrations of A are greatly in excess of K, the
variation in slopes of 1/ versus 1/[B] at different [A]s is non-
responsive, the concentrations of both substrates in the kinetic
experiments with the GTs were kept low (20-100 um).

For random bi bi reactions (Scheme 2), King—Altmann analy-
sis coupled with computational assessment® allows Equa-
tion (3) to be derived.

E EAB

Scheme 2. Random bi bi enzyme mechanism.

,?/W\Q

EPQ E

0=
VK, [A][B] + Ky [A]*[B] + [A][B]*

Ke + Kq[A] + Ke[B] -+ K¢[A]? + Ko [BJ? + Ky [A][B] -+ Ki[A]*[B] + [A][B]?

(3)

The definitions of the various kinetic constants, K,—K; differ
from those in the ordered mechanism.”” The random bi bi ki-
netic Equation (3) maybe simplified with the assumption that
all steps other than the central conversion of EAB=EPQ are in
rapid equilibrium. The equation for this system (rapid-equilibri-
um random bi bi) can be obtained from the associated Equa-
tion (3) by eliminating all the terms that contain either of the
rate constants for the central EAB-to-EPQ step. The resulting
rate equation is then identical in form to the ordered bi bi but
without terms in [A][P], [BI[QI, [AI[BI[P] and [BI[PI[Q] in the de-
nominator. This conveniently leads to the same general Equa-
tion (1). The similar form proves ideal for parallel data analysis,
although it should be noted that the interpretation of resulting
constants crucially differs. Definitions for the kinetic constants
for random bi bi are the same as for ordered bi bi except that
Kz = constant/coefB and K, = constant/coef P.??

Although there are several examples of ordered bi bi mecha-
nistic studies, there are only a relatively limited number of ex-
amples for the GTs.”*=¢ The general strategy for studying mul-
tisubstrate enzyme kinetics is to initially determine mechanism
(ordered vs. random). In our method, application of the rapid-
equilibrium assumption (REA)** advantageously allowed Equa-
tion (3) to be simplified to Equation (1). The following kinetic
parameters were obtained from nonlinear regression: V..
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(kea), Kao Ks Kia @and Kg. In all cases, two parallel regressions re-
versing the substrate identities (i.e. A=donor cf. A=acceptor)
were compared, with consistent values for Ky, for each sub-
strate being obtained regardless of assigned identity.

In each case, the Ky/K, or Kg/K, ratio was used to determine
the enzyme mechanism, K, indicating the binding affinity of
an enzyme for its substrate and K and K|, being the dissoci-
ation constants for enzyme-substrate complexes. Theoretical
support for this assumption can be deduced from Equation (3).
For an ordered bi bi mechanism:

Ko _ pp 2 ths _K {1

K, A
K Rk k| TR @

while for a rapid-equilibrium random bi bi mechanism:

in which (k,/k,) o< (Kg/Ky) and (Kig/Kia).
Thus, if k_, <k; then

Ke ki k-,
E*EP*E

k,
k_z(s)

R

A literature survey reveals that the Ky/K, ratio is a strongly cor-
related guide to either ordered or random bi bi mechanism:
ordered bibi reactions display Ki/K, in the range=7.4-
485,51 while random bi bi mechanism display Ky/K,=1.1-
754441 We would therefore suggest that a threshold of Ky/
K,>10 is suitable for defining an ordered bi bi reaction.

Bovine -1,4-galactosyltransferase (3-GalT)

B-GalTt*>3 catalyses the transfer of the galactosyl moiety of
UDPGal to an acceptor to form [-galactoside with inversion of
anomeric configuration. Despite the availability of -GalT, the
determination of its kinetic parameters has been limited to
only a handful of donor-acceptor pairs."®*'% For initial com-
parison of the results obtained for the kinetic characterisation
of B-GalT by the HTS MS method with the more-traditional de-
termination of activity by using fluorescence,"® the methylum-
belliferyl (MU) glycoside of N-acetylglucosamine (MUGIcNAC)
was used as acceptor in a reaction catalysed by B-GalT with
UDPGal (Scheme 3). The reaction was monitored as described
above by using the TIC time course with GDP as the “pseudo-
spike” internal standard. Both nonlinear regression and linear
(Lineweaver—-Burk)®¥ analyses gave similar absolute values, but
the former gave better precision. The kinetic parameters deter-
mined by using MS are shown in Table 1 and compared with
those determined in earlier studies"® in parentheses.
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Scheme 3. Reaction of UDPGal with MUGIcNAc catalysed by -GalT.

Table 1. Kinetic parameters for 3-GalT with MUGIcNAc and UDPGal as substrates.”

UDPGal as A" MUGIcNAC as A
Equation Y =Giam e +1P3><B TRATER Y = FAE) e +1P3/B TPaxA T A/B)
Viax [Mminmm =] 8x10°+£3.9%x10°° 8x107°+3.9x107°
Kyuopeay [M] 1942 (n.d) -
Kimugienag [UM] - 54+0.2 (n.d.)
Kunuopeay [1M] 76+ 4 (115.39) 76+ 4
Kumusicnag [UM] 19+2 (35.9) 1942
Ko [s71] 0.0061
Keat/ Kt wopaan [M "5 7] 80
kcat/KM (MUGIcNAC) 316
M~'s7]

[a] R?=0.998 at 95% confidence. [b] P1-P4 are kinetic parameters: P1=V,,,, P2=K,,
P3=K, and P4=Kg. [c] Taken from Kanie et al.,"® n.d. indicates not determined in this
earlier study.

A fair correlation between the data obtained and those re-
ported previously® was observed (Table 1). The ratio of Ky/K,
~4 for UDPGal and MUGIcNAc indicated that, although MUGlIc-
NAc was slightly more favoured for substrate binding, the reac-
tion mechanism was random bi-bi.

B. G. Davis et al.

+ UDP
NHAc

As well as providing a method for detailed kinetic
analysis, the HTS also allows ready comparison of
enzyme activities. For example, comparison of two
bovine B-GalT enzyme sources, one purified directly
from bovine milk (B-GalT-milk) the other from a re-
combinant source (Spedoptera frugiperda, r3-GalT)
was conducted by using MUGIcNAc as an acceptor.
Under identical reaction conditions, equal enzyme
concentrations at a substrate concentration of
0.5 mm, an initial rate for rp-GalT that was 2.5-fold
higher than that for p-GalT-milk was observed
(Figure 2).

UGT72B1

Recombinant protein rUGT72B1 was generated by
using IPTG-induced expression of a pET-11d vector

construct with BL21-DE3 Rosetta E. coli as host."™ The soluble
50 kDa polypeptide was purified by using Sepharose blue (af-
finity) column chromatography, with UDPGIc as eluent, fol-
lowed by dialysis. SDS-PAGE (Figure 3) showed the enrichment
of the recombinant GT (expected molecular mass 52928 Da).

Overall, the purity of the preparation was assessed to be

>95%.

r 70000

=

- 60000 7

50000

1/v fminmm

40000

30000

p— G 6

UGT72B1 WD e 45
w— 3G

28
24

- 0

1

Figure 3. SDS-PAGE of UGT72B1. Left-hand lane: purified UGT72B1, right-hand
lane: SDS7 molecular mass (kDa) standards.

The activity of UGT72B1 towards UDPGIc and 3,4-DCA was

Figure 2. 3D plot of -GalT kinetics. This figure indicates all Lineweaver-Burk
plots as the two concentration parameters [MUGIcNAc] and [UDPGal] vary. The
projections of each point onto the ZX plane (left) are also shown (e). Full kinet-
ic parameters were determined by nonlinear regression analysis that allowed
simultaneous fitting of the data to result in the 3D surface shown.
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examined by using our novel HTS method and compared with
the previous radiochemical-based assay."™ The product peak at
358 with its characteristic isotope pattern (Figure 4) was used
as the primary monitor for this reaction.
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Figure 4. Mass spectrum of the reaction of UDPGIc with 3,4-DCA catalysed by UGT72B1. Peaks at 358, 360 and 362 are for the target product DCA-GIc as [M+Cl"]~

ions, with expected 100:96:32 isotope distribution.

Reactions were monitored by using TIC in the linear initial-
rate region over ~90-200 min, and kinetic parameters were
determined by using both double reciprocal analysis and non-
linear regression with the two contrasting hypotheses: UDPGlc
is A, cf. UDPGIc is B, as for 3-GalT (Figure 5 and Table 2).

Pleasingly, the results correlated relatively well with similar
data determined by Loutre et al.™ using more classical radio-
chemical methods. In addition, based on the approximately
twofold differences in K, towards DCA and UDPGIc, it was con-
cluded that UGT72B1-catalysed glucosylation of DCA does not
proceed by an ordered mechanism.

Broad screening (GAR) for the potential acceptors and
donors

Having achieved reasonable agreement with published kinetic
parameters, which had been obtained by alternative methods,
for these two very different enzymes, the MS method was then
applied as a broad screen for GT activity designed to rapidly
identify potential acceptors and donors. To investigate the full
extent of the substrate specificity of the recently isolated GT
UGT72B1, a high-throughput li-

brary-screening format was used

Figure 5. 3D plots of UGT72B1 kinetics. This figure indicates all Lineweaver—
Burk plots as the two concentration parameters [3,4DCA] and [UDPGIc] vary.
The projections of each point onto the ZX plane (left) are also shown (e). Full
kinetic parameters were determined by nonlinear regression analysis that
allowed simultaneous fitting of the data to result in the 3D surface shown.

to assess its ability to transfer
different representative donors
to a variety of potential accept-

ors by using a “green-amber- | Fauation

Y = A PP TP T PA T A

Table 2. Kinetic parameters for UGT72B1 with DCA and UDPGIc as substrates.””

UDPGIc as A® 3,4-DCA as AP
1 1

Y

= (P1xA/B)/(P2xP4 + P3/B + P4xA + A/B)

Voax [minmm 1
Kiupeaio [1tm]

Kiapca) [uM]

Kwworaio [uM]
Kwzapca [HM]

Keat [s7]

Kear/ K wopeio) (M 's7']
Kear/ K anc [M7''s71]

red” (GAR) qualitative notation
based on the relative endpoint
signal-to-noise ratio of the ex-
pected product TIC peaks
[Green S/N>10, Amber S/N=1-
10]. A 32 compound acceptor li-

4x10°+£4.67x10°° 4x107°+£4.67x10°°
97432 (n.d.9) -
- 42425 (nd.l)

2543 (4.6+2.39) MN+47
1M1+47 (223+6.89) 25+3
0.106
4182
9414

brary (Scheme 4) and a six com-
pound donor library (Scheme 5)
were used. The general strategy

[a] R”*=0.998 at 95% confidence. [b] P1-P4 are kinetic parameters: P1=V,,, P2=K, P3=K, and P4=Kj.
[c] Taken from Loutre et al.,"® n.d. indicates not determined in this earlier study.
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Scheme 4. Acceptor probe library.

of this GAR method was to firstly screen known donors against
the broad acceptor library, and then secondly use the accept-
ors identified in this first screen against the wider six-mem-
bered sugar donor library. Thus, UDPGIc was first employed as
the known donor for UGT72B1.

The qualitative results of screening UGT72B1 with the ac-
ceptor library by using UDPGlIc are shown in Figure 6. In addi-
tion to the known acceptor 3,4-dichloroaniline (8), coumarin
and benzoic acid analogues, (3, 4, 9, 10, 30 and 31) also
served as good acceptors, while structurally similar flavonoids
were, intriguingly, not substrates. This subtlety in specificity il-
lustrates that even this rapid screen allows some form of rudi-
mentary substrate-specificity map to be elucidated. A similar
GAR broad acceptor-screening experiment was conducted for
B-GalT by using the preferred donor UDPGal. These acceptors
(Scheme 4) are atypical for -GalT, yet 3, 12 and 30 appeared
as novel acceptors (GAR plate not shown).
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Next, by using the acceptors identified above as probes,
novel potential donors (Scheme5) were identified for
UGT72B1. Non-natural substrates, UDP-mannose (UDP-Man)
and o,[3-UDP-5-thio-glucose (a,[-UDP5SGIc) were synthesised
according to Uchiyama and Hindsgaul's method (Scheme 6).5*
To verify activities towards UDP5SGIc, pure anomer a-
UDP5SGlc was also obtained by an alternative procedure.®®
Briefly, a,f-5-thioglucose was first fully acetylated and then
converted into the corresponding glycosyl bromide. This
bromide was coupled with silver dibenzylphosphate, and pure
o or [ product was separated by column chromatography.
For each anomer, hydrogenolytic deprotection gave pure a (a-
55G1P) or [3-5-thio-b-glucose-1-phosphate, accordingly. -
5SG1P was then treated with UTP and UDP-glucose pyrophos-
phorylase to give pure a-UDP5SGIc.”® Full synthetic details will
be published in due course.

ChemBioChem 2005, 6, 346 - 357



www.chembiochem.org



High-Throughput Monitoring for Multisubstrate Enzymes

FULL PAPERS

OH 0 %
HO X
H&ﬁ o o fJ\NH UDPGIe: XY =OH o 0 </N | NH
VIR RS A, UDP5-5-Glc:X=S, Y=OH R« R~ PN
0" Lo 0 o NT 0 UDPGIcNAG: X=0, Y=NHAG 0" 50 50 o NT UNH,
o
%\iOH FucGDP
HO OH O HO OH
oH o) OH o HO OH 0
Ho—\ 78 Ho—\ 76 °
N
ey g e B e (o eSRE s (X
oo NN NN N o HOG-" o o N o
O o7 o Log N N ©o” o7 o o° o~ o
GDPMan UDPMan UDPGal
HO OH HO OH OH
Scheme 5. Structures of the donors in the library.
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Figure 6. Mass spectroscopic screening for the conjugating activity of UGT72B1

towards a series of acceptor substrates (Scheme 4) with UDPGIc. The GAR (green-

amber-red) results reveal acceptors when using UDPGIc as a donor. The “green-amber-red” qualitative screen is based on the relative TIC signal-to-noise ratio of TIC
of the expected product [green S/N> 10, amber S/N 1-10]. As an illustration, esculin (7-O-glucopyranosyl esculetin) formation from esculetin 31 is highlighted, and
the representative MS spectrum shows a peak at 339 [M—H*]~, which indicates the formation of the expected product with S/N> 10.

Donor screening allowed the identification of some unusual
and even non-natural donor substrates for UGT72B1, including
UDP5SGIc®® and UDPMan. Indeed, the breadth of donor spe-
cificity observed for UGT72B1 was striking compared to the
typically highly stringent substrate demands of most GTs and
apparently dependent on the nucleotide portion of the donor.
Various sugar moieties were tolerated (G or A levels in the

ChemBioChem 2005, 6, 346-357 www.chembiochem.org
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screen) for the UDP-donors (UDP-Glc, -5SGlc, -Man, -Gal,
-GlcNAc) while the GDP-donors (GDP-Fuc, -Man) were not at all
tolerated (Figure 7). This suggests that, for certain GTs, such as
UGT72B1, the nucleotide might act as a specificity-determining
“tag” for the sugar. This in turn suggests that synthesis of non-
natural analogues with the correct nucleotide “tag” could be a
possible strategy for the introduction of different sugars by
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Figure 7. Mass spectroscopic screening by using the GAR system for activity of UGT72B1 towards a mixed panel of acceptor and donor substrates. As an illustration,
the highlighted result shows the corresponding spectrum for the previously unknown UGT72B1-catalysed reaction of a-UDP5SG with 3,4-DCA.

using Gly-Ts on the path to the goal of “glycorandomisa-
tion”."7%*) Interestingly, these results also parallel broad donor
sugar-moiety plasticity observed for powerful transferase inhib-
itors in which the donor sugar moiety was successfully re-
placed by aromatic groups.®®¢”

Conclusion

ESI-MS provides an excellent method for monitoring multisub-
strate enzymes, especially where the substrates and products
do not have distinct chromo- or fluorophoric absorptions or
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emissions. A novel HTS-MS method has allowed full kinetic
parameters for multisubstrate enzymes to be determined by
using the rapid-equilibrium assumption model. Kinetic parame-
ters for two very different GTs match well with those reported
previously, and we propose that the GT mechanism (ordered
or random bi bi) is dependent upon the ratio between K, and
Ks with ratios > 10 diagnostic of ordered bi bi and ratios <10
seen to be random bi bi. By this rule of thumb, both B-GalT
and UGT72B1 follow random bi bi mechanisms, with acceptors
slightly preferred over donors with respect to binding affinities.
An HTS green-amber-red (GAR) broad screening method has

ChemBioChem 2005, 6, 346 — 357
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also been developed as a fast and reliable way of finding po-
tential acceptors and donors, and has been used here to high-
light a plasticity in the substrate tolerance of the recently iso-
lated GT, UGT72B1.M This useful HTS MS method will now be
extended to determining the kinetic parameters with a wider
range of donors and acceptors by using a diversity of GTs
cloned from microbes, plants and animals.

Experimental Section

General experimental: o-UDP-p-glucose (UDPGIc), a-UDP-b-
GIcNAc (UDPGIcNAc), GDP-L-fucose (GDPFuc), GDP and other
chemicals were purchased from Sigma, as was bovine -1,4 galac-
tosyltransferase (BGalT-milk). Recombinant {3-1,4-galactosyltransfer-
ase (rpGalT) was purchased from Calbiochem. BL21-DE3 rosetta
was purchased from Novagen. Sepharose blue was purchase from
Amersham. Instruments used: Waters ZMD-MS (ESI™), Waters 600
HPLC system with Waters 2700 sampler. The MS was operated by
Micromass MassLynx 3.3, and the data were processed by using
MassLynx 3.5, Microsoft Excel 2002 and Origin 7.

Enzyme expression and purification: E. coli BL21-DE3 rosetta
were transformed with a UGT72B1-encoding plasmid in a pET-11d
vector, cultured and induced by using IPTG as described previous-
ly."* Cells were then harvested by centrifugation (9k, 4°C, 25 min)
and sonicated in Tris buffer (7 mL, 20 mm, pH 7.8 containing 1 mm
1,4-dithiothreitol (DTT); Buffer A) prior to recentrifugation and ap-
plication of the supernatant onto a Sepharose blue column (5 mL).
After washing with buffer A at 1 mLmin~" for 2 h until all nonbind-
ing proteins had been eluted, the column was eluted with buffer A
containing 1 mm UDPGIc. Fractions were collected every 5 mL, and
activities were tested by MS. Active fractions were dialysed and
freeze-dried, and the purities of proteins analysed by 12.5% SDS-
PAGE. Enriched fractions were combined together and dissolved in
deionised water, and the solution was loaded onto an anion-ex-
change column (MONO-Q) and eluted by using a linear gradient
(mobile phase A: buffer A, mobile phase B: buffer A containing
250 mm NaCl; method: 100% A for 10 min, 100% A-100% B over
50 min, 100% B for 60 min, 100% A for 120 min; flow rate:
1 mLmin~'; detector: UV 280 nm). The resulting GT solution was
stored at 4°C.

MS kinetic-parameter determination

General methods: A Waters ZMD-MS with electrospray ionisation
operating in negative mode (ESI”) was interfaced with a Waters 600
HPLC system and Waters 2700 sampler. MS analysis was under the
control of Micromass Masslynx 3.3 software, and data were proc-
essed with Masslynx 3.5, Microsoft Excel 2002 and Origin 7. The
HPLC/auto-sampler control was divided into two stages: a) injec-
tion with the internal standard (0.1 mm; conditions: mobile phase:
ACN/H,0 50:50; flow rate: 0.12mLmin"'; isocratic method for
0.1 min; injection volume: 10.0 pL; syringe rinse: 50 uL, speed set-
ting: 1; loop rinse: 200 pL, speed setting 1; ion type: electrospray
negative; 150-1000 ESI~ for 0.1 min, scan 0.2 min) and b) sample
injection (conditions: mobile phase: ACN/H,O 50:50; flow rate:
0.12 mLmin™"; isocratic method for 5.5 min; injection volume:
10.0 uL; syringe rinse: 200 ulL, speed setting: 16; Loop rinse:
200 pL, speed setting 16; ion type: electrospray negative; ESI~
(single-ion monitoring) for 5.3 min; single-ion peaks monitored,
typically: UDPGlc (565.0, dwell 0.1s), acceptor ([M+3°Cl"]~, UDP
(403.0, dwell 0.1s), GDP (442.0, dwell 0.1 s), product (IM4+*CI]-,
dwell 0.1 s)]
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Typical procedure for standard-curve determination: All reactions
were performed in TRIS buffer (1 mm, pH 7.8, containing appropri-
ate cofactors) at ambient temperature. Six samples were analysed
with one containing 0.1 mm GDP (in TRIS buffer) only, and the
other five containing fixed concentrations of UDPGIc (0.01 mm,
0.03 mm, 0.05 mm, 0.07 mm, 0.09 mm), acceptor (same concentra-
tions as donor), UDP (0.001 mm, 0.003 mm, 0.005 mm, 0.007 mm,
0.009 mm, respectively), product (same as UDP). Injection of GDP
internal standard was immediately followed by injection of the
standard mixture (10 uL). The peak area was measured for each
compound after normalisation for ionisation efficiency by using
the internal standard. Plots were drawn of the ratio (X/GDP)
against concentration, and the slope was used to obtain concen-
tration information during subsequent reactions.

Typical procedure for kinetic-parameter determination: Six vials were
prepared, one containing GDP (0.1 mm), the other five containing
fixed concentrations of acceptor with varying concentration of the
donor UDPGIc (20 pm, 40 pm, 60 pm, 80 um and 100 pm). Each
batch of substrates was then made up to a total volume to 300 pL
with the T mm Tris reaction buffer. Initial screening of samples was
performed before any enzyme addition, by following the same
two-stage procedure described above. After enzyme addition
(10 L into final volume 300 pL), the reaction was monitored every
5.5 min x16. After each injection, TIC was monitored for all com-
pounds where possible (e.g., 3,4-DCA was below mass limits). This
procedure was then used with the concentration of acceptor at 20,
60 and 100 pm. Nonlinear regression was performed by using
Origin 7 with typical R*>0.93 at 95% confidence. Regression with
point data (five points each line) gave almost the same K, and K,
but with the larger errors that are a function of the alternative re-
gression method used. For UGT72B1 (M,, 52928 Da) the reaction
buffer was Tris (1 mm, pH 7.8, containing 1 mm DTT) and [E],~1-
5x107""m.

For B-GalT (M,, 48500°%) the reaction buffer was Tris (1 mm,
pH 7.8, containing 0.1 mm MnCl,) and [E],~0.5-2x 108 m.

Comparison of }-GalT activities: A single concentration initial-rate
determination was performed by using the standard parameter-
determination conditions with UDPGal (500 um) and MUGIcNACc
(500 pm) in Tris buffer (1 mm, MnCl, 0.1 mm) with identical concen-
trations (1x10°®m) of bovine B-GalT purified from milk (BGalT-
milk) and recombinant -GalT (rpGalT).

MS GAR screening for GT activity: For UGT72B1, each well in the
96-well plate contained Tris buffer (1.0 mm, pH 7.8, 100 uL), donor
(10 mm, 5pL), acceptor (10 mm, 5pul) and enzyme (1 mgmL~',
5uL). For B-GalT, each well in the 96-well plate contained Tris
buffer (1.0 mm, pH 7.8, with 0.1 mm MnCl,, 100 uL), donor (10 mm,
5 L), acceptor (10 mm, 5 pul) and enzyme (0.35 mgmL~", 5 pL). For
both enzymes, the plates were incubated at 37°C for timed inter-
vals (up to 8 h), and the presence of products was monitored by
MS (full scan from 150-1100 Da). The S/N ratio of product to back-
ground was used as a qualitative “green-amber-red” guide of activ-
ity (S/N>10—green; S/N=1-10—amber). In all cases, control sol-
utions without enzyme were used to determine the presence of
any uncatalysed background reaction.

Enzyme-catalysed synthesis of N-p-f-glucopyranosyl-3,4-dichlor-
oaniline: Solutions of a-UDPglucose (10 mm, 2 mL), 3,4-dichloro-
aniline (10 mm, 2mL) and UGT72B1 (1 mgmL~', 50 uL) in Tris
buffer (20 mm, pH 7.8) were combined and diluted with a further
20 mL of buffer and incubated at 37°C. After 16 h, MS indicated
the complete conversion of starting materials, and the reaction
was quenched by heating it at 80°C for 10 min. Dowex 1 (2 g) was
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added to the solution, which was then stirred for 1 h. After filtra-
tion, the solution was freeze dried, redissolved in deionised water
(1 mL), purified by BioGel-P2 Gel column chromatography (25 x
400 mm, flow rate: 1 mLmin~', deionised water, UV detection
254 nm, t=2.4 h) and freeze dried to obtain the title product as a
white solid (4.6 mg, 68%). '"H NMR (400 MHz; D,0): 6=3.32 (dd,
J=93, 9.1 Hz, TH; H,), 3.46 (m, 1H; Hy), 3.48 (t, J=9.4 Hz, 1H; H,),
3.60 (dd, J=5.3, 7.1 Hz, 1H; Hy), 3.78 (dd, J=2.3, 10.2 Hz, 1H; H,),
45 (d, J=8.8Hz, 1H; H,), 6.68 (dd, /=25, 6.3 Hz, TH; Hg in Ph),
6.90 (d, J=2.2 Hz, 1H; H, in Ph), 7.25 (d, J=8.9 Hz, 1H; H, in Ph);
HRMS m/z (ESI™): 357.9983 [M+CI7]~, (calcd 358.0016); HRMS m/z
(C17): 341.0692, [M+NH, ™17, (calcd 341.0671).

Synthesis of «,f-p-UDPMannose: p-Mannose (505 mg, 2.81 mmol)
was dissolved in anhydrous pyridine (15 mL), and the solution was
cooled to 0°C. Chlorotrimethylsilane (3.0 mL, 20 mmol) was added
dropwise, and the resulting solution was stirred for 10 min and
then taken to room temperature and stirred for a further 1 h. The
formation of a white solid (pyridinium hydrochloride) was ob-
served. After 1 h, the solvent was removed in vacuo. The residue
was partitioned between pentane (30 mL) and deionised water
(1 mL). The organic fraction was washed with deionised water (5 X
1 mL), dried (anhydrous Na,SO,) and filtered, and the solvent was
removed in vacuo to give a colourless syrup (1.364 g, 95%) that
was shown by crude 'HNMR to contain predominately the f-
anomer of persilylated mannose. '"H NMR (400 MHz; CDCl;) 6=0.11
(s, 9H; (CH,);Si-), 0.12 (s, 9H; (CH,);Si-), 0.17 (s, 9H; (CH,);Si-), 0.18
(s, 9H; (CH5);Si-), 0.19 (s, 9H; (CH,);Si-), 3.58 (m, 1H; H;), 3.62 (t, J=
2.1Hz, 1H; H,), 3.70 (dd, J=6.2, 7.2 Hz, 2H; H, H,); 3.82 (dd, J=
26, 46Hz, 2H; H, Hy); 488 (d, J=23Hz, TH; H,); “CNMR
(100 MHz; CDCl;) 6=-0.18 ((CH;);Si-), —0.02 ((CH,);Si-), 0.4
((CH5)5Si-), 0.6 ((CH5)5Si-), 0.65 ((CH5);Si-), 62.5 (C4), 68.2 (C3), 72.0
(C)), 744 (Cy), 75.2 (Cy), 95.6 (Cy); m/z (ES™): 563.2 [M+Nat]* (EST).
The crude mixture was used without further purification.

UDP disodium salt (200 mg, 0.45 mmol) was dissolved in deionised
water (10 mL), and the solution was passed through a Dowex 50W-
X8 (H) column (15x30 mm). The pH of the eluent was adjusted to
6.7 with 40% tetra-n-butylammonium hydroxide solution. After the
solution had been freeze-dried, the desired product was obtained
as a white solid (400 mg, 98%). The product was used directly in
the next reaction.

1,2,3,4,6-Penta-O-trimethylsilyl-D-mannose (153 mg, 0.30 mmol)
was dissolved in anhydrous CH,Cl, (1.5 mL), and iodotrimethyl-
silane (45 pL, 0.30 mmol) was added slowly to the solution at
—78°C. The reaction system was stirred for 30 min and taken to
room temperature. A solution of nBu,NUDP (from 120 mg UDP,
0.3 mmol, in 6 mL dry CH,Cl,) was then added, and the solution
was stirred for a further 4 h. A solution of nBu,NF (1m in THF,
0.6 mL) was added to the mixture, and the mixture was stirred for
a further 1 h. The solvent was removed in vacuo to give the crude
product as a light brown solid. The residue was dissolved in Tris
buffer (50 mm, pH 7.4, 20 mL), alkaline phosphatase (150 units) was
added, and the resulting solution was stirred for 16 h at room tem-
perature. The solution was freeze dried and redissolved in deion-
ised water (4 mL), filtered (0.8 uwm filter), purified by reversed-phase
(C18) HPLC (0.2 mLx20 samples) isocratic method with ACN/
nBu,NBr (0.1% aq.) 30:70, retention time=12.5 min and Bio-Gel-P2
Gel column chromatography (1.1 g loaded in 3 mL, eluted with
deionised water at 1 mLmin~’, retention time =60 min) and freeze-
dried to give a,f-UDPMan (13 mg, 8% overall, a/f=5:3) as a
white solid. 'H NMR (400 MHz, D,0): 6=3.31 (dd, /=1.8, 4.8 Hz,
TH; Hg, B), 3.42 (m, 1H; H¢, B), 3.44 (t, J=9.4 Hz, 1H; H,, B), 3.51 (t,
J=10.1 Hz, 1H; Hq, @), 3.55 (m, 1H; Hs, B), 3.60 (m, TH, Hs, B), 3.62
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(m, 2H; H,, o, Hs, 0), 3.74 (m, 1H; H,, a), 3.81 (dd, J=3.3, 6.3 Hz,
1H; H;, o), 3.9 (dd, /=15, 1.7Hz, 1H; H,, a), 3.98 (d, /=3.0 Hz,
1H; Hy, B), 408 (m, 2H; Hs 5 (F), a and B), 4.11 (m, TH; H,, (F), o),
4.2 (m, TH; H; (F), a,p), 43 (dd, J=1.9, 2.0 Hz, 1H; H, (F), a and ),
5.1 (d, J=88Hz, 1H; H,, B), 54 (d, J=7.1Hz, 1H; H/, a), 5.84 (d,
1H; H, (F), a, B), 5.86 (d, TH; H (U), B), 7.82 (d, J/=8.0Hz, 1H; H,
(U), B), 7.84 (d, J=8.0 Hz, 1H; H,, 0); *'P NMR (166 MHz; D,0): 6 =
—10.5 (2P, o,f), —12.5 (2P, o,); HRMS m/z (EI"): 565.0469, [M—H*
17, (calcd 565.0472).

Synthesis of «,p-p-UDP-5-thio-glucose: 5-Thio-p-glucopyranose
(100 mg, 0.51 mmol) was dissolved in anhydrous pyridine (2 mL),
and the solution was cooled to 0°C in an ice bath. Chlorotrimethyl-
silane (0.6 mL, 4.1 mmol) was added dropwise to the reaction mix-
ture, and the solution was stirred for a further 1 h at room temper-
ature. The formation of a white solid (pyridinium hydrochloride)
was observed. The solvent was removed, and the residue was par-
titioned between hexane (20 mL) and deionised water (1 mL). The
hexane fraction was washed (deionised water 5x 1 mL), dried (an-
hydrous Na,SO,) and filtered, and the solvent was removed to give
crude TMS;5-S-Glc as a colourless syrup (a/f 95:5, 277 mg, 98%).
'HNMR (400 MHz; CDCly): 6=0.13 (s, 9H; (CH,),Si-), 0.15 (s, 9H;
(CH,)5Si-), 0.16 (s, 9H; (CH,);Si-), 0.17 (s, 9H; (CHs)Si-), 0.20 (s, 9H;
(CH,);Si-), 3.20 (m, TH; Hy), 3.61 (1H; m, Hy), 3.59 (dd, J=6, 8 Hz,
1H; Hs); 3.64 (dd, J=9, 10Hz, 1H; H,); 3.72 (dd, J=2.5, 5Hz, 1H,
H,); 3.88 (m, 1H; He); 4.74 (d, J=2.3Hz, 1H; H,); m/z (El) 579.1
[M+Nat] (EST)

The crude mixture was used without further purification.

1,2,3,4,6-Penta-O-trimethylsilane-5-thio-p-glucopyranose (277 mg,
0.50 mmol) was dissolved in anhydrous CH,Cl, (3 mL), and iodotri-
methylsilane (72 plL, 0.50 mmol) was added slowly to the resulting
solution. The reaction system was stirred at room temperature for
30 min. nBu,NUDP (380 mg, 0.42 mmol) was then added, and the
solution was stirred for a further 4 h. After 4 h, nBu,NF (1 m in THF,
1.1 mL) was added to the mixture, which was stirred for a further
1 h. After 1 h, the organic solvent was removed under vacuum to
give the crude product as a light brown solid. The residue was dis-
solved in Tris buffer (50 mm, pH 7.4, 30 mL), alkaline phosphatase
(200 units) was added, and the resulting solution was stirred for
16 h at room temperature. The solution was freeze dried and redis-
solved in deionised water (4 mL), filtered (0.8 um filter), purified by
reversed-phase (C18) HPLC (0.5 mLx20 samples, isocratic method
with1 ACN/nBu,NBr (0.1% aqg.) 30:70, retention time=19.4 min)
and Bio-Gel-P2 Gel column chromatography (700 mg loaded in
5mL, eluted with deionised water at 1 mLmin~, retention time=
180 min) and freeze-dried to give UDP-55-Glc as a white solid
(40 mg, 12%, o/ 3:7). '"HNMR (400 MHz, D,0): 6=0.821 (t, J=
74Hz, 12H; 4CH,CH,CH,CH,<, «), 0.825 (t J=73Hz, 12H;
4CH,CH,CH,CH,-, B), 1.19 (q, J=7.4 Hz, 8H; 4CH,CH,CH,CH,-, ),
119 (q, J=74Hz, 8H; 4CH,CH,CH,CH,-, B), 142 (m, 8H;
4CH,CH,CH,CH,-, ), 142 (8H; m, 4CH,CH,CH,CH,-, P), 2.86 (m,
1H; Hs, ), 3.08 (t, J=8.2, 9.5 Hz, 8H; 4CH;CH,CH,CH,-, o), 3.08 (t,
J=8.2, 9.5 Hz, 8H; 4CH,CH,CH,CH,-, B), 3.19 (m, TH; Hs, o), 3.20 (¢,
J=10Hz, 1H; H;, B), 343 (t, J=10Hz, 1H; H,, a), 3.43 (t, /=10 Hz,
1H; H, B), 3.50 (m, 1H; H;, @), 3.50 (m, 1H; He, @), 3.51 (m, TH; H,
), 3.52 (q, J=3.5Hz, TH; H,, ), 3.60 (m, TH; H,, a), 3.80 (m, TH;
Hs., ), 3.80 (m, 1H; Hy, P), 4.15 (m, 3H, H,, H;, H, (F), @), 4.15 (m,
3H; H,, Hs, Hy (F), B), 420 (m, 2H; Hs and Hs (F), a), 4.20 (m, 2H;
Hs, Hs (F), B), 5.01 (t, J=8.8Hz, 1H; H,, f), 5.26 (q, J=2.4, 5.6 Hz,
1H; H,, a), 5.85 (m, 2H; H,, H,(F)), o), 5.85 (m, 2H; H,, H, (F), p),
7.82 (d, J=9Hz, 1H; H,, @), 7.82 (d, J=9Hz, 1H; H,, B); *P NMR
(166 MHz; D,0; HDO) 6 =—-10.50 (d, /=20.3, 1P; a), —12.09 (g, J=
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17.84 Hz, 1P; a), —10.50 (d, /=203 Hz, 1P; §), —11.92 (q, /=86,
20.74 Hz, 1P; B); m/z (El) 822.16, [M+nBu,N*—2H*]~ (ES")
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Multivalent HSA Conjugates of 3'-Sialyllactose
are Potent Inhibitors of Adenoviral Cell
Attachment and Infection

Susanne M. C. Johansson,” Niklas Arnberg,”™ Mikael Elofsson,” Géran Wadell,®

and Jan Kihlberg*™

Adenoviruses of serotypes 8, 19 and 37 are the major cause of
the severe eye infection EKC (epidemic keratoconjunctivitis). In
general, all adenoviruses interact with their cellular receptors
through the fibre proteins, which extend from the virus particle.
Recently, adenovirus type 37 (Ad37) was found to bind and infect
human corneal cells through attachment to carbohydrate struc-
tures that carry terminal a-(2-3)-linked sialic acids. Herein we
present a synthetic route to a 3'-sialyllactose derivative and cor-

Introduction

Adenoviruses constitute the Adenoviridae family of viruses and
cause infections worldwide in humans as well as in a variety of
animals."™ Three adenovirus (Ad) serotypes of subgenus D,
that is, Ad8, Ad19 and Ad37, are the major causes of the
severe ocular infection epidemic keratoconjunctivitis (EKC).>¢
The disease is transferred by contact and it is therefore most
common in densely populated areas, predominantly in East
Asia”™® but also in Northern America, India, Palestine and
Europe.™ For example, between half a million and one mil-
lion individuals fall ill with EKC every year in Japan alone.
The initial characteristics of EKC are red eyes, ocular irritation
and tearing caused by viral replication in the conjunctiva.””
Not only the conjunctiva, but also the cornea is infected, and
invasion of cells from the immune defence in the cornea leads
to subepithelial infiltrates that may last for several years'? and
cause various levels of reduced sight. As a result of the infec-
tion, the patient is handicapped for weeks, leading to substan-
tial suffering and economic losses. In some cases, the infection
leads to permanent reduction of the sight.”’ At present there
are no licensed antiviral agents available for treatment of EKC.

In general, all adenoviruses interact with their cellular recep-
tors through the fibre proteins, which extend from the virus
particle. The virus has twelve fibre proteins, each of which con-
sists of a homotrimer.'”® Recently, Ad8, Ad19 and Ad37 were
found to bind and infect host cornea cells through attachment
to carbohydrate structures. For Ad37, these were shown to be
glycoproteins carrying at least one terminal sialic acid residue
linked by an o.(2-3)-glycosidic bond to a saccharide chain.!*'
It is important to point out that the ability of these adenovirus-
es to cause EKC is correlated with their ability to bind to sialic
acid residues on the cell surface.™ Thus, by employing sialic
acid as a component in an antiviral drug it might be possible
to block virus attachment and thus to treat patients suffering

358 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

responding multivalent HSA conjugates with varying orders of
valency. The potential of these compounds as inhibitors of EKC-
causing adenovirus of serotype Ad37, was studied with both a
binding assay and an infectivity assay. The results revealed that
these compounds effectively prevent Ad37 from binding to and
infecting human corneal epithelial (HCE) cells. Moreover, the in-
hibition is significantly increased with higher orders of multi-
valency.

from EKC. Because the virus attaches to the host cell via multi-
ple fibre proteins, it is likely that the ideal inhibitor should be
multivalent, for example, a neoglycoprotein prepared by conju-
gation of several sialylated oligosaccharides to a protein carri-
er.

Multivalent interactions are frequently used in nature so that
weak ligand-receptor interactions become biologically rele-
vant."® Such naturally occurring multivalent events have
become a popular research area among chemists that study
biological recognition. Affinity enhancement afforded by multi-
valent binding has been demonstrated by several research
groups."”?! One of the first and most notable applications of
multivalent inhibitors is the prevention of the binding of the
influenza virus hemaglutinin to host cells.”*?? One major ad-
vantage of a multivalent binding system over a monovalent
system is that recognition in multivalent interactions could
occur by several different mechanisms. These include the che-
late effect, subsite binding, steric stabilisation, statistical re-
binding and receptor clustering."®?” Naturally occurring, multi-
valent carbohydrate structures are widespread but their appli-
cation in probing multivalent cell-surface binding systems is
limited since they are often only found in minute amounts,
structurally heterogeneous and complex. By generating a syn-
thetic multivalent inhibitor it is possible to vary several impor-
tant structural characteristics such as i) scaffold structure, ii) or-

[a] S. M. C. Johansson, Prof. M. Elofsson, Prof. J. Kihlberg
Organic Chemistry, Department of Chemistry, Umed Universitet
90187 Umead (Sweden)
Fax: (+46) 90-13-88-85
E-mail: jan.kihlberg@chem.umu.se

[b] Dr. N. Arnberg, Prof. G. Wadell
Virology, Department of Clinical Microbiology, Umed Universitet
90185 Umed (Sweden)
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der of valency, iii size, iv) flexibility and v) the spacing of bind-
ing elements.®

Our intention with this work was to generate a synthetic in-
hibitor of EKC-causing adenoviruses of serotypes Ad8, Ad19
and Ad37. Here we present the synthesis of a sialylated lactose
derivative 2, and corresponding multivalent human serum al-

bumin (HSA) conjugates. Evaluation of the compounds as in-
hibitors of binding and infection of EKC-causing adenovirus to
host cells revealed a significant multivalency effect.

Results and Discussion
Synthesis

The receptor structure for EKC-causing adenoviruses has a ter-
minal sialic acid residue linked by an a/(2-3)-glycosidic bond to
a saccharide chain."*' Since all a(2-3) sialyltranferases charac-
terised so far only transfer sialic acid to galactose, it is most
likely that the neighbouring saccharide is galactose. Studies of
the binding of the viral fibre knob protein to glycolipids by
using a TLC overlay assay have suggested that the carbohy-
drate structure consists of a complex saccharide and that 3'-
sialyllactose, 1, is the core (unpublished results in collaboration
with Susanne Teneberg). Therefore the 3'-sialyllactose deriva-
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Ho OH
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AcO OAc

tive 2, which can be conjugated to a protein carrier, was select-
ed as target in order to find a synthetic inhibitor of EKC-caus-
ing adenoviruses. Lactose was used as the starting material,
and synthesis of the 3',4'-O-isopropylidene-protected 2-bro-
moethyl lactoside 3 (Scheme 1) followed the procedure de-
scribed by Bengtsson et al.”” Compound 3 was successfully
converted into the 2-azidoethyl lactoside 4 in 97 % yield by
treatment with sodium azide and crown ether in dimethylfor-
mamide (DMF).*? Benzylation of the unprotected hydroxyl
groups with benzyl bromide and sodium hydride in DMF gave
5 in 68% yield. Hydrolysis of the 3’4-isopropylidene acetal
was achieved by using a mixture of trifluoroacetic acid and
water in dichloromethane to give the partially protected lacto-
side 6 in quantitative yield. Sialylation at the 3'-position of 6
was then performed with xanthate 7% by using methylsulfenyl
bromide® and silver trifluoromethanesulfonate as promot-
ers®3* in a mixture of dichloromethane and acetonitrile at
low temperature.”® After careful purification by column chro-
matography and preparative HPLC, the protected trisaccharide
8 was obtained in 56 % yield. The a-anomeric configuration of
the sialic acid residue was established by determination of the
coupling constant®™ between C-1” and H-3",, (J=6.7 Hz).
Since this trisaccharide has an unprotected hydroxyl group in
position 4/, it is possible to glycosylate it further to more com-
plex saccharides if preferred. Deacetylation of 8 in methanolic
sodium methoxide, followed by hydrolysis of the sialic acid
methyl ester, gave the partially protected trisaccharide 9 in
87% yield. Cleavage of the benzyl protective groups, and si-
multaneous reduction of the azido group were accomplished
by catalytic hydrogenation over Pd/C in hydrochloric ethanol®®
to give the unprotected amino ethyl glycoside 2 in 98% yield.
Conjugation of 2 to HSA was performed via the squaric decyl
ester glycoside®”*® 11 (Scheme 2) to give the neoglycoprotein
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Scheme 1. Synthesis of 3'-sialyllactose derivative 2. Reagents and conditions: a) NaNs, [15]crown-5, DMF, 97 %; b) BnBr, NaH, DMF, 68 %; c) TFA/H,0 (9:1), CH,Cl,,
quant.; d) 7, AgOTf, MeSBr, —60°C, CH;CN/CH,Cl, (9:4), 56 %; e) 1. NaOMe, MeOH 2. H,0, 87 % over two steps; f) H,(g) Pd/C, EtOH/HCI, 98 %. TFA =trifluoroacetic

acid.
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The average degree of incorporation was determined by
MALDI-TOF MS by using the centre of the single-charged neo-
glycoprotein peak.

Biological evaluation

In order to investigate whether the multivalent sialyllactose de-
rivatives could inhibit the attachment of Ad37 virions to
human corneal epithelial (HCE) cells and to examine the effect
of multivalency, a binding assay based on **S-labelled virions
was used.?**" 33S_|abelled Ad37 virions were preincubated
with commercially available 3’-sialyllactose 1, or the multiva-
lent derivatives 12b, 12¢c or 12d, before adding the virions to

Table 1. Inhibition of Ad37 attachment to HCE cells by mono- and multi-
l ) valent conjugates of sialyllactose.””
[
Compound C® [mm] % of control® S.D. [9%]
wzH éw j\;/( 1 3'-sialyllactose 5 43 +5
0 0.5 56 +8
0
AcHN HO N 0.05 92 £19
HO on 12b (4-valent) 15 7 +2
12ae n=34,12 17 and 19 03 54 +8
0.06 95 +4
Scheme 2. Synthesis of multivalent 3-sialyllactose HSA conjugates, 12 a-e, with 12c (12-valent) 0.3 0 +0
varying degrees of multivalency. Reagents and conditions: a) Decan-1-ol, tolu- 0.06 33 +4
ene, 78%; b) 10, DMF, Et;N, 40%; ¢) NaHCO,, (pH 9.0), HSA. 0.012 80 +£5
0.0025 100 +21
0.0005 100 +10
12d (17-valent) 0.3 0 +0
12, following the procedures described by Bergh et al.*” By 8'8?2 2: ;3
varying the number of equivalents of 11, the degree of incor- 0.0025 100 +29
poration of saccharide to HSA could be varied; this resulted in 0.0005 100 +15
five neoglycopr.otelns, 12a, 12b, 12_c' 12d and 12e, W'th_3' 4, [a] This experiment was repeated three times with similar results. [b] Con-
12, 17 and 19 incorporated saccharides per HSA, respectively. centrations refer to individual saccharide, ie., for 12d, 0.3 mm in the
table corresponds to 0.3/17 mm conjugate. [c] Mean values of two repli-
cates. [d] Standard deviation.
T 140 -
~ 120 - . . ..
- cells. After incubation, unbound virions were washed
| 100 - away, and cell-associated radioactivity was counted
2 *é‘ (Table 1). The results show that both monovalent 3'-
2 & 80 - sialyllactose and the multivalent sialyllactose deriva-
S w 60 J tives were able to inhibit attachment of Ad37
E : (Figure 1). However, the data clearly show that in-
~ ° 40 - creased multivalency leads to a very significant gain
3 20 of inhibitory power as compared to the monovalent
< case. The best multivalent compound, that is, 12d,
) . . . . . which has the highest degree of multivalency, shows
0.0001 0.001 0.01 0.1 1 10 an ICy, value that is more than 100-fold better than
3’-sialyllactose (1, Figure 1).
c/ m —Pp

Figure 1. Dose-dependent inhibition of Ad37 attachment to HCE cells with commercial 3'-
sialyllactose and multivalent 3'-sialyllactose HSA conjugates 12b-d (4-, 12-, and 17-valent).
¥S-labelled Ad37 virions were incubated with a dilution series of the different sialyllactose
conjugates and then added to HCE cells. Unbound virions were removed by washing, and
the cell-associated radioactivity was measured. The results are presented as a mean of two
independent experiments. The experiments were repeated three times with reproducible

results.
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In order to further examine the effect of multiva-
lency, we investigated whether the conjugates could
prevent Ad37 from infecting HCE cells. An infectivity
assay that visualises adenovirus-infected cells as fluo-
rescent focus units (FFU) was used. Unlabelled virions
were preincubated with 3'-sialyllactose 1 or conju-
gate 12e in increasing concentrations (Table 2),
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before the mixtures were incubated with HCE cells. After a
synchronised infection, that is, all virions entered the cells at
the same time, the cells were fixed and stained with rabbit pol-

Table 2. Inhibition of Ad37 infection of HCE cells by mono- and multivalent
conjugates of 3'-sialyllactose.””

Compound € [mwu] % of control' SD1%] | yclonal anti-Ad37 serum,“" followed by FITC (fluorescein thio-

1 3'-sialyllactose 0.01 94 +15 isocyanate-) labelled swine anti-rabbit IgG antibodies, and ex-
0.1 75 +1 amined in an immunofluorescence microscope."™ It was found
1 49 +10

that conjugate 12e effectively prevents Ad37 virions from in-

12e (19-valent) 0.001 51 +12 . ; .
0.01 21 16 fecting HCE cells (Figure 2). In addition, the results further
0.1 4 +0.5 demonstrate the improvements in inhibitory power that can
1 3 +1 be obtained with multivalent structures. Relative to the mono-

[a] This experiment was repeated two times with similar results. [b] Con- valent structure of 3'-sialyllactose, the 19-valent conjugate 12e
centrations refer to individual saccharide, i.e., for 12e, 1 mm in the table shows an IC,, value that is a 1000-fold lower.

corresponds to 1/19 mm conjugate. [c] Mean values of two replicates.
[d] Standard deviation.

A) 19-valent 3’ -sialyllactcse-HSA derivative l1l2e

0.001 mm

c)
120 -

—»

100 4

80 A

60 1

/ % of input

40 4

20 4

Ad37 infected HCE cells

] T T !
0.0010 0.0100 0.1000 1.0000

c/ md4 —

Figure 2. Dose-dependent inhibition of Ad37 infection of HCE cells with A) multivalent sialyllactose conjugate 12e and B) commercial 3'-sialyllactose. C) Graphical
presentation of the data shown in (A) and (B). Unlabelled virions were preincubated with 12e or 3'-sialyllactose at different concentrations before the mixtures
were transferred to HCE cells. The dilution of virions was adjusted in order to obtain 100 fluorescent focus units (FFU) per view field in the control wells (untreated
cells). One yellow dot in A and B corresponds to one FFU, that is, one infected cell. With incubation at 4 4°C, attachment of virions to cells but not internalisation
was permitted, then unbound virions were removed by washing. Incubation at 37°C permitted internalisation of virions in cells. At 44 h postinfection, the cells were
rinsed, fixed, stained, and examined in an immunofluorescence microscope. The experiments have been repeated twice with reproducible results.
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Conclusion

In conclusion, this study presents the synthesis and evaluation
of a new multivalent synthetic inhibitor of EKC-causing adeno-
virus of serotype Ad37. At present, there are no licensed antivi-
ral agents available for treatment of EKC. Because as many as
500000-1000000 persons in Japan encounter EKC annually,""
it is of great interest to find potent inhibitors of the causative
agents of this disease, that is, adenoviruses of serotypes Ad8,
Ad19 and Ad37. The life cycle of human adenoviruses includes
several steps in which initial attachment of the viruses to cellu-
lar receptors plays a pivotal role in virus tropism. Thus, struc-
tures that mimic the cellular receptors of EKC-causing adenovi-
ruses and effectively bind to the viruses could prevent the vi-
ruses from binding and infecting the corneal epithelial cells.
Since the viruses attach to the host cells through multiple fibre
proteins, it is likely that the ideal structure should be multiva-
lent. Saccharides related to 3'-sialyllactose have been suggest-
ed to act as a cellular receptor for Ad37, therefore multivalent
synthetic structures that have 3'-sialyllactose on HSA were pre-
pared. The synthesis of 3'-sialyllactose derivative 2 from lactose
was performed in 11 steps with an overall yield of 12%. The
protection-group strategy enables further glycosylation to
larger structures at the 4’-position if needed in future studies.
Conjugation of 2 to HSA through the squaric decyl ester glyco-
side 11 resulted in a series of conjugates with an increasing
order of multivalency (12a-e). The potential of these com-
pounds as inhibitors of EKC-causing adenovirus of serotype
Ad37 was studied by both a binding assay and an infectivity
assay. The results revealed that our compounds effectively pre-
vent Ad37 from binding to and infecting human corneal epi-
thelial (HCE) cells. Moreover, these results clearly indicate that
the inhibition is significantly increased with higher orders of
valency. Multivalent conjugates have been shown to be potent
antiviral agents in several cases.'®* However, the present
study is the first one to reveal that synthetic multivalent conju-
gates can be used to inhibit EKC-causing adenoviruses. Saccha-
ride—-HSA conjugates could easily be transferred to the eye
through a salve or eye drops, and thereby they would escape
the metabolic processes of the body. The result presented
herein could therefore be useful in efforts to develop an antivi-
ral drug for treatment of EKC.

Experimental Section

General chemical methods and materials: 'H and "*C NMR spectra
of compounds 2, 4, 5, 6, 9, and 11 were recorded with a Bruker
DRX-400 spectrometer at 400 MHz and 100 MHz, respectively. The
'H NMR spectrum of compound 8 was recorded with a Bruker
ARX-500 spectrometer at 500 MHz, and its *C NMR spectrum was
recorded with a Bruker DRX-400 spectrometer at 100 MHz. Chemi-
cal shifts are referenced to solutions in CDCl; (residual CHCl; (6=
7.26 ppm), CDCl; (6.=77.0 ppm) as internal standard), CD,0D (re-
sidual CD,HOD (d,=3.35 ppm), CD;0D (6.=49.0 ppm) as internal
standard) or D,0O (residual HDO (6y=4.81 ppm) as internal stan-
dard) at 298 K. Chemical shifts and proton resonance assignments
were obtained from COSY, TOCSY, ROESY and 'H,"*C HMQC experi-
ments. The a-anomeric configuration of the sialic acid residue in 8
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was established by determination of the coupling constant™' be-
tween C-1" and H-3",, (J=6.7 Hz). Proton resonances that could
not be assigned and aromatic resonances are not reported. The
mass spectrum for 6 was recorded on a Water micromass ZQ by
using negative electrospray ionisation (ES-). High-resolution fast
atom bombardment mass spectra (HRMS) were recorded with a
JEOL SX102A mass spectrometer. lons for FABMS were produced
by a beam of xenon atoms (6 keV) from a matrix of glycerol and
thioglycerol. Matrix-assisted laser desorption/ionisation time-of-
flight mass spectroscopy (MALDI-TOF MS) was carried out with an
Voyager DE-STR instrument (Applied Biosystems, Boston, MA).
Preparative HPLC separations were performed on a Beckman
System Gold HPLC by using a Kromasil Silica gel column (250 x
20 mm, 5 pum, 100 A) with a flow rate of 12 mLmin~', detection at
254 nm and eluent system: A, CH,Cl,; and B, EtOH, or a Kromasil
C-8 column (250x20 mm, 5um, 100A) with a flow rate of
11 mLmin~', detection at 254 nm and eluent system: A, aq. 0.1%
CF;CO,H; and B, 0.1% CF;CO,H in MeCN. Analytical HPLC was
performed on a Beckman System Gold HPLC with a Kromasil Silica
Gel column (250x4.6 mm, 5um, 100A) and a flow rate of
2.0 mLmin™', detection at 254 nm and eluent system: A, CH,Cl,;
and B, EtOH, or a Kromasil C-8 column (250x4.6 mm, 5 um, 100 A)
with a flow rate of 1.5 mLmin~’, detection at 254 nm and eluent
system: A, aq. 0.1% CF;CO,H; and B, 0.1% CF;CO,H in MeCN.
Column chromatography was performed on Silica Gel (Matrex,
60 A, 30-70 um, Grace amicon) and thin layer chromatography
(TLC) was carried out on Silica Gel F,, (Merck), detected under UV
light and developed with aqueous sulfuric acid (10%). Solutions
were concentrated by rotary evaporation. Before concentration,
the solutions were dried over Na,SO,. CH,Cl, and CH;CN were
dried by distillation over CaH,. DMF was dried by distillation and
MeOH was dried over 3 A molecular sieves. BnBr was purified by
distillation before use. All other chemicals were used as received.

2-Azidoethyl 4-0-(3,4-O-isopropylidene-f3-p-galactopyranosyl)-f-
p-glucopyranoside (4): NaN; (14 mg, 0.21 mmol) and [15]crown-5
(46 mg, 0.21 mmol) were added to a solution of 3 (84 mg,
0.17 mmol) in DMF (1 mL). The mixture was stirred at 75°C for 25 h
and then concentrated at reduced pressure. The resulting yellow
oil was lyophilised before purification by column chromatography
(CH,Cl,/MeOH/H,0; 65:35:5) to give compound 4 (74.4 mg, 97 %);
[a]¥=+15° (c=1.0, MeOH); 'H NMR (CD;0D): 6=1.37, 1.52 (s, 3H
each; Me,CO,), 3.31 (dd, Juy =79, Juz =9.0 Hz, TH; H2)), 4.10 (dd,
h=73, =55 Hz, 1H; H3), 424 (dd, Jys=>5.5, Jys=2.2 Hz, 1H;
H4), 439 (d, Jy, =7.9 Hz, TH; H1), 441 (d, J,,=82Hz, TH; H1);
BCNMR (CD;0D): 6=26.5, 284, 52.0, 61.9, 62.4, 69.4, 74.4, 748,
75.0, 75.3, 76.3, 76.4, 79.5, 81.0, 104.2, 104.3, 111.1; HRMS (FAB)
calcd for C;;H,4N;04,: 474.1700 [M+Na], found: 474.1703.

2-Azidoethyl  2,3,6-tri-O-benzyl-4-0-(2,6-di-O-benzyl-3,4-0O-iso-
propylidene-f-p-galactopyranosyl)-f-o-glucopyranoside (5): NaH
(533 mg, 22.2 mmol) was added gradually to a solution of 4
(990 mg, 2.19 mmol) in DMF (35 mL) at 0°C. The mixture was stir-
red at 0°C for 40 min before benzyl bromide (2.08 g, 12.21 mmol)
was added dropwise, and then the mixture was stirred at room
temperature for 20 h. MeOH (10 mL) was added at 0°C, and then
the mixture was diluted with toluene and washed with water. The
aqueous phase was extracted with toluene, and the combined or-
ganic phases were dried and concentrated at reduced pressure.
Column chromatography (heptane/EtOAc 6:1—3:1) of the crude
product gave the title compound 5 (1.35 g, 68%). [a]2’=+14° (c=
1.0, CHCl;); "H NMR (CDCl): 6 =1.35, 1.40 (s, 3H; Me,CO,), 4.41 (2d,
J=78, J=7.6Hz, 2H; H1 and HT), 43-495 (10H; 5 CH,Ph);
BCNMR (CDCly): =26.4, 28.0, 51.0, 68.1, 68.2, 68.9, 72.0, 73.2,
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732, 734, 736, 75.0, 75.1, 75.4, 76.3, 79.4, 80.7, 81.8, 82.8, 101.9,
103.6, 109.8, 138.2, 138.4, 138.5, 138.6, 138.9. HRMS (FAB) calcd for
Ce,HsoN5O,: 924.4048 [M-+Na], found: 924.4034.

2-Azidoethyl 2,3,6-tri-O-benzyl-4-0-(2,6-di-O-benzyl-f-p-galacto-
pyranosyl)-f-p-glucopyranoside (6): A mixture of TFA and H,O
(9:1, 25 mL) was added to a cooled (0°C) solution of 5 (1.35g,
1.57 mmol) in CH,Cl, (25 mL). The reaction mixture was stirred at
0°C until the hydrolysis of the 3', 4-isopropylidene acetal was
completed (80 min). The reaction was followed by TLC (toluene/
EtOH 10:1). Acetic acid was added to the mixture before concen-
tration at reduced pressure. Reconcentration repeated from tolu-
ene and CHCI; resulted in the partially protected lactoside 6
(1.15 g, quantitative yield) as a light yellow oil. The crude product
was used in the next step; MS(ES-) calcd for C,HssN;O,: 907.4
[M+HCOO +1H), found: 907.3.

2-Azidoethyl 2,3,6-tri-O-benzyl-4-0-{2,6-di-O-benzyl-3-O-[methyl
(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-p-glycero-o.-p-
galacto-2-nonulopyranosyl)onate]-f-p-galactopyranosyl}-p-p-glu-
copyranoside (8): The crude compound 6 (500 mg, 0.58 mmol), O-
ethyl  S-[methyl(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-b-
glycero-o-p-galacto-2-nonulopyranosyl)onate] dithiocarbonate (7,
691 mg, 1.16 mmol) and powdered molecular sieves (3 A, 750 mg)
were stirred in a mixture of CH;CN and CH,Cl, (9:4, 20 mL) for
1h under nitrogen. Silver trifluoromethanesulfonate (265 mg,
1.03 mmol) was added, and the reaction mixture was cooled to
—60°C. Methylsulfenylbromide in CH)Cl, (2.33m, 421 pL,
0.98 mmol) was added dropwise over 5 min, and the mixture was
then stirred for 8 h. Diisopropylamine (1.6 mL, 11.5 mmol) was
added, and stirring was continued for 0.5 h. The mixture was al-
lowed to attain room temperature and was then filtered and con-
centrated at reduced pressure. Column chromatography of the res-
idue (toluene/EtOH 15:1) followed by preparative HPLC gave the
title product 8 as a white foam (437 mg, 56%). [a]2’=+5° (c=1.0,
CHCly); 'THNMR (CDCly): 6=1.87 (s, 3H; Ac), 1.89 (s, 3H; Ac), 1.98
(s, 3H; Ac), 2.02 (s, 3H; Ac), 2.06 (brs, TH; H3",)), 2.09 (s, 3H; -Ac),
2.52 (dd, Jys=4.6, Jyzax=12.9 Hz, TH; H3",), 3.76 (s, 3H; COOMe),
439 (d, Jyy=7.7 Hz, TH; H1"), 4.57 (d, Ju,=7.7 Hz, TH; H1), 4.89 (m,
2H; H4”, CH,Ph), 5.08 (d, Jus=9.9 Hz, TH; NH"), 5.31 (dd, J=2.1,
J=8.1Hz, 1H; H7"), 5.39-5.45 (m, 1H; H8"); *C NMR (CDCl,): 6=
20.5, 20.7, 20.8, 21.1, 23.2, 36.5 (C3"), 49.3 (C5"), 51.0, 53.0, 62.3,
67.2, 67.9, 68.1, 684, 68.7, 69.1, 72.5, 72.7, 73.0, 73.3, 74.9, 75.0,
75.1, 75.4, 76.4, 76.4, 77.2, 78.4, 81.8, 82.8, 98.3 (C2”), 102.3 (C1),
103.6 (C1'), 138.4, 1384, 138.6, 139.0, 139.1, 168.4 (C1”, Jer: paax
6.7 Hz), 169.9, 170.0, 170.3, 170.6, 170.8; HRMS (FAB) calcd for
CeoHaoN,0,5: 1357.5268 [M+Na), found: 1357.5250.

2-Azidoethyl 2,3,6-tri-O-benzyl-4-0-{2,6-di-O-benzyl-3-0-(5-acet-
amido-3,5-dideoxy-p-glycero-a-p-galacto-2-nonulopyranosylonic
acid)-f3-p-galactopyranosyl}-f-p-glucopyranoside (9): Compound
8 (100 mg, 0.075 mmol) was stirred in methanolic sodium methox-
ide (0.03 M, 17 mL) overnight. Water (200 uL) was added, and, after
3 h, the solution was carefully neutralised with silica gel, filtered
and concentrated at reduced pressure. Column chromatography of
the residue (toluene/EtOH 2:1—1:1) gave 75 mg of the title prod-
uct 9 (87%). [a]X¥=+9° (c=0.5, MeOH); 'H NMR (CDCl,): 6=2.00-
2.10 (m, H3",,, 4H; COCH,), 2.76 (dd, Juy =44, Jyzn=13.0 Hz, 1H;
H3"), 3.31 (brt, J=8.6Hz, 1H; H2), 4.11, (dd, J=3.3, J=9.7 Hz,
1H; H4); *C NMR (CDCly): 6 =22.6, 40.0 (C3"), 52.2, 53.7, 64.5, 69.0,
69.3, 69.3, 69.9, 70.3, 70.5, 72.8, 74.2, 74.5, 74.9, 75.5, 76.0, 76.1,
76.2, 764, 77.2, 77.6, 79.3, 82.9, 83.8, 100.8 (C2"), 103.9, 104.7,
139.5, 139.9, 140.0, 140.1, 140.4, 172.1, 175.4; HRMS (FAB) calcd for
CeoH7,N,045: 1175.4689 [M+Na], found: 1175.4684.
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2-Aminoethyl 4-O-{3-O-(5-acetamido-3,5-dideoxy-b-glycero-a-p-
galacto-2-nonulopyranosylonic acid)-f§-p-galactopyranosyl}-f3-p-
glucopyranoside (2): HCl (0.5m, 0.44 mL, 0.22 mmol) and Pd/C
(10%, 80 mg) were added to a solution of 9 (57 mg, 49.5 umol) in
EtOH (40 mL). The mixture was hydrogenated (H,(g), 1 atm) for 3 h,
filtrated through Celite, concentrated at reduced pressure and
lyophilised to provide the title compound 2 pure enough for fur-
ther synthesis (33 mg, 98%) (in some cases it was necessary to
purify the compound with preparative HPLQ). [a]2=—1.2° (c=0.3,
H,0); 'H NMR (D,0): 6 =1.87 (brt, TH; H3",,), 2.07 (s, 3H; Ac), 2.79
(m, TH; H3",), 457 (m, 2H; H1, HT"); PCNMR (CDCl;): 6=22.1,
39.3, 39.5, 51.7, 60.0, 61.0, 62.9, 65.9, 67.6, 67.9, 68.2, 69.4, 71.4,
72.8, 73.1, 743, 748, 752, 755, 78.2, 99.2, 102.0, 102.7, 172.6,
175.1; HRMS (FAB) calcd for CysHu3N,Oq0: 721.2254 [M+2Na—H],
found: 721.2245.

2-[(2-Decyloxy-3,4-dioxocyclobut-1-enyl)amino]ethyl 4-O-{3-O-(5-
acetamido-3,5-dideoxy-p-glycero-a-p-galacto-2-nonulopyranosy-
lonic acid)-B-p-galactopyranosyl}-f3-p-glucopyranoside (11): Dide-
cylsquarate 10 (58 mg, 0.15 mmol) and Et;N (4.6 pL, 33 pmol) were
added to a solution of 2 (16.5 mg, 24.3 umol) in DMF (1.5 mL). The
reaction mixture was stirred at room temperature for 21 h before
additional didecylsquarate (29 mg, 0.08 umol) and Et;N (2.3 uL,
17 pmol) were added. After 24 h, the solution was concentrated at
reduced pressure, and the residue was purified by column chroma-
tography (CH,Cl,/MeOH/H,0 70:25:5) to afford the title product 11
(11 mg, 49%). Analytical data were in agreement with those previ-
ously reported by Bergh et al.®”

Conjugation of 11 to HSA (12a-e): Compound 11 (a 1.9 mg,
2.08 umol; b 1mg, 1.09pmol; ¢ 2mg, 2.19 umol; d 4 mg,
4.38 pmol and e 6.7 mg, 7.34 umol) was added to HSA (a 24 mg,
0.36 umol; b 12mg, 0.18 umol; ¢ 8mg, 0.12 umol; d 8 mg,
0.12 umol and e 13 mg, 0.20 umol) in NaHCO; buffer (0.5-1 mL,
pH 9.0, 20 g NaHCO; in 1000 mL H,0), and the mixture was stirred
at room temperature for 24 h. The reaction mixture was then dia-
lysed against water (2x 1000 mL) and lyophilised affording the ne-
oglycoprotein 12 as a white powder (a 30 mg, b 11.4 mg, ¢ 9.1 mg,
d 9.3 mg and e 14.7 mq). The average degree of incorporation (a 3
glycosides/HSA, b 4 glycoside/HSA, ¢ 12 glycosides/HSA, d 17 gly-
coside/HSA and e 19 glycoside/HAS) was determined by MALDI-
TOF MS by using the centre of the single charged neoglycoprotein
peak.

Cells and viruses: Human corneal epithelial (HCE) cells were
grown as monolayers in steroid hormone epithelial medium
(SHEM) as described previously.*? The correct identity of Ad37
(strain 1477) was ascertained by restriction enzyme patterns ac-
cording to Adrian et al. 1986.% Virions of corresponding strains
were then propagated with or without *S-labelling, as described
previously.?>*? The specific radioactivity of **S-labelled particles
was 1x107° cpm per virion.

Binding assay: 2x10° *S-labelled virions/well in 96-well micro-
plates were incubated in binding buffer (100 pL; BB: Dulbecco’s
modified eagle’s medium (DMEM, Sigma chem. co.), pH 7.4, con-
taining 1% bovine serum albumin (Sigma chem. co.)) with or with-
out 3'-sialyllactose, 12b, 12c or 12d in concentrations as indicated
in Table 1, at +4°C for 1 h. These mixtures were then added to 2x
10° cells prepelleted in another 96-well plate. After resuspension,
the mixtures were incubated at +4°C for 1 h in order to obtain
equilibrium between bound and unbound virions. After the cells
had been washed, the cell-associated radioactivity was counted by
using a Wallac 1409 scintillation counter. Data are presented as %
of control, that is, the value obtained in the absence of inhibitor.
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Fluorescent focus assay: 2x 10° unlabelled virions per well in 24-
well plates were incubated in BB (0.5 mL), with or without 3'-sialyl-
lactose 1 or 12e in concentrations as indicated in Table 2, at 4°C.
After 1 h, the mixtures were transferred to new 24-well plates con-
taining 2x 10° adherent HCE cells per well and incubated at 4°C,
thereby allowing virions to bind, but not infect. One hour later,
when equilibrium had been achieved, unbound virions were re-
moved by washing and incubated at 37°C. In this way, a synchron-
ised infection was obtained: that is, all virions entered the cells at
the same time. 44 h after infection, the cells were rinsed in phos-
phate-buffered saline (PBS), fixed with 99% methanol and incubat-
ed with rabbit polyclonal anti-Ad37 antibodies diluted 1:200 in PBS
pH 7.4 at RT. One hour later, the cells were washed in PBS and
stained with FITC-labelled swine anti-rabbit IgG antibodies (Dako-
cytomation, Glostrup, Denmark) diluted 1:200 for 1 h at RT. Finally,
the cells were washed and examined in an immunofluorescence
microscope (Xiovert 25, Carl Zeiss, Germany; 10x magpnification).
Data are presented as % of control, that is, the value obtained in
the absence of inhibitor.

Keywords: antiviral agents - glycoconjugates - glycosylation -
multivalency - sialic acids
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Novel Insights into Siderophore Formation in

Myxobacteria

Nikolaos Gaitatzis,”” Brigitte Kunze,™ and Rolf Miiller*®

The myxochelins are catecholate-type siderophores produced by
a number of myxobacterial strains, and their corresponding bio-
synthetic gene clusters have been identified in Stigmatella auran-
tiaca Sg al5,’ and Sorangium cellulosum So ce56; the latter
being presented in this work. Biochemical and genetic studies de-
scribed here further clarify myxochelin biosynthesis. In addition to
the myxochelin A biosynthetic complex, the aminotransferase
MxcL is required in order to form myxochelin B, starting from 2,3-
dihydroxy benzoic acid and L-lysine. Additionally, the substrate
specificity of the myxochelin A biosynthetic complex was ana-

Introduction

Iron plays an essential role in microbial metabolism since it is
an integral part of many enzymes and enzymatic complexes.
Studies with mycobacteria have revealed that up to 60 ug of
iron per gram cell mass are needed to ensure growth.”) How-
ever, under aerobic and physiological conditions, iron forms in-
soluble Fe(OH);. To supply this iron, microorganisms are forced
to develop highly specific iron-uptake mechanisms. These
mechanisms are based on the production, secretion, and re-
covery of low-molecular-weight compounds, also called sidero-
phores, with high affinity for Fe**. The best known example of
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Scheme 1. Structures of myxochelins A (R=OH) and B (R=NH,) and enterobac-
tin produced by E. coli.
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lyzed in vitro; this led to the formation of novel myxochelin deriv-
atives. Furthermore, MxcD was over-expressed and its function as
an active isochorismic acid synthase in Escherichia coli was veri-
fied by complementation studies, as was activity in vitro. The
organization of the myxochelin gene cluster of S.cellulosum
So ce56 was compared to that of the Sg al5 gene cluster. The
comparison revealed that although the organization of the bio-
synthetic genes is completely different, the biosynthesis is most
probably extremely similar.

a bacterial iron-uptake and -recovery system is represented by
the catecholate enterobactin (Scheme 1) produced by Escheri-
chia coli®* Efficient recognition of the iron-siderophore com-
plex and transport into the transmembrane space are per-
formed by porine-like transmembrane proteins, which form ex-
tracellular loops that have high affinity for the iron-sidero-
phore complex,” followed by active transport into the cyto-
plasm. Once the complex has reached the cytosol, iron is
released from the siderophore by hydrolysis, a process that is
catalyzed by an esterase.” In comparison to this and other
similar microbial systems,®” little is known about iron acquisi-
tion in myxobacteria.

Myxobacteria comprise Gram-negative soil bacteria, which
belong to the d-group of proteobacteria and show some out-
standing and unique features. They exhibit a complex life
cycle, including the formation of fruiting bodies upon starva-
tion.®"® Over the past two decades, myxobacteria have been
intensively studied because of their ability to produce a wide
variety of secondary metabolites with important biological
function.""¥ Several myxobacterial gene clusters responsible
for the biosynthesis of secondary metabolites have been
cloned and characterized, thus providing extraordinary new in-
sights into secondary-metabolite formation.™*2¢

These facts and the knowledge that myxobacteria harbor
the largest known bacterial chromosomes (12.6 Mb in S. cellu-
losum So ce56®*") have triggered independent sequencing
projects with two different model strains. Myxococcus xanthus

[a] Dr. N. Gaitatzis, Prof. Dr. R. Miiller
Universitdt des Saarlandes, Institut fiir Pharmazeutische Biotechnologie
Im Stadtwald, 66123 Saarbriicken (Germany)
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E-mail: rom@mx.uni-saarland.de
[b] Dr. B. Kunze
Gesellschaft fiir Biotechnologische Forschung
Mascheroder Weg 1, 38124 Braunschweig (Germany)
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DK1622, belonging to the suborder Cystobacterineae, is being
sequenced at the Institute for Genomic Research and S. cellu-
losum So ce56 (Sorangineae) by a consortium at the Gesell-
schaft fiir Biotechnologische Forschung and Bielefeld and Saar-
land Universities.

Two types of siderophores are known to be produced by
myxobacteria. The hydroxamate-type nannochelins were isolat-
ed from Nannocystis exedens,®” and the catecholate-type myx-
ochelins A and B (Scheme 1) were identified in different strains
of S. aurantiaca,"® Myxococcus xanthus (unpublished data), and
Angiococcus disciformis.*"

Recently, the myxochelin biosynthetic gene cluster from
S. aurantiaca Sg a15 was cloned and analyzed (Figure 1A.1") It
was found to represent the only known myxobacterial gene
cluster responsible for the acquisition of iron. Myxochelin bio-
synthesis was reconstituted in vitro after heterologous expres-
sion of the biosynthetic proteins."® Myxochelin A biosynthesis
occurs on MxcG, a nonribosomal peptide synthetase (NRPS)
consisting of four active domains: a condensation domain (C),
an adenylation domain (A), a peptidyl carrier protein (PCP),
and a terminal reductase domain (R; Figure 1C). Two further
enzymes (MxcE and MxcF) are involved in the formation of
myxochelin A, starting from 2,3-dihydroxy benzoic acid (2,3-
DHBA) and L-lysine. 2,3-DHBA is activated by the adenylating
enzyme MxcE and is transferred to the phosphopantetheinylat-
ed aryl carrier protein (ArCP) domain of MxcF. The NRPS, MxcG,

R. Miiller et al.

is responsible for the activation and the transfer of L-lysine to
its activated PCP domain. 2,3-DHBA is then condensed with
each of the free amino residues of the activated L-lysine-PCP-
thioester, a process catalyzed by the C domain. The terminal
reductase domain of MxcG then catalyzes the release of the
PCP-bound thioester intermediate from the enzyme by reduc-
tion to the alcohol (Figure 1C);" this leads to myxochelin A,
the minor myxochelin product of S.aurantiaca Sg a15. The
major product of this strain, however, is myxochelin B, in
which the alcohol group is replaced by an amino function
(Scheme 1). The biosynthesis of myxochelin B has until now
not been elucidated in detail.

This study deals with the verification of the myxochelin bio-
synthetic pathway in S. aurantiaca Sg al15 starting with choris-
mic acid. Because MxcL contains a putative PLP-binding site
typical for aminotransferases, it was speculated that it is re-
sponsible for the biogenesis of myxochelin B."® To show that
mxcL is involved in myxochelin B formation, gene-inactivation
experiments were carried out. These experiments revealed that
four enzymes, MxcE, F, G, and L are necessary to form myxo-
chelins A and B starting from 2,3-DHBA and L-lysine. We eluci-
dated the biosynthesis of DHBA in S. aurantiaca Sg a15 by bio-
chemical characterizing of MxcD. Furthermore, novel myxoche-
lin derivatives were generated in vitro by using the enzymes
MxcE, F, and G and alternative substrates.
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Figure 1. Comparison of gene arrangements in the myxochelin biosynthetic gene cluster isolated from A) S. aurantiaca Sg a15 and B) S. cellulosum So ce56. Arrows
indicate the transcriptional orientation of the genes. Genes that are not present in each cluster are indicated by diagonal lines. Genes responsible for myxochelin A
biosynthesis are shown in black; ™ mxcL, which codes for an aminotransferase, is shown by vertical lines, and genes believed to be responsible for DHBA biosynthe-
sis are represented by grey arrows; genes possibly responsible for utilization and transport of iron are depicted in dots. Genes with unknown function are shown in
white. C) Scheme of myxochelin A biosynthesis. MxcE, F, and G are responsible for the activation and condensation of 2,3-DHBA with L-lysine resulting in the PCP-
bound thioester. As previously described,”” the thioester is then reduced to myxochelin A alcohol. Active domains during the respective biosynthetic steps are
shown in black. The isochorismate lyase domain of MxcF (IC) is not needed for myxochelin A biosynthesis and is shown in white.
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Myxochelin was found to be produced by S. cellulosum
So ce56, and the corresponding gene cluster was analyzed and
compared to S. aurantiaca Sg a15.

Results

Myxochelin formation in S. aurantiaca Sg a15: The amino-
transferase MxcL is required for myxochelin B formation

We recently demonstrated that myxochelin A formation is
based on the activity of MxcE, F, and G, which are responsible
for the condensation of two molecules of 2,3-DHBA with the
amino groups of L-lysine, and the reduction of the correspond-
ing intermediate by the R domain of MxcG (see Figure 1 and
Introduction). Nonetheless, S. aurantiaca Sg a15 produces two
myxochelins: A and B. The latter compound represents the
major product of this strain (Figure 2), and the steps for myxo-
chelin B formation in S. aurantiaca Sg a15 remain to be eluci-
dated.

A)
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Figure 2. HPLC analysis of mutant RM28 in comparison to wild-type (WT)
S. aurantiaca Sg al5.

MxcL is similar to several amino transferases whose sequen-
ces are available from various databases."” Therefore, it was
suggested that MxcL could be involved in myxochelin B bio-
synthesis."™ To determine whether MxcL is responsible for the
formation of Myxochelin B, gene inactivation of mxcL was per-
formed by insertional mutagenesis with the plasmid pRM28.
The insertion occurred by homologous recombination over the
internal 502 bp fragment of mxcL, which was cloned into
pCR2.1TOPO. This resulted in mutant RM28. The specific inser-
tion of pRM28 into the chromosome was verified by Southern
blot analysis (data not shown), and the phenotypic analysis of

ChemBioChem 2005, 6, 365-374 www.chembiochem.org
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the resulting mutant was performed by DAD-HPLC analysis
(Figure 2). In contrast to S.aurantiaca Sg al5 wild type, the
mutant RM28 was not able to produce myxochelin B. Instead,
myxochelin A was detected at levels comparable to the
amount of myxochelin B produced by S. aurantiaca Sg a15.

These results demonstrate the specific aminotransferase
activity of MxcL during myxochelin B biosynthesis.

MxcA has no effect on the biosynthesis of myxochelins

MxcA shares sequence similarity with several proteins that
exhibit oxidoreductase activity. Although mxcA is located up-
stream of a DNA region defined as a ferric-uptake regulator
(FUR) binding site, which seems to regulate myxochelin bio-
synthesis,"” it was speculated that the deduced protein is part
of the myxochelin biosynthetic machinery. Previously we dem-
onstrated that MxcA had no effect on the biosynthesis of myx-
ochelin A" However, an influence on myxochelin B produc-
tion could not be excluded. Therefore, mxcA was inactivated
by insertional mutagenesis as described for mxcL, but by using
the palsmid pNGM34. Upon phenotypic analysis by DAD-HPLC,
both mutant NGM34 and S. aurantiaca Sg al15 exhibited the
same metabolite production pattern (data not shown). For this
reason any influence of MxcA on myxochelin B formation was
excluded.

Substrate recognition by the myxochelin biosynthetic
complex

Recently, myxochelin A biosynthesis was reconstituted in
vitro."™ To analyze the substrate specificity of the enzymatic
complex, structural analogues of 2,3-DHBA were tested for
their incorporation into the myxochelin backbone. We utilized
the in vitro assay for myxochelin A production as described in
the Experimental Section. The calculated reaction velocity of
myxochelin production was 4.2 nmolmL™'min~', and 405 pg of
myxochelin A were obtained after incubation for 90 min.
Native substrates were then substituted by their structural ana-
logues in the reaction mixture, for example, 3,4-DHBA, singly
hydroxylated benzoic acid derivatives and amino derivatives of
benzoic acid. The last compounds represent important inter-
mediates of primary and secondary metabolism, for example,
anthranilic, acid is used for aurachin biosynthesis in S. auran-
tiaca Sg a15" and 2,3-dihydro-2,3-dihydroxybenzoic acid is an
intermediate of the DHBA biosynthetic pathway.*? L-Ornithine
was used to replace L-lysine. From all of these assays, only two
novel compounds (1 and 2) were identified by HPLC as shown
in Figure 3. The assay revealing compound 1 was performed
with 2-hydroxy benzoic acid (2-HBA), and compound 2 was
isolated from the assay including 3-HBA in place of 2,3-DHBA.
Quantification of the products revealed total yields of
37 ugmL™" for compound 1 and 11 uygmL~" for compound 2.
The structures of both 1 and 2 are further supported by mass
spectrometric analysis (data not shown).
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Figure 3. HPLC analysis of the in vitro experiments which determine the specificity of the myxochelin biosynthetic
complex. A) In vitro reconstitution of myxochelin A biosynthesis. Assays in which 2,3-DHBA is substituted with B) 2-

HBA and C) 3-HBA.

Biosynthesis of 2,3-DHBA in S. aurantiaca Sg a15

Biosynthesis of 2,3-DHBA appears to be unique to microbes,
and appears to involve a three-step process starting from cho-
rismic acid. MxcC, MxcD, and MxcF have homologies to pro-

Figure 4. Complementation of the isochorismic acid synthase-negative strain

E. coli PBB8 by MxcD. After being grown on CAS-agar media, E. coli PBB8 trans-
formed with pMxcD (Halo) are detected by a characteristic yellow zone around
colonies. The yellow zone is absent around E. coli PBB8 (Nix) and E. coli PBB8
transformed with pCYB2 or pCR2.1 (2, 3 and 12, 13, respectively).
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teins involved in 2,3-DHBA bio-
synthesis in E. coli. Gene-inactiva-
tion experiments revealed that
MxcD is essential for myxochelin
biosynthesis, although polar ef-
fects of mutagenesis could not
be excluded.

To verify the role of MxcD in
this biosynthetic pathway, we
set out to heterologously ex-
press mxcD in E. coli strain PBB8.

oH This E. coli mutant harbors a de-
letion in both isochorismate syn-
thase-encoding genes, entC and
) menF, and therefore enterobac-
tin biosynthesis in E. coli PBB8 is

abolished completely.®®

o E. coli PBB8 that carried the
HN/\/\):NH pMxcD or p422 plasmids (p422
o &o expresses endogenous isochoris-
mate  synthase EntC  from

@ E. coli® data not shown for

OH OH E.coli PBB8 harboring p422)

@) were grown on minimal media
plates containing chromazurol S.
The colonies showed a yellow
“halo” due to the restored pro-
duction of enterobactin
(Figure 4). E. coli PBB8 cultured
under the same conditions do
not produce a “halo”. The same
effect is visible around E. coli PBB8 carrying the empty control
plasmid pCYB2 (Figure 4). Thus expression of MxcD in E. coli
PBB8 complements the “missing” isochorismate synthase activ-
ity so that enterobactin production is restored.

In addition, the specific activity of the expressed recombi-
nant enzyme was determined in vitro. This revealed a specific
isochorismate synthase activity of 945 pmolmg™ protein per
minute. The control reaction, which was performed in parallel,
did not reveal any conversion of chorismate to isochorismate.

Genes downstream of the mxc locus in S. aurantiaca Sg a15

The DNA sequence downstream of the mxc biosynthetic gene
cluster was analyzed by using the frame-plot software offered
by the National Institute of Infectious Disease in Japan. This
software enables prediction of protein-coding regions in bacte-
rial DNA which have a high G and C content.®¥ The prediction
is based on the fact that myxobacterial DNA has an extremely
high G and C distribution at the third letter of each codon. The
putative open reading frames (ORFs) were then analyzed by
using the blast software from the German Research Centre of
Biotechnology in Braunschweig. A cluster of three ORFs,
named traA, traB, and traC, that seemed to form an operon
was identified (Figure 1A). traB seems to start immediately
downstream of traA with an ATG that overlaps with the TGA of
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Table 1. Sequence comparison of genes and their encoded proteins from
the myxochelin biosynthetic gene cluster in S. aurantiaca Sg al5 and S. cel-
lulosum So ce56. MegAlign from the DNASTAR package was used.

Gene Identity [%] Protein Identity [%]
mxcB/mxcB;, 514 MxcB/MxcBs, 4.1
mxcC/mxcCy, 69.9 MxcC/MxcCq, 67.8
mxcD/mxcD, 61.3 MxcD/MxcDq, 523
mxcE/mxcE,, 68.5 MxcE/MxcE,, 68.0
mxcF/mxcF, 64.7 MxcF/MxcFq, 50.6
mxcG/mxcGy, 68.0 MxcG/MxcGq, 63.0
mxcH/mxcHj, 59.1 MxcH/MxcH,, 46.1
mxcJ/mxcl,, 54.6 MxcJ/Mxc, 1.7
mxcK/mxcKj, 48.0 MxcK/MxcKs, 349
mxcl/mxcL,, 68.6 MxcL/MxcLg, 61.3

traA. traC also begins with an ATG codon that appears to over-
lap with the TGA of traB.

The presumed translational products of these genes show
homologies to hemin ABC transporters (Table 2). traA seems to
encode a protein that has the highest similarity to a putative

The myxochelin biosynthetic gene cluster in S. cellulosum
So ce56

The DNA sequence obtained from the S. cellulosum So ce56
genome project was checked for genes with homology to
mxcG from S. aurantiaca Sg al5, and an ORF that has 68%
identity to that of mxcG was identified. Close to mxcG, nine
further genes were identified that had identities of up to 70%
to analogous genes from the myxochelin biosynthetic gene
cluster from S. aurantiaca Sg a15 (Table 1). Sequence analysis
of the mxc locus in S. cellulosum So ce56 revealed the organiza-
tion of the genes as shown in Figure 1B. In contrast to the
mxc locus of S. aurantiaca Sg a15 (Figure 1A), a different or-
ganization of the genes was observed. The identified mxc
genes in the genome of S. cellulosum So ce56 appear to form
three transcriptional units. The first putative operon consists of
mxcD, E, F, B, and C. A 974 bp DNA region separates mxcC and
the following gene, mxcJ, but no further ORFs were identified
in this DNA region. mxcJ is part of the second transcriptional
unit formed by the genes mxcH and J. The third putative tran-
scriptional unit is formed by mxcG, mxcL, and mxcK. The ATG
of mxcG is located 1148 bp upstream of the mxcH ATG. By

using the promoter-prediction

software provided by the fruit

Table 2. Proteins encoded by genes located downstream of the myxochelin biosynthetic operon.

fly genome project, a bidirec-
tional promoter was identified.
This software was originally op-
timized to predict promoter re-

gene size [bp] Codon usage M,y of the postulated function identity [%] to protein
(9] resulting with PID
protein [Da]

traA 810 82.1 29416 hemin ABC transporter, 46% to NP_051557,
periplasmic binding protein  D. radiodurans

traB 1053 84.9 36732 hemin ABC transporter, 48% to NP_051558,
permease protein D. radiodurans

traC 906 74.8 31934 hemin ABC transporter, 42% to NP_051559,

ATP-binding protein

gions in the fruit fly genome,
whereas the modified version of
the software can also be used
for promoter predictions in pro-
karyotic DNA. In contrast to the

D. radiodurans mxc biosynthetic gene cluster of

[a] GC content in 3rd position.

S. aurantiaca Sg al5, no putative

periplasmic binding protein identified in Deinococcus radiodur-
ans (protein ID gi| 10957442, 46 % identity), Streptomyces coeli-
color (protein ID gi| 21220741, 37 % identity), or Vibrio parahae-
molyticus (protein ID gi| 28900278, 35% identity). The deduced
product of traB shows homologies to several cytoplasmic pro-
teins from D. radiodurans (protein ID gi| 10957443, 65 % identi-
ty), Gloeobacter violaceus (protein ID gi|37520148, 55 % identi-
ty), and Pseudomonas putida (protein ID gi|26991372, 49%
identities). Ten putative transmembrane regions were identified
from the deduced protein sequence. traC appears to code for
a protein that has high identity to several ATP-binding proteins
identified in D. radiodurans (protein ID gi| 10957444, 56 % iden-
tity), G. violaceus (protein ID gi|37520147, 44% identitiy), or
P. geruginosa (protein ID gi| 15599900, 46% identity). Con-
served ATP-binding motifs (p loop) usually start with a serine
residue, which is then followed by a glycine-rich sequence and
typically terminates with a conserved leucine.?> A similar motif
was identified in the deduced protein of traC (SGGEQQRVH-
FARVL).
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FUR-binding site could be iden-
tified in the mxc locus of S. cellu-
losum So ce56.

The aroA,; gene, which is present in the myxochelin biosyn-
thetic operon of S. aurantiaca Sg a15 and has been shown to
be involved in aurachin biosynthesis (probably required for the
biosynthesis of chorismic acid),!" is absent in the mxc locus of
S. cellulosum So ce56. The traA-C genes located downstream
of mxcL in S. aurantiaca Sg a15, believed to be involved in
Fe-myxochelin transport, are also missing in the mxc locus
of S. cellulosum So ce56. Therefore, all genes required for
myxochelin A and B formation are present in S. cellulosum
So ce56.

Discussion
Myxochelin B formation

Previously, it was proposed that the putative aminotransferase
encoded by mxcL (Figure 1) is responsible for myxochelin B
formation in S. aurantiaca Sg a15." In this work, we present
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direct evidence that MxcL is essential for myxochelin B forma-
tion in S. aurantiaca Sg al15. This conclusion was obtained by
performing gene inactivation of mxcL. The mxcL knock-out
mutant RM28 was unable to produce myxochelin B, whereas
myxochelin A was produced at increased titer. These data sug-
gest that the mxcL™ mutant is unable to transaminate a myxo-
chelin aldehyde intermediate, which is obtained after a first
round of reduction of the thioester intermediate catalyzed by
the terminal R domain of MxcG (Scheme 2). It is believed that a
second round of reduction results in myxochelin A formation.

It is very likely that for myxochelin B biosynthesis, starting
from L-lysine and 2,3-DHBA, four enzymes, MxcE, F, G, and L,
are necessary (compare Figures 1 and 3). However, the amino
donor required for the transamination reaction (Scheme 2) re-
mains unknown. To gain further insight into this question, we
have expressed and purified MxcL from E. coli (data not
shown). Despite serious efforts, reconstitution of myxochelin B
formation in vitro has not been successful.

The inactivation of mxcA did not show any influence on
myxochelin formation; this showed that the corresponding
enzyme is not part of the biosynthetic complex.

A number of myxobacterial strains have been tested for
myxochelin production. Myxochelin A production has been re-
ported for Archangium gephyra 3947,"" while Angiococcus dis-
ciformis®" and M. xanthus Mx x48 produce both myxochelins A
and B (unpublished data; all strains belong to the Cystobacteri-
neae suborder). These data have been extended here, and we
show that S. cellulosum So ce56, which belongs to the sub-
order Sorangineae, produces both myxochelin A and B (see
below). In analogy to mutant RM28, A. gephyra 3947 appears
to lack an active aminotransferase analogous to MxcL. This
effect could be due to point mutations or gene deletions.
mxcL-equivalent genes were identified in the chromosomes of
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NH,
/ 6
COOH COOH
MxcD I
L —
0~ ~COOH
OH
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COOH
0
OH

7

COOH COOH
OH MxcF I \OH MxcC I OH
JL —_— —_—
o COOH H OH
2 4
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S. aurantiaca Sg a15,"% S. cellulosum So ce56 (this work), and

M. xanthus DK1622 (TIGR, unpublished data).

Chain-release mechanisms during nonribosomal peptide bio-
synthesis involving reductive domains and/or aminotransferas-
es have been reported in primary and secondary metabolism.
In analogy to myxochelin A formation, it is speculated that
during myxalamide biosynthesis, a single R domain is responsi-
ble for reduction of the thioester intermediate to the alco-
hol.™ In Cryptosporidium parvum, a gene encoding a multi-
modular polyketide synthase (PKS) was identified, which also
terminates with a reductive domain. The resulting product has
not been identified, but it is very likely that the PKS is respon-
sible for the formation of a polyketide alcohol®® CmlP, an
NRPS involved in chloramphenicol biosynthesis, terminates
with an R domain.®” It was speculated that two enzymes are
involved in the two-step reduction of the corresponding thio-
ester intermediate bound at the PCP of CmIP to give N-dichlor-
oacetyl-p-aminophenylserinol, the precursor of chlorampheni-
col. Considering the elucidation of myxochelin A biosynthesis,
it is likely that both rounds of reduction are performed by the
terminal R domain of CmlIP. Reductive transaminations during
nonribosomal peptide formation have also been reported, for
example, during lysine formation, the terminal R domain of
Lys2 reduces the PCP-bound thioester, resulting in a-aminoadi-
pate semialdehyde, which is then transaminated to give sac-
charopine.’®*! Here we report that both reductive chain-re-
lease mechanisms can coexist during nonribosomal peptide
biosynthesis, that is, the thioester intermediate located at the
PCP of the NRPS is initially reduced to an aldehyde. The follow-
ing steps depend upon the presence of an aminotransferase.
The aldehyde intermediate can be transaminated if an amino-
transferase is present. If the aminotransferase is lacking
(Scheme 2) the aldehyde is reduced to the alcohol.

aurachines

tryptophan

MxcE, MxcF,
MxcG, MxcL

» Mmyxochelins
A and/or B

e}
3

Scheme 2. Isochorismic acid as an important intermediate of primary and secondary metabolism of S. aurantiaca Sg a15. The myxochelin biosynthetic pathway is
highlighted with boxes. (1) chorismic acid; (2) isochorismic acid; (3) 2,3-dihydro-2,3-DHBA; (4) 2,3-DHBA; (5) p-amino-benzoic acid; (6) anthranilic acid; (7) pre-

phenic acid.
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2,3-DHBA biosynthesis

Myxochelins A and B belong to the catecholic-type sidero-
phores (see above) and contain DHBA. Biosynthesis of DHBA
has been analyzed extensively in the past decade.”*™* The bio-
synthesis is based on the activity of three enzymes that con-
vert chorismic acid via isochorismic acid and 2,3-dihydro-2,3-
DHBA to DHBA (Scheme 3). Proteins with homology to these
enzymes (MxcC, MxcD, and MxcF) are encoded within the
myxochelin biosynthetic operon of S. aurantiaca Sg a15."”

biosynthesis of 2,3-dihydro-2,3-DHBA in S. aurantiaca Sg a15 is
very similar to other microorganisms. Two further steps are
needed to give DHBA. Isochorismic acid must be converted to
2,3-DHBA, which is most probably catalyzed by MxcF, a bifunc-
tional enzyme with a C-terminal ArCP domain responsible for
DHBA binding." It is likely that the latter compound is then
oxidized by MxcC to give DHBA (Scheme 3), which serves as
substrate for MxcE, MxcF, and MxcG." Biochemical verification
of these reactions seems redundant. The responsible proteins,
MxcF and MxcC, show high identity to the already well charac-

terized analogous enzymes of

the DHBA biosynthetic pathway

OH in E. coli (up to 63% similarity).
HWW['IQH
RofMsxcG GO co Generation of novel myxo-
O _H  snaDEm f\i/o"‘ CGH chelins

NS NADPH  HN™ 7N / <~ 0H “OH The substrate specificity of the
HN """ NH - co - co - myxochelin A myxochelin-forming enzyme
co co Eﬁ*-"' ﬁ complex was examined in vitro.
AR A OH o OH By substituting the natural sub-
CiOH MADH strates with structural ana-
aldehyde \@ it logues, novel myxochelin deri-
H /L\NH vatives were generated
co co (Scheme 2). In total, seven DHBA
OH A _OH analogues and L-ornithine were
L"‘“‘OH ;L‘“-'"?;‘OH supplied to substitute 2,3-DHBA

Scheme 3. Scheme showing an alternative reductive release mechanism in nonribosomal peptide biosynthesis. The
myxochelin thioester intermediate that is formed by MxcE, MxcF, and MxcG can be reduced by two alternative mecha-
nisms. After two rounds of reduction catalyzed by the R domain of MxcG, the alcohol is produced (compare with
Figure 1). In the presence of the aminotransferase MxcL, the aldehyde that results after the first reductive cycle can

then be transaminated to form myxochelin B.

After elucidating the biosynthesis of myxochelin in S. auran-
tiaca Sg al5, starting with 2,3-DHBA and L-lysine, verification
of DHBA biosynthesis was attempted. MxcD functions as an
isochorismic acid synthase and catalyzes the rearrangement of
chorismic acid to isochroismic acid. By using in vivo comple-
mentation experiments in an ischorismic acid synthase-nega-
tive E. coli mutant PBB8,"* the isochorismic acid synthase func-
tion of MxcD was verified. E. coli PBB8 is unable to produce en-
terobactin since DHBA is absent. Heterologous expression of
MxcD in the mutant restored enterobactin biosynthesis. Addi-
tionally, the isochorismic acid synthase activity of MxcD was
determined in vitro by using whole-cell extracts of E. coli PBB8
entC /menD~ that expressed MxcD.

Although inactivation of mxcD in S. aurantiaca Sg al15 indi-
cated its involvement in myxochelin biosynthesis, a polar
effect could not be excluded.™ In this study, we supply addi-
tional evidence that MxcD performs the conversion of choris-
mic acid to isochorismic acid, which is then directed into myx-
ochelin biosynthesis (Scheme 3). Analysis of MxcD and earlier
biochemical characterization of MxcF" in combination with
the in silico characterization of mxcC," led us to conclude that
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or L-lysine, respectively, in the
reaction mixture. Of these, only
2- and 3-hydroxybenzoic acids
were utilized by the myxochelin
biosynthetic complex to give
compounds 1 and 2. This indi-
cates a rather high substrate
specificity of the enzyme com-
plex. In NRPSs, two domains are
responsible for specificity. The adenylation domain defines spe-
cificity during selection and activation of the substrate. Mara-
hiel and co-workers have deduced the so called “nonribosomal
code”, which consists of ten amino acids that seem to be re-
sponsible for the recognition and activation of the sub-
strate.>™” The second factor defining substrate specificity
during nonribosomal peptide synthesis is the condensation
domain.”® In the experiments described above, the condensa-
tion domain should catalyze the acylation of the amino resi-
dues of L-lysine with activated DHBA analogues. Studies of the
crystal structure of the C domains have revealed that its ac-
ceptor site is highly specific for its substrate, whereas the sub-
strate specificity at the donor site is usually more relaxed.*
Following the rules of nonribosomal peptide biosynthesis, the
DHBA analogues should be bound at the relaxed site of the
C domain, irrespective of whether its highly specific acting ac-
ceptor site is being loaded with its native substrate, L-lysine.
Because the specificity-defining part of the C domain in MxcG
is loaded with its native substrate, L-lysine, there is the possi-
bility that all tested DHBA derivatives could be condensed to
the amino residue L-lysine. Therefore, it is more likely that sub-

myxochelin B
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strate specificity is defined by the A domains of the complex.
Using pyrophosphate exchange assays, Marahiel and co-work-
ers demonstrated that the DHBA-activating enzyme of the Ba-
cillibactin synthetase strictly binds DHBA and salicylic acid (=
2-HBA). In this work, we demonstrate that the DHBA-activating
enzyme MxcE can additionally adenylate 2-HBA and 3-HBA.

Transport of the iron-myxochelin complex in Gram-negative
S. aurantiaca Sg a15

Previous sequence analysis of cosmids CA5 and CA5a revealed
three genes (mxcB, mxcH, and mxcK) that were located in the
myxochelin biosynthetic regulon, and which might be respon-
sible for myxochelin transport.”” However, studies of sidero-
phore transport in Gram-negative bacteria have shown that
other proteins are actually required for this purpose.”’ Further
sequence analysis of cosmid CA5a revealed additional genes
(traA-traC) with homology to hemin ABC transporters, which
were located downstream of mxcL (Figure 1A and Table 1). In
combination with mxcB and mxcH, traA-C could form the myx-
ochelin-uptake system in S. aurantiaca Sg a15. A porin-forming
enzyme like MxcH" with outer cellular receptors would be re-
quired for the recognition and the transport of myxochelins
into the periplasmic space. The remaining steps of siderophore
transport into the cytoplasmic space are highly conserved
among bacteria.”’ TraA is homologous to periplasmic binding
proteins that are usually responsible for the translocation of
siderophores through the periplasmic space. Myxochelins
could be directed to transporters that are located at the cyto-
plasmic membrane. TraB shows homologies to several cyto-
plasmic transmembrane proteins, like the well-characterized
proteins FepD and FepG (30% identity), which are responsible
for the enterobactin transport into the cytoplasm in E. coli.*>"
As in the case of enterobactin transport in E. coli, two proteins
are usually necessary to form a channel through the cytoplas-
mic membrane. Besides traB, no further genes encoding a
transmembrane protein were identified in the mxc locus.
Active transport through the membrane could be enabled by
TraC, which belongs to the family of ATP-hydrolyzing enzymes.
Finally, the iron could be released from the myxochelin sidero-
phore by MxcB, which shows homology to iron utilizing pro-
teins.'?

The mxc locus in S. cellulosum So ce56

The myxochelin biosynthetic gene cluster from S. cellulosum
So ce56 was identified. Although the strain has been screened
extensively for the production of secondary metabolites, no
siderophores have been detected. After the myxochelin bio-
synthetic gene cluster was identified in the genome of S. cellu-
losum So ce56, the secondary-metabolite production pattern
of the strain was reanalyzed for the presence of myxochelins A
and B, and both myxochelins were indeed found to be pro-
duced by S. cellulosum So ce56.

It is surprising that the gene organization in both mxc clus-
ters is quite different. This finding might reflect the fact that
S. aurantiaca Sga 15 and S. cellulosum So ce56 are representa-
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tives of the two known myxobacterial suborders, Cystobacteri-
neae and Sorangineae, respectively. The identities of the encod-
ed proteins were found to be between 35 and 70% (see
Table 1). As the corresponding genes are also quite similar in
sequence (48-70% identities), one is tempted to speculate
that the myxochelin pathway has not evolved independently
and convergently in the two organisms.

It is known that the myxochelin iron-uptake system is used
by several myxobacterial strains belonging to the suborder
Cystobacterineae (refs. [31,19] and unpublished data). The iden-
tification of the mxc locus in S. cellulosum So ce56 indicates
that the myxochelin siderophore system is widespread among
myxobacteria.

Experimental Section

Bacterial strains and culture conditions: E. coli strains and S. aur-
antiaca Sgal5 and its descendants were cultured as described
previously.>

Modified in vitro assay for myxochelin A production and biosyn-
thesis of novel myxochelin derivatives: Heterologous expression
of myxobacterial proteins in E. coli XL1Blue was carried out as de-
scribed elsewhere."

The assay for myxochelin A formation was performed at 30°C in a
total volume of 200 uL containing Tris-HCl (50 mmolL™", pH 8.0),
NaCl (50 mmolL™"), MgCl, (10 mmolL™"), 2,3-DHBA (3 mmolL™"), L-
lysine (1.5 mmolL™"), ATP (3 mmol L"), NADPH (1.5 mmol L"), MxcE
(500 nmolL™"), MxcG (500 nmolL™"), and MxcF (5 pmolL™"). Reac-
tions were frozen in liquid nitrogen after 0-90 min and were
stored at —80°C before extraction.

The assay described above was used to determine the substrate
specificity of the MxcEFG enzymatic complex. In these experiments,
2,3-DHBA or L-lysine was substituted with structural analogues. In
total, seven DHBA analogues (2-hydroxybenzoic acid; 3-hydroxy-
benzoic acid; 4-hydroxybenzoic acid; 3,4-dihydroxybenzoic acid;
2,3-dihydroxy-2,3-dihydro-benzoic acid, 2-amino-benzoic acid and
4-amino-benzoic acid) and Lr-ornithine were examined. The reac-
tions were incubated for 16 h at 30°C and stored at —80°C before
extraction.

Each of the reactions (200 uL) was made up to 1 mL with Tris-HCl
(50 mmolL™", pH 8.0), which contained NaCl (50 mmolL™"). The
samples were extracted three times with equal volumes of ethyl-
acetate. The combined ethylacetate extracts were dried and the
residues were then dissolved in of methanol (120 pL). The amount
of myxochelins formed was estimated by using integrated peak
areas in comparison to those of a myxochelin standard curve.
HPLC analysis was performed as published previously."

Construction and analysis of S. aurantiaca Sg a15 mutants: An
internal fragment of mxcL was PCR amplified by using cosmid
CA5a" as template and oligonucletides RM214: 5'-TCGTGGAGAG-
CATTCGCAA-3’ and RM215: 5'-GTCGAAGAATTCCTGCGCGC-3’ as pri-
mers. Amplification was carried out with Tag-DNA Polymerase
(Gibco). The resulting 509 bp DNA fragment was cloned into
pCR2.1TOPO (Invitrogen) by using the TOPO TA Cloning Kit (Invi-
trogen). This gave rise to plasmid pRM28. pRM28 was electroporat-
ed into S.aurantiaca Sga15®" to give mutant RM28. Mutant
NGM34 (mxcA~) was made by a similar approach, and the 500 bp
DNA fragment was amplified by using oligonucleotides NGM3: 5'-
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GGGTTCCAAATGGGGCTACAC-3" and 5'-CGGGGCGGTCTTCTGCTC-3'
as primers and cosmid CA5 as template.

Culture and extraction from the wild-type and mutant strains were
performed as previously described by using Amberlite XAD-16 ab-
sorber resin."” Phenotypic analysis was carried out by diode-array
detection HPLC (DAD-HPLC) analysis as described elsewhere."™

Construction of a plasmid harboring mxcD for heterologous ex-
pression in E. coli: mxcD was PCR amplified by using Pfu-DNA
polymerase (Stratagene). Cosmid CA5 was used as template and
the oligonucleotides MXCDF 5-GAGTGCCTCATATGACCGAACGT-
CCC-3' and MXCDR 5-GGCGGAATTCCGACTGCACCTCTGCGTTCT-3'
as primers. PCR reactions had following cycle profile: denaturation
at 95°C for 30's, annealing at 55°C for 30 s and extension at 72°C
for 1 min. Thirty cycles were carried out on a gradient cycler from
Eppendorf. Restriction sites introduced into the oligonucleotides
are shown in italics. The resulting 1245 bp DNA fragment was di-
gested with Ndel and EcoRl and ligated into the Ndel/EcoRlI sites of
pCYB2 (NEB); this resulted in plasmid pMxcD. The gene insertion
into pCYB2 was verified by DNA sequencing. DNA sequencing was
performed by using the Big Dye RR terminator cycle sequencing
kit (PE Biosystems), pTac forward/intein reverse-primer (New Eng-
land Biolabs) and an ABI Prism-System 377 Sequencer (Applied Bio-
systems).

In vivo determination of isochorismate sythase activity of MxcD:
Chromazurol S (CAS) agar plates® were used to determine the in
vivo activity of MxcD. E. coli PBB8,®¥ which were transformed with
pMxcD, were grown overnight on LB-Agar plates. A single colony
was transferred onto CAS-agar plates® and was incubated for
20 h at 30°C.

Additionally, E. coli PBB8 carrying pCYB2 as a negative control and
E. coli PBB8 harboring p422"¥ as a positive control and expressing
EntC from E. coli were grown under the same conditions. Finally,
the CAS-agar plates were transferred to 6°C and were incubated
for an additional hour. The color of the CAS-medium is based on
the presence of Fe**. In the absence of iron, the dye is yellow. In
presence of Fe**, Chromazurol S forms a blue Fe** complex.

In vitro determination of isochorismate sythase activity of
MxcD: E. coli PBB8"®! harboring pMxcD were grown in LB medium
at 37°C until the cell density reached ODg, 2.0. For protein extrac-
tion cells were harvested and treated as previously described for
entC and menF characterization.®” The isochorismate synthase ac-
tivity assay was performed in a 100 pL reaction containing 80 pg
total protein of the crude cell-free extract (5 mm chorismate, 1 mm
DTT, 1 mm EGTA, 1T mm MgCl,, and 200 mm Tris-HCl, pH 7.5). The
reaction mixture was incubated for 30 min at 37°C, quenched with
methanol (75 pL), and analyzed with DAD-HPLC. Isochorismic acid
was determined by UV spectroscopy cochromatography with an
authentic sample as described elsewhere.”

DNA-analysis: DNA sequences from cosmid CA5a and from the
genome of S. cellulosum So ce56 were obtained as previously
described .

Isolation of the myxochelins from S. cellulosum So ce56: S. cellu-
losum So ce56 was grown in a synthetic medium (SM; 100 mL, in
distilled water: 5gL™' asparagine, 0.5gL™' MgSO,7H,0,
0.008 gL' ethylenediamine-tetraacetic acid, 0.008 gL' iron(ii)
sodium salt, 11.5 gL~ HEPES, pH 7.2). The medium was autoclaved,
and the following separately sterilized compounds were added
from stock solutions: CaCl,,2H,0 (0.5gL™"), K,HPO,3H,0
(0.06 gL "), maltose (2 gL™"). After incubation for 4 days at 32°C,
10 mL of the culture was centrifuged at 6000 rpom and the pellet
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was washed once with sterile HEPES buffer solution (10 mL,
100mm, pH 7.2). This cell suspension was used to inoculate Fe-
EDTA-free SM medium (100 mL). After incubation for one week on
a rotary shaker at 30°C, 10 mL of the culture was used to inoculate
a second passage in the Fe-salt-free medium. Because of poor
growth, the third passage was inoculated with preculture (20 mL).
This liquid culture contained 2% of the absorber resin XAD-16
(Rohm and Haas, Frankfurt) and was incubated for two weeks. The
resin was harvested by sieving and eluted with methanol. Myxo-
chelins A and B were detected in a 100:1 concentrated eluate by
HPLC-MS and compared with authentic samples of myxochelin A
(m/z=405 [M+H™"]) and myxochelin B (m/z=404 [M+H*]).

Acknowledgements

The authors would like to thank Dr. K. Buss and Prof. Dr. E. Leist-
ner from the Institute of Pharmaceutical Biology in Bonn for in
vitro analysis of isochorismate synthase activity of MxcD. Dr. K.
Gerth, Dr. R. Jansen, and Prof. Dr. G. Hofle contributed to this
work by identifying myxochelin and its derivatives by LC-MS. Sub-
strate analogues of DHBA were a kind gift of Dr. M. Miiller,
Jilich. Critical review of this manuscript by Dr. B. Wilkinson is
gratefully acknowledged. Work in R.M.’s laboratory was support-
ed by the Deutsche Forschungsgemeinschaft (DFG; grant
Mu1254/4).

Keywords: biosynthesis - chelators - iron nonribosomal

peptide biosynthesis - siderophores

[1]1 B. Silakowski, B. Kunze, R. Muiller, Arch. Microbiol. 2000, 173, 403.
2] J.J. DeVoss, K. Rutter, B. G. Schroeder, C.E. Barry, 3rd, J. Bacteriol.
1999, 181, 4443.
[3] V. Braun, Front. Biosci. 2003, 8, s1409.
[4] K. N. Raymond, E. A. Dertz, S.S. Kim, Proc. Natl. Acad. Sci. USA 2003,
100, 3584.
[5] S. K. Buchanan, B. S. Smith, L. Venkatramani, D. Xia, L. Esser, M. Palnitkar,
R. Chakraborty, D. van der Helm, J. Deisenhofer, Nat. Struct. Biol. 1999,
6, 56.
[6] L. E. Quadri, Mol. Microbiol. 2000, 37, 1.
[7]1 J. D. Faraldo-Gomez, M. S. Sansom, Nat. Rev. Mol. Cell Biol. 2003, 4, 105.
[8] M. Dworkin, Microbiol. Rev. 1996, 60, 70.
[9] Myxobacteria Il, 2nd ed. (Eds.: M. Dworkin, D. Kaiser) American Society
for Microbiology, Washington DC, 1993.

[10] A. Koch, D. White, BioEssays 1998, 20, 1030.

[11] H. Reichenbach, G. Héfle in Drug Discovery from Nature (Eds.: S. Grabley,
R. Thieriecke) Springer, Berlin, 1999, pp. 149-179.

[12] H. Reichenbach, G. Hofle in Myxobacteria Il, 2nd ed. (Eds.: M. Dworkin,
D. Kaiser) American Society for Microbiology, Washington DC 1993,
pp. 347.

[13] K. Gerth, S. Pradella, O. Perlova, S. Beyer, R. Miller, J Biotechnol 2003,
106, 233.

[14] N. Gaitatzis, A. Hans, R. Miller, S. Beyer, J. Biochem. 2001, 129, 119.

[15] N. Gaitatzis, B. Kunze, R. Muller, Proc. Natl. Acad. Sci. USA 2001, 98,
11136.

[16] N. Gaitatzis, B. Silakowski, B. Kunze, G. Nordsiek, H. Blocker, G. Hofle, R.
Muller, J. Biol. Chem. 2002, 277, 13082.

[17] B. Silakowski, H. U. Schairer, H. Ehret, B. Kunze, S. Weinig, G. Nordsiek, P.
Brandt, H. Blocker, G. Hofle, S. Beyer, R. Mdller, J. Biol. Chem. 1999, 274,
37391.

[18] B. Silakowski, G. Nordsiek, B. Kunze, H. Blocker, R. Muller, Chem. Biol.
2001, 8, 59.

[19] B. Silakowski, B. Kunze, G. Nordsiek, H. Blocker, G. Hofle, R. Miiller, Eur. J.
Biochem. 2000, 267, 6476.

[20] B. Silakowski, B. Kunze, R. Muiller, Gene 2001, 275, 233.

373



www.chembiochem.org



[21]
[22]
[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]
B1]
[32]
[33]

[34]
[35]

[36]

[37]

374

BIO

S. Weinig, T. Mahmud, R. Miller, Chem. Biol. 2003, 10, 953.

S. Weinig, H.J. Hecht, T. Mahmud, R. Muiller, Chem. Biol. 2003, 10, 939.
J. Ligon, S. Hill, J. Beck, R. Zirkle, I. Monar, J. Zawodny, S. Money, T.
Schupp, Gene 2002, 285, 257.

I. Molnar, T. Schupp, M. Ono, R. Zirkle, M. Milnamow, B. Nowak-Thomp-
son, N. Engel, C. Toupet, A. Stratmann, D. D. Cyr, J. Gorlach, J. M. Mayo,
A. Hu, S. Goff, J. Schmid, J. M. Ligon, Chem. Biol. 2000, 7, 97.

L. Tang, S. Shah, L. Chung, J. Carney, L. Katz, C. Khosla, B. Julien, Science
2000, 287, 640.

B. Julien, S. Shah, Antimicrob. Agents Chemother. 2002, 46, 2772.

H. Chen, I. M. Keseler, L. J. Shimkets, J. Bacteriol. 1990, 172, 4206.

B. Neumann, A. Pospiech, H. U. Schairer, J. Bacteriol. 1992, 174, 6307.

S. Pradella, A. Hans, C. Sproer, H. Reichenbach, K. Gerth, S. Beyer, Arch.
Microbiol. 2002, 178, 484.

B. Kunze, W. Trowitzsch-Kienast, G. Hofle, H. Reichenbach, J. Antibiot.
1992, 45, 147.

B. Kunze, N. Bedorf, W. Kohl, G. Hofle, H. Reichenbach, J. Antibiot. 1989,
42, 14.

D. Franke, V. Lorbach, S. Esser, C. Dose, G.A. Sprenger, M. Halfar, J.
Thommes, R. Miller, R. Takors, M. Muller, Chem. Eur. J. 2003, 9, 4188.
C. Dahm, R. Miiller, G. Schulte, K. Schmidt, E. Leistner, Biochim. Biophys.
Acta 1998, 1425, 377.

M. J. Bibb, P. R. Findlay, M. W. Johnson, Gene 1984, 30, 157.

M. Saraste, P.R. Sibbald, A. Wittinghofer, Trends Biochem. Sci. 1990, 15,
430.

G. Zhu, M. J. LaGier, F. Stejskal, J. J. Millership, X. Cai, J. S. Keithly, Gene
2002, 298, 79.

J. He, N. Magarvey, M. Piraee, L. C. Vining, Microbiology 2001, 147, 2817.

[38]
[39]

[40]

R. Miiller et al.

D. E. Ehmann, A. M. Gehring, C. T. Walsh, Biochemistry 1999, 38, 6171.

J. Casqueiro, S. Gutierrez, O. Banuelos, F. Fierro, J. Velasco, J. F. Martin,
Mol. Gen. Genet. 1998, 259, 549.

C. Earhart in Iron Transport in Microbes, Plants, and Animals, (Eds.: G.
Winkelmann, D. vanderHelm, J. Neilands) VCH, Weinheim, 1987,
pp. 67 -84.

M. S. Nahlik, T. P. Fleming, M. A. McIntosh, J. Bacteriol. 1987, 169, 4163.
B. A. Ozenberger, T. J. Brickman, M. A. McIntosh, J. Bacteriol. 1989, 171,
775.

C. T. Walsh, J. Liu, F. Rusnak, M. Sakaitani, Chem. Rev. 1990, 90, 1105.

J. Liu, N. Quinn, G. A. Berchtold, C. T. Walsh, Biochemistry 1990, 29, 1417.
T. Stachelhaus, H. D. Mootz, M. A. Marahiel, Chem. Biol. 1999, 6, 493.

G. L. Challis, J. Ravel, C. A. Townsend, Chem. Biol. 2000, 7, 211.

J.J. May, N. Kessler, M. A. Marahiel, M. T. Stubbs, Proc. Natl. Acad. Sci.
USA 2002, 99, 12120.

P. Belshaw, C. Walsh, T. Stachelhaus, Science 1999, 284, 486.

T. A. Keating, C. G. Marshall, C. T. Walsh, A.E. Keating, Nat. Struct. Biol.
2002, 9, 522.

S.S. Chenault, C. F. Earhart, J. Gen. Microbiol. 1992, 138(10), 2167.

S. Beyer, B. Kunze, B. Silakowski, R. Mdller, Biochim. Biophys. Acta 1999,
1445, 185.

B. Schwyn, J. B. Neilands, Anal. Biochem. 1987, 160, 47.

K. Buss, R. Muller, C. Dahm, N. Gaitatzis, E. Skrzypczak-Pietraszek, S.
Lohmann, M. Gassen, E. Leistner, Biochim. Biophys. Acta 2001, 1522, 151.

Received: June 18, 2004

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

ChemBioChem 2005, 6, 365 - 374



www.chembiochem.org




Structure and Biosynthesis of Myxochromides
S,_; in Stigmatella aurantiaca: Evidence for an
Iterative Bacterial Type | Polyketide Synthase
and for Module Skipping in Nonribosomal

Peptide Biosynthesis**

Silke C. Wenzel,* ™ Brigitte Kunze ™ Gerhard Héfle,” Barbara Silakowski,"
Maren Scharfe,”” Helmut Blécker,”” and Rolf Muller*™ ®

The myxobacterium Stigmatella aurantiaca DW4/3-1 harbours
an astonishing variety of secondary metabolic gene clusters, at
least two of which were found by gene inactivation experiments
to be connected to the biosynthesis of previously unknown me-
tabolites. In this study, we elucidate the structures of myxochro-
mides S;_;, novel cyclic pentapeptide natural products possessing
unsaturated polyketide side chains, and identify the correspond-
ing biosynthetic gene locus, made up of six nonribosomal peptide

Introduction

Microorganisms are able to produce a wide variety of natural
products with biological activity. Ubiquitous soil bacteria, such
as streptomycetes and myxobacteria, are especially rich sour-
ces of such compounds. Numerous antifungal, antibacterial
and anticancer agents have been isolated from these bacteria
and developed by the agrochemical and the pharmaceutical
industries. Currently, the potential of bacterial secondary
metabolite producers is being evaluated on the genetic level,
mainly based on whole-genome sequencing efforts. All of the
genome sequences reported to date reveal the presence of
many more genomic loci encoding typical secondary metabo-
lite genes (termed SM-biosynthetic gene clusters) than expect-
ed. For example, Streptomyces coelicolor and Streptomyces aver-
mitilis harbour approximately 20 and 30 gene clusters, respec-
tively, for secondary metabolism, most of which encode poly-
ketide synthases (PKSs) and nonribosomal peptide synthetases
(NRPSs).2#

NRPSs and PKSs, large multifunctional enzyme systems using
acyl-coenzyme A (PKS) or amino acid (NRPS) building blocks,
use very similar strategies for the biosynthesis of two distinct
classes of natural products (nonribosomally made peptides
and polyketides). Although they utilize different classes of sub-
strates, PKSs and NRPSs show striking similarities in the modu-
lar architectures of their catalytic domains and assembly line-
like mechanisms. The extremely large polyfunctional enzyme
systems are organized in modules. Each module is responsible
for one discrete chain-elongation step and can be subdivided
into domains controlling the choice of the extender unit. Sev-
eral types of modifications can take place on each intermedi-

ChemBioChem 2005, 6, 375-385 DOI: 10.1002/cbic.200400282 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

synthetase modules. By analyzing the deduced substrate specifici-
ties of the adenylation domains, it is shown that module 4 is
most probably skipped during the biosynthetic process. The poly-
ketide synthase MchA harbours only one module and is presuma-
bly responsible for the formation of the variable complete poly-
ketide side chains. These data indicate that MchA is responsible
for an unusual iterative polyketide chain assembly.

ate. At a minimum, a typical NRPS module consists of an ade-
nylation (A) domain responsible for amino acid activation, a
thiolation (T) domain—also known as peptidyl carrier protein
(PCP)—that binds the cofactor 4’-phosphopantetheine (4'PP)
to which the activated amino acid is covalently attached and a
condensation (C) domain that catalyses peptide-bond forma-
tion. Additionally, a variety of optional (e.g., methyltransferase
(MT) or epimerization (E)) domains have also been described.
These increase the structural diversity of the natural products.”
Similarly, three domains are necessary as the basic equipment
of a PKS elongation module: an acyltransferase (AT) domain for
extender unit selection and transfer, an acyl carrier protein
(ACP) for extender unit loading and a ketoacyl synthase (KS)
domain for decarboxylative condensation of the extender unit
(usually malonyl-CoA or methylmalonyl-CoA) with an acyl thio-
ester. The resulting (3-keto thioester may subsequently be pro-
cessed by p-ketoacyl reductase (KR) domains, B-hydroxyacyl
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.
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dehydratase (DH) domains, enoyl reductase (ER) domains and
MT domains.”! Recently, it has been discovered that these
modular PKS and NRPS systems can also closely cooperate to
form so-called hybrid products.” Because nature obviously
combines all types of enzymatic systems for biosynthetic pur-
poses, especially for the production of secondary metabolites,
classifications such as PKS/NRPS hybrids should be handled
with care."”

Although no complete genome sequence from any myxo-
bacterium has been reported, the ongoing efforts at the Insti-
tute for Genomic Research (TIGR) and in the Genomik network
at Bielefeld University have already shown that the model myx-
obacteria Myxococcus xanthus DK1622 and Sorangium cellulo-
sum So ce56 contain numbers of secondary metabolic gene
clusters that equal or exceed those found in the sequenced
actinomycete genomes." Nevertheless, only two compounds
from S. cellulosum So ce56 are known, and no report of any
secondary metabolite structure from M. xanthus DK1622 is
available. Similarly, S. aurantiaca has been shown by hybridiza-
tion experiments and physical mapping to contain a variety of
PKS/NRPS gene clusters."”” Some of these could be correlated
to known natural products, whereas the function of others has
remained obscure.®*'"! Four novel structures were found in
S. aurantiaca DW4/3-1 after a detailed analysis of metabolite
profiles of gene inactivation mutants in each of these clusters
and comparison with the wild-type strain."® From the genetic
analysis, a hybrid PKS/NRPS gene cluster is involved in the for-
mation of three compounds, whereas the fourth compound is
biosynthesized by a PKS.

This article reports the production, isolation and structures
of the hybrid compounds, cyclic pentapeptides each possess-
ing a polyketide side chain and referred to as myxochromides
S,-S;. Additionally, the corresponding biosynthetic gene cluster
was identified, sequenced and analysed to reveal several novel
features. Evidence for “module skipping” in nonribosomal pep-
tide biosynthesis is reported, to the best of our knowledge for
the first time. In addition, the PKS involved in myxochromide
side-chain biosynthesis is most probably an iteratively acting
enzyme with the intrinsic capacity to produce polyketide
chains of varying length.

Results

Identification of the myxochromide S biosynthetic gene
cluster

During our screening for hybrid PKS/NRPS systems in Stigma-
tella aurantiaca DW4/3-1, the cosmid E196 was identified."®
Integration of a randomly chosen PKS fragment from this
cosmid into the chromosome resulted in a mutant shown to
be deficient in the production of at least three substances pos-
sessing similar UV spectra. T7 end sequencing of cosmid E196
revealed the presence of a NRPS gene, which indicated that
the compounds are biosynthetically derived from a PKS/NRPS
hybrid megasynthetase. By using the oligonucleotides 195T3-1
and 195T3-2, a specific NRPS fragment was amplified from
cosmid E196. A gene inactivation experiment in S. aurantiaca

376

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

R. Miiller et al.

DW4/3-1 with this fragment resulted in the mutant strain
EBS66-3, which shows the same myxochromide negative phe-
notype as the previously described PKS mutant DWE196 (see
Figure 1).

1200

Dw4/3-1 wild type 1
1

T 600 ~

A/mAu
0_‘ T T T T T T T T T 1
16 18 20 22 24 26 28 30 32 34
R/min —»
12007 egs 66-3 8,9
5 200 300 400 500
T Alnm .
600
A/mAu 4
9
8
6 7
0_

16 18 20 22 24 26 28 30 32 34
R/min —»

Figure 1. Phenotypic analysis of S. aurantiaca DW4/3-1 and mutant EBS66-3.
HPLC diagrams of the secondary metabolite production spectra of the wild-
type strain S. aurantiaca DW4/3-1 and of the mutant EBS66-3. 1) myxochro-
mide S,, 2) myxochromide S,, 3) myxochromide S, 4) novel and unknown poly-
ketide, 5) myxothiazol A, 6 and 7) dawenols, 8 and 9) unknown compounds.

Isolation and structure elucidation of myxochromides S, _;
from S. aurantiaca DW4/3-1

For the isolation of myxochromides S on large scales, fermen-
tations of strain DW4/3-1 were used."” These were performed
in bioreactors (150 L) containing Zein liquid medium (85 L)
with the adsorber resin Amberlite XAD-16 (1 %) as described in
detail previously." Fermentation batches of strain DW4/3-1
were harvested 70 h after inoculation, and the myxochrom-
ides S were isolated from the culture broth as described in the
Experimental Section. The structure determination was carried
out with myxochromide S,, which was obtained in a pure
state. The molecular formula C;Hs,NsOg was derived from a
HRESI mass spectrum ([M+Na]t=745.392) and indicates 15
double bond equivalents. Eight of these are assigned to a hep-
taenecarboxylic acid moiety, similar to that found in the previ-
ously described myxochromide A (10, Scheme 1).?” In addition
to the signals from the polyene side chain (14 double bond

ChemBioChem 2005, 6, 375 - 385
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Myxochromides S,_; from Stigmatella aurantiaca
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N-Me-Thr

Scheme 1. Structures of myxochromides. Myxochromides S,_; (1-3) are produced by S. aur-
antiaca DW4/3-1. Myxochromide A (10) was isolated from M. virescens Mx v48.2” Through

To determine the absolute configurations of the
amino acids, myxochromide S, was hydrolysed, and
the resulting mixture was derivatized to afford the
corresponding N-(trifluoroacetyl)amino acid n-propyl
esters. Gas chromatographic analysis on a chiral
column and comparison with p- and L-configured
amino acid standards (data not shown) resulted in
the identification of L configurations for all amino
acids in the myxochromide S, peptide.

HPLC analysis of crude extracts from S. aurantiaca
DW4/3-1 and side fractions from the isolation indi-
cate the presence of two further myxochromides:
myxochromides S, and S; (2 and 3), from their char-
acteristic chromophores (1,,,,=406 nm (2) and
424 nm (3)) and similar retention times. A HPLC
diode array-MS/MS analysis of myxochromides S,
was performed and indicated that all three com-
pounds have the same peptide core, but differ in the
structures of their polyunsaturated side chains (MS/
MS data not shown). From the detected molecular
masses, myxochromide S, (2, [M+H]*=737) has a
propionate starter unit, and myxochromide S; (3,
[M+H]* =749) an additional acetate extender unit in
the PKS side chain. In a feeding experiment with
S. aurantiaca DW4/3-1 and Dg-propionic acid, incor-
poration of Ds-propionate into 2 could be demon-
strated in the HPLC-MS analysis of the extract (incor-
poration rate >70%; data not shown).

In the agar diffusion test, myxochromide S, (40 pg
per disc) showed no inhibitory activity against vari-
ous bacteria (Staphylococcus aureus, Bacillus subtilis,
Corynebacterium fascians, Escherichia coli), yeasts (Sac-
charomyces cerevisiae, Candida albicans, Rhodotorula
glutinis) or filamentous fungi (Botrytis cinereae, Mucor
hiemalis). In cultivated L929 mouse fibroblasts, myxo-
chromide S, showed weak cytotoxicity, with an ICs,
value of 1.3 ugmL™".

analogy with the structure of 1 and the mchs, gene cluster we propose a slightly different

structure (11) for this metabolite (see Discussion).

protons between 5.7-7.2 ppm and a CH; group at 1.75 ppm),
the "H NMR spectrum (Table 1) shows signals for five additional
fragments. These include one NH, and four NH groups (6.5-
9.5 ppm), five CH protons (3.5-5.5 ppm), five CH; groups, three
CH, groups and one methine proton in the aliphatic region.
The C NMR spectrum reveals 38 signals, assigned as seven
CH,, three CH,, seven sp*-CH, 14 sp>-CH and seven CO groups.
By proton- and carbon-correlated NMR spectroscopy (COSY,
HMQC) the presence of N-Me-threonine, leucine, two alanines,
glutamine and a heptaenecarboxylic acid moiety attached as a
side chain were derived in a straightforward manner. The se-
quence of the amino acids in the pentapeptide backbone, to-
gether with the linkage of the polyunsaturated side chain to
the N atom of N-Me-threonine, was determined from the
HMBC correlations (Scheme 2). The threonine hydroxy group is
esterified by the a-carboxyl group of glutamine, resulting in a
low-field shift of the Thr-B-CH (5.42 ppm) in the proton NMR.

ChemBioChem 2005, 6, 375-385 www.chembiochem.org
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Scheme 2. HMBC correlations in myxochromide S,.

Sequence analysis of the gene cluster

Sequence analysis of cosmid E196 revealed the presence of a
biosynthetic gene cluster of almost 30 kb in size. It comprises
three PKS/NRPS genes, which were designated mchA, mchB
and mchC (see Figure 2). A putative ribosome binding site
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Table 1. °C NMR and 'H NMR spectral data of myxochromide S, in
[DsJDMSO at 300 MHz.
Moiety Functional Oc [ppm] Oy [ppm] (multiplicity;
group [Hz])
N-Me-L-threo- —NMe 33.8 3.13 (brs)
nine
—C=0 170.0 -
a-CH 57.6 5.42 (brs)
B-CH 724 5.42 (brs)
B-CH; 16.1 1.10 (brd; 5.7)
L-leucine —NH - 8.37 (m)
—C=0 174.2 -
a-CH 52.6 3.88 (m)
B-CH? 395 1.34 (m)
B-CH® 1.42 (m)
x-CH 24.0 1.64 (m)
v-CH;? 22.1 0.88 (d; 6.6)
y-CH,° 225 0.94 (d; 6.6)
L-alanine’ —NH - 9.38 (d; 6.8)
—C=0 1714 -
a-CH 49.9 3.73 (dd; 6.8, 6.8)
a-CH, 14.8 1.25 (d; 6.8)
L-alanine? —NH - 7.54 (d; 6.6)
—C=0 1704 or 170.5 -
a-CH 51.5 3.58 (dd; 6.8, 6.8)
a-CH, 15.1 1.53 (d; 7.3)
L-glutamine —NH - 7.66 (d; 9.6)
—C=0 170.4 or 1705 -
a-CH 50.2 4.52 (ddd; 9.6, 9.6, 3.2)
B-CH, 263 1.64 (m)
2.06 (m)
v-CH, 30.7 2.06 (m)
y-C=0 1739 -
O-NH? - 6.67 (s)
O-NHP 7.13 (s)
side chain 1 167.4 -
2 120.1 6.60 (d; 15.5)
3 142.7 7.17 (dd; 11.3, 14.3)
5 - 6.71 (dd; 11.0, 15.0)
4,6-13 - 6.10-6.65 (M)
14 130.6 6.15 (qdd; 1.5; 11.0; 14.5)
15 130.8 5.77 (dqg; 7.0, 14.7)
16’ 18.2 1.75 (d; 7.0)
[a] Not assigned: 6 =130.8, 132.3, 132.3, 132.5, 134.2, 134.7, 135.4, 136.8,
139.8, 142.7.

cosmid E196

T QU QU—

ORF5 4 3 2 1 mchA mchB

5 kb
A

mchC

Figure 2. Map and gene arrangement of the mch biosynthetic gene cluster with
flanking regions in S. aurantiaca DW4/3-1. The inserts of cosmid E196 and addi-
tional sequences derived from plasmid pSWMch2 are indicated by lines. Genes
are shown as arrows, which also indicate the direction of transcription. mchA
encodes a PKS, while mchB and mchC encode NRPSs (see Table 2). For the de-
scription of ORF1-6, see text.

(RBS; AGGAA) is situated in front of mchA, while no typical RBS

could be found upstream of mchB. Overlapping start and stop
codons of both genes (ATGA) indicate a translational coupling
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of mchA and mchB. The intergenic region between mchB and
mchC (33 bp) harbours the putative RBS of mchC (GAGGA). The
codon bias of the reported genes is in accordance with other
genes from myxobacteria.?" The overall G+C content of the
mch-biosynthetic gene cluster is 68 %.

The first open reading frame (ORF) of the myxochromide S
biosynthetic operon encodes MchA, a protein predicted to
have a size of 232522 Da, and showing striking similarity to
polyketide synthases. The following genes encode MchB and
MchC, proteins with estimated molecular masses of 332858
and 486881 Da, respectively. These show significant similarity
to members of the NRPS family of proteins and display the or-
dered assembly of conserved C, A and T domains characteristic
of such multimodular enzymes.”? Cosmid E196 does not con-
tain the complete sequence of mchC. A plasmid recovery ap-
proach starting from chromosomal DNA of the NRPS mutant
EBS66-3 and subsequent primer walking on the resulting plas-
mid pSWMch2 resulted in the identification of the 3-prime end
of mchC and additional 500 bp located downstream of this
gene.

Modular organization of mchABC: MchA represents a PKS that
shows the highest homology to other myxobacterial type |
PKSs. It contains only one module and a domain organization
typical for PKSs. Within the three basic domains (KS, AT and
ACP), a complete reductive loop® consisting of a KR, a DH
and an ER domain is present (see Table 2). These domains
could be detected by searching for fingerprint regions de-
scribed for PKS domains.”**¥ Enoyl reductase domains usually
contain the highly conserved sequence LxHxxxGGVG™” as well
as a motif for a putative NADP(H) binding (GxGxxAxxxA®"). Se-
quence analysis of the MchA ER domain showed deviations
from these highly conserved motifs in relation to ER domains
from other modular PKSs and fatty acid synthases (FASs) (see
Figure 3). In particular, two alanines that are normally part of
the NADP(H) binding site are absent from the MchA ER.

MchB and MchC are bimodular and tetramodular NRPSs, re-
spectively. All six NRPS modules contain C, A and T domains
and could be detected by the presence of highly conserved

signature sequences imparting each domain type a

pSWMch2

ORF 6

Figure 3. Alignment of the MchA ER domain with the conserved region of other
ER domains of PKSs and FASs. Amino acids identical to the consensus sequence
(ER core motif:?” LxHxxxGGVG, putative NADP(H) binding site:*? GxGxxAxxxA)
are boxed in grey. Boldface indicates MchA ER amino acids that differ from the
consensus. Rap = ER from rapamycin synthase RapB, Nid =ER from niddamycin
synthase NidA, Ery=ER from erythromycin synthase DEBS2, FAS=ER from rat
fatty acid synthase, Epo=ER from epothilone synthase EpoA.
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Table 2. Deduced functions of genes involved in myxochromide S biosyn-
thesis.
Gene Size in bp, codon usage Domains (location in
(% GC in 1st, 2nd, and the protein sequence)
3rd position), size of
the deduced protein
mchA 6501 bp KS (16-442)
(71:51:84) AT (561-879)
232.522 Da DH (889-1090)
ER (1463-1744)
KR (1767-2014)
ACP (2044-2113)
mchB 9174 bp module 1:# C (38-376)
(71:48:85) A’ (531-960)
332.858 Da MT (961-1403)
A" (1404-1437)
T (1440-1544)
module 2: C (1553-1899)
A (2038-2488)
T (2490-2594)
E (2596-2947)
mchC 13407 bp module 3: C (14-354)
(72:47:86) A (488-946)
486.881 Da T (949-1054)
module 4: C (1057-1391)
A (1530-1987)
T (1990-2094)
module 5: C (2101-2438)
A (2578-3033)
T (3037-3142)
module 6: C (3147-3483)
A (3620-4077)
T (4081-4186)
TE (4196-4468)
[a] A N-MT is integrated into the first module of the NRPS A domain. A1’
represents the first part of this A domain containing the core regions
A1-A8, while A1” represents the second part of this domain and contains
the core regions A9-A10.

characteristic fingerprint.”? Sequence alignments of the con-
densation domains show the presence of the seven described
core motifs (C1-C7) (see Figure 4). The A domains of MchBC
share the ten known conserved core sequences (A1-A10; see
Figure 4), and their thiolation domains contain the core se-
quence with an invariant serine residue, which represents the
4'PP-attachment site (see Figure 4?%). Adjacent to or within
these essential domains, some modules contain further do-
mains responsible for modifying the biosynthetic intermediate.
A methyltransferase (MT) domain is present in the first NRPS
module, and is found inserted into the A domain between the
core regions A8 and A9. This type of arrangement is unusual
but not unprecedented, having also been described in the mi-
crocystin® and tubulysin®’ biosynthetic proteins McyA and
TubB, respectively. The second module contains an epimeriza-
tion domain located downstream of the T domain. It bears all
seven core regions (E1-E7) described for this type of
domain.”? In contrast with modules 1 and 2, the three follow-
ing modules (modules 3-5) do not contain any additional do-
mains. The last domain of the myxochromide assembly line
represents a thioesterase located at the N terminus of
module 6.
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The binding specificities of the A domains were analysed by
comparison of the critical residues responsible for substrate
recognition. These were identified and aligned with the known
eight amino acid binding pocket residues of the GrsA A
domain.®? Next, they were compared with consensus sequen-
ces available in databases (see Table 3,%*3%). The predicted sub-

Table 3. Comparison of the putative specificity-conferring codes of the A
domains in myxochromide S biosynthesis with consensus sequences.”

residue according to GrsA Phe numbering

235 236 239 278 299 301 322 330
Thr consensus D F w N | G M \
module 1 D F w N | G M \")
Leu consensus D A w L Y G A \
module 2 D A w L | G A |
Ala consensus D Vv w C | A A |
module 3 D \" M F 1 G | Vv
module 5 D \" w \% L A A |
GIn consensus D A W Q F G L |
module 6 D A w Q C G L |
Pro consensus D v Q F | A H \Y
module 4 G A Q F | A Q Vv

[a] The numbering of the amino acids corresponds to the GrsA gramici-
dine synthetase. The GrsA phenylalanine substrate binding pocket has
been crystallized,* which resulted in the establishment of the nonribo-
somal code.*®®" Residues identical with the consensus sequences are
shown in bold.

strates for the A domains from modules 1 (Thr), 2 (Leu), 3 (Ala),
5 (Ala) and 6 (GIn) correlate well with the amino acid sequence
of the myxochromide S peptide core, which consists of a Thr-
Leu-Ala-Ala-GIn pentapeptide. The selectivity-conferring resi-
dues of module 4 are closest to the consensus sequence of
proline, although several variations from normally conserved
amino acids in the core regions are conspicuous (see Figure 4).
Similar variations could also be found in the T domain core
motif of this module. Most notably, the highly conserved
serine residue is not in the expected position. In contrast with
the A and T domain from module 4, the C domain core motifs
do not contain any specific deviations. In general, the C do-
mains of the mch biosynthetic gene cluster are clearly less con-
served than the A and T domains (see Figure 4).

Analysis of the genes flanking the cluster: The 5 end of the
myxochromide S biosynthetic gene cluster is flanked by genes
encoding ORF1-5. ORF1 and ORF2 are similar to ABC trans-
porter proteins from Mycobacterium tuberculosis (GenBank™
accession number NP_335448.1, 49% identity on the amino
acid level) and Geobacter sulfurreducens PCA (GenBank™ acces-
sion number NP_953236.1, 37% identity on the amino acid
level). ORF3 represents a hypothetical protein with 52% identi-
ty to a hypothetical protein from Chloroflexus aurantiacus (Gen-
Bank™ accession number ZP_00018285.1), whereas ORF4 is
similar to several K*/H* antiporters, such as the probable K*/
H™ antiporter from Gloeobacter violaceus (GenBank™ accession
number NP_923758.1, 44% identity on the amino acid level).
ORF5 represents a protein with 56% identity to a permease
from Nostoc punctiforme (GenBank™ accession number
ZP_00106753.1).
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core Cl core C2 core C3 core C4
MY v F
SHAQHRRLWXL RHExLRT®F MHHx ISDGWS YxDYAVW
c1l ASGOKALWLL RHEFSLRTTV VHHIVYDGWS YADEVAQ
c2 SSSQERLWVL RHEALRTRF MHHIISDGWS YRDFALW
c3 APMOHGMLFH RHAILRSAF YHHLLLDGWC YRDYISW
c4 APGQESLWEI RHEALRTTFE LHHIVVDAWS YADWAEW
c5 SFSQERLWFL RHEVLGMRE MHOAVGDEAS YLRYARE
Ce SFSQERLRFL RHQPLRTRE MHHIVSDGWS YADYAAW
core C5 core C6 core C7
I Q N V
VGEHEFVNTL HQDYPFE RDxSENFL
Ccl VGYFANSV NODYPFA BRPGVSPI
i3] IGFFVNTL DQDVEFE RSLSROPL
c3 VGLEINTV YSSLADI RPLFESLL
c4 IGYEFLNTI YQDIPFE RALSHNPL
Cc5 IGHFEGAL NRDVPLE RDLSQTPL
(8423 IGFEVNTL NQDVPFE RALGTSPI
core Al core A2 core A3 core Ad core AS
g H P & T
LTYxEL LEAGHAYVFELD LAYHxYTSGSTGRFPKG FDxS NxYGPTE
Al LSYAEL LKAGGAYVPLD AAYVIYTSGSTGRPKG FDFS NMYGITE
A2 LSYGEL WKAGGH.!VPVD ARYVIYTSGSTGKPKG FDAS NAYGPTE
A3 LTYREL LKAGGAYLPLD LAYAIYTSGSTGAPKG FDVS NIYGEARE
A4 KTYRQL FKAGATYVPID LACVI.YASGAGGEPKG TGAS SQYTLAE
RS LTYGEL WKAGEAYVPLD RAYVIYTSGSTGOPKG FDvs NAYGPTE
A6 LSYAEL LEAGRAYVPLD LAYCLFTSGSTGQOPKG FDAS NLYGPTE
core AB core A7 core A8 core A9
L K v
GELXIXGHGVARGYL YRTGDL GRxDxQVKIRGxRIELGEIE LExYMIFE
Al GEMYVGGAGVARGYL YRSGDL GRIDDQVKIRGFRIELGEIQ LPDYMVE
R2 GELCIGGIAVGRGYH YRSGDL GRLDHOVKLRGYRIELGEVE LPAYMVP
A3 GELYIGGIGVSRGYL ¥YASGDL GRLDRQVQVRGVM’ELGEI_E LPDAYLP
Al GEIYISGACLADGYL FOTGDL GRADGOILVRGIHVEPGEVE IPEYMVE
RS GELHLGGIGVARGYL YRSGDL GRIDHOVKLRGYRIELGEIE LPEFMVE
A6 GELYLAGPGLARGYL YKTGDI GRADROVKLRGYRIELGEVE LAAHMVE
core AlQ core T
L DI
NGEKVDR DXFFXLGGHSL
Al NGKVDR T1 ESFFDLGGHSL
A2 NGKIDR T2 DNFFALGGDST
A3 NGEVDY T3 DDFFARLGGHSL
R GGKVER T4 EDFFOMGENPS
A5 SGEVDK T5 DNFFQLGGHSL
A6 NGKVDL T6 DSFFELGGHSL

Figure 4. Alignment of the C, A and T domain core motifs of myxochromide S synthetase from S. aurantiaca DW4/3-1. The consensus sequences of core motifs C1-
C7, A1-A10 and of the T domain of NRPSs™?? are indicated in the upper line. Amino acids identical to the consensus sequences are shown in grey. Boldface indicates
module 4 amino acids that differ from the consensus.

At the 3’ end of the cluster ORF6 encodes a polypeptide
with homology to a hypothetical protein from Rhodopseudo-
monas palustris (GenBank™ accession number NP_945917.1,
28% identity on the amino acid level).

Discussion

During our screening for hybrid polyketide synthase and nonri-
bosomal peptide synthetase systems in S. aurantiaca DW4/3-1
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Myxochromides S,_; from Stigmatella aurantiaca

we identified several such gene loci in the genome of the
strain. From gene inactivation experiments and comparison of
the wild-type and the mutant metabolite production spectra,
three novel natural products corresponding to one of the iden-
tified hybrid gene loci and an active copy of the phosphopan-
tetheinyltransferase gene mtaA were identified."® Consistently
with these genetic data, the isolation and structure elucidation
of the new metabolites, the myxochromides S,_;, revealed a
cyclic peptide core with an attached polyunsaturated poly-
ketide side chain. Sequence analysis of the corresponding
gene cluster indicates a three-gene operon encoding the myx-
ochromide S biosynthetic machinery. The first gene product,
designated MchA, shows similarities to bacterial type | PKSs.
The proteins encoded by the two following genes (mchB and
mchC) show similarities to NRPSs. A detailed analysis of these
proteins provides a model for the myxochromide S biosynthet-
ic pathway (see Figure 5), which exhibits several striking devia-
tions from standard PKS and NRPS systems.

Model for myxochromide S biosynthesis: evidence for an iterative
bacterial type | PKS lacking chain length control: In modular bac-
terial type | PKS assembly lines, it appears to be a general bio-
synthetic rule that each set of domains (termed module) is
used only once to catalyse successive cycles of chain exten-
sion. This linear, processive mechanism is a paradigm for non-
ribosomal peptide biosynthesis as well. The number and type
of modules within the gene cluster determine the structure of
the polyketide and/or peptide product. Sequence analysis of
the type | PKS MchA revealed the presence of only one PKS
module. No further ORFs with homology to PKSs could be
identified in the flanking regions of the myxochromide S bio-
synthetic gene cluster. In addition, we attempted to identify
and inactivate every PKS gene locus in S. aurantiaca DW4/3-1,

FULL PAPERS

which did not result in the detection of another PKS involved
in myxochromide biosynthesis."® Therefore, it is most likely
that the monomodular PKS MchA catalyses the biosynthesis of
the complete unsaturated polyketide side chain in an iterative
manner. To date, only one verified example of an iteratively
acting bacterial type | PKS has been described: Bechthold and
co-workers cloned and heterologously expressed the mono-
modular protein AviM, which is responsible for the biosynthe-
sis of orsellinic acid in Streptomyces viridochromogens Ti57.5°
CalO5 from Micromonospora echinospora ssp. calichensis has
been proposed as another orsellinic acid synthase.*® SgcE
from S. globisporus and CalE8 from M. calichensis are examples
of bacterial type| PKSs also assumed to act iteratively.?53”
SgcE and CalE8 each consist of four PKS domains (KS, AT, KR
and DH) and a fifth domain residing at the C-terminus (TD
domain), that seems to be unique to endiyne PKSs. SgcE and
CalE8 are believed to catalyse the assembly of linear polyun-
saturated polyketides by an iterative process. The resulting
polyketide intermediate might subsequently be modified by
the enzymes associated with the enediyne PKS into the ene-
diyne cores of C-1027 and calicheamicin. The first example for
the iterative use of a type | PKS from a myxobacterium was de-
scribed for stigmatellin biosynthesis in Stigmatella aurantiaca
Sg a15."" Nevertheless, in stigmatellin biosynthesis only one
module of the megasynthetase is used iteratively, whilst all
other modules employ standard PKS biochemistry. Further ex-
amples of bacterial type | PKSs using single modules iteratively
have recently become available."***3*% As the borderlines be-
tween different PKS classifications are vanishing, one might
also regard biosynthetic machineries involved in unsaturated
fatty acid biosynthesis as PKSs. Iterative use of modules has
also been described for those.***? The myxochromide S PKS
contains the basic equipment of a PKS elongation module plus

MchA MchB MchC
DH.KR module 1 module 2 module 3 module 4 module 5 module &
K§ AT ACP

oy
oVe
“\HJ‘WWM/

myxochromide Sy

module

skipping H
) — ?=°

<
§

Figure 5. Model for the biosynthesis of myxochromide S in S. aurantica DW4/3-1. PKS domains are shown in green, NRPS domains in red. The methyltransferase
(MT) domain is shown in yellow, while the thioesterase (TE) domain is marked in blue. Grey domains are presumably inactive. Transfer of the peptide chain from

the T domain of module 3 to the T domain of module 5 is indicated.
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a complete reductive loop. However, sequence analysis of the
MchA ER domain shows variations in the highly conserved
fingerprint region (LxHxxxGGVGxxAxxxA) containing the
putative NADP(H) binding site (GxGxxAxxxA), which is essential
for enzyme function. The MchA ER core region
(LXLxxGGIGxxVxxxG) is significantly altered in parts of the
NADP(H) binding site (see Figure 3). This finding correlates well
with the polyunsaturated structure of the myxochromide S
polyketide side chain, because the ER domain is most probably
inactive.

HPLC and HPLC-MS/MS analysis of an extract from S. auran-
tiaca DW4/3-1 shows the production of further myxochro-
mides with similar UV spectra and retention times. In addition
to myxochromide S; (1), in which acetate is used as a starter
unit in the C,¢ polyketide chain, the detected mass of one of
the other myxochromides indicates the presence of a C,; side
chain, indicating a propionate starter unit (2; see Scheme 1).
The MS/MS-based assignment was confirmed by a feeding ex-
periment with Dg-propionic acid, which resulted in a Ds-la-
belled polyketide chain from compound 2, verifying the use of
propionate as starter unit. Thus, MchA shows flexibility con-
cerning the starter unit. Furthermore, a myxochromide deriva-
tive with a C;4 polyketide group could be detected and verified
by MS/MS analyses (3; see Scheme 1). This indicates that the
programmed iteration during polyketide chain assembly by
MchA is not strictly reproducible. Occasionally, additional
cycles of chain elongation are performed, resulting in a longer
polyketide chain (such as compound 3). However, the mecha-
nisms underlying the control of chain length in iterative proc-
esses in FAS and in type |, type Il and type lll PKS are still a
mystery. The occasional incorporation of additional extender
units by MchA could be explained in terms of a phenomenon
similar to the “stuttering” process described in modular type |
polyketide synthases. It was shown that the hexamodular 6-de-
oxyerythronolide B synthase (DEBS) from the erythromycin bio-
synthetic pathway also produces low levels of octaketide prod-
ucts.™ The structures of these 16-membered macrolactones,
when compared with those of the normal 14-membered lac-
tones, indicate that module 4 of DEBS aberrantly operates
twice in succession, a process that has been termed “stutter-
ing”. A similar process was also assumed to be responsible for
the production of epothilones I, containing additional
acetate or propionate units in their lactone rings.*¥ Even pro-
grammed iterative use of single modules in type | PKS for the
production of the main compounds of a pathway has been
demonstrated."” MchA can thus be regarded as a highly un-
usual iterative type | bacterial PKS lacking perfect chain length
control, which could also be referred to as “stuttering.”

Model for myxochromide S biosynthesis: first evidence for module
skipping in NRPSs: Myxochromide S biosynthesis proceeds with
the assembly of the peptide core, which is catalysed by the
NRPSs MchB and MchC. These proteins display the ordered as-
sembly of conserved C, A and T domains organized into mod-
ules characteristic of such multienzymes.* According to the
nonribosomal code, the first NRPS module from the myxochro-
mide S biosynthetic gene cluster located on MchB is specific
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for threonine (see Figure 4). We suggest that the N-terminal C
domain of this module catalyses the condensation of the poly-
unsaturated polyketide chain bound to the MchA ACP with
the amino group of threonine. This resembles the assumed
roles of the N-terminal C domains of the first modules in the
proteins responsible for the biosynthesis of the lipopeptides
lichenysin,”® surfactin,”” fengycin®® and mycosubtilin,*? as
well as the putative role of the first C domain in the PKS/NRPS
nostopeptolide A synthase.®” Nevertheless, alignments using
these C-domains with standard C-domains catalysing amide
bond formation during nonribosomal peptide assembly did
not reveal any significant subgrouping in phylogenetic trees
(data not shown). A MT domain is found integrated into the A
domain of module 1, and most probably catalyses the N-meth-
ylation of threonine. The biosynthesis continues with the incor-
poration of leucine by module 2. An E domain, which usually
catalyses the epimerization of the incorporated amino acid,
could be identified in this module. Surprisingly, L configura-
tions were determined for all amino acids incorporated into
myxochromide S. From the sequence analysis, there is no indi-
cation that the E domain should be inactive. We speculate that
the presence of an E domain in this module is an evolutionary
link to the hypothetical biosynthetic gene cluster of myxochro-
mide A (10; see Scheme 1) from M. virescens. In analogy to
myxochromide S biosynthesis, alanine would be the second
amino acid expected to be inserted into the myxochromide A
peptide core. Because one of the two myxochromide A ala-
nines has the b configuration, the E domain of module 2 could
have been optimized for alanine epimerization. After substrate
specificity switching by mutation of the A domain from alanine
to leucine, the E domain may no longer recognize the new in-
termediate. We are currently in the process of cloning the myx-
ochromide A biosynthetic gene cluster to evaluate this specu-
lation and to investigate the skipping hypothesis discussed
below further. The next three modules of the myxochromide S
biosynthetic gene cluster (modules 3-5) contain only the basic
equipment of NRPS modules (C, A and T domains). On compar-
ison of the deduced substrate specificities of the A domains,
module 3 would be predicted to catalyse the incorporation of
alanine (see Table 3). The selectivity-conferring residues of the
A domain from module 4 correlate well with the consensus se-
quence for proline. This is again in good agreement with the
hypothetical structure of the myxochromide A synthetase, be-
cause 10 contains proline as the fourth amino acid of its pep-
tide core. Surprisingly, proline is not a component of myxo-
chromide S. Additionally, the NRPS part of the myxochromide S
gene cluster contains six NRPS modules, although only five
amino acids are incorporated into the products. Consequently,
it seems likely that module 4 of the myxochromide S NRPS is
skipped during the biosynthesis. This module is assumed to
have originally activated and incorporated proline in the myxo-
chromide A biosynthesis predecessor protein. Whether this hy-
pothesis is correct remains to be seen through analysis of the
myxochromide A biosynthetic genes (see above). Analysis of
the A domain from module 4 shows several variations from
normally conserved amino acids in the core regions (see
Figure 4), which might result in the inactivity of this domain.
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Similar variations can also be observed in the peptide se-
quence of the T domain from this module. In particular, the
highly conserved serine residue, which is necessary for the
posttranslational activation of the T domain, is not in the ex-
pected position (see Figure 4). From these results, inactivity of
module 4 might be the result of mutations in either the A or
the T domain, because there is no indication that the C
domain is inactive. Thus, to account for the lack of a sixth
amino acid in the myxochromide S peptide core, module skip-
ping most probably takes place. To the best of our knowledge,
this represents the first example of module skipping in non-
ribosomal peptide synthetases. One might see the presence
of an inactive A domain in the bleomycin megasynthetase as
another example. In this case the corresponding T domain is
loaded by another A domain acting in trans, which finally re-
sults in standard NRPS module assembly logic.®" Nevertheless,
skipping of modules has been observed in PKS systems, espe-
cially in non-natural PKS hybrid systems. The Leadlay group
investigated this phenomenon with a hybrid tetraketide syn-
thase containing modules from the erythromycin and rapamy-
cin PKSs."? Expression of this PKS results in the production of
tetraketides (minor products) as well as triketides (major prod-
ucts), which is assumed to be the result of skipping of the “for-
eign” Rap2 module. However, it was shown by mutagenesis
that the ACP of the interpolated Rap2 module is required for
chain transfer. As judged by the isolation of a ring-contracted
epothilone derivative (epothilone K) from Sorangium cellulo-
sum,”*¥ module skipping most probably also takes place during
epothilone biosynthesis. The yield of epothilone K is very low
in relation to the other epothilones, which indicates that
module skipping in this PKS only takes place very rarely.
During myxochromide S biosynthesis, however, module skip-
ping seems to be used exclusively, because all myxochromides
isolated so far from S. aurantiaca show the same pentapeptide
core. A different form of “skipping” had been described earlier
by the Sherman group for the pikromycin/methymycin PKS.>?
Here, expression of the full-length PikAIV generates the 14-
membered macrolactone, whereas expression of the amino-
terminal truncated form of PikAIV leads to some sort of “tran-
scriptional skipping.” This happens because the corresponding
module is not present in the ORF, so the first condensation
cycle in polyketide biosynthesis generates a 12-membered
macrolactone. For the unusual skipping process in MchC, two
scenarios can be envisioned. Firstly, the whole module might
be skipped. In this case, the T domain from the third module
would interact with the donor site of the C domain of
module 5. Secondly, the peptide chain from module 3 might
be transferred to the T domain of module 4 without further ex-
tension, because the A domain might not load the T domain
with proline. Subsequently, the next condensation would take
place. The latter case would require the activation of the T
domain by phosphopantetheinylation, presumably of the
serine residue next to the proline in the centre of the active
site (see Figure 4). Consequently, the incorporation of the
fourth amino acid, L-alanine, into the myxochromide S peptide
core is catalysed by module 5. Module 6 represents the last
module of the biosynthetic gene cluster and contains an addi-
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tional TE domain. After the incorporation of glutamine into the
peptide chain, the TE domain catalyses the cyclization of the
peptide molecule, resulting in a macrolactone. The lactoniza-
tion takes place between the threonine hydroxy group and
the glutamine carboxy group. A similar process is assumed for
myxochromide A biosynthesis in M. virescens. Rather than the
proposed structure 10 of myxochromide A (which is based on
limited NMR data™”), we propose a slightly changed structure
for this metabolite (11; see Scheme 1). This would be the result
of the direct incorporation of glutamine rather than glutamic
acid into the peptide backbone. If the original structure assign-
ment of myxochromide A 10 were correct, one would have to
propose a glutamate-specific module in the corresponding
gene cluster of M. virescens and a subsequent amidation of the
a-carboxy group, as well as an unusual macrocyclization mech-
anism via the y-carboxyl group of glutamate.

Experimental Section

Bacterial strains and culture conditions: Escherischia coli strains
were cultured in Luria Broth at 37°C. Stigmatella aurantiaca DW4/
3-1%% and its descendants were grown in Tryptone medium (1%
tryptone, 0.2% MgSO,7H,0; pH adjusted to 7.2) at 30°C. Anti-
biotics (kanamycin sulfate 50 ugmL™" and streptomycin sulfate
120 pgmL~") were added where appropriate.

Analysis of secondary metabolites in S. aurantiaca DW4/3-1: For
secondary metabolite production in shake cultures, strain DW4/3-1
and its descendants were cultivated in Probion liquid medium and
the metabolites were extracted and prepared as described previ-
ously."™® To compare the spectrum of secondary metabolites pro-
duced by the mutant with that of the wild-type strain, concentrat-
ed acetone extracts were analysed on a Hewlett Packard series
1100 HPLC fitted with a diode array detector. Chromatographic
conditions were as follows: column ET 125x2 mm and precolumn,
Nucleosil 120-5-C,g; solvents: A) acetonitrile (5%), water (95%),
ammonium acetate (5 mm), acetic acid (0.003 %), and B) acetonitrile
(95%), water (5%), ammonium acetate (5 mwm), acetic acid
(0.003%); solvent gradient from 10% B at 0 min to 100% B within
30 minutes, followed by 10 minutes with 100% B; flow rate
0.3 mLmin~" and UV detection at 200-400 nm.

Feeding experiment with D4-propionic acid: D4-Propionic acid
(1mm) was added at the beginning of the fermentation to a cul-
ture of S. aurantiaca DW4/3-1 in Probion liquid medium (50 mL)."®
After 60 h, the adsorber resin XAD-16 (1%) (Rohm & Haas, Germa-
ny) was added. The cells were grown at 30°C for 4 days. Cells and
resin were harvested by centrifugation and extracted with meth-
anol. The extract was evaporated and redissolved (in 500 uL of
methanol) and the concentrated extract (10 uL) was analysed by
HPLC-MS (Agilent 1100 LC system). The chromatographic condi-
tions were the same as used for analytical HPLC. Detection was
carried out at 400 nm and for mass detection a Perkin Elmer Sciex
API 2000 mass spectrometer fitted with a TurbolonSpray™ source
was used.

Fermentation, isolation and structure elucidation of myxochro-
mides S: The strain S. aurantiaca DW4/3-1 was cultivated in a
150 L Bioreactor (Bioengineering, Wald, Switzerland) containing
Zein liquid medium (85 L, Zein 0.8%, peptone from casein trypti-
cally digested 0.1%, MgSO,-7 H,0O 0.1 %, HEPES 10 mm, XAD-16 1%,
pH 7.2) as described."” The cell mass and the Amberlite XAD 16
adsorber resin from the culture broth were eluted with acetone
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and methanol, respectively. The combined eluates were concen-
trated in vacuo, resulting in an aqueous layer, which was extracted
with ethyl acetate. Evaporation of the solvent yielded a dark oily
residue, which was partitioned between methanol and heptane.
The concentrated methanol layer was chromatographed with
methanol on Sephadex LH-20. The fractions containing myxochro-
mides according to HPLC analysis were combined, concentrated in
vacuo and chromatographed on a preparative RP18-HPLC column
(Nucleosil Cyg solvent: MeOH/H,O 82:18) to yield pure myxochro-
mide S, (140 mg) and mixtures of myxochromides S, and S; (see
Scheme 1).

Myxochromide S: yellow solid; TLC (silica gel, ethyl acetate/metha-
nol/water 80:15:10), R-=0.6; [a]Z —99.0 (MeOH, c=2mgmL™);
UV (methanol): 388 sh (4.79), 406 (4.86), and 420 nm sh (4.82);
HRESI MS: 745392 [M+Na]* (calcd. 745.3901); 'H and *C NMR
data see Table 1.

Biological assays: The antibiotic activity of myxochromide S,
against various microorganisms was determined by agar diffusion
assay with paper discs. Testing for cytotoxicity against L929 cells
(mouse, connective tissue ATCC CCL 1) was determined as report-
ed.[SSI

DNA manipulations, analysis, Southern blotting, sequencing,
and PCR: Chromosomal DNA from S. aurantiaca was prepared as
described.® Southern hybridizations with homologous probes and
chromosomal DNA were performed with the DIG High Prime DNA
Labelling and Detection Starter Kit Il (Roche Molecular Biochemi-
cals) following the manufacturer’'s recommended protocol. DNA se-
quencing was performed by use of the Big Dye RR Terminator
Cycle Sequencing Kit (PE Biosystems) and the gels were run on
ABI-377 sequencers. Sequencing of the cosmid E196"® was per-
formed by a shotgun approach as described previously.® PCR was
carried out with use of HotStarTaq Polymerase (Qiagen) according
to the manufacturer’s protocol. Dimethylsulfoxide was added to a
final concentration of 5%. Conditions for amplification with the Ep-
pendorf mastercycler gradient were as follows: 15 min at 95 °C for
activation of the polymerase, denaturation for 30 sec at 95°C, and
annealing for 30 sec at 52°C for degenerate primers and at 60°C
for homologous primers. The extension was run for 45 sec at 72°C.
Thirty cycles were used, and a final extension for 10 min at 72°C
was employed. PCR products were purified by use of the High
Pure Product Purification Kit (Roche Molecular Biochemicals) and
subsequently ligated into pCR2.1-TOPO by use of the TOPO TA
cloning Kit (Invitrogen). All other DNA manipulations were per-
formed by standard protocols.®” Amino acid and DNA alignments
were performed with the programs in the Lasergene software
package (DNASTAR Inc.) and Clustal W.5

Construction of the S.aurantiaca DW4/3-1 mutant strain
EBS66-3: After end-sequencing of cosmid E196,"® two oligonu-
cleotides  (195T3-1:  5-CCCCCAGCTGGAAGAAGTTGTC-3" and
195T3-2: 5'-CCGGATCGAGCTGGGTGAG-3') were designed and
used to amplify a NRPS fragment from the 3-prime end of the
insert. The amplified fragment (407 bp) was cloned into pCR2.1-
TOPO (Invitrogen), resulting in plasmid pEBS66, which was intro-
duced into S. aurantiaca DW4/3-1 by electroporation as previously
described."® The introduced plasmid integrated by homologous
recombination into the genome, leading to the gene disruption
mutant EBS66-3. The integration of the plasmid was verified by
genomic Southern blot using the NRPS fragment as a probe (data
not shown).

Plasmid recovery from the S. aurantiaca DW4/3-1 mutant strain
EBS66-3: The vector recovery from chromosomal DNA was per-
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formed as described previously.*” Chromosomal DNA (10 ug) pre-
pared from S. aurantiaca DW4/3-1 mutant strain EBS66-3 was di-
gested with Mlul, phenol/chloroform purified and ligated overnight
at 16°C. The ligation mixture (1-3 pL) was electroporated into
E. coli XL-1 blue cells (electroporation cuvette 0.2 cm; 200 €2, 25 pF
and 2.5kVcm™). The vector recovery plasmid pSWMch2 was ex-
tracted from resulting kanamycin-resistant colonies.

EMBL database entry: The nucleotide sequence reported here has
been submitted to the EMBL database under accession number
AJ698723.
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The Functional Role of Selenocysteine (Sec) in
the Catalysis Mechanism of Large Thioredoxin
Reductases: Proposition of a Swapping Catalytic
Triad Including a Sec-His-Glu State

Wolfgang Brandt* and Ludger A. Wessjohann®

Thioredoxin reductases catalyse the reduction of thioredoxin di-
sulfide and some other oxidised cell constituents. They are homo-
dimeric proteins containing one FAD and accepting one NADPH
per subunit as essential cofactors. Some of these reductases con-
tain a selenocysteine at the C terminus. Based on the X-ray struc-
ture of rat thioredoxin reductase, homology models of human
thioredoxin reductase were created and subsequently docked to
thioredoxin to model the active complex. The formation of a new
type of a catalytic triad between selenocysteine, histidine and a
glutamate could be detected in the protein structure. By means
of DFT (B3LYP, lacv3p**) calculations, we could show that the for-
mation of such a triad is essential to support the proton transfer
from selenol to a histidine to stabilise a selenolate anion, which

Introduction

Thioredoxin reductases (TrxR) catalyse the NADPH-dependent
reduction of a disulfide bridge in oxidised thioredoxin (Trx).
They are present in bacteria, yeast, animals and plants.? In
particular, mammalian TrxRs show an unusually broad sub-
strate specificity as they also accept nondisulfide substrates
such as vitamin K,'"! alloxan,”™ sodium selenite, selenocystines,™
S-nitrosoglutathione and arachidonic acid hydroperoxides.®
TrxRs are homodimeric proteins containing one flavin adenine
dinucleotide (FAD) and accepting one NADPH per subunit as
essential cofactors. Recently it was revealed that thioredoxin
reductases from Plasmodium falciparum and humans represent
a novel class of enzymes, called large thioredoxin reductases.
Interestingly, some of these contain a selenocysteine (Sec: one
letter code U) at the C terminus. It has been shown that sele-
nocysteine plays an important role in the catalytic mechanism.
Its removal by carboxypeptidase digestion® or its modification
by alkylation®” leads to complete inactivation of the enzyme.
Furthermore, selenium deficiency causes a considerable loss of
TrxR activity.®'? When Sec498 of hTrxR (human TrxR) was re-
placed by Cys, a 100-fold lower k., for the reduction of Trx re-
sulted." Since many TrxRs have an unusually broad substrate
specificity,*>' they are involved in a multitude of metabolic
pathways and play a crucial role in many diseases, such as
rheumatoid arthritis,"*"” and AIDS.'*2% An excellent overview
about aspects of pathological factors and TrxRs as drug targets
is given by Becker et al.?" For example, based on the special
role of selenocysteine in human TrxR, the gold-containing drug

386 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

is able to interact with the disulfide of thioredoxin and catalyses
the reductive disulfide opening. Whereas a simple proton transfer
from selenocysteine to histidine is thermodynamically disfavoured
by some 18 kcalmol™', it becomes favoured when the carboxylic
acid group of a glutamate stabilises the formed imidazole cation.
An identical process with a cysteine instead of selenocysteine will
require 4 kcalmol™" more energy, which corresponds to a calcu-
lated equilibrium shift of ~1000:1 or a 10° rate acceleration: a
value close to the experimental one of about 107 times. These re-
sults give new insights into the catalytic mechanism of thioredox-
in reductase and, for the first time, explain the advantage of the
incorporation of a selenocysteine instead of a cysteine residue in
a protein.

auranofin has been found to be active against rheumatic
problems.['6:2% 231

Knowledge of the 3D structure of human TrxR and a de-
tailed understanding of its catalytic mechanism, especially of
the role of selenocysteine therein, might considerably enhance
the possibility of developing specific inhibitors and improved
or new drugs against several diseases.”"

The general catalysis mechanism accepted by most research-
ers is schematically represented in Scheme 1. It starts from the
passage of hydride ions from NADPH to FAD (a), which are
subsequently transferred to the active-site disulfide—in the
case of the cytoplasmic human thioredoxin reductase the di-
sulfide bridging Cys59 and Cys64 (b). Finally, the C-terminal
Cys497 and Sec498 selenenyl-sulfide bond is reduced to form
selenocysteine and cysteine (c), which than serve as a hydro-
gen donor to reduce the ligand’s disulfide bond (d).

If there is no substrate, a thiolate-flavin complex is formed.
It is quite obvious that Sec498 plays an important role in the
catalysis.®®'¥ Therefore, it is supposed that the oxidised sele-
nocysteine—cysteine (Cys497—Sec498) takes part in the catalysis
by accepting the electrons (and protons) from the active-site

[a] Priv.-Doz. Dr. W. Brandt, Prof. Dr. L. A. Wessjohann
Leibniz Institute of Plant Biochemistry
Department of Bioorganic Chemistry
Weinberg 3, 06120 Halle/Saale (Germany)

Fax: (+49) 345-5582-1309
E-mail: wbrandt@ipb-halle.de

DOI: 10.1002/cbic.200400276 ChemBioChem 2005, 6, 386 — 394





Selenocysteine in Thioredoxin Reductases

H reductase

{  NADPH+H' a) FAD b) HS-Cys59.
TrxR
HS-Cys64

; . S-Cys59

: NADP FADH, y TR
L i S-Cys64
substrate: :

/Cys32‘—S HSe—Sec498..|_rXR
PoTix HS-Cys497

: T>Cys35-S y

 product:

E P Cys32-SH . Se—Sec498\TrXR
v Trx

E \Cys35'—SH ' S—Cys497

Scheme 1. General mechanism of the action of thioredoxin reductase to reduce the sub-
strate thioredoxin. In steps a) and b), hydride ions are transferred from NADPH + H™ via
FAD(H,) to reduce a disulfide bond (Cys59—Cys64) of the reductase. In step c), two electrons
are transferred to the C terminus of the other monomer of the dimeric protein to reduce a
selenenylsulfide bridge (Cys487—Sec498). This reduced form represents the catalytically
active unit to finally reduce by electron transfer the disulfide bond (Cys32'—Cys35’) of the

substrate thioredoxin or other electron acceptors.

Cys59 and Cys64. Thus Cys497 and Sec498 represent the
actual reduction equivalents to reduce the substrates, for ex-
ample, thioredoxin.”**! Furthermore, it has been shown that
His509 of thioredoxin reductase from Plasmodium falciparum
takes part in the catalysis. When this histidine was mutated to
glutamine, a 95% loss of reductase activity resulted.”® This
strongly suggests that this histidine is important for the cataly-
sis. However, it is still not known in detail how these last steps
in the catalytic mechanism proceed, based on molecular struc-
tures, intermediates and transition states. An X-ray structure is
available for rat thioredoxin reductase, which was solved by
using a U498C mutant, but so far none has been reported for
the human analogue. Moreover, no complete structure of a
complex between thioredoxin reductase and thioredoxin as
substrate has been reported, although an X-ray of the product
Trx (reduced substrate) is available.””

Based on homology modelling techniques, we have devel-
oped models, first of the dimeric human thioredoxin reductase
and subsequently of a complex with its substrate thioredoxin.
By means of ab initio, quantum-mechanical, DFT calculations,
the role of a histidine and a glutamate side chain, which to us
appeared to be of high importance for effective catalysis, was
studied in detail to give better insights into the catalysis mech-
anism and the special functional role of selenocysteine in con-
trast to cysteine.

Results

Based on the X-ray structure of rat thioredoxin reductase (pdb
entry 1h6v),>%"*® homology models of the cytoplasmic
human thioredoxin reductase (TrxR1; swiss-prot entry Q16881
as Txn1)® and of mitochondrial human thioredoxin reductase
(TrxR2; swiss-prot entry QINNW7 as Txn2)®°>? were devel-
oped. The sequence of Txn1 in the swiss-prot does not contain
the important Sec498 (or Gly499), probably because the codon
TGA was erroneously interpreted as stop codon.**=* Both resi-

ChemBioChem 2005, 6, 386-394 www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

""""" 1 dues were added to our model because they have

been identified as essential parts of the protein.?"3%

The sequence identities between the templates and
the target structure are 69 %. This rather high identity
guaranties that the models formed will represent rea-
sonable structures very close to an experimental one.
This expectation was confirmed by a PROCHECK anal-
yses, which showed that 78.2% (and for Txn2 80.8 %)
of the residues were located in the most favoured
region, 21.0% (18.4%) in additional and 0.8% (0.9 %)
in generously allowed regions of a Ramachandran
i PlotB7 All other criteria for a reasonable structure,
\ such as planarity of the peptide bonds, no bad con-

tacts, H-bond energies and reasonable side-chain

conformations, are inside or even better than in an

experimental structure with an R value of 2.0 A. Fur-

thermore, comparison of plots obtained from a PRO-

SAIl analysis give nearly the same graphs in negative

energy areas.®®

Comparison of positions of the backbone atoms of
the 3D structures of the modelled enzymes with
those of the experimentally solved structure of rat thioredoxin
reductase showed an almost identical structure. As a conse-
quence, all discussions and considerations concerning the
modelled human thioredoxin reductases can be expected to
be true also for the rat one. The only major deviation between
the X-ray structure and the models was detected at the C-ter-
minal tail when the substrate thioredoxin is docked (see
below).

The quality of both models has been accepted by the Pro-
tein Data Bank™ and they have received the entry codes 1wilc
(for TrxR1) and 1wile (for TrxR2). (They can be downloaded
from http://www.rcsb.org/pdb/ for a detailed inspection.) In
the following discussion, for conciseness and clarity in reading,
only the structure of the cytoplasmic human thioredoxin re-
ductase (TrxR1) will be discussed, although all results can be
adequately transferred to the corresponding structure of TrxR2
and to the rat thioredoxin reductase.

In the X-ray structure of dimeric rat thioredoxin reductase,
the C terminus with the catalytically important cysteine resi-
dues is not close to the redox cascade with the NADPH and
FAD binding sites and the active disulfide (Cys51—Cys56). By
means of molecular-dynamics simulations, a stable conforma-
tion could be derived, wherein the selenocysteine is not only
close to the mentioned redox cascade, but is also placed ideal-
ly to aid the putative catalytic mechanism discussed below,
that is, near to His472. This histidine structurally corresponds
to His509 of thioredoxin reductase from Plasmodium falcipa-
rum, the mutation of which to glutamine resulted in 95% loss
of reductase activity.”® This clearly shows the importance of
this histidine residue and that it very likely has an essential
function in the catalysis.

Figure 1 shows the secondary structure of the modelled
human TrxR1. The only major deviations from the rat template
protein occur at the C-terminal tails due to the applied molec-
ular-dynamics simulation (compare the magenta-coloured
backbone of the C-terminal tails of the rat enzyme in Figure 1).
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Figure 1. Stereo representation of the secondary structure of homodimeric human thioredoxin reductase. For better
clarity one monomer is colour coded for secondary structure elements (red: helices, yellow: 3-sheets) and the other
one is uniformly green. The magenta segments show the conformation of the C-terminal tail of the template protein

of rat thioredoxin reductase for comparison.

In the model structure, the C terminus points deeper into the
cleft between the two monomers, at the bottom of which are
located the active disulfide and FAD. This structure is stabilised
by forming a salt bridge between the carboxyl group of the C-
terminal Gly499 with the side chain of Arg351. This salt bridge
is ideal for stabilising the “correct” orientation of the C termi-
nus for it to become catalytically active.

To obtain an idea of the arrangement of thioredoxin reduc-
tase and thioredoxin as ligand to be reduced, a model of this
complex was developed based
on the model of human thiore-
doxin reductase and the X-ray
structure of human thioredoxin
(pdb entry 1aiu).””? Within the
substrate’s X-ray structure,
Asp60’° has been mutated to
Asn60’. In the model we used
the wild-type instead, that is,
Asn60’ was modified back to
Asp60’. (The prime designates
an amino acid residue in the
substrate.) As described in the
Experimental Section, molecular-
dynamics simulations were ap-
plied to analyse docking ar-
rangements of thioredoxin to
thioredoxin reductase by using a
small constraint between the se-
lenocysteine of the enzyme and
the cystine of thioredoxin. The
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resulting complex structure is
shown in Figure 2. A PROCHECK
analyses of this complex showed
79.8% (for TrxR2 79.9%) of resi-
dues in the most favoured,
19.1% (18.9%) in the additional-
ly allowed and 1.1% (1.2%) in
the generously allowed regions
of a Ramachandran plot. All
other criteria for a reasonable
structure, such as planarity of
the peptide bonds, no bad con-
tacts, H-bond energies, and rea-
sonable side-chain conformation
are inside or even better than an
experimental structure with an R
value of 2.0 A.

In thioredoxin, during docking
to the reductase, only a small
change in the arrangement of
the secondary-structure ele-
ments occurs, but a very close
approximation of its disulfide
bond to the active site of thiore-
doxin reductase results. The de-
tailed structural model of the
active site is shown in Figure 3.
The interaction between thioredoxin and thioredoxin reduc-
tase is further stabilised by hydrophobic interactions and hy-
drogen bonds, but is particularly directed by the formation of
strong electrostatic interactions between the side chains of
Glué’ with Lys37 and Lys124 of TrxR1, and of Lys36" with
Glu122, and of both Asp58" and Glu56’ with Lys124. Details of
this arrangement are not shown in the Figure, but can be in-
spected by downloading the structures stored in the protein
database (1w1c and 1w1e).

Figure 2. Stereo representation of the secondary structure of homodimeric human thioredoxin reductase (orange and
green) in complex with thioredoxin (left, colour coded for secondary structural elements).

ChemBioChem 2005, 6, 386 — 394



www.chembiochem.org



Selenocysteine in Thioredoxin Reductases

Figure 3. The catalytically active site of thioredoxin reductase in complex with
the substrate thioredoxin. The arrows indicate the proton transfer from Sec498
to His472 to form the catalytic triad together with Glu477.

It is evident that in such an arrangement of the reactive
groups (the Sec498 and Cys497 of the reductase, and Cys32’
and Cys35’ of the ligand), a catalytic hydride transfer may
occur. If one has a closer look into this structure, not only are
the cysteines or selenocysteines able to interact with each
other, but the formation of a catalytic triad similar to those
established for serine proteases ! can be identified. In this
special case, the catalytic triad consists of Sec498, His472 and
Glu477, as labelled in Figure 3 by arrows. The critical role of
histidine for the activity of thioredoxin reductases has already
been discussed and demonstrated.” Our model shows that its
function is that of a base to accept a proton from Sec498 and
to form or stabilise a selenocysteine anion, which might serve
as electron delivery unit to reduce the oxidised form of thio-
redoxin. Glutamate aids this process considerably through a
relay mechanism, detaching the proton at the other imidazole
nitrogen of His472. It is not yet completely understood why a
selenocysteine is inserted in several thioredoxin reductases in-
stead of a cysteine or how the catalysis proceeds in detail. On
the basis of the arrangement of the reacting residues suggest-
ed here in the complex with thioredoxin, a detailed catalysis
mechanism including the functional role of selenocysteine and
glutamate can be studied by means of quantum-mechanical
DFT calculations, and can be compared to a cysteine model
analogue.

During the redox processes exhibited by the thioredoxin re-
ductase, selenocysteine—cysteine is both reduced and oxidised
by cyst(e)ines (cf. Scheme 1). If the thermodynamic equilibrium
of such a process is considered (Scheme 2a), it becomes evi-
dent from the ab initio DFT calculations that the formation of
the disulfide bond is about 17 kcalmol™" disfavoured in com-
parison to a selenenyl-sulfide bond. That is, the oxidation to
form the Se—S bond is feasible (Scheme 1d), but the reverse
reaction (Scheme 1¢) is not. Obviously, there must be a mecha-
nism to allow the facile reduction of selenenylsulfide by dithiol
to form active selenol/thiol. From the calculations presented in
Scheme 2b, it becomes clear that the electron-pair transfer
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Scheme 2. Calculations of the thermodynamic equilibrium between selenenyl-
sulfide and disulfide a) in the case of neutral reacting groups and b) under par-
ticipation of an anionic charge. Energy values under the compounds represent
the total energies of the isolated compound in the gas phase in kcalmol™" as
obtained from DFT calculations. The resulting reaction energies (A H) for the
forward reactions are given above the arrows.

between the reacting groups can only proceed well when an
intermediate anion (thiolate or selenolate) is formed. The cor-
responding thermodynamic equilibrium with incorporation of
an anion instead of a protonated neutral species (Scheme 2b)
now shows only a very small preference (0.8 kcalmol™) for the
formation of a selenenylsulfide bond. This theoretically offers
the chance to perform redox steps back and forth without
high energy efforts. Thus the following questions have to be
answered if one wishes to understand the whole catalytic
mechanism performed by the reductase. First, how can the in-
termediate anions, either thiolate or selenolate, be formed in a
thermodynamically favourable way; second, what is the driving
force to give the product and to force the catalysis in one fav-
oured direction, namely the reduction of the substrate; and
third, what are the consequences for the transition states, that
is, the speed of catalysis; finally, fourth, what is the importance
and advantage of the incorporation of selenocysteine rather
than cysteine in the protein?

To answer the first question, a closer consideration of our
proposed new catalytic triad is crucial, that is, the roles of his-
tidine and—newly proposed—glutamate in the chalcogenide
anion formation have to be studied in detail.

In Scheme 3a and c, the results of the calculation of the
thermodynamic equilibrium of a proton transfer from a meth-
ylthiol (as model for cysteine) or a methylselenol (selenocys-
teine) to a methylimidazole (histidine) are displayed. In both
cases, the proton transfer to histidine is disfavoured by more
than 18 kcalmol™" (Scheme 3a and c); this would make such a
process very unlikely. However, if a catalytic triad or a charge-
relay system is made accessible by inclusion of the conserved
Glu477, as detected in our protein models (and which is also
amenable for the experimental structure of rat thioredoxin
reductase), a proton transfer to histidine becomes favourable
(Scheme 3b and d).

Two important conclusions can be drawn from these calcula-
tions. Thermodynamic reasons support the hypothesis that the
formation of a charge-relay system consisting of a (seleno)cys-
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Scheme 3. Thermodynamics of the proton transfer from selenol or thiol to imidazole without [a) or c)] and with [b) or d)] the involvement of glutamate in the form
of a catalytic triad for comparison. Data are given for thiol [a),b)] and selenol [c), d)] deprotonation. Energies below the structure drawings are the sum of the ener-
gies of the isolated compounds or complexes in kcalmol~' obtained from ab initio DFT calculations, whereby the first step in each reaction represents the formation
of the complexes through a hydrogen bonding network and the last step represents the proton transfers. Values above the arrows show the resulting reaction ener-

gies.

teine, a histidine and a glutamate is essential for the catalysis.
Second, if the resulting energy gains in the formation of the
thiolate or selenolate anion within the triad are compared, it is
evident that it is much more favoured for selenol (—6.6 kcal-
mol™") in comparison to thiol (—2.2 kcal mol™). This result itself
is not so surprising when comparing the experimental pK,
values of thiol (pK,=8.3) and selenol (pK,=5.2) with each
other.™ In the context of the formation of a catalytic triad and
the role of selenocysteine in thioredoxin reductase, it has the
consequence that the whole catalytic process is significantly
improved, at least thermodynamically.

This becomes evident if we consider the thermodynamics
of the reduction of the disulfide bond of thioredoxin under
participation of the catalytic triad, which is summarised in
Scheme 4. Coming to the second question to be answered:
What are the driving forces in the catalysis? In the first step of
the mechanism (a), the enzyme is activated by hydride trans-
fers from NADPH via FAD to the cystine (Cys59—Cys64) to form
the active, reduced cysteine intermediates of the enzyme. This
mechanism is well established and accepted.

After reduction, one of these cysteines is involved in the
formation of the first state of the swapping catalytic triad for
deprotonation (Scheme 4b—c) with an energy gain of
—10 kcalmol™". By this, the proton can be abstracted in a
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thermodynamically favoured way by His472 (Scheme 4c—d,
cf. also Scheme3b) with an additional energy gain of
—2.2 kcalmol™". The thus-formed thiolate anion is able to
attack and reduce the selenenylsulfide bond of Cys497—
Sec498. Accompanied by an electron-pair transfer, swapping of
the catalytic triad from Cys59—His472—Glu477 to the second
state Sec498—His472—Glu477 occurs. This step is thermody-
namically favoured by —2.3kcalmol™ due to the higher
energy gain in the formation of the catalytic triad with seleno-
late rather than thiolate (cf. Scheme 3¢ and Scheme 4d—e).
With this step, a very active selenolate is formed that is able to
reduce a substrate attached to the enzyme. The whole mecha-
nism up to this step is thermodynamically favoured by
—14.5 kcalmol™ in total, and is energetically downhill.

If the selenocysteine at position 498 were a cysteine, the last
step would deliver no energy gain. Therefore the activation
would not proceed or at least it would be much slower (ca.
100-fold, which corresponds well to 2.3 kcalmol™); this has
been experimentally proven."® With this result, the significance
of selenocysteine in thioreductase becomes evident (cf. fourth
question). Within Scheme 4, the overall reaction is the redox-
interchange of the dithiol of the enzyme (cystines 59/64) with
that of the substrate (cystines 32'/35'). Formally this does not
change the energy content of the system under consideration.
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Scheme 4. Calculation of the thermodynamics of the final two steps in the likely catalysis mechanism of large thioredoxin reductases supported by the formation
of a catalytic triad with selenol. Amino acid labels correspond to those of the models shown in Figure 3. Residues highlighted with a grey background refer to the
substrate thioredoxin. Energies are given in kcalmol™" and represent the total energy from the DFT ab initio calculations or, next to arrows, the resulting reaction

energies.

Due to the high reactivity of the selenolate, the disulfide bond
of the substrate can be reduced efficiently (Scheme 4e—f—g,
cf. Scheme 2). This process is principally identical to the re-
versed steps, that is, the formation of the selenolate, and con-
sequently also needs some 14.5 kcal mol™". However, there are
two major differences between the activation of the enzyme
and the reduction of the substrate:

1) After the substrates disulfide bridge Cys32'—Cys35’ has
been reduced, it will dissociate from the enzyme; this is ac-
companied by an increase of entropy from the higher flex-
ibility of the reduced cysteines and the new degrees of
freedom for translation and rotation of and especially
within the free ligand.

A specific situation in the sequence of thioredoxin that
might additionally contribute to an energy gain is the re-
lease of ring strain by reduction of the substrate. The ring
of the oxidised form of thioredoxin consists of the se-
quence Cys32'-Gly33’-Pro34’-Cys35’, that is, it contains a
[10.2.0] bicyclic ring system (proline and disulfide), which
might cause ring strain that will be released by the reduc-
tion of the disulfide bond and therefore might deliver addi-
tional energy.

This hypothesis is strongly supported by the high conserva-
tion of either the Cys-Gly-Pro-Cys motif in almost all thioredox-
ins known (about 95%) or the even more proline-rich tricyclic
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sequence Cys-Pro-Pro-Cys in the rest. By using the semiempiri-
cal PM5-method, starting with the geometry from the X-ray
structure of thioredoxin (open, reduced form) and of the oxi-
dised structure used in the model complex, both tetrapeptides
were optimised (causing nearly no conformational changes).
The calculated heats of formation showed that the energy con-
tent of the reduced, open form is some 8.6 kcalmol™ lower
than that of the disulfide-bridged oxidised structure. Formally,
in this reaction, a hydrogen molecule is formed of which the
heat of formation is, by definition, zero. The energy difference
gives an estimation of the ring strain, which will be released
during the reduction process and which therefore contributes
to the driving force in the overall catalysis.

Looking at the same mechanism with purely cysteine inter-
mediates, that is, a cysteine instead of a selenocysteine, the
only major difference in the thermodynamics would be the
reduction of the cystine (C497—C498) and of the substrate. For
both steps, the formal reaction energy again would be zero. In
other words, there would be no energy gain to reduce the
second disulfide bond of the enzyme to drive the redox-cas-
cade of TrxR1 downhill and render the terminal C497—C498
active site catalytically active.

The thermodynamically favoured formation of the catalyti-
cally active selenolate in comparison to a thiolate allows not
only the conclusion that the selenolate form is more likely to
occur and thus more abundant, but that, as a consequence,
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reduction will also proceed faster (to answer question 3). The
downhill redox cascade within TrxRs will not only produce
more reduced active form in the active-site cleft but will also
result in increased rates. It is known from basic physical
chemistry (Curtin-Hammett principle as a basis for many QSAR
methods) that the transition-state energy parallels the reaction
energy and that consequently the reaction should be faster. In
addition, the selenolate as a “soft” semi-metal-like anion will
be much more prone to polarising its electron shell and trans-
ferring electrons to the substrate faster.

Discussion

The overall model of the human thioredoxin reductases and its
complex with thioredoxin is supported by the high identity
score, the quality of the Ramachandran plot and the very small
structural deviations from the X-ray structures of both the tem-
plate rat thioredoxin reductase and thioredoxin. Nevertheless,
the possibility that some details of the structure of the loop of
thioredoxin that directly interacts with thioredoxin reductase
may adopt a different arrangement or orientation or even
cause a major structural alteration in the enzyme cannot be ex-
cluded. This uncertainty, however, will not influence the funda-
mental conclusions derived from the ab initio quantum-
mechanical calculations, since only the thermodynamics of the
reduction of the disulfide bridge occurring in thioredoxin have
been considered. Direct kinetic investigations would require
knowledge of the exact spatial positions of the reacting
groups, which is not available.

These quantum-mechanical calculations clearly show the
importance and function of a selenocysteine in the catalysis
exhibited by thioredoxin reductases, which originate in the
higher softness and acidity of selenocysteine (pK,=5.3) in
comparison to cysteine (pK,=8.3) and lead to a much more
pronounced energy gain during the reduction of the TrxR's
internal disulfide bond.

The formation of a swapping (Cys-His-Glu to Sec-His-Glu)
catalytic triad postulated here is very likely. First of all, the
essential functional role of His472 has already been proven ex-
perimentally by site-directed mutagenesis. Furthermore, if all
enzymes®¥ belonging to the gene family HBG004959 are
aligned, glutamate (E477) involved in the catalytic triad is
100% conserved. Even in the X-ray structure of the template
protein, the rat thioredoxin reductase, this triad is preformed,
and shows the interaction between the corresponding histi-
dine and glutamate.

Furthermore, it has been shown by site-directed mutagene-
sis that a mutation of Gly33’ to lysine in thioredoxin leads to
an approximately 2.8-fold-reduced catalytic efficiency in com-
parison to the wild-type.*™ This mutation mainly has an effect
on Ky, that on k. being negligible. Based on the modelled
structure of the complex between thioredoxin reductase and
thioredoxin, this result is simple to explain and understand. On
one hand, the binding pocket is so narrow that the introduc-
tion of the relatively large lysine instead of glycine leads to
steric hindrances for optimal docking, on the other hand the
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new lysine side chain (probably even positively charged),
would point directly to the side chain of Lys29 of the enzyme;
this would probably cause repulsion and therefore prevent op-
timal docking. This finding although not conclusive by itself,
additionally supports the principal correctness of the modelled
structures.

Another interesting result concerning C-terminal modifica-
tions of thioredoxin reductases was found by Gromer et al."®
These authors could show that the corresponding enzyme
from Drosophila melanogaster, which has a Ser-Cys-Cys-Ser-
COOH sequence motif at the C-terminal tetrapeptide moiety
instead of the Gly-Cys-Sec-Gly-COOH found in mammalian
thioredoxin reductases, is similar in enzymatic activity to the
mammalian enzyme. By site-directed mutagenesis, they could
further show that SCCG and GCCS-mutants improve the cata-
lytic activity in comparison to a GCCG variant, whereas all mu-
tants with aspartates flanking the cysteine residues had signifi-
cantly lower k, values. All these experimental finding may be
explained by our model of the complex between thioredoxin
reductase and thioredoxin as substrate. In principal, the serine
OH should be able to stabilise a thiolate, and thus render it
similar in reactivity to a selenolate. A neighbouring glycine will
not have that effect, and a neighbouring acid will hamper de-
protonation. However, secondary effects of the altered amino
acids will also have to be considered.

In the case of serine residues flanking the cysteine residues,
one serine (the last) is able to form a hydrogen bond with the
side chain of GIn494, and the other with His108 or with
Thr412. In both cases, these interactions stabilise the active
conformation of the C-terminal tetrapeptide and allow a close
contact to the disulfide bond of the substrate. In contrast to
this, negatively charged aspartic acid residues can give a con-
formational change resulting in less reactivity, either by com-
petitive interaction of the C-terminal carboxyl group and the
charged side chain of introduced Asp with Arg351 or more di-
rectly due to electrostatic repulsion by changing the conforma-
tion of the catalytically active Glu477 and thus disturbing the
catalytic triad. The exact nature of the effect of neighbouring
groups on Cys will have to be studied by detailed calculations
in future work.

Independent of computational verification, the experimental
findings of Gromer et al. indirectly also support the model of
the complex between thioredoxin reductase and thioredoxin.
To prove the postulated existence of a catalytic triad, point
mutations, especially of Glu477 will be the subject of a future
collaboration with a genetic group.

Last, but not least, the DFT calculations strongly support the
catalytic function of the glutamate because, without this, the
formation of a thiolate (Scheme 3a) and a selenolate therefrom
(Scheme 2a) as essential steps for an electron transfer are ther-
modynamically highly unfavourable.

In summary, our proposed swapping triad Cys/Sec-His-Glu
and especially the involvement of a selenium anion as internal
redox-cascade end point drives the reduction equilibrium
faster towards a higher proportion of active form. Also the re-
duction of substrate (cysteine or for example, quinone) by
selenolate will be faster.
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Although the overall energy gain from the reduction of sub-
strate cystine by NADPH is changed neither by the involve-
ment of the swapping catalytic triad, nor that of selenocys-
teine, the flatter energy profile with its constantly downbhill
redox process within TrxR will make the process much faster,
including the final electron transfer to the substrate. Of course,
effects like protonation of the product by external water in-
stead of internal reprotonation and conformational changes
upon bindings and release of NADPH and NADP, respectively,
could not be included. The energy gained by these processes
not contained in our considerations may further drive the reac-
tion equilibria.

Experimental Section

Theoretical methods: The program MOE©"“” was used for homolo-
gy modelling of human thioredoxin reductase. The sequences of
cytoplasmic human thioredoxin reductase (EC 1.8.1.9)*" (Txn1,
swiss-prot entry Q16881) and of mitochondrial human thioredoxin
reductase (Txn2, swiss-prot entry QINNW?7)2%32 were taken from
the swiss-prot database and were aligned with the one of rat thio-
redoxin reductase (pdb entry Th6v)® 3?24 by ysing the blosum
62-matrix.*>*” For each protein, ten models were calculated by
MOE and preoptimised by using the AMBER94 force field.®" All ten
models were checked with regard to stereochemical quality by
using PROCHECK.®” The best one was used for further refinement
with the AMBER force field and subsequently, after manual addi-
tion of FAD and NADPH in positions taken from the rat template,
the complete model was refined by using the TRIPOS force field™?
and Gasteiger charges,® which are implemented in the SYBYL mo-
lecular modelling package®™ running on Silicon Graphics worksta-
tions. The quality of the models was checked again with PRO-
CHECK and also with PROSAIL®® PROSA calculates the energy po-
tentials for the atomic interactions of all amino acid residue pairs
as a function of the distance between the corresponding atoms.
The energies of all conformations that exist in an integrated data
base with respect to the given sequence are calculated by using
the potential of mean force, which has been derived by statistical
analysis of a set of natively folded proteins. Negative energies of a
PROSAII plot indicate that the modelled structures may represent
a native fold, whereas sequences with positive energies would
have to be critically inspected.

The X-ray structure of the reduced form of human thioredoxin was
taken from the protein database (entry 1aiu).”” The disulfide bond
between Cys32" and Cys35’ was closed manually by using SYBYL
and a partial optimisation for the sequence Thr30’ to Met37" was
carried out.

The resulting structure was compared with the known X-ray struc-
tures of oxidised thioredoxins (PDB entries TAUC®*” and 1ERU®),
which were practically identical, except for small deviations in the
loop forming the disulfide bridge between Cys32’ and Cys35'. The
heat of formation of the oxidised fragment Cys-Gly-Pro-Cys calcu-
lated with the semiempirical PM5 method for the modelled struc-
ture is only 0.6 kcalmol™' less stable than the one taken from the
X-ray structure. However, the structure of the manually formed oxi-
dised loop did provide a better fit to the active site of TrxR than
those from the X-ray structures and was therefore used in further
calculations. The modelled oxidised form of the ligand (Trx) was
manually preoriented close to the active site of the model struc-
tures of human thioredoxin reductases. Two different orientations
(180° rotation along a virtual axis parallel to the C-terminal tail of
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the enzyme) were tested for best docking arrangements, and, for
these, molecular-dynamics simulations over 50 ps were performed
with completely fixed thioredoxin reductase but free thioredoxin.
During this first dynamics simulation, several constraints were ap-
plied in order to ensure the integrity of helical structural elements
of the ligand. All backbone hydrogen bonds were kept by addi-
tional constraints within the helices. Furthermore, a low constraint
was added between the sulfur atom of Cys32’ of thioredoxin and
the selenium of Sec498 of the reductase. The resulting structures
were optimised with the TRIPOS force field. Finally, to allow an op-
timal induced fit, a final run of dynamics simulations (100 ps) was
performed (with subsequent optimisation) without any constraints
but with a water box and the application of periodic boundary
conditions by using MOE. The ab initio DFT calculations (B3LYP,
lacv3p**) were performed with JAGUAR4.1.°® Full geometry opti-
misation was performed for all complexes investigated. Semi-
empirical PM5 calculations were performed by using the modelling
program CaChe.””

Keywords: density functional calculations - enzyme catalysis -
homolgy modeling - reductases - selenium
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Kinetics Study of Bungarus fasciatus Venom
Acetylcholinesterase Immobilised on a
Langmuir-Blodgett Proteo-Glycolipidic Bilayer

Stéphanie Godoy,” Sébastien Violot,” Paul Boullanger,”

Marie-Noélle Bouchu,' Béatrice D. Leca-Bouvier,

Agnés P. Girard-Egrot*®

This study deals with the kinetics properties of an enzyme immo-
bilised in a defined orientation in a biomimetic environment. For
this purpose, acetylcholinesterase (AChE) was captured at the sur-
face of a nanostructured proteo-glycolipidic Langmuir-Blodgett
film through specific recognition by a noninhibitor monoclonal
antibody (IgG) inserted in a neoglycolipid bilayer. Modelling of
this molecular assembly provided a plausible interpretation of
the functional orientation of the enzyme. The AChE activity being
stable for several weeks, the enzyme kinetics were investigated,

It has been recognised for many years that numerous enzymes
of living cells are localised on or within membranous struc-
tures." Such an enzyme location implies the presence of a mi-
croenvironment around the protein molecules, thus modifying
their apparent kinetic behaviour relative to that seen with solu-
ble enzymes. This microenvironment, also named a diffusion
layer, can be regarded as a quiescent area where metabolites
diffuse. Cellular catalysis mainly operates through immobilised
enzymes localised in unstirred compartments, so studies of
enzyme behaviour in a homogenous environment are not suf-
ficiently relevant to explain and understand enzymatic process-
es occurring in vivo. For this reason it appears essential to in-
vestigate enzyme behaviour in a heterogeneous phase, and to
this end artificial enzyme membranes still remain interesting
experimental tools for studing the interplay between mass-
transfer phenomena and enzyme reactions under well-defined
conditions.™

Enzyme immobilisation can be carried out on various syn-
thetic supports with defined characteristics, and many studies
with numerous polymeric membranes have been performed in
order to investigate such heterogeneous enzymatic behav-
iour.® Some of this work, dealing with enzymes trapped on a
collagen membrane, indicated enhancement of the apparent
enzyme stability after protein immobilisation.®'¥ The long-last-
ing activity of the enzyme trapped in a solid matrix has recent-
ly been confirmed by using various immobilising matrices"'"
and attributed either to a stabilisation effect of the embedding
or to the beneficial influence of diffusional limitations. This mi-
croenvironment effect induced an increase in the substrate
concentration (S) at which the rate of the heterogeneous enzy-
matic reaction was half the saturation rate. This particular sub-
strate concentration, in some cases misleadingly termed appa-
rent Ky, is named S,s and has largely been interpreted by
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and fitted perfectly with heterogeneous biocatalytic behaviour
representative of cellular enzymatic catalysis. The AChE-IgG-gly-
colipid nanostructure was directly interfaced with an efficient op-
tical device. Such an association, leading to an intimate contact
between the nanostructure and the biochemical signal transduc-
er, gives direct access to the intrinsic AChE behaviour. This study
thus demonstrates the potential for direct investigation of the
kinetic behaviour of an immobilised enzyme on a lipid bilayer
through an efficient transduction system.

Engasser and Horvath,"¥ or in our group,™'® in terms of sub-

strate diffusion from the bulk solution towards the catalytic
sites. One proposed method to reduce the diffusional effects
on the enzyme activities measured in the bulk is through more
efficient stirring of the reaction medium." Another possibility
is to lower the immobilised enzyme activity by, for example,
reducing the amount of immobilised biocatalyst.
Langmuir-Blodgett (LB) technology allows lamellar lipidic
stacks to be built by transferring a monomolecular film,
formed at an air/water interface, onto a solid support, with
accurate control of the thickness and of the molecular organi-
sation. Based on the self-assembly properties of amphiphilic
biomolecules, this technique offers the possibility of preparing
ultrathin lipid layers suitable for enzyme immobilisation. Like
biological bilayers, LB films appear to be good candidates for
developing biomimetic models and investigating enzyme ki-
netics behaviour in biomimetic environments. In the first stud-
ies performed in our group to associate enzymes with lipidic
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LB films, we were able to show clearly that an extremely low
enzyme activity was effectively retained on LB surfaces."2"
The first investigation of the enzyme kinetic behaviour of chol-
ine oxidase, randomly adsorbed onto preformed lipidic LB
films, revealed that the enzyme behaviour was not under sub-
strate diffusional control, but
under enzymatic control.

With the aim of accurately as-
sessing the kinetics properties of
an immobilised enzyme in a de-
fined orientation, we had pre-
viously designed an organised
proteo-lipidic LB nanostructure
geared towards the sequestra-
tion of a hydrophilic enzyme at
the surface of a neoglycolipid bi-
layer." By inserting a noninhi-
bitor monoclonal antibody (IgG)
directed against the soluble
acetylcholinesterase ~ monomer i
(AChE), this structure enables vio
the enzyme to be bound in a
functional position at the surface
of the lipidic matrix. Previous re-
sults have shown that the
enzyme stability allows the direct measurement of the AChE
activity over a long period of time."®

In this paper, modelling of the ternary biomimetic molecular
assembly (AChE-IgG-glycolipid) has been achieved for the first
time, providing insights into the molecular orientation of the
AChE-IgG immune complex in the glycolipid bilayer. The sta-
bility of the ternary nanostructure as a function of the hydro-
carbon chain length of the neoglycolipid molecule was then
investigated in order to define experimental conditions giving
access to the kinetic properties of the immobilised enzyme.
Hence, a careful analysis of the biocatalytic behaviour of AChE
bound onto the lipidic bilayer was performed. Finally, the
AChE-IgG-glycolipidic molecular assembly was directly inter-
faced with an efficient optical device. Such an association,
leading to intimate contact between the biomimetic nano-
structure and the biochemical signal transducer, allows molec-
ular recognition and signal transduction in a single device, as
in the biological membrane.

Tomj,\

Results and Discussion

AChE-lgG-GC11 nanostructure modelling

In our previous work devoted to the design of the ternary
Langmuir-Blodgett nanostructure, we assumed that the func-
tional position of the IgG in the glycolipid matrix could be at-
tributed to the strong interactions between IgG and neoglyco-
lipid molecules. Indeed, carbohydrate-carbohydrate interac-
tions between the glycolipid headgroup and the glycans of
the 1gG molecule, and/or hydrophobic interactions between
the glycolipid and the hydrophobic Fc fragment of the immu-
noglobulin, could be inferred at the molecular level. In order
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to check such a hypothesis, the more likely arrangement of
the biomimetic nanostructure was tested by modelling the
AChE-IgG-GC11 assembly (Figure 1). Modelling of each com-
ponent (Bungarus fasciatus AChE, IgG and GC11) is described
in the Experimental Section. The interaction surface between

Figure 1. Structural modelling of the functional Langmuir-Blodgett (LB) AChE-IgG-glycolipidic molecular assembly.

AChE and IgG was then chosen by taking into account the gly-
cosylation sites of AChE®? (N289, N374, N484 and N564) in
order to avoid steric hindrance between AChE glycans and the
antigen-binding site of IgG defined by its variable loops CDR1-
CDR3.”¥ Thus, the mouth of the “active site gorge” is opposite
to the enzyme-IgG interface and is accessible to solvent. Such
an orientation should favour accessibility of the active site by
the substrates and would be compatible with the noninhibi-
tory properties of the designed antibodies.”” The AChE-IgG
complex was inserted in turn into the bilayer model. We
assume that the IgG-Fc domain is anchored in one half of the
lipidic membrane and lies on the hydrophobic moiety of the
lower layer. In such a model, the N-linked oligosaccharides
bound to the strictly conserved Asn127 of the IgG effectively
interact with the lipidic polar head of the upper layer.?* The
polar head of the lower glycolipid monolayer cannot be dis-
turbed by the insertion of the immune complex, and the
active site of the enzyme is located at about 50 A from the
membrane surface. This modelling gives a plausible account
for a suitable enzyme orientation at the surface of the lipidic
bilayer.

The molecular structure model occupies a surface of 280x
110 A2 With a solid support surface of 5.5 cm?, the theoretical
maximum number of deposited complexes is 1.78x10'% In
order to compare in silico and in vitro results, the number of
complexes transferred onto the support was estimated. Taking
into account the maximal enzyme activity retained in the
nanostructure under saturating conditions and the acetylcho-
linesterase turnover number, 9.24x 10" AChE molecules are
immobilised. If two AChE are bound per IgG, 4.62x10'" IgG-
AChE complexes are correctly inserted, that is, 3.85 times lower
than the maximum theoretical value. Such in vitro and in silico

ChemBioChem 2005, 6, 395 —404
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results appear to be in good agreement, considering the space
necessary for specific recognition between an antigen and an
antibody.

Stability of the ternary structure as a function of the glyco-
lipid chain length

The molecular assembly, and consequently the immobilised
enzyme activity, must be stable over a long period of time in
order to achieve an accurate biocatalytic study. With the aim
of exploring the functional stability of the AChE-IgG-glycolipid
LB film, two ternary structures were built from two glycolipid
analogues bearing different hydrocarbon chains (“GC11”, with
11 carbons, and “GC14", with 14 carbons in their chain
lengths). In order to check their stability, AChE-IgG—glycolipid
complexes were stored in a buffered solution (0.1 M phosphate
buffer pH 7.4, 0.15m NaCl, 1 mgmL™" BSA), and the retained
AChE activity was regularly measured by Ellman’s colorimetric
method,*” over a period of about 80 days (Figure 2). First of

o
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Figure 2. Time-dependant enzyme activity observed after AChE immunoimmo-
bilisation on mixed IgG-glycolipid bilayers formed from GC11 (full line) or GC14
(dashed line).

all, it can be seen that the AChE-IgG-GC14 molecular assembly
retains a higher activity than the AChE-IgG-GC11 structure.
Furthermore, in both cases, the activity decreases only moder-
ately over the investigated period of time: losses of 35% and
30% were observed for AChE-IgG-GC11 and AChE-IgG-GC14
ternary complexes, respectively. To the best of our knowledge,
such a high stability has never before been reported for an im-
mobilised enzyme on a bilayer obtained by the LB technique.
For comparison, Puu and Ohlsson’s group®?”! reported a half-
life of only 28 days for the activity of AChE immobilised by
fusion of proteo-phospholipidic vesicles onto solid substrates.
Additionally, it must be stressed that no enzyme desorption
was observed in our experiments when the plate was removed
from the enzyme substrate medium. The strong retention of
AChE-IgG immune complexes on the glycolipid bilayer can be
attributed to a combined effect of the specificity of IgG-AChE

ChemBioChem 2005, 6, 395-404 www.chembiochem.org
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recognition and the strong proteo-lipidic interactions between
IgG and neoglycolipid molecules, as shown by the molecular
structure modelling. Finally, no determinant influence of the
glycolipid hydrocarbon chain length on the molecular stability
was observed.

Kinetic study of AChE immobilised on the lipidic matrix with
a hydrocarbon chain length of n=11

As previously shown,"" the apparent enzymatic behaviour of
an immobilised enzyme is clearly dependent on the enzyme
activity retained on the support. To investigate the enzymatic
kinetics of AChE immobilised on the lipidic bilayer, five 1gG-
glycolipid molecular assemblies retaining five different
amounts of the enzyme were prepared. For this purpose, sup-
ports coated with IgG-GC11 bilayers were immersed into AChE
solutions at different concentrations, allowing different enzyme
activities to be retained (1.3, 0.8, 0.5, 0.3 and 0.07 EUcm™). By
taking the surface occupied by an AChE-IgG complex in the
orientated position®® (=60 nm? and the turnover number of
the enzyme into account, it could be estimated that the per-
centages of the monolayer area occupied by active IgG-AChE
complexes were 5, 3, 1.8, 1 and 0.3, respectively, for each
support.

The velocities of the reaction catalysed by the immobilised
AChE on each support were measured by varying the acetyl-
thiocholine concentrations. The normalised rates of reaction
(V/V,) as a function of the acetylthiocholine concentration
were compared with those catalysed by the soluble enzyme
(direct plots, Figure 3A). It should be mentioned that soluble
AChE is also inhibited at high substrate concentrations, as well
as in the immobilised forms. The soluble AChE displays kinetics
(curve a) and a Ky value (0.04 mm) in agreement with the re-
sults reported in the literature.”?* The immobilised enzyme
exhibiting lower activity behaves quite similarly to the soluble
form (curve b). For higher amounts of immobilised enzyme
(curves c to f), it can be seen that the kinetic curves are shifted
towards higher acetylthiocholine concentrations, showing the
presence of external diffusional resistances of substrate from
the bulk to the enzyme microenvironment. Eadie-Hofstee-type
representation can be used to illustrate the effect of the diffu-
sional resistances on the enzyme kinetic behaviour.***" In our
case, this representation clearly indicates that the increase in
the diffusional resistance is directly correlated to the retained
enzyme activity. For the support retaining a lower AChE activi-
ty (0.072 EUcm™ Figure 3B, curve b), the external transport
limitations are negligible and the plot is quite similar to that of
soluble AChE. For higher retained AChE activity (curve f), on
the other hand, the external transport limitations become
predominant.

These observations can be directly correlated to the S;s
values determined for each support by the Hanes graphical
representation ([ATChIl/V vs. [ATChI]) (Table 1). It appears that
Sos values differ from that of the soluble enzyme: Sy5> Kj,. The
higher the immobilised enzyme activity, the higher the S,
value, indicating an increase in the diffusional resistance ef-
fects. These experimental results can be interpreted by the
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Figure 3. Enzymatic kinetics of AChE immobilised on the IgG-GC11 molecular
assembly. A) direct plot, and B) Eadie-Hofstee plot. a) AChE in solution, togeth-
er with immobilised AChE at: b) 0.072 EUcm™, ¢) 0.29 EUcm™, d) 0.48 EUcm™,
€) 0.78 EUcm™, and f) 1.33 EUcm ™.

Table 1. S,; values of AChE immobilised on IgG-GCI11 or IgG-GC14 nano-
structures.

GCN GC14
Immobilised enzyme Sos Immobilised enzyme Sos
activity [EUcm ™2 [mm] activity [EUcm™?] [mm]
0.07 0.08 0.04 0.09
0.3 0.3 0.16 0.3
0.5 0.6 0.3 0.6
0.8 0.9 0.7 0.9

13 1 - -

postulate that not all the reacting species can reach the immo-
bilised enzyme molecules. It is to be expected that, for a high
amount of immobilised enzymes, the enzyme kinetics should
be controlled by the mass transfer process.™ In contrast, the
kinetic behaviour of a low-amount immobilised enzyme stays
under kinetics control, due to a limited effect of substrate dif-
fusional resistances.
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Kinetics of AChE immobilised on the lipidic matrix with a
hydrocarbon chain length of n=14

A similar study was carried out for AChE immobilised on a li-
pidic bilayer made of the glycolipid presenting a 14-carbon
atom chain length. For this purpose, four IgG-GC14 molecular
assemblies retaining different enzyme activities were designed.
As described above, the IgG-glycolipid-coated supports were
immersed in four different AChE concentrations, thus ensuring
enzyme activities per plate of 0.7, 0.3, 0.16 and 0.04 EUcm™2%
The estimated percentages of the deposited monolayer area
occupied by active IgG-AChE complexes were 2.6, 1.2, 0.6 and
0.14, respectively, for each support. Direct (Figure 4A) and
Eadie-Hofstee (Figure 4B) plots were drawn for each set of ex-
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Figure 4. Enzymatic kinetics of AChE immobilised on the IgG-GC14 molecular
assembly. A) direct plot and B) Eadie-Hofstee plot. a) AChE in solution, together
with immobilised AChE at: b) 0.036 EUcm™ ¢) 0.16 EUcm™ d) 0.313 EUcm ™2,
and e) 0.704 EUcm™.

periments. It can be seen that the immobilised AChE behaves
similarly whether the lipidic bilayer is composed either of
GC14 or of GC11. Table 1 shows that the S, values obtained
with GC14 are always higher than Ky, as previously underlined
for GC11. For both glycolipidic matrices, S, increases with the
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immobilised enzyme activity. This effect clearly indicates the
occurrence of diffusional limitations, as previously shown for
immobilised enzymes on synthetic membranes.”' For high
enzyme activity the Sys value remains close to 1 mm, whereas
the intrinsic K}, value is 0.04 mm. It must be stressed that, for a
precise S, value, the retained enzyme activity is always higher
for GC11 than for GC14. For instance, an S, value equal to
0.3 mm is obtained with an AChE activity of 0.3 EUcm™ on the
GC11 nanostructure, rather than 0.16 EUcm™? for GC14. These
results demonstrate that the external transport limitations oc-
curring for GC11 are less pronounced than for GC14. This can
be correlated to a difference in the diffusional layer thickness.
In fact, some 1gG moieties have been transferred onto the first
deposited layer, so the immobilised AChE retained by the IgG
could be slightly buried in the bilayer. For the internally locat-
ed AChE, the enzymatic substrate and product have to diffuse
to reach the active site gorge. As the difference between GC11
and GC14 only concerns the carbon chain length,
more internal diffusional resistances correlated to a
thicker bilayer occur in the case of GC14. It must be
underlined that the model shown in Figure 1 is the
more probable one.

Potential of the biomimetic molecular assembly to
assist study of the intrinsic biocatalytic behaviour
of an immobilised enzyme

The enzymatic behaviour of AChE immobilised on
the lipidic bilayer is typical of heterogeneous bioca-
talysis, widely investigated with micrometric polymer-
ic membranes.®®'>3233 Usually, biocatalytic behav-
iour studies of immobilised enzymes are performed with the
enzymes either directly immobilised on solid (graphite) surfa-
ces'" or entrapped in polymeric membranes™'>3*% and placed
in a reaction medium stirred at different speeds. Measurement
of the reaction rates can thus be performed under defined hy-
drodynamic conditions, allowing control over the external dif-
fusional resistances of the substrate from the bulk solution to
the enzyme microenvironment or of the product from the mi-
croenvironment to the bulk phase. In our case, controlled hy-
drodynamic conditions induced by stirring variation cannot be
applied because the molecular assembly needs to be cautious-
ly handled. However, the ability to control the amount of
enzyme retained on the LB structure, through control of satu-
ration of 1gG recognition sites, appears to be a good alterna-
tive for investigating immobilised enzyme biocatalytic behav-
iour under modulated diffusional resistance conditions. In par-
ticular, the retention of an extremely low enzyme activity
(below 0.072 EUcm™), giving virtually the same enzymatic be-
haviour as the soluble enzyme, offers the potential for direct
access to the intrinsic enzyme behaviour. The proteo-glycolipi-
dic LB nanostructure, then, appears to be an efficient biomim-
etic model for study of immobilised enzyme behaviour in a
lipidic bilayer under low-stirring conditions, as in natural
environments.
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Association of a Langmuir-Blodgett nanostructure with an
electrochemiluminescent device.

The enzymatic kinetics analysis described above was per-
formed with a biomimetic structure transferred onto an inert
support (functional area of 5.5 cm?, with the use of Ellman’s
classical colorimetric method for acetylcholinesterase activity
detection.”” The down-scaling of the working area is an impor-
tant point that must be considered with a view to achieving
analysis at the molecular level. Furthermore, direct signal trans-
duction of the molecular recognition events appears more rel-
evant from a biomimetic point of view. With the double aim of
miniaturising and directly interfacing the biomimetic sensing
layer with an efficient signal transducer, the AChE-IgG-glyco-
lipid complex has been associated with an optical device
previously developed in our group for choline detection®
(Figure 5). Briefly, choline oxidase (ChOD) is entrapped in a

g,ﬂaphhe PVCA;gng nanostructure

il diazaquinone hv
& oot H0; *
il -
. - s _.:._ - - %
* i o — choline

\ \"h acetylcholine

lumingl

+450 mV
vs, Ag/AgCl

Figure 5. Langmuir-Blodgett nanostructure deposited onto a screen-printed electrode.

photopolymer on a screen-printed electrode maintained at a
potential allowing oxidation of luminol present in solution. The
ternary AChE-IgG-GC11 structure was directly transferred onto
the working electrode (detection area of 0.18 cm?). Choline
was thus produced from acetylcholine upon AChE reaction
and was detected by luminol electrochemiluminescence (ECL)
after its oxidation into the corresponding betaine and hydro-
gen peroxide by choline oxidase. Figure 6 shows the ECL re-
sponse recorded after injection of acetylcholine. A linear re-
sponse is obtained from 0.4 um to about 40 pum of acetylcho-
line. Hence, the miniaturisation of the analysed area has been
successful, and the direct interfacing with a functional device
has revealed the potential for detection of very low acetylcho-
line concentrations (detection limit of 0.4 um). Beyond the
40 pm value corresponding to the K;, of AChE, the device does
not display a linear response. This behaviour reveals that the
immobilised AChE is in saturating substrate conditions. Fur-
thermore, the immobilised enzyme preparation is not limited
by diffusional resistances. Indeed, these are usually able to
extent the linear sensor response at substrate concentrations
higher than the enzyme K, value. The normalised optical
signal obtained by ECL detection, expressed as I/l,, (where |
corresponds to the luminescent intensity and /,, the maximum)
versus the acetylcholine (ACh) concentration (curve a,
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Figure 7. Enzymatic kinetics of AChE immobilised on the IgG-GC11 molecular
assembly. a) Associated with the ECL device. b) Investigated by Ellman’s method
at low substrate diffusional resistances. c) Enzymatic kinetics of the soluble
AChE.

Figure 7), was compared both with the normalised activity pre-
viously measured by Ellman’s method at low substrate diffu-
sional constraints (curve b, Figure 7) and with that obtained by
Frobert et al.?” for the soluble enzyme (curve ¢, Figure 7). Evi-
dently, the ECL optical response (curve a) virtually superimpos-
es with the enzymatic kinetics of the soluble AChE (curve c);
this indicates that the ECL sensor response reflects the enzyme
kinetics of the AChE immobilised on the lipidic structure.
Therefore, the intimate contact of the molecular assembly with
an optical device leads to direct investigation of the enzyme
kinetics. The potential for direct access to the enzymatic be-
haviour of AChE immobilised on the biomimetic nanostructure
through efficient transduction of the biochemical signal, mim-
icking that of biological membranes, has been demonstrated.
To the best of our knowledge, no such association between a
LB structure and an ECL device has ever previously been re-
ported. This new kind of LB-bio-optoelectronic device thus ap-
pears to be a powerful tool for investigation of immobilised
enzyme kinetics in a biomimetic environment and for ap-
proaching fine microanalysis at the molecular level.
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Conclusion

In order to perform accurate heterogeneous biocatalysis in a
biomimetic situation, a polyvalent nanostructure based on the
specific recognition of a noninhibitor antibody has been de-
signed." In this work, modelling of this molecular assembly
has confirmed the molecular arrangement proposed on the
basis of experimental data.'® Indeed, the functional orientation
of AChE-IgG immune complexes in the bilayer structure in
silico is plausible with respect to the steric hindrance induced
by the immobilization of several complexes. The main charac-
teristic of this molecular association is to maintain a hydrophil-
ic enzyme close to the lipidic membrane in an orientated
position.

This organised biomimetic structure has been demonstrated
to be adaptable for biocatalysis investigations of an immobi-
lised enzyme in a lipidic environment. To the best of our
knowledge, only a few biocatalytic studies using Langmuir-
Blodgett films have been published to date.*"*® The typical
enzymatic behaviour of the ternary complex (AChE-IgG-glyco-
lipid) clearly demonstrates the potential usefulness of such a
functional molecular assembly for accurate biocatalysis studies.
The apparent AChE activity measured by Ellman’s method evi-
dently results from diffusional constraints. By using two glycoli-
pids varying in their carbon chain lengths, a difference has
been noticed in terms of diffusional limitations and is thought
to be linked to the substrate accessibility towards the enzyme
located in the lipidic layer.

Finally, the intimate association of these membranes with a
performant ECL detection system has indicated the potential
for direct measurement of the intrinsic AChE activity without
any diffusional resistances. It is therefore possible to approach
molecular recognition and signal transduction events in a
single device. This is very promising for development of bio-
mimetic nanosensors and minute investigations of biological
processes at the molecular level. All IgG structures being simi-
lar, this model could be extendable to antibodies of various
specificities, thus affording a device of general interest.

Experimental Section

Materials: The synthetic glycolipids used as the lipidic matrix differ
in their hydrocarbon chain lengths (GC11, n=11, GC14, n=14)
(Scheme 1).

OH

Hom NN
O 0] 0 0O

HO

OCnH2n+1

NHCOCH; OC,Haop. 1

n=11or14

Scheme 1. Structures of the synthetic glycolipids (GC11, n=11, GC14, n=14).

GC11 (10-undecyloxymethyl-3,6,9,12-tetraoxatricosyl 2-acetamido-
2-deoxy-(-p-glucopyranoside) was synthesised as previously re-
ported.?” GC14 (10-tetradecyloxymethyl-3,6,9,12-tetraoxahexacosyl
2-acetamido-2-deoxy-f3-p-glucopyranoside) was prepared as al-
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ready described for the analogues with C;; and C,; dialkyl
chains.®” Thus, epichlorohydrin was condensed with tetradecanol
in THF and HMPA in the presence of NaH to afford 1,3-bis(tetra-
decyloxy)propan-2-ol in 19% yield. The 'H and "C NMR spectra
were identical to those already reported for the diC,s analogue
(£0.2 ppm). Elemental analysis calcd (%) for C5,He,0;5 (M, 484.84):
C 76.80, H 13.31; found C 76.69, H 13.40. This compound was con-
densed with triethyleneglycol dichloride under phase-transfer con-
ditions (NaOH, Bu,NHSO,) to afford 1-chloro-10-tetradecyloxymeth-
yl-3,6,9,12-tetraoxahexacosane in 38% yield. The chloro terminus
was then hydrolysed in two steps [1) HCOONa, Bu,NBr. 2) NaOH,
H,0] to afford 10-tetradecyloxymethyl-3,6,9,12-tetraoxahexacosan-
1-ol in 84% yield. The 'H and C NMR spectra were identical
to those already reported for the diC,; analogue
(£0.2 ppm). Elemental analysis calcd (%) for C;;H,s0¢ (M, 617.00):
C 72.03, H 12.42; found C 71.87, H 12.19. This derivative was
condensed with 1,3,4,6-tetra-O-acetyl-2-allyloxycarbonylamino-2-
deoxy-f3-p-glucopyranose®®® in CH,Cl,, in the presence of trimethyl-
silyl triflate, to afford the expected S-glucoside in 72% yield. This
was finally deprotected in aqueous NaOH (4 N) and re-N-acetylated
to afford 10-tetradecyloxymethyl-3,6,9,12-tetraoxahexacosyl 2-acet-
amido-2-deoxy-f3-p-glucopyranoside in 78% yield. The 'H and "*C
NMR spectra were identical to those already reported for the diCiq
analogue (+0.2 ppm). Elemental analysis calcd (%) for C,sHgoNO;,
(My, 820.19): C 65.90, H 10.94, N 1.71; found C 65.63, H 11.01, N
1.63.

Phosphate buffer subphases and other buffer solutions were pre-
pared with ultrapure water (resistivity=18.2 M2 cm obtained from
a milli-Q four-cartridge purification system (Millipore, France). Rec-
tangular calcium fluoride plates (35%9.5x2mm) purchased from
Sorem (France) were used as transfer substrates after a cleaning
procedure already described.®” The immunoglobulin (monoclonal
antibody directed against AChE of Bungarus fasciatus venom),
generously supplied by Dr. Grassi (SPI, CEA Saclay, Gif-sur-Yvette,
France), was purified on a Protein A HyperD F chromatography
system (BioSepra, France) as reported elsewhere.*” The nonamphi-
philic water-soluble monomer of Bungarus fasciatus AChE was a
generous gift from Dr. Bon (Institut Pasteur de Paris, Unités des
Venins, France). S-Acetylthiocholine iodide (ATChl), 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB, Ellman’s reagent), luminol (3-amino-
phthalhydrazide), choline, acetylcholine and IgG-free Bovine Serum
Albumin (BSA) were purchased from Sigma-Aldrich Chimie (St
Quentin Fallavier, France). Poly(vinyl alcohol) bearing styrylpyridini-
um groups (PVA-SbQ), purchased from Tokyo Gosei Kogyo, Chiba,
Japan, presents the following characteristics: polymerisation
degree 2300, saponification degree 88, SbQ content 1.06 %, solid
content 11.10%, pH 6.2.

Proteo-glycolipidic nanostructure: The IgG-glycolipid nanostruc-
ture was built with a combination of vesicle spreading and Lang-
muir-Blodgett techniques."® Mechanical dispersion was used to
prepare glycolipid and proteo-glycolipidic vesicles at room temper-
ature by the previously described procedure.*” Briefly, glycolipid
vesicles and IgG-glycolipid vesicles were prepared by dispersion of
a dry glycolipid film (2.5 mg) either in phosphate buffer (10 mwm,
pH7.4, 250 puL), or in the purified antibody solution (3.5-
4 mgmL~', 250 pL), respectively. The final glycolipid concentration
and protein/lipid molar ratio were 10 mgmL™' and 1:550, respec-
tively. The vesicle suspensions were used directly for the spreading
procedure and could be stored without apparent modification of
their spreading kinetics at 4°C over a one week period for GC11,
and at 30°C for one day for GC14. The interfacial films were pre-
pared with a computerised KSV 3000 Langmuir-Blodgett trough
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(KSV Instrument Ltd., Finland) working in a symmetrical compres-
sion mode. The surface pressure was measured with a platinum
Wilhelmy plate with an accuracy of 4+0.05 mNm™". The interfacial
films were formed onto a five-fold concentrated phosphate-buf-
fered saline (PBS) solution (10 mm, pH 7.4, used as the subphase)
and thermostated at 20°C+0.5°C for GC11 and 25°C+0.5°C for
GC14. The transfer of the interfacial film onto calcium fluoride was
performed by a vertical Langmuir-Blodgett film deposition proce-
dure. In order to avoid any protein adsorption on the substrate,"
this was rapidly immersed in the aqueous subphase after the
35 min lag-time following the spreading procedure. The monolayer
was then compressed (15 cm?min™"), until the defined transfer sur-
face pressures for GC11 (30 mNm™") or GC14 29 mNm™") were
reached. Two monolayers, the first one at the upstroke and the
second one at the downstroke, were transferred onto calcium fluo-
ride substrates pre-coated with four behenic acid layers, with a
rate of 5 mmmin~'. This pre-coating, produced from a monolayer
of behenic acid spread onto a NaCl (1072m), MnCl, (10~*m) sub-
phase,“? was shown to be essential for the transfer of a glycolipid
bilayer with the hydrophilic headgroups pointing to the sur-
face.”** In order to avoid respreading of the second transferred
layer during the interfacial crossing, the plate had to be withdrawn
from the aqueous subphase through the compressed monolayer,
as recommended elsewhere.*

AChE immobilisation on the proteo-glycolipidic Langmuir-
Blodgett film: An adapted procedure to immobilise AChE was de-
veloped. The plate coated with the proteo-lipidic layers was han-
dled in a horizontal position in order to avoid any back transfer of
the 1gG-glycolipid film on crossing a liquid interface.'® The cell
was then carefully filled with AChE solution (0.1m phosphate
buffer, pH 7.4, 0.15m NaCl, 1 mgmL™" BSA) until the plate was
completely immersed, and immunoassociation was left to com-
plete for 18 h at 4°C with gentle magnetic stirring. The plates were
then washed twice, for 30 min, with the same buffer.

Modelling of AChE-IgG-GC11: The components of the ternary
complex were modelled as follows. A blast search® for the com-
plete sequence of Bungarus fasciatus AChE (Figure 8)*” was per-
formed against the Protein Data Bank™® in order to detect homolo-
gous proteins of known structures. A maximum sequence identity
of 66% on 542 residues was obtained for Torpedo californica
venom acetylcholinesterase, determined by X-ray crystallography
at 1.8 A resolution (PDB code 1EA5). Residue substitution was per-
formed by use of the CALPHA program.”” The resulting model
was energy-minimised with the aid of the CNS program by a con-
jugate gradient method.®” Padlan’s atomic structure of human
antibody IgG1®" was used for the immunoglobulin model. Finally,
the bilayer model was built from 960 molecules of 10-undecyloxy-
methyl-3,6,9,12-tetraoxatricosyl 2-acetamido-2-deoxy-3-b-glucopyr-
anoside (GC11), arranged in a rectangular patch of 280x 110 A%
GC11 molecules were generated by use of the ISIS/Draw 2.3 pro-
gram from MDL Information systems and positioned on a graphics
station with the aid of the Turbo-Frodo program®? to form a bilay-
er model. The resulting model was minimised with the CNS pro-
gram.k”

Enzyme activity measurements: The activity of immobilised AChE
was determined by Ellman’s colorimetric method™®' with acetylthio-
choline (ATChl) as the enzyme substrate, in the presence of DTNB
(0.25 mm) in a phosphate buffer (0.01 M, pH 7.4) according to the
following sequential reactions:

acetylthiocholine 2%, acetate + thiocholine (1)
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Figure 8. Sequence comparison of AChE from B. fasciatus and AChE from T. californica, presented by the program ESPript.*”’ Catalytic residues are indicated (blue
stars), as are potentially glycosylated residues (pink triangles). The peptide signal and the propeptide, cleaved in the mature enzymes, are highlighted in blue and

green, respectively.

thiocholine + DTNB — 2-nitrobenzoyl-5-mercaptothiocholine + TNB

The cell containing the plate previously coated with AChE was
carefully filled with a defined volume of the enzyme substrate mix-
ture until complete immersion of the plate. The hydrolysis of the
enzyme substrate was monitored at 25°C over two minutes
through the production of a yellow compound (TNB) detected at
412 nm. The spontaneous hydrolysis of the substrate in the ab-
sence of the enzyme was also determined and routinely subtract-
ed. The AChE activity retained on the solid plate was expressed in
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(2) Ellman units per cm? (EUcm~2). The non-specific ad-

sorption of AChE onto glycolipid monolayers was

also determined in the same way from layers of glycolipids trans-

ferred without antibody. Whatever the glycolipid matrix used, no
non-specific adsorption could be detected.

Kinetic studies were performed for several acetylthiocholine con-
centrations both for soluble and for immobilised forms of AChE.
For the assays with the soluble form, the reaction was directly initi-
ated in a 25°C thermostated cell by injection of enzyme (5.33 ng)
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into the substrate reaction mixture. The number of experimental
data points was about 10.

Electrochemiluminescent detection of the activity of immobi-
lised AChE: The experimental ECL system, previously designed in
our group, has been described elsewhere,* while Figure 5 depicts
a schematic representation of the ECL system used. Briefly, it con-
sists of a screen-printed electrode (4x0.6 cm) with a working elec-
trode area of 0.18 cm? connected to a potentiostat (PRGE, Tacussel-
Radiometer, Villeurbanne, France) and placed at 25°C in a glass
cuvette protected from ambient light. The cuvette was filled with
stirring with veronal/HCl (30 mm, pH 9) containing luminol (50 um,
2.5 mL). One end of a liquid core optical fibre (L.O.T. Oriel, Courta-
boeuf, France) (core diameter 5 mm, overall diameter 7 mm) was
positioned facing this electrode, with the other end connected to
the photomultiplier tube of a luminometer (Biolumat, Berthold,
Pforzheim, Germany). The screen-printed electrodes were pro-
duced in the Centre de Phytopharmacie (Perpignan, France) as
two-electrode systems: a graphite working electrode and a printed
Ag/AgCl reference electrode. The screen-printed electrodes were
directly coated with an enzymatic film obtained by entrapping
ChOD in a photopolymerised poly(vinyl alcohol) bearing styrylpyri-
dinium groups (PVA-SbQ) by the procedure originally applied for
enzyme immobilisation on a platinum macroelectrode.”® The
AChE-IgG-GC11 molecular assembly was directly interfaced onto
the entrapped ChOD polymeric membrane by the following proce-
dure. The working electrode was used as a Langmuir-Blodgett
substrate, and the IgG-GC11 Langmuir monolayer was transferred
at a surface pressure of 30 MNm™' by the same procedure as de-
scribed above. After deposition, the IgG-GC11 electrode was im-
mersed in an AChE enzymatic solution (34 EUmL™"). The immu-
noassociation was performed over two hours at 4°C with stirring.
After immunoassociation, the electrode was rinsed twice for
20 min at 4°C with stirring. After one night of storage at 4°C, elec-
trochemiluminescence measurements (in arbitrary units (au)) were
performed on a graphic recorder (Servotrace, Sefram, Saint-Etienne,
France). The potential application (4450 mV vs. Ag/AgCl) allows lu-
minol oxidation on the working electrode. After stabilisation of the
luminescent background signal, the ECL reaction was initiated by
injection of either choline or acetylcholine into the buffer-filled
cell. Upon AChE reaction, acetylcholine gives rise to choline, this
then leading to H,0, reacting with the oxidised luminol (diazoqui-
none), thus producing light. The sequential reactions for the elec-
trochemiluminescent detection of acetylcholine are as follows:

AChE

acetylcholine + H,0 == acetate + choline (3)
choline + H,0 + 20, <% petaine + 2H,0, (4)
graphite

luminol + 2H,0, 3-aminophthalate + N,

- - "
+0.45V vs. Ag/AgCl

+ 3H,0 + hv (A = 425nm)

A steady-state light signal was reached after about 2 min. Different
control experiments were performed to check that the ChOD load-
ing was not limiting for AChE activity detection (data not shown).

Abbreviations

AChE: Acetylcholinesterase. ATChl: S-Acetylthiocholine iodide.
ChOD: Choline oxidase. DTNB: 5,5"-Dithiobis (2-nitrobenzoic acid).
ECL: Electrochemiluminescence. EU: Ellman’s unit. GC11: Glycolipid
with hydrocarbon chain lengths of 11. GC14: Glycolipid with hydro-
carbon chain lengths of 14. IgG: Immunoglobulin G. K,: Michaelis
constant. LB: Langmuir—Blodgett. TNB: 5-Thio-2-nitrobenzoate. S:
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Substrate concentration. S,s: Substrate concentration at which the
rate of the heterogeneous enzymatic reaction is half of the satu-
ration rate. V: Enzymatic reaction rate. V,;: Maximum enzymatic
reaction rate.
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A New Type of Metalloprotein: The Mo Storage
Protein from Azotobacter vinelandii Contains a
Polynuclear Molybdenum-Oxide Cluster

Dirk Fenske,” Manuel Gnida,” 9 Klaus Schneider,” Wolfram Meyer-Klaucke,"®
Jérg Schemberg,™ Volker Henschel,”” Anne-Katrin Meyer,"” Arndt Knéchel,™

and Achim Mller*®

Dedicated to Professor Dr. Riidiger Kniep on the occasion of his 60th birthday

Azotobacter vinelandii is a diazotrophic bacterium characterized
by the outstanding capability of storing Mo in a special storage
protein, which guarantees Mo-dependent nitrogen fixation even
under growth conditions of extreme Mo starvation. The Mo stor-
age protein is constitutively synthesized with respect to the nitro-
gen source and is regulated by molybdenum at an extremely low
concentration level (0-50 nm). This protein was isolated as an
a,fB, octamer with a total molecular mass of about 240 kgmol™’
and its shape was determined by small-angle X-ray scattering.
The genes of the o and 3 subunits were unequivocally identified;

Introduction

The uptake, processing, and storage of metals in organisms,
from mammals to microorganisms, has attracted the interest
of scientists from different fields, for example, bioinorganic
chemistry, genetics, medicine, and ecology. A specially fascinat-
ing case is the complex Mo metabolism in N,-fixing bacteria
which has been particularly extensively investigated for Azoto-
bacter vinelandii" Correspondingly, several proteins involved
in this metabolism have been thoroughly characterized; most
of them are members of the “molbindin” family (Mop and Mod
proteins), share a common “Mop motif” in their amino acid se-
quence, and contain Mo in the form of monomeric molybdate
anions.”

In A. vinelandii, an aerobic bacterium that is widespread in
soils and waters, another Mo protein exists, designated as the
“molybdenum storage protein” (MoSto), which is functionally
connected to nitrogen fixation™ and enables the accumulation
of enormous amounts of Mo inside the cell,*™ thus supplying
the conventional nitrogenase system with Mo even in an Mo-
deficient environment. The bioavailability of Mo in soils is
highly variable and may easily become a growth-limiting factor
for nitrogen-fixing bacteria. It has been observed that even in
habitats where some Mo is available, the growth of N,-fixing
organisms may cause a self-produced Mo starvation in the sur-
rounding environment.® Due to its high Mo uptake activity,
A. vinelandii has even been used to remove molybdate from
liquid growth media, thus very rapidly (within 10-15 min) cre-
ating almost Mo-free nutrient solutions which are used for de-
repression of the Fe nitrogenase system in Rhodobacter capsu-

ChemBioChem 2005, 6, 405-413 DOI: 10.1002/cbic.200400263 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the amino acid sequences thereby determined reveal that the Mo
storage protein is not related to any other known molybdopro-
tein. Each protein molecule can store at least 90 Mo atoms. Ex-
tended X-ray absorption fine-structure spectroscopy identified a
metal-oxygen cluster bound to the Mo storage protein. The bind-
ing of Mo (biosynthesis and incorporation of the cluster) is de-
pendent on adenosine triphosphate (ATP); Mo release is ATP-inde-
pendent but pH-regulated, occurring only above pH 7.1. This Mo
storage protein is the only known noniron metal storage system
in the biosphere containing a metal-oxygen cluster.

latus.™ It is therefore clear that in natural habitats, where or-
ganisms compete for molybdate ions, species like A. vinelandii,
equipped with such a high-capacity storage system that scav-
enges Mo very effectively from the close environment, will
certainly have a great selective advantage.

Remarkably, despite the obvious physiological and ecologi-
cal importance of MoSto, research into this protein has been
neglected so far. Since its first isolation and basic characteriza-
tion more than 20 years ago,” no further detailed publication
has followed. The only attempt ever to obtain information
about the nature of the protein-bound Mo was based on time-
differential perturbed angular correlation of y rays (TDPAC)
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measurements with Mo described by Miiller et al.”’ Despite
the limitations of this method (yielding a fingerprint only, no
explicit structural information like interatomic distances, bond
angles, etc.) and the fact that the experiments were done only
with whole cells and cell-free extracts, and not with purified
protein, the TDPAC spectra gave the first hint that the Mo
component in MoSto might be a polynuclear metal-oxygen
cluster.™ The iron storage proteins ferritin” and frataxin®® are
currently the only reported examples of biological metal stor-
age in the form of such a cluster.

The work presented herein is the first comprehensive bio-
chemical characterization of MoSto, including data on the Mo-
binding/release mechanism, identification of the encoding
genes, determination of the protein shape by means of small-
angle X-ray scattering (SAXS) analysis, and characterization of
the protein-bound Mo component by using extended X-ray
absorption fine-structure (EXAFS) spectroscopy.

Results and Discussion

Purification of MoSto, molecular mass, subunits, and Mo
content

The purification protocol described in the literature® has been
improved. As summarized in Table 1, DEAE-Sephacel anion-ex-
change chromatography was applied as the first step and was
followed by ammonium sulphate fractionation (40-50% satu-
ration) and gel filtration on Superdex 200; this resulted in
MoSto preparations which were >95% pure according to
electrophoretic analyses (Figure 1A).

A. Miiller et al.

A == B)

Figure 1. A) Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE; tris(hydroxymethyl)laminomethane (Tris)/glycine buffer system, Coomassie
staining) of solutions from different steps of MoSto purification. Lane 1: molec-
ular mass marker, with bands at 66, 45, 36, 29, 20 and 14 kg mol™". Lane 2:
crude cell-free extract. Lanes 3-5: protein solution after diethylaminoethyl
(DEAE) chromatography (3), ammonium sulphate fractionation (4), and gel fil-
tration (5). MoSto forms a characteristic double band at approx. 29 kgmol™'.
B) Western immunoblot analysis of the influence of molybdate concentration
on MoSto expression. The intensity of the twin bands representing the a and 3
subunits of MoSto increases with increasing [MoO,J*~ concentration. The con-
centrations used in the cultures were: lane 1: no added [MoO,*~; lane 2: 1 nm
[MoO,F~; lane 3: 2 nm [MoO,*~; lane 4: 10 nm [MoO,F~; lane 5: 50 nm
[MoO,J*".

(MALDI-TOF) mass spectrometry on a purified sample yielded
masses of 29.12 (o subunit) and 28.15 kgmol™" (B subunit).
This demonstrates that the functional protein is an o,f, octa-
mer rather than an a,f, tetramer (90 kgmol™") with subunit
masses of 21 and 24 kgmol™', as assumed by Pienkos and
Brill.®) MoSto molecules present
in a tetrameric state have never

Table 1. Purification of MoSto. been found to exist in our prep-
. . . arations.
Preparation Volume Total Mo Total protein Mo/protein Mo recovery h : L.
[mL] [umol] [mg] [p,m0|gfl] %] The most |mporta|j\F cr.lterlum
for a successful purification on
crude extract 20 9.6 570 16.8 100 h hand d f he i
DEAE-Sephacel peak fractions 40 49 36 136 51 the one han én or the 'nta_Ct_
ammonium sulphate precipitate (50 %) 0.9 22 15 147 23 ness and quality of the native
Superdex 200 peak fractions 25 1.2 4.2 286 12.5 storage protein on the other

The crucial improvement in this procedure was the use of
Superdex 200 as the gel filtration material. Sephadex G-100
had been applied in the first, and so far only, isolation of
MoSto more than 20 years ago.” Due to its fractionation range
of 4-150 kgmol™, that material is definitely not suitable for
the separation and molecular-mass determination of proteins
of the size of MoSto. On Sephadex G-150 (fractionation range:
5-300 kg mol™"), Sephadex G-200 (5-600 kgmol™"), and Super-
dex 200 (10-600 kgmol™") columns, MoSto eluted at a point
corresponding to a molecular mass of about 240 kgmol ™',
while a molecular mass of 247 kgmol™' was determined inde-
pendently from SAXS data by reference to a standard sample
of bovine serum albumin.

SDS-PAGE results proved that MoSto consists of equal
amounts of two different subunits (Figure 1A), for which
matrix-assisted  laser  desorption/ionization  time-of-flight
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hand is certainly the Mo content

of the isolated protein. The Mo
content of MoSto was, depending on the preparation condi-
tions, highly variable. In samples from purifications with Sepha-
dex G-200 as the gel filtration material, values of 30-45 Mo
atoms per protein molecule (125—190 umol of Mo per gram
of protein) were typically obtained. This corresponds to the
Mo content reported by Pienkos and Brill® who determined
14.5 atoms per MoSto molecule based on an assumed protein
mass of only 90 kgmol™'. It is pertinent to note that we some-
times obtained higher Mo-to-protein ratios with less pure sam-
ples from early stages of the purification than with the final
pure product, a fact indicating that, at least during the final
gel filtration step, a certain proportion of Mo was lost. The Mo
loss could be prevented to a great extent by changing the gel
filtration medium from Sephadex G-200 to Superdex 200, thus
avoiding extensive dilution of the protein solution and speed-
ing up the whole purification to fit it into one day (15 h). This

ChemBioChem 2005, 6, 405-413
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The Mo Storage Protein

procedure (see the Experimental A)
Section) yielded samples with up
to 70 Mo atoms per molecule
(292 umolg™"). However, even
then, a loss of at least 23% of
the bound Mo in a low-molecu-
lar-weight form could be ob-
served, from which an Mo con-
tent of approximately 90 atoms
per molecule can be estimated
for the MoSto preparation prior
to the Superdex step. The real
Mo storage capacity of MoSto
might even be higher. A similar
variability in metal content has
been reported for the Fe storage
system ferritin. Isolated ferritins z
carry 800-2500 metal atoms, a
value corresponding to approxi-
mately 15-55% of the maximum
load.”

Molecule shape and amino acid sequence

The shape of MoSto was calculated ab initio with a resolution
of approximately 20 A by using SAXS data. Although no sym-
metry constraints were imposed on the calculations, the result-
ing models indicate not a spherical, but an elongated molecule
(@about 12 nm long) with twofold symmetry (Figure 2). It is
therefore conceivable that MoSto might be a dimer of a,f3, tet-
ramers that results in an octameric (a,3,), subunit arrange-
ment.

The subunits were separated by SDS-PAGE and sequences of
about 30 amino acids each could be determined from their N-
termini. These starting sequences match the products of the
0r5808 and or5807 genes in the Azotobacter Genome Project
database."” Those genes code peptide chains with molecular
masses of 29188 gmol™' and 28225 gmol™', which agree with
our mass spectrometry results. We propose to name those
genes coding the a and 3 sub-
units of MoSto, mosA and mosB,
respectively.  The  complete B
amino acid sequences as trans-
lated from the genome are

given in Figure 3. The subunits %
are related to each other (42%
identical residues) and probably o 112 WS
evolved from a duplicated single 110 1 GQLIZK
gene. o 166
Interestingly, the so-called P 165
Mop wunit is not present in 4
MoSto. The Mop unit is a well- f

conserved single-molybdate-
binding domain of about
70 amino  acids, which s
common to bacterial proteins

involved in Mo transport (for ex-  arrows.

ChemBioChem 2005, 6, 405-413  www.chembiochem.org
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B) C)

Figure 2. The shape of MoSto determined ab initio by SAXS analysis in three different views. As indicated, the molecule
appears to have a twofold symmetry (C2 axis).

ample, ModC), Mo-dependent gene regulation (ModE), and
intracellular Mo-concentration buffering (ModG and the Mop
proteins).?" On comparing the MoSto sequences with those
of the Mop domains of 13 different molybdate-binding pro-
teins,""! no satisfactory alignment with either of the two sub-
units could be found.

A PSI-BLAST comparison against online protein databases?
revealed that the two MoSto subunits are related to a family of
uridine monophosphate kinases, enzymes that catalyze the re-
action ATP+UMP —ADP +UDP (ATP =adenosine triphosphate,
UMP =uridine monophosphate, ADP =adenosine diphosphate,
UDP = uridine diphosphate). In fact, from a closer inspection of
the sequences it turned out that the amino acid residues 77—
82 of the a subunit and 75-80 of the 3 subunit (indicated by
arrows in Figure 3) resemble the P-loop motif"® of an ATP-
binding site.

The protein database check also showed that the Azotobact-
er MoSto is probably not as unique as hitherto believed. The

o) SRDISTRPVIAGKRP T Q .
oRaD S oonns anan s Bon RS 0 B

D —

—

SYWYEHPTVADQLATHISATRE SAMYSAHHHEF|ZGSR - -
LPV)YGGAGLS - AVPLSI A SleYPPYNA G

PEERAD GLTIEE DGaR GPDRGQF TEATDL - B
125 YINTIBARC] s CKOMIFYKDEIS s - - KTSKDRITIFTI3RT EMKE
221 SEGPLPVDRALI TEREITER QVVNGLVPGI@ TR TGVRPA
219 GLHDSILEFP LQShKY QVVNGLVPGALTINA INTAS

Figure 3. Sequence alignment between the a and 3 MoSto subunits as translated from the Azotobacter genome.
Black boxes indicate identical amino acid residues, while grey boxes indicate those which are chemically similar and

may fulfil a comparable function in proteins. The starting methionines of the subunits are not present in the function-
al protein. The sequence regions which represent the potential ATP-binding sites (P-loop motifs) are indicated by the
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recently sequenced genome of Rhodopseudomonas palustris'
contains two adjacent genes (rpal441 and rpal442) coding
peptide chains that are 273 and 270 amino acids long and that
are each more than 80% identical with the respective A. vine-
landii MoSto subunits. The similarities are so striking that we
feel it fairly safe to predict that the product of those genes is a
functional and structural homologue of A. vinelandii MoSto.
Another closely related peptide of 318 amino acids, which is
coded by a plasmid gene (pRhico094) from Azospirillum brasi-
lense,™™ exhibits 86% identity with the A. vinelandii MoSto
subunit in an overlap that is 251 amino acids long.

14]

Regulation of MoSto

Growth experiments with A. vinelandii, followed by electro-
phoretical examination of crude cell-free extracts confirmed
the statement of Pienkos and Brill"® that MoSto is not coregu-
lated with nitrogenase, but is synthesized constitutively, inde-
pendent of the nitrogen source. It was formed in nitrogen-
fixing A. vinelandii cells as well as in cells grown under nitro-
genase-repressing conditions in the presence of ammonia.
However, we found that, with respect to molybdenum, MoSto
is coregulated with the conventional Mo nitrogenase. Mo has
been determined to be an absolute requirement for expression
of the structural genes of this nitrogenase system in A. vine-
landii® In the case of the Mo storage protein, the existence
of Mo regulation has been denied,” which is probably due to
the fact that this regulation occurs at nanomolar concentra-
tions. Commercially available chemicals used in growth media

A. Miiller et al.

are often contaminated with Mo amounts sufficient to exceed
such low concentrations. Having carefully removed Mo from
the nutrient solutions to a concentration of <0.1 ppb (see the
Experimental Section), we were able to follow the Mo-induced
formation of the storage protein.

MoSto was quantitatively assayed by using Western immu-
noblot analysis. No MoSto could be detected in cells grown in
Mo-depleted medium (Figure 1B, lane 1). In the range of 1-
50 nm molybdate, the intensity of the MoSto bands increased
significantly (Figure 1B, lanes 2-5). At concentrations higher
than 50 nm molybdate, the MoSto content of the cells re-
mained almost unchanged.

The Mo core

In order to structurally characterize the Mo sites, Mo-K-edge X-
ray absorption spectroscopy (XAS) data were collected on a
frozen solution of MoSto. Figure 4 displays the EXAFS and cor-
responding Fourier transformed spectra of MoSto (detailed fit
results are given in the Experimental Section, Table 2, and
Figure 8). As indicated by the vertical dashed lines, contribu-
tions of neighboring Mo atoms at r(Mo--Mo)=3.27 A and at
r(Mo-+-Mo)=3.42 A were identified. Shells of back-scattering
contributions with shorter distances were attributed to oxygen
ligands (2 oxygens atoms each at 1.72, 1.91, and 2.28 A). These
results clearly proved that the MoSto sample contained a mo-
lybdenum-oxide cluster.

Does it follow from this conclusion that the detected cluster
is bound to the protein? From the chemical point of view (see

80
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Figure 4. Measured Mo-K-edge EXAFS (left) and Fourier transform (right) results for MoSto (brown) in comparison to the spectra of salts of heptamolybdate (Mo,,
red), octamolybdate (Mog, green), [Mo350;,,(H,0),6]°~ (Mos, blue), and a sodium molybdate solution (Mo, yellow). Dashed vertical lines in the Fourier transform re-
sults indicate coinciding Mo--Mo back-scattering contributions for MoSto and Mo, only. The refined spectra of MoSto and Mo, with the corresponding EXAFS pa-
rameters are given in the Experimental Section (Figure 8). Vertical offsets were applied for the spectra of Mo,, Mo, and Mo, and the Fourier transform results of
Mo, were scaled by 0.5 for better comparison. Abbreviations: y, = EXAFS amplitude, k= photoelectron wave number, r=distance (phase-corrected for first shell of

back-scattering atoms), FT= Fourier transform amplitude.
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the literature on the formation of polyoxomolybdates'”), it is
unlikely that such a cluster will be present in solution under
the conditions used in our experiments. We performed a con-
trol EXAFS experiment by using a 3 mm disodium molybdate
solution in 3-morpholino-propanesulfonic acid (MOPS) buffer
(50 mm, pH 6.5), that is, exactly the same conditions as in the
MoSto sample, but without the protein. In fact, only the mono-
meric molybdate [MoO,]*>~ was identified (4 oxygen atoms at
1.77 A; Figure 4, yellow curve) and no clusters had been
formed. This result conclusively confirmed that the cluster
detected in the MoSto sample must be protein-bound.

To further characterize the structure of this cluster, the spec-
tra of three putative model systems were compared with the
MoSto spectrum: tetraethylammonium [-octamolybdate (Mog;
Figure 4), ammonium heptamolybdate (Mo,; detailed fit
results are given in the Experimental Section), and
Kg[M05¢0;1,(H;0),6]1:32-40H,0 (Mos¢). These compounds repre-
sent the most common iso-polymolybdate(vi) species in aque-
ous solution (at pH 1-7 and with a molybdate concentration of
0.01-1m).'"" Of these compounds Mo, has been found to ex-
hibit the most structural similarity to the cluster present in
MoSto (Figure 4; a direct comparison of the EXAFS parameters
of MoSto and Mo, is given in Figure 8 and Table 2): It is evident
that the EXAFS spectra of Mo, and MoSto are in phase over
the entire data range. Furthermore, both signals share
common spectral features, such as the double peak in the
Fourier transform traces at approximately 34 A, which origi-
nates from Mo back-scattering atoms (see the dashed vertical
lines in Figure 4). It should be noted that, in contrast, this spec-
tral region differs considerably from the spectrum with Mo,
where further Mo-Mo contributions are present, as well as
from that with Moy (two upper spectra of Figure 4). In addition,
multiple scattering contributions can be identified for Mog (k=
6-8 A™' in the EXAFS spectrum) that are not present in the
other samples.

Moreover, resolved double maxima in the EXAFS spectra of
Mo, (for example, k=11 and 13 A™") correspond to plateaux in
the MoSto fine structure. However, the lower resolution of
spectral details in the EXAFS spectra and the smaller Fourier
transform amplitude for MoSto compared to Mo, suggest
much larger structural disorder of the metal-oxide cluster
bound to the storage protein. Disorder could originate from
1) a higher mobility in protein solution (before freezing) com-
pared to solid heptamolybdate, 2) the presence of spatially
more extended clusters compared to heptamolybdate, or
3) the coexistence of slightly different kinds of clusters in the
protein solution.

Binding and release of Mo

The reaction conditions required for the processes of Mo re-
lease from and rebinding of Mo to the storage protein were
studied with crude extracts as well as with the purified protein,
both from cells grown with NH,™, that is, under conditions of
strict repression of nif-encoded proteins, including the MoFe
nitrogenase protein and all proteins involved in the FeMo co-
factor biosynthesis. Under such conditions, the storage protein
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proved to be the predominant Mo-containing protein in
A. vinelandii cells,” so that even in the extracts the Mo-release/
binding processes could be followed without significant dis-
turbance by other Mo proteins. The results of the study strong-
ly indicate the occurrence of unique biological mechanisms:

1) Regardless of whether extracts or samples of purified stor-
age protein are used, the Mo release follows a pH-regulated
“switch on” mechanism within a very narrow range. Where-
as at pH 6.5-7.0 the Mo-containing holoprotein is stable,
molybdenum is released (as molybdate) above pH 7.1, and
at pH 7.6 the release is quantitative (Figure 5). The degree

A) -e-MoSto-Mo
301 -+ Molybdate 0.3
— Protein

20 - 0.2

10 0.1
[Mo] Asgo
/UM

0 ¥ . & 0.0
3 6 9 12 15 18
40 B) -= Mo released
30| -+ Mo rebound

[Mo]

3 6 9 12 15 18

Eluent volume /mL  ——————————p

Figure 5. Sephadex G-25 gel filtrations of the molybdenum storage protein at
different pH values in the presence (1 mm) and absence of ATP. The protein
was homogenously purified, samples were pretreated, and column runs were
carried out as described in the Experimental Section. A) MoSto-Mo: Mo-elution
profile of an untreated MoSto sample at pH 6.5 (protein-bound Mo as refer-
ence); Molybdate: Mo-elution profile of a molybdate solution sample (low-mo-
lecular-weight reference); Protein: protein-elution profile obtained by measuring
the absorption of the fractions at 280 nm, average of all three runs with
MoSto. B) Mo released: Mo-elution profile after pretreatment and column run
of the sample at pH 7.6 in the absence of ATP; Mo rebound: Mo-elution profile
after pretreatment of the sample at pH 7.6 in the absence of ATP (Mo release),
a second treatment at the same pH value but in the presence of ATP (Mo
rebinding), and subsequent column run.

and velocity of the Mo release is certainly also influenced
by the temperature, incubation time, and protein concen-
tration. (Detailed data on these aspects will be published
elsewhere.) The key condition triggering the mechanism of
Mo release is, however, the slight shift from neutral to
weakly alkaline pH values. This is, in principle, in line with
observations made in the field of polyoxomolybdate
chemistry. In aqueous solutions increasing pH values lead to
degradation of larger species into smaller."® This process is,
however, reversible, while in MoSto the Mo release cannot
be reversed by simply lowering the pH value to <7.1 again.
2) “Binding of Mo” to the apoprotein, which involves the bio-
synthesis and insertion of the Mo-oxide-based cluster into
the protein, requires ATP (or a related nucleotide) in a pro-
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cess that is pH-independent (in the range 6.5-8.0). Mo,
once released from the protein at weakly alkaline pH
values, becomes reincorporated only in the presence of ATP
(Figure 5). The role of ATP is in accordance with amino acid
sequence data which indicate that MoSto might contain an
ATP-binding site (see above). An earlier study had already
shown that the exchange of MoSto-bound tungsten and
free molybdate required a nucleotide (ADP or ATP); how-
ever, the exact role of ATP remained unclear with regard to
whether it enabled the release of tungstate or led to the
binding of molybdate."”

Since both the release and binding of Mo function not only
with cell-free extracts but also with highly purified storage pro-
tein, it can be concluded that none of these processes is de-
pendent on the presence or involvement of other proteins
such as Mo acceptor/transfer protein(s) or accessory protein(s)
with insertase and/or chaperone functions, respectively.

The biosynthesis of the Mo-oxygen cluster in MoSto is a fas-
cinating problem connecting aspects of both metalloprotein
biochemistry and inorganic cluster chemistry. In the case of fer-
ritin, the formation of the Fe-O core involves the oxidation
Fe'—Fe" and subsequent condensation processes.”’ In con-
trast, a redox process for the formation of the polynuclear
metal core in MoSto is unlikely. From the point of view of inor-
ganic molybdate chemistry and particularly from the experi-
ence with the recently synthesized giant Mo-O clusters which
are the largest structurally characterized laboratory-made dis-
crete species in inorganic chemistry®2? four factors are
known to promote significant cluster growth: 1) low pH value,
2) high molybdate concentration, 3) the presence of certain
other (ionic) template-type species which initiate the formation
of a large number of different basic building units, and 4) par-
tial reduction of Mo" to Mo". In the case of MoSto, factors 1
and 4 can be dismissed: due to its high number of exchange-
able protons, a soluble cytoplasmic protein is not likely to pro-
vide an efficient barrier to sustain a pH gradient, while, on the
other hand, a partially reduced Mo'-O cluster would be in-
tensely blue and MoSto does not show significant absorption
in the visible spectrum (data not shown). Additionally, the
presence of Mo in a reduced state would correspond to a K-
absorption edge position at lower energy in the XAS spectrum
as compared to molybdate(vi). However, our XAS results indi-
cate only the presence of Mo" centers in the protein (data not
shown). On the other hand, factors 2 and 3 provide feasible
conditions: the molybdate might be ATP-dependently trans-
ported into the protein, where aggregation would occur im-
mediately due to the high local concentration, that is, under
so-called confined geometries, and where the anionic Mo-
oxide-based cluster(s) could finally be stabilized by positively
charged amino acid side chains.

In this context it would be a challenge to investigate wheth-
er new clusters could be created biosynthetically, either in a
protein modified by site-directed mutagenesis, that is, by ex-
changing an amino acid in the vicinity of the clusters, or by
exposing the MoSto apoprotein to different oxometalates. The
fact that the MoSto core is metal-oxide-based may even be
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the starting point for links to research on molybdenum oxides,
which play a major role in materials science and catalysis.”®

Conclusion

Based on protein-structure characteristics and the type of Mo
compound present in the protein, molybdoproteins can be
divided into five classes (Figure 6):

E Molybdenum proteins j
|

I
[ Enzymes ]

1
[ Other Mo proteins

Mod/Mop proteins
Moco-enzymes Single molybdate ion(s)
Molybdenum-pterin-cofactor

or copper-Mo-pterin-cofactor

"Orange protein"
Cu-Mo-suiphide cluster

Nitrogenase

Mo storage protein
iron-molybdenum cofactor

Mo-oxide-based cluster

— J J J L]

Figure 6. Classification of Mo-containing proteins according to the structure of
the Mo component.

1) Mo nitrogenases contain a polynuclear iron-molybdenum

cofactor (FeMoco) of Fe,S;MoN/homocitrate composition.*”

Several types of oxidases, dehydrogenases, and hydroxylas-

es contain an Fe-free molybdenum cofactor (Moco) com-

posed of an organic pterin component and a mononuclear
molybdenum-oxide fragment (an Mo atom bound to O and

S atoms).””! An exceptional position is taken by the carbon

monoxide dehydrogenase from Oligotropha carboxidovor-

ans. This enzyme contains a binuclear [CuSMo(=0,)] cluster
in which the Mo atom of the Moco is linked to copper
through a sulphide bridge.”®

Molybdate-binding proteins (Mod/Mop proteins, “molbin-

dins”) are involved in Mo transport, intracellular transfer, ho-

meostasis, and gene regulation. These proteins contain up
to eight molybdate ions (for example, ModG of A. vine-
landii).”

4) The small “orange protein”, so far the only representative of
this class of molybdoproteins, has been detected in Desulfo-
vibrio gigas, is of unknown function, and has been proposed
to contain a pterin-free trinuclear molybdenum-copper sul-
fide cluster in a linear [S,Mo0S,CuS,MoS,] arrangement.””

5) The Mo storage protein of A. vinelandii, characterized in this
work, represents a completely new type of molybdoprotein.
This conclusion is based on several outstanding properties
which differ fundamentally from those of all other known
Mo-containing proteins:

a) MoSto can take up at least 90 Mo atoms per protein
molecule.

b) The EXAFS spectroscopy results clearly prove that MoSto
contains a Mo-oxide aggregate that is structurally relat-
ed to the well-known heptamolybdate. Regardless of
whether this aggregate may be present in the protein as
a large single cluster or in the form of several smaller
ones, it represents an unprecedented structure of a Mo

»
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compound incorporated in a protein. Furthermore,
MoSto is the only known noniron metal storage system
with a metal-oxide-based core.

c¢) The storage protein is much larger and more complex
than the conventional molybdate-binding proteins. Its
quaternary structure appears to be octameric, probably
present as an (a,f3,), arrangement.

d) The amino acid sequence of MoSto does not show any
similarity with sequences of other molybdoproteins. It
revealed, on the other hand, that MoSto is related to a
family of nucleotide monophosphate kinases which has
hitherto been unknown in connection to Mo.

e) Both the ATP-dependent Mo-binding and the pH-regulat-
ed Mo-release processes in the storage protein appear to
follow unique biological mechanisms.

The Mo storage protein is not an exclusive feature of the
genus Azotobacter, as hitherto assumed. MoSto genes have
been shown also to occur in Rhodopseudomonas palustris, and
with the rapidly increasing data on microbial genomes this
storage system might also be found in a number of other
nitrogen-fixing bacteria.

Experimental Section

Bacterial growth: The bacterial strain used in this study was
A. vinelandii wild-type strain OP (DSM 366; ATCC 13705). The cells
were grown under aerobic conditions in a modified Burk
medium.”® Nitrogenase synthesis was strictly repressed by adding
20 mmM ammonium acetate to the medium. Main cultures (600 mL
in 2-L flasks) were incubated in a rotary shaker at 32°C for 24 h up
to an optical density (E,) of 12-14. The cells were harvested by
centrifugation and the resulting pellet was stored at 20°C.

Mo-regulation experiments: Cells applied for Mo-regulation ex-
periments were precultured twice in Mo-depleted growth medium
and subsequently used for inoculation of the main cultures
(100 mL of Mo-depleted medium in 300-mL flasks) which were
supplemented with different amounts of molybdate. Effective Mo
depletion of the growth medium (removal of Mo impurities from
chemicals) was achieved by incubation of the medium with Mo-
starved resting cells of A.vinelandii according to the method of
Schneider et al.™ Cells from the late logarithmic growth phase
were harvested and extracts prepared with lysozyme as described
earlier™ The cell-free extracts were finally subjected to Western
immunoblot analyses (see below).

Protein purification: MoSto was kept in a buffer solution of MOPS
(50 mm, pH 6.5) during the entire purification procedure. The har-
vested Azotobacter cells, suspended in the standard MOPS buffer,
were disrupted in an Aminco-French pressure cell at 90 MPa. To
remove unbroken cells, cell debris, and membrane particles, the re-
sulting extract was centrifuged at 4°C for 30 min at 80000g. The
supernatant is referred to as the crude extract.

The cell-free extract was loaded on a DEAE-Sephacel column (2.5x
13 cm). The column was washed with 50 mm NaCl in MOPS buffer
(50 mL) then eluted with a linear NaCl gradient (200 mL, 50—
250 mm). MoSto was eluted at approximately 110 mm CI™.

The combined MoSto peak fractions were subjected to a 40-50%
ammonium sulphate fractionation. The precipitated MoSto was re-
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dissolved in MOPS buffer, loaded on a Superdex 200 gel filtration
column (2.5x60 cm) and eluted with the same buffer.

Analytical methods:Standard molybdenum assay: The catalytic
method invented by Pantaler was used as described.” The experi-
mental scale was reduced by a factor of 10 so that the reaction
could be carried out in standard 3-mL cuvettes. Prior to the assay,
samples in gas-tight vessels were placed in a boiling water bath
for 15 min, cooled to room temperature, and centrifuged to
remove precipitated protein.

ICP-MS analyses: For higher accuracy and as a control for the cata-
lytic routine assay, the level of Mo was also determined in some
samples by mass spectrometry with inductively coupled plasma
(ICP-MS), by using a Perkin-Elmer/Sciex ICP-QMS Elan 6000 instru-
ment.

Protein determination: The protein content was determined by
using the bicinchoninic acid method.®”

Polyacrylamide gel electrophoresis: The purity of protein com-
ponents and molecular masses of the subunits were routinely
analyzed by Tris/glycine SDS-PAGE, according to the method of
Laemmli.®" The protein samples were supplemented with dithio-
erythritol (20mm) prior to their denaturation. The stacking gel con-
tained 4.8% (w/v) acrylamide and 0.13% (w/v) bisacrylamide cross-
linker, whereas the resolving gel comprised 12.5% (w/v) acrylamide
and 0.33% (w/v) bisacrylamide.

Western immunoblot analysis: Rabbit antisera containing mono-
specific polyclonal immunoglobulin G (IgG) antibodies directed
against purified MoSto were employed in the immunoassays. West-
ern immunoblot experiments were conducted according to the
procedure described by Siemann et al.®? and principally based on
the method of Towbin et al.®*

Experiments on Mo-binding and -release mechanisms: Cell-free
extracts were prepared as described earlier™ and homogeneously
purified storage protein was prepared as described above. While
purified protein samples were directly used for Mo-binding/release
experiments, the cytoplasmic fraction of the crude extract was first
subjected to the following treatment: the extract solution was pre-
cipitated by ammonium sulphate (>80% saturation) in order to
remove [MoO,]*, ATP, and other low-molecular-weight species,
then the pellet was washed twice with >809% saturated (NH,),SO,
and redissolved in MOPS buffer (50 mm, pH 6.5). Aliquots of this
solution (1.5 mg of protein per mL) or of the solution of the puri-
fied protein (2 mg per mL) were taken and the pH value was ad-
justed to the required value. Samples for “Mo-release experiments”
were then incubated for 1 h at 30°C, subsequently loaded onto a
Sephadex G-25 gel filtration column, and eluted with MOPS buffer
(50 mm) at a pH value identical to that of the sample. In the case
of “Mo-binding experiments”, the sample was divided into two
halves after the 1 h incubation (30°C). One half was subjected to
Sephadex G-25 gel filtration to ascertain that Mo had really been
released completely from the protein after this incubation period
(control run). ATP and MgCl, (1 mm each) were added to the other
half (which had not been gel-filtrated) and the sample was left for
a second incubation period under the same conditions. Finally, this
latter sample was gel-filtrated on Sephadex G25. The elution buffer
contained ATP at the same concentration as the sample itself. The
resulting fractions (1 mL each) were analyzed for Mo and protein
content.

SAXS investigations: For SAXS analysis, the peak MoSto fractions
from gel filtration were combined and concentrated 15-fold in an
Amicon B15 concentrator. The concentrated solution (correspond-
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ing to the sample applied to the SDS gel in lane 5 of Figure 1A)
was centrifuged and the supernatant (protein content 17 gL™)
was used to prepare a set of samples with different protein con-
centrations (see below) by diluting with MOPS buffer. Dithiothreitol
was added to each sample (final concentration 10 mm) in order to
prevent oxidative degradation of the protein during measurement.

SAXS data on MoSto solutions were collected at the European Mo-
lecular Biology Laboratory (EMBL) X33 beam-line on the storage
ring DORIS at Deutsches Elektronensynchrotron (DESY), Hamburg,
Germany,®¥ at a wavelength, 1, of 0.15 nm and at ambient temper-
ature. A linear-delay line-readout proportional gas detector® was
used to record the scattering patterns in time frames of one
minute. Data reduction including normalization to the intensity of
the primary beam and the protein concentration, correction for
the detector response, and subtraction of the scattering from the
buffer was done by using the program SAPOKO.®® The scattering
curves I(s) versus s (Smae=25iN0,/A=05nm""; s=scattering
vector; 20 =scattering angle) for three different protein concentra-
tions (3.75, 10, and 13 gL™') were averaged for further data analy-
sis. The molecular mass of MoSto was determined from the ex-
trapolated forward scattering /(0) with an uncertainty of approxi-
mately 10% by using a solution of bovine serum albumin with
known concentration as the reference. The shape was calculated
ab initio with the chain-compatible dummy residues approach.®”
Input data consisted of the distance distribution obtained from the
averaged scattering data by using the program GNOM®® as well as
the number of amino acid residues (a,83,) from Figure 3. Figure 2
displays the best structure obtained from 20 independent calcula-
tions; the theoretical scattering curve and distance distribution cor-
responding to this structure are compared with the experimental
data in Figure 7. The 20 structural models were compared pairwise

1000 '"'\.\ experimental
100 1 “-.‘ — calculated
5
s 1 -
= 1 .
0.1 - g 3
0.1 0.2 0 o &0 a0 120

s AT R /A

Figure 7. Averaged X-ray scattering curve (left) and corresponding distance dis-
tribution function (right) for MoSto. Experimental data are represented as black
curves; the calculated curves (dark red) correspond to the model shown in
Figure 2. Abbreviations: |(s) = scattering intensity, s= scattering vector,
P(R)=distance distribution, R=distance, a.u.= arbitrary units.

in terms of distance root mean square deviation (rmsd) or normal-
ised spatial discrepancy (NSD) value.®¥ The structure with the
smallest average distance rmsd from all other structures in the set
of 20 calculations was considered to be the best. Deviations from
the best structure were typically in the range of 5A (distance
rmsd).

EXAFS investigations: XAS data were collected at the EMBL bend-
ing magnet EXAFS beam-line D2, DESY, Hamburg, Germany, with
an Si(311) double-crystal monochromator, a focusing mirror, and a
set-up for absolute energy calibration.*” The samples were mount-
ed in a two-stage Displex cryostat and kept at about 25 K. The X-
ray absorption of the MoSto sample was recorded as a Moy, fluo-
rescence excitation spectrum by employing a Canberra 13-element
solid-state detector. Solid model compounds were observed in the
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absorption mode. Data reduction and analyses of the EXAFS of
Mo-K-edges (an edge position of 20002 eV was assumed) were
achieved with the EXPROG program package™" and the refinement
program EXCURV98,“? respectively. Experimental XAS data and fits
for MoSto and Mo, (EXAFS and Fourier transform) are shown in
Figure 8; corresponding parameters appear in Table 2.

experimental
154 calculated

[N ]1d —=

—_—

riA —=

kAT

Figure 8. Mo-K-edge EXAFS (left) and Fourier transform (right) results for
MoSto (experimental: black, calculated: dark red) in comparison to the spec-
trum of heptamolybdate (Mo,, experimental: black, calculated: magenta).
EXAFS parameters of the calculated spectra are given in Table 2.

Table 2. EXAFS parameters'™ for MoSto and [Mo,0,,°". The corresponding
spectra are shown in Figure 8.

Sample Atom NP r[AT] 2020 [AM  E,[eV] R [%]
MoSto (6] 2 1.722(3) 0.003(1) —-9.7(12) 274
(6] 2 1.908(11) 0.021(4)
(6] 2 2.279(20) 0.030(8)
Mo 1.7 3.274(7) 0.009(1)
Mo 1.7 3.422(7) 0.007(1)
[Mo,0,*~ O 2 1721 0.003(1) —11.3(6) 129
(6] 2 1.933(3) 0.006(1)
(6] 2 2.201(6) 0.019(2)
Mo 1.7 3.230(2) 0.005(1)
Mo 1.7 3.407(2) 0.003(1)
Mo 0.6 4.296(10) 0.010(2)
Mo 0.6 5.409(13)9 0.006(3)
Mo 06  5675(13)9  0.009(3)

[al N=number of back-scattering atoms, r=distance, 20> = Debye-Waller
parameter, E,=energy correction (see manual of EXCURV98“Y), R=R
factor (reflects the goodness of the fit; see ref. [42]). Values in parentheses
correspond to the numerical uncertainty of the last digit (twice the stan-
dard deviation). As the typical precision for distance determination is
0.01-0.02 A, only two digits are given in the Results section of the paper.
[b] Coordination numbers were fixed at the average values in heptamo-
lybdate. Due to nonequivalent Mo sites, the coordination numbers are ra-
tional values. [c] Distances larger than 5 A are not shown in Figure 8 but
were included in the fit.

For the EXAFS experiments, a protein sample of the preparation
obtained from the ammonium sulphate fractionation step (50 % sa-
turated precipitate) was used. Even if this preparation was not yet
homogeneous (270% purity; see lane 4 in Figure 1A), it proved to
have an excellent quality for the EXAFS study. Careful Mo analyses
of all gel filtration fractions had shown that the Mo storage protein
was the only detectable Mo protein present in the ammonium sul-
phate fraction used. Since EXAFS analysis is an element-specific
technique, Mo-free components of the sample do not interfere
with the Mo EXAFS signal. Before application, the precipitated
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MoSto was redissolved in MOPS buffer (50 mm, pH 6.5) and passed
over a Sephadex G-25 column to remove ammonium sulfate, chlo-
ride, and non-protein-bound Mo. This MoSto solution (75 pL; total
protein content 15 gL~"; Mo concentration 2.5 mwm, that is, approx-
imately 55 Mo atoms per protein molecule) was placed into
sample cells of plexiglass covered with polyimide windows. Refer-
ence samples were prepared by mixing each of the model com-
pounds, heptamolybdate (40 mg), octamolybdate (40 mg), and
[M03¢0,1,(H,0):¢]®~ (30 mg), with boron nitride (100 mg) in order to
avoid thickness effects.*¥ The mixtures were pasted homogene-
ously into sample cells similar to that used for the protein solution.

Origin of the reference compounds used for EXAFS measurements:
Analytical grade ammonium heptamolybdate was purchased from
Merck (Germany). Tetraethylammonium-3-octamolybdate was pre-
pared as described by Fuchs et al.*¥! Kg[M0360,,,(H,0);¢]-32-40H,0
was prepared as described by Krebs and Paulat-Béschen.* The
identity of the synthesized products was confirmed by determining
the unit-cell dimensions with single-crystal X-ray diffraction.

The protein sequence data reported in this paper will appear in
the Swiss-Prot and TrEMBL knowledgebase under the accessian
numbers P84308 and P84253.
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Induction of DNA-Double-Strand Breaks by
Auger Electrons from *™Tc Complexes with

DNA-Binding Ligands

Pascal Hafliger,”” Nikos Agorastos,” Bernhard Spingler,” Oleg Georgiev,"

Giampietro Viola,' and Roger Alberto*"

The potential of certain Auger electron emitting nuclides for sys-
temic radiotherapeutic applications has recently gained much at-
tention. In particular, the ability of several nuclides, including
Mn, 2| and %I, to induce DNA double-strand breaks (dsb), a
good indicator of cytotoxicity, has been extensively studied. How-
ever, this ability has never previously been shown experimentally
for #™Tc, which, besides the well-known y radiation that is used
for diagnostic applications, also emits an average of 1.1 con-
version electrons and 4 Auger or Coster—Kronig electrons per
decay. Owing to the short range of Auger electrons, the radionu-
clide needs to be located very close to the DNA for dsb to occur.
We synthesized two cationic *™Tc'-tricarbonyl complexes with
pendant DNA binders, pyrene and anthraquinone. The X-ray crys-

Introduction

Radiopharmaceuticals containing ®™Tc or other nuclides are
one of the mainstays of modern diagnostic medicine. However,
the use of radionuclides for therapeutic applications remains
limited." The concept of targeted radionuclide therapy essen-
tially relies on high-energy f~ or o emitters. The therapeutic
effect is based on the high linear energy transfer (LET) of these
particles which leads to the formation of cytotoxic reactive
oxygen species (ROS) or direct damage to vital cellular biomol-
ecules, ultimately inducing necrotic or apoptotic cell death.
One of the major limitations of this kind of therapy is the low
accumulation of the radiopharmaceutical in the targeted cells.
In addition, due to the relatively high penetration range of 3~
and a particles in tissue (up to 12 mm and 100 pm, respective-
ly), healthy neighboring cells are also damaged. Accompanying
v emission (if present) deposits a high dose in the bone
marrow and therefore limits the total amount of applicable
activity. Finally, radioactive drug metabolites induce unwanted
damage to the kidneys and/or liver during excretion. Frequent-
ly, bone marrow or kidney toxicity becomes dose-limiting
before sufficiently high doses for antitumor activity can be
reached.®?

Recently, the use of high LET, low energy electron emitting
nuclides for radiotherapeutic applications has received much
attention. It has been shown that, due to their short penetra-
tion range in tissue (from a few A up to 10 um depending on
their energy), low-energy Auger electrons, as well as the resid-
ually charged nuclei, produce highly dense irradiation in the
immediate vicinity of the decay site®” Cell experiments
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tal structures of the two complexes could be elucidated. Linear
dichroism and UV/Vis spectroscopy revealed that the complex
with pyrene intercalates DNA with a stability constant, K, of 1.1 x
10°m~', while the analogous complex with anthraquinone inter-
acts with DNA in a groove-binding mode and has an dffinity
value of K=8.9x10*m™'. We showed with ¢X174 double-strand-
ed DNA that the corresponding *"Tc complexes induce a signifi-
cant amount of dsb, whereas non-DNA-binding [TcO,]~ and non-
radioactive Re compounds did not. These results indicate that the
Auger electron emitter *"Tc can induce dsb in DNA when decay-
ing in its direct vicinity and this implies potential for systemic
radiotherapy with *™Tc complexes.

showed that Auger emitters located outside the cell nucleus
were relatively nontoxic, while intranuclear decay at the DNA
caused pronounced high-LET-type damage to the nucleus,
either through direct energy deposition or indirectly through
the formation of highly reactive ROS, that led ultimately to cell
death.®'™ The therapeutic potential of Auger electron emitting
radionuclides has already been demonstrated by several
groups. In particular, the induction of DNA damage such as
DNA-double-strand breaks (dsb), which are a good indicator of
cytotoxicity and the in vitro cytotoxic effects of In, "%, ',
and '®™Pt, have been reported."""*! Behr and co-workers have
further shown in different in vivo experiments that, at equitox-
ic doses, the therapeutic efficacy of internalizing monoclonal
antibodies (mAbs) labeled with Auger electron emitters, such
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as 'l or "MIn, is superior to that of internalizing mAbs labeled
with conventional f~ emitters."

Besides its well-known v radiation, which is used in diagno-
sis, #™Tc also emits an average of 1.1 conversion electrons and
4 Auger or Coster-Kronig electrons per decay.'® The *™Tc
Auger electrons with the highest theoretical probability of in-
ducing DNA dsb, according to Ftacnikova and Bohm, are listed
in Table 1.7 The theoretical radiotoxicity of ®™Tc has been cal-
culated through its ability to induce dsb in DNA when located
in its direct vicinity but has never been verified experimental-
ly®7 We present in this paper experimental evidence that
#™Tc complexes with pendant DNA-binding moieties induce in
vitro DNA-double-strand breaks. For this purpose, the bifunc-
tional compounds 1 and 3 (Scheme 1) were synthesized. They
comprise a pendant DNA binder and a *™Tc-tricarbonyl core
coordinated to a triamine ligand. The interaction of the Re ana-
logues of both compounds with double-stranded DNA was
studied by UV/Vis spectroscopy and linear dichroism. Finally,
we analyzed the ability of the *™Tc complexes to induce in
vitro DNA-double-strand breaks by using $X174 double-strand-
ed (ds) DNA.

Table 1. Average energy, yield/decay, and penetration range in tissue of the
main electrons emitted by *"Tc. (CK= Coster-Kronig; MMX, MXY, and NNX =
type of electron as defined in the literature).!'

Electron Average Yield/ Range in
type energy [eV] decay tissue [nm]
CK MMX 116 0.75 6
Auger MXY 226 1.1 10.5
CK NNX 33 1.98 2
j +
i
HN.,, | N
LT et
oc” | Yco
CcO
1 (M =%"T¢)
2(M=Re)
.
O (0] TH i
HN,, . NH
SOE R
oc” | co
CcO
(@]
3 (M =%"T¢)
4 (M =Re)

Scheme 1. Basic structures of the bifunctional *"Tc-tricarbonyl complexes.

Results and Discussion

The ligands 5 and 9 have been synthesized according to
Schemes 2 and 3 in good yields by using standard protecting-
group procedures. They are bifunctional and comprise a di-
ethylene triamine unit for tridentate coordination to the fac-
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Scheme 2. Synthesis of compound 5. a) 1. 1-pyrenecarboxaldehyde, EtOH/
CH,Cl,, 2. NaBH,, EtOH, overall yield =44 %.
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Scheme 3. Synthesis of compound 9. a) 1. Dde, EtOH, 2. (BOC),0, EtOH, 3. hy-
drazine, EtOH, overall yield=77 %; b) SOCl,, DMF, yield =67 %; c) Et;N, CH,Cl,,
yield=91%; d) TFA, CH,Cl,, yield > 98 %. BOC =tert-butoxycarbonyl, Dde = 2-
acetyl-5,5-dimethyl-cyclohexane-1,3-dione, DMF = N,N-dimethylformamide,
TFA = trifluoroacetic acid.

[M(CO);]* moiety (M=Re, **Tc) and an aromatic ring system
for interaction with DNA. The coordinating triamine ligand has
been chosen since it forms a small complex with a monoposi-
tive charge that should support electrostatic interaction to the
negatively charged backbone of DNA. Both ligands react in
water or MeOH with [ReBr;(CO);]*" (in water [Re(OH,);(CO),]™)
to form the complexes [Re(5)(CO);]* (2) and [Re(9)(CO).1* (4)
in quantitative yields. The d° nature of the M' center renders
the complexes very robust and no decomposition was ob-
served even at low pH values or under physiological condi-
tions.

Complexes 2 and 4 have three chiral centers, two of which
are independent. Thus, the complexes can exist as two diaster-
eomeric pairs of enantiomers, which can be clearly identified
by HPLC in the case of compound 2 (Figure 1). On the other
hand, only one diastereomeric pair seems to be preferentially
formed in the case of complex 4 (Figure 2). Crystal structures
of one isomer of compounds 2 and 4 could be obtained.
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ORTEP representations are given in Figures 3 and 4, respective-
ly.'”) Further details are given in the Supporting Information.
HPLC analysis showed that the crystal of complex 2 corre-

extinction — -<—cps
" " | - 1 L " "

N T T T T T T 1

T T T
0 5 10 15 20 25 30
Retention time / min ——
Figure 1. HPLC traces of complexes 1 and 2 with UV detection (bottom) and

radiodetection (top), respectively. The difference in retention time is due to the
detector separation.

extinction — <—cps
1

T T T T T T T T T T 1
0 5 10 15 20 25 30
Retention time / min ——
Figure 2. HPLC traces of complexes 3 and 4 with UV detection (bottom) and

radiodetection (top), respectively. The difference in retention time is due to the
detector separation.

Figure 3. ORTEP plot of the monocationic complex 2. Ellipsoids are shown with
50% probability.

sponds to the second peak in the HPLC trace. The structures
clearly show for both complexes that the two functions, the
DNA-binding portion and the tricarbonyl rhenium unit, point
away from each other, so the latter should not sterically affect
the DNA binding of the aromatic systems.

Complexes 1 and 3 have been synthesized in quantitative
yield by treating ligands 5 and 9 in water with [*™Tc(OH,);-
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Figure 4. ORTEP plot of the monocationic complex 4. Ellipsoids are shown with
50% probability.

(CO);1T prepared directly from [*™TcO,]” as previously de-
scribed.™ Comparison of the HPLC traces of the *™Tc com-
plexes (radiodetection) and the Re analogues (UV detection)
confirmed the identity of the two compounds. The traces are
shown in Figures 1 and 2. Both complexes displayed a high
stability over time and with respect to temperature changes.

Interaction with ds DNA

The analysis of the DNA binding of 2 and 4 was performed by
titration with calf-thymus DNA and monitoring with UV/Vis
spectroscopy. Series of spectra of complexes 2 and 4 with an
increasing amount of DNA are shown in Figures 5 and 6. Com-
plex 2 displays a strong hypochroism and a large red shift
(12 nm) of the absorption maximum upon interaction with
DNA. Moreover, an isosbestic point at 349 nm is clearly visible
for DNA/complex ratios smaller than 4.5:1. Above this value, it
shifts to 342 and 345 nm. These phenomena indicate that one
type of 2-DNA complex is formed almost exclusively under
these conditions.

T —

{
0.54 | lf \\
‘ //\v A\ |

/ I||II /.\\
VAN

extinction —
= =
%] {95
1 1

o
iy
|

sl'.

T T
300 320 340 360 380
wavelength / nm ——

Figure 5. Binding isotherms of a solution containing 1.26 x 107> m complex 2,
10 mwm tris(hydroxymethyl)laminomethane (Tris) buffer (pH 7.4), 50mm NaCl,
and 0, 1, 2, 3.5, 5, 7, 10, 17, and 35 equivalents of calf-thymus DNA. (For clarity,
not all recorded spectra are displayed.)

In the case of complex 4, addition of DNA also induced hy-
pochroism but only a weak red shift of the absorption maxi-
mum in the UV/Vis spectrum (4 nm). The isosbestic point at
363 nm for DNA/complex ratios smaller than 6:1 shifts to
355 nm for higher ratios. The formation of an isosbestic point
again indicates the formation of only one type of 4-DNA com-
plex. However, in contrast with 2, the magnitude of the batho-

ChemBioChem 2005, 6, 414421
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Figure 6. Binding isotherms of a solution containing 4.95x 107> M compound 4,
10mm Tris buffer (pH 7.4), 50mm NaCl, and 0, 1, 2, 3, 5, 10, 15, and 30 equiva-
lents of calf-thymus DNA. (For clarity, not all recorded spectra are displayed.)

chromic shift suggests external (that is, not intercalative) bind-
ing to the DNA, since shifts are usually more pronounced for
compounds that bind by intercalation than for those binding
to a groove.["2"

A strong interaction of complexes 1 and 3 with DNA is cru-
cial in order to efficiently induce as many double-strand breaks
as possible at submicromolar concentrations. In order to deter-
mine the affinity constant for the DNA interaction of these
complexes with DNA, the UV/Vis spectra were redrawn in the
form of Scatchard plots (r/cq. versus r) and subsequently fitted
with the model of McGhee and von Hippel, which is widely
used for the analysis of the interaction of drugs with DNA.??
The corresponding plots and fits are shown in Figure 7. Calcu-
lated DNA affinity constants, K, and neighbor-exclusion param-
eters, n, for compounds 2 and 4, as well as for their free li-
gands 5 and 9 (spectra shown in the Supporting Information)
are summarized in Table 2.

Table 2. Calculated DNA affinity constants (K), neighbor-exclusion parame-
ters (n), and goodness of fit values (R?) for compounds 2, 4, 5, and 9.

Compound KIm™] n R?

2 1.1(£0.1)x 10° 4440.2 0.95
4 8.9(+£0.9)x 10* 39+03 0.86
5 2.7(+£0.3)x 10° 4.0+03 0.97
9 1.0(£0.1)x10° 4040.2 0.92

The equilibrium constants between underivatized pyrene or
the anthraquinone derivative N-(4-aminobutyl)-2-anthraquino-
necarboxamide and DNA are reported to be approximately 1x
10°m~" and 7.7x10*m ™", respectively.”*** Compound 5 carries,
in addition to the pyrene moiety, two or three positively charg-
ed amines which can electrostatically increase the interaction
to the negatively charged DNA phosphate backbone. Corre-
spondingly, the affinity of 5 is 30 times higher than for pyrene
alone. Not surprisingly, this affinity is reduced when compound
5 is coordinated to the [Re(CO),]" moiety. After coordination, 2
is only monocationic and some steric interactions might
reduce the stability further. However, the affinity value is still

ChemBioChem 2005, 6, 414-421  www.chembiochem.org
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Figure 7. 342 nm and 333 nm Scatchard plots (dots) of the binding of 2 (top)
and 4 (bottom) with calf-thymus DNA fitted with the model of McGhee and
von Hippel (line). r = Cjcaboundy/<onay With Cpny=25.2 (7a) and 49.5 um (7b).

Ctree = Clical-bound) ~ C(ical-bound)-

10 times larger than for pyrene alone. The situation is slightly
different with 9 or 4, but the same relative tendency can be
observed. The stability constant of the free bifunctional ligand
9, which is a di- or trication, was found to be 1.0x10°m7",
about 1.3 times higher than the monocationic compound N-
(4-aminobutyl)-2-anthraquinonecarboxamide. Correspondingly,
the DNA affinity of the monocationic metal complex 4 is slight-
ly lower (8.9x10*m™").

However, the stability constants observed for complexes 2
and 4 are sufficiently high to allow strong binding of both
complexes to DNA. It is easily estimated that more than 99%
of the molecules are bound to DNA, even at the submicromo-
lar concentrations required when working with *™Tc.

Linear dichroism

Large aromatic systems interact with DNA through two general
modes: 1) in a groove-binding fashion and 2) through interca-
lation. Several methods are known to probe the interaction of
these types of molecules with DNA.?? It has been pointed out
that one single method is not sufficient to accurately prove
which binding mode is favored.”® For this reason, we mea-
sured the linear dichroism (LD) at different complex/DNA ratios
for complexes 2 and 4, in addition to the UV/Vis spectra. The
LD signal of 2 is negative at all mixing ratios in the wavelength
region where only the polyaromatic unit absorbs (310-370 nm;
Figure 8). This indicates an induced orientation of the chromo-
phore upon binding to DNA. A small increase of the LD signal
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Figure 8. Linear dichroism (LD) and reduced linear dichroism (LD,) spectra of
DNA (230-310 nm) and complex 2 (310-370 nm) at complex/DNA ratios of
0.04 (-----, ) and 0.08 (+++++) or of DNA only (—).

intensities in the absorption band of the DNA bases (260 nm)
was also observed and suggests that the ability of the DNA
molecules to orient along the flow lines is increased upon
binding to this compound.

The reduced LD spectrum (LD,) provides further information
on the average orientation of the transition moment of the
pyrene moiety relative to those of the DNA bases and allows
us to distinguish between homogeneous and heterogeneous
binding. A nearly constant value of LD, over the range 340-
360 nm was observed (Figure 8), which unambiguously implies
an almost exclusive intercalation of 2 into DNA.?%

It is expected that compound 4 interacts with DNA in an in-
tercalative way, as is known for purely organic anthraquinone
derivatives.””*” However, even at a complex/DNA ratio of 0.2,
no induced linear dichroism signal in the region where com-
pound 4 absorbs (315-360 nm) is visible, despite a significant
absorption in this region (Figure 9). This observation indicates
that this compound does not intercalate DNA and is probably
bound to a groove of the DNA. Alternatively, the orientation
angle between the complex and the DNA axis could be about
55°, which is the angle at which the LD, value is 0.7”* More-
over, a remarkable reduction of the LD band in the DNA ab-
sorption region (260 nm) with increasing concentrations of 4 is
indicative of a reduced orientation of the DNA along the flow
lines.

DNA double strand break experiments

A convenient method to analyze the formation of DNA dsb is
based on the use of circular ds DNA. The induction of a
double-strand break to either a supercoiled circular or an open
circular form of DNA results in the formation of a linear mole-
cule, which can easily be detected by gel electrophoresis.
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Figure 9. Absorption and linear dichroism (LD) spectra of DNA (230-310 nm)
and complex 4 (315-360 nm) at complex/DNA ratios of 0.04 (-----, ) 0.08 (s+244),
and 0.2 (—+-+) or of DNA only (—).

The ability of compounds 1 and 3 to induce DNA dsb was
determined by their incubation with a mixture of supercoiled
and open circular $X174 DNA in a buffered aqueous solution.
The “mechanical” formation of open circular DNA through
single-strand breaks (ssb) can hardly be omitted since the solu-
tions are stirred at room temperature for three days under
nonsterile conditions. In order to avoid saturation of the DNA
molecules with unlabeled bifunctional ligands 5 and 9, com-
pounds 1 and 3 were purified by HPLC prior to use. Non-DNA-
binding [*™TcO,]~ and the nonradioactive Re complexes 2 and
4 were used as reference compounds. Subsequent gel electro-
phoresis and staining with ethidium bromide allowed detec-
tion and quantification of dsb by the measurement of the fluo-
rescence intensities of the different bands. The traces obtained
are displayed in Figure 10. The choice of an appropriate
amount of radioactivity turned out to be a crucial factor in
these experiments. Whereas substantially lower amounts of
#“mTc did not reveal dsb but showed a picture similar to the
one displayed in trace 1, higher amounts of *™Tc resulted in
multiple dsb that led to partial DNA fragmentation and
“smearing” of the traces. This is positive with the perspective
of applying the concept in therapy but does not give a clear
picture of the molecular events responsible for the “disappear-
ing” of the DNA from the gel.

Figure 10 shows that compounds 1 and 3 did induce dsb in
15 and 20%, respectively, of the $X174 molecules, while non-
DNA-binding [*™TcO,]~ and nonradioactive 2 did not. This im-
plies that dsb are induced by Auger and Coster-Kronig elec-
trons emitted by *™Tc only when the nuclide is located in the
near vicinity of the DNA. The induction of dsb by accompany-
ing Y emission can be ruled out since photons, due to their
low LET, only negligibly interact with DNA over such a short
distance. The amount of supercoiled DNA in traces 3 and 4 de-
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Figure 10. Electrophoresis of ¢pX174 DNA (100 ng) after 24 h incubation in Tris buffer

(50 mm, pH 7.4, 50 ul) with (from left to right): buffer only, non-DNA-binding [""TcO ]~
(15 MBq; ~1.5% 107 m), DNA-binding pyrene *"Tc complex 1 (15 MBq; ~0.2x107%m),
DNA-binding anthraquinone *"Tc complex 3 (2.3 MBq; ~0.2x 10~®m), and nonradioactive
DNA-binding Re complex 2 (2x 108 m; trace similar to the one obtained after incubation
with the nonradioactive compound 4). The fluorescence intensity of the bands is displayed

on the right hand side of each trace.

creased but is still present. In principle, the appearance of the
linear form can result from one dsb induced in the open circu-
lar or in the supercoiled form. The form in which it finally
occurs is biologically not relevant. Linearization could also be
induced by multiple ssb occurring within about 30-40 base
pairs on opposite strands. The $X174 DNA comprises about
5000 base pairs. However, when it is considered that not every
DNA molecule has been damaged (the supercoiled form is still
left), this pathway of linearization appears unlikely. Further-
more, induction of one or more additional dsb in an already
linearized molecule would fragment the DNA and increase the
background noise. We found, under our conditions, a maxi-
mum of 20% dsb. If it is assumed that a second double-strand
break in these linearized DNA molecules gave about 4% loss
of DNA on the gel, this is an amount that is difficult to quantify
with our experimental method.

Interestingly, the double-strand-break yield per decay is
about 10 times higher for compound 3 (0.05) than for com-
pound 1 (0.005). The anthraquinone moiety present in the
former compound might be able to improve DNA damage
through a redox process initiated by the capture of an Auger
electron, in a way similar to that proposed by Armitage and
co-workers for the induction of DNA damage upon photo-
activation of anthraquinone derivatives.?” The double-strand-
break yields per decay obtained are much lower than the theo-
retical values calculated by Ftacnikova and Bohm (0.86)" or
Humm and Charlton (0.43)® for a ®™Tc atom incorporated in a
DNA base (like I in IdU). In our experiments, the *™Tc atom
was, however, located a few angstréms off the DNA surface.
This might account for the lower yields obtained in our experi-
ments.

In order to determine whether dsb are induced preferentially
through a direct or an indirect mechanism, the experiments
were also performed in the presence of the radical scavengers
mannitol and thiourea. These should neutralize ROS and
reduce the amount of indirectly induced damage. However,
the presence of these compounds did not significantly modify
the obtained results. Thus, the dsb seem to be mainly induced
through the direct action of emitted electrons or through dif-
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fusion-controlled reaction of ROS with DNA. Only
these mechanisms are possible in the presence of
radical scavengers.

Conclusion

In conclusion, we have demonstrated experimentally
that Auger electron emitting *™Tc induces double-
strand breaks in DNA when decaying in its direct
vicinity, a result implying that ®™Tc might possess
potential for systemic radiotherapy in addition to its
widely known role in diagnosis. The *™Tc labeling of
compounds that selectively target the cellular DNA
of specific cells is the molecular basis for such a strat-
egy. The future challenge is the evaluation of carrier
compounds for ®™Tc that efficiently target cellular
DNA.

Experimental Section

Materials and methods: Chemicals and solvents were purchased
from commercial suppliers and used without further purification.
All reactions were performed under N, or Ar. Na®™TcO, was eluted
from a ®Mo/®"Tc generator (Mallinckrodt) in 0.9% saline. Calf-
thymus DNA was purchased from Fluka and purified by multiple
phenol extraction steps. $X174 ds DNA was purchased from Prom-
ega and used without further purification.

'H and *C NMR spectra were recorded on Varian Gemini 300 (300
and 75 MHz, respectively) or Bruker DRX500 (500 and 125 MHz, re-
spectively) spectrometers. The reported chemical shifts (6 in ppm)
are relative to the solvent protons used for reference. TLC was
performed on Merck silica gel 60 R,s, plates. The compounds were
visualized with UV light (254 nm) or Schlittler reagent.®" HPLC was
performed on a Merck L7000 system with a Macherey-Nagel
EC 250/3 Nucleosil 100-5 C18HD column for nonradioactive com-
pounds and a Macherey-Nagel EC 250/3 Nucleosil 100-5 C18
column for radioactive compounds. HPLC solvents were 0.1% tri-
fluoroacetic acid (solvent A) and HPLC-grade MeOH (solvent B).
Gradient: 0-3 min: 100% A; 3.1-9 min: 75% A, 25% B; 9.1-20 min:
linear gradient from 66% A, 34%B to 100% B; 20-28 min:
100% B; 28.1-30 min: 100% A. Flow rate: 0.5 mLmin~". Detection
wavelength: 250 nm. Preparative HPLC: Varian Pro Star system
with a Macherey-Nagel VP 250/40 Nucleosil 100-7 C18 column
and a flow rate of 40 mLmin~". UV/Vis spectra were recorded on a
Perkin-Elmer Cary 50 spectrometer equipped with a Peltier ther-
mostat. Linear dichroism (LD) spectra were recorded in a “flow cell”
on a Jasco J500A spectropolarimeter equipped with an IBM PC and
a JascoJ interface. The determination and interpretation of the
data were performed as described in previous publications.?**

X-ray data collection was performed on a STOE IPDS diffractometer.
Suitable crystals were covered with Paratone N oil and mounted
on top of a glass fiber. Data were collected at 183(2) K by using
graphite-monochromated Moy, radiation (A=0.71073 A). 8000 re-
flections distributed over the whole limiting sphere were selected
by the program SELECT and used for unit-cell parameter refine-
ment with the program CELL. Data were corrected for Lorentz and
polarization effects as well as for absorption (numerical). Structures
were solved with direct methods by using the SHELXS-97 or SIR97
programs and were refined by the full-matrix least-squares meth-
ods on F? with the SHELXL-97 program.
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N-(2-Aminoethyl)-N'-pyrene-1-ylmethylethane-1,2-diamine  (5):
Pyrene-1-carbaldehyde (1.08 g, 4.69 mmol) and (1.452 g, 1.528 mL,
14.07 mmol) diethylenetriamine were dissolved in EtOH (50 mL).
CH,Cl, was added until the solution became clear. After molecular
sieves (5 g, 3 A pore diameter) had been added, the solution was
stirred for 36 h at RT. The solution was then cooled to 0°C, and
NaBH, (355 mg, 9.38 mmol) was added in small portions. After
12 h, excess NaBH, was quenched with a few drops of H,0. The
solution was filtered and dried in vacuo. The resulting oil was
purified by flash chromatography (CH,Cl,/MeOH/25% NH,OH,
100:30:3) to afford a light yellow oil (649 mg, 44%): 'H NMR
(CDCLy): 6=8.22 (d, 1H), 8.07 (d, 2H), 8.01 (m, 2H), 7.90 (m, 4H),
4.34 (s, 2H), 2.99 (s, 4H), 2.74 (t, 2H), 2.66 (t, 2H), 2.60 (t, 2H), 2.51
(t, 2H) ppm; *C NMR (CDCl;): 6=133.4, 131.1, 130.6, 130.5, 128.9,
127.5, 127.3, 126.9, 125.8, 125.0, 124.9, 124.8, 124.6, 124.5, 123.0,
51.1, 50.6, 48.5, 40.6 ppm; MS (ESI): m/z: 318.27 [M+HIt (m/z
caled for [CyHyNs]*: 318.20); HPLC: R,=17.8 min; TLC: R;=0.15
(CH,Cl,/MeOH/25 % NH,OH, 100:30:3).

(2-Aminoethyl)-(2-(tert-butoxycarbonyl-(2-tert-butoxycarbonyla-
minoethyl)amino)ethyl)carbamic acid tert-butyl ester (6): 2-
Acetyl-5,5-dimethyl-cyclohexane-1,3-dione (Dde) (0.788 g,
4.32 mmol) in EtOH (10 mL) was slowly added to an ice-cooled
solution of N,N'-bis-(2-aminoethyl)-ethane-1,2-diamine (1.265 g,
1.3 mL, 8.65 mmol) dissolved in EtOH (10 mL). The reaction mixture
was stirred overnight at RT. After completion of the reaction, the
solvent was removed in vacuo. The resulting crude product (2.6 g)
was dissolved in EtOH (20 mL) and cooled to 0°C. Di-tert-butyl-py-
rocarbonate ((BOC),0, 7 g) in EtOH (20 mL) was then slowly added
to the reaction mixture, which was subsequently stirred overnight
at RT. Excess of di-tert-butyl-pyrocarbonate ((BOC),0) was
quenched with H,0 (1 mL) and subsequent stirring at 50°C for
30 min. A 25% aqueous hydrazine solution (10 mL) was then
added to the reaction mixture and stirring was continued for 4 h
at RT. The solvent was removed in vacuo. The resulting oil was
purified by flash chromatography (EtOAc/MeOH/25% NH,OH,
100:10:1) to yield a colorless oil (1.47 g, 77 % based on the quanti-
ty of Dde): 'H NMR (CDCl,): 6 =4.13-4.11 (brs, 1H), 3.32 (br, 10H),
2.86 (br, 2H), 2.23 (br, 2H), 1.46 (s, 18H), 1.43 (s, 9H) ppm; '*C NMR
(CDCly): 6=158.3, 157.2, 81.3, 79.9, 49.8-46.6, 40.1, 28.8 ppm; MS
(ESl): m/z: 447.12 [M+H]t (m/z caled for [CyH,;N,Of1:447.31);
TLC: R;=0.12 (EtOAc/MeOH/25 % NH,OH, 100:10:1).

9,10-Dioxo0-9,10-dihydroanthracene-2-carbonyl chloride (7): A so-
lution containing 9,10-dioxo-9,10-dihydro-anthracene-2-carboxylic
acid (500 mg) and a few drops of DMF in SOCl, (7.5 mL) was
heated under reflux for 4 h. Excess SOCI, was removed under high
vacuum. Recrystallization from CH,CI,/EtOAc (9:2) afforded 7
(360 mg, 67%) as light-yellow needles: '"H NMR ([DJDMSO): 6=
8.66 (s, 1H), 843 (m, 1H), 831 (m, 1H), 823 (d, 2H), 7.97 (¢,
2H) ppm; CNMR (CDCly): 6=182.3, 182.2, 164.9, 1359, 1354,
134.6, 1344, 1343, 1334, 130.3, 129.6, 1284, 1282, 1273,
126.8 ppm; IR (KBr): #(CO—Cl)=1745 cm™', #(CO)=1674 cm™"; ele-
mental analysis: calcd (%) for C,sH,0;Cl: C 66.56, H 2.61; found: C
66.54, H 2.56.

(2-(tert-Butoxycarbonyl-(2-tert-butoxycarbonylamino-ethyl)-
amino)-ethyl)-(2-((9,10-dioxo-9,10-dihydroanthracene-2-carbon-
yl)amino)ethyl)carbamic acid tert-butyl ester (8): A solution of 7
(150 mg, 0.55 mmol) in CH,Cl, (5 mL) was slowly added to an ice-
cooled solution of 6 (236 mg, 0.53 mmol) and Et;N (220 pL,
1.59 mmol) in CH,Cl, (7 mL). This light-yellow mixture was stirred
at RT for 2 h. After removal of the solvent in vacuo, the crude
product was purified by flash chromatography (CH,Cl,/MeOH,
100:3) to yield 8 (327 mg, 91%) as a yellow oil: '"H NMR (CDCl,):
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0=8.66 (s, 1H), 8.30-8.18 (m, 4H), 7.76-7.71 (m, 2H), 4.90 (brs,
1H), 3.54 (brs, 2H), 3.48 (brs, 2H), 3.32 (brs, 10H), 1.38 (s, 9H),
1.36 ppm (s, 18H); *C NMR (CDCl,): 6=182.8, 182.6, 165.2, 156.2,
136.1, 135.6, 134.7, 134.6, 134.5, 133.66, 133.58, 133.51, 1287,
127.62, 127.54, 127.48, 77.2, 49.6-44.1, 39.8-38.9 ppm; MS (ESI):
m/z: 680.20 [M]* (m/z calcd for [CsgHN,Oolt: 680.34); HPLC: R,=
24.5 min; TLC: R;=0.20 (CH,Cl,/MeOH, 100:3).

9,10-Dioxo-9,10-dihydroanthracene-2-carboxylic acid (2-(2-(2-
aminoethylamino)ethylamino)ethyl)amide (9): Trifluoroacetic acid
(3 mL) was added to a solution of 8 (607 mg, 0.89 mmol) in CH,Cl,
(7 mL). This mixture was stirred at RT for 5 h. After the solvent had
been removed in vacuo, the product was dried overnight in high
vacuum to yield compound 9 (339 mg, >98% (HPLQ)) as a light-
yellow oil: '"H NMR (D,0): 6=8.01 (s, 1H), 7.85 (d, 1H), 7.78 (m,
3H), 7.63 (m, 2H), 3.77 (t, 2H), 3.57 (brs, 4H), 3.50 (m, 2H), 3.4 (m,
4H) ppm; CNMR (CDCly): 6=183.1, 182.9, 168.1, 137.3, 135.0,
134.4, 132.7, 132.4, 132.0, 126.8-127.5, 125.5, 47.8, 44.5, 43.3, 43.0,
36.4, 35.2 ppm; MS (ESI): m/z: 380.80 [M+H]*t (m/z caled for
[Cy1HsN,05]%: 381.19); HPLC: R,=17.9 min.

Re complexes: General procedure: A solution containing
[Re(Br);(CO);][Et,N], (0.30 mmol), prepared as previously de-
scribed,?** the organic molecule (0.30 mmol), and Et;N (1 mmol)
in MeOH (10 mL) was stirred under reflux until completion of the
reaction. After removal of the solvent in vacuo, the resulting crude
product was purified by preparative HPLC. Yields prior to purifica-
tion were higher than 98% according to analytical HPLC. Final
yields after purification were smaller due to loss during the purifi-
cation procedure.

Complex 2: Yield=62%; 'HNMR (second diastereomer; CD,CN):
0=28.40 (d, 1H), 8.26 (m, 5H), 8.2-8.05 (m, 3H), 5.84 (brs, 1H), 5.67
(brs, 1H), 5.25 (brs, 1H), 5.14 (q, 'J=24, 2J=8 Hz, TH), 490 (q, 'J=
24,2J=15Hz, 1H), 426 (brs, 1H), 3.23 (m, 1H), 2.94 (m, 3H), 2.79
(m, 1H), 2.63 (m, 1H), 2.4 (brs, 2H) ppm; *C NMR (second diaster-
eomer; CD,CN): 6=196.9, 196.5, 195.0, 132.5, 132.3, 131.7, 131.6,
130.6, 129.7, 129.3, 128.9, 128.4, 127.5, 126.7, 126.5, 126.0, 125.6,
125.4, 123.8, 59.6, 54.5, 53.7, 49.9, 40.6 ppm; MS (ESI): m/z: 587.81
IMIT (m/z caled for CyH,;N;O;Re: 588.13); HPLC: R,=22.2 and
23.2 min.

Complex 4: Yield: 78%; 'H NMR (second diastereomer; D,0): 6=
8.01 (s, TH), 7.85 (d, 1H), 7.78 (m, 3H), 7.63 (m, 2H), 3.77 (t, 2H),
3.57 (brs, 4H), 3.5 (m, 2H), 3.4 (m, 4H) ppm; *C NMR (second dia-
stereomer; D,0, 125 MHz): 6=183.1, 182.9, 168.1, 137.3, 135.0,
134.4, 132.7, 132.4, 132.0, 126.8-127.5, 125.5, 47.8, 44.5, 43.3, 43.0,
364, 352ppm; MS (ESI): m/z: 651.53 [M]* (m/z calcd for
CpuH2uN,ORe: 651.12); HPLC: R,=21.7 min.

9%"™Tc complexes: General procedure: A 10-mL vial containing a
10~* or 107°>m aqueous solution (100 pL) of the appropriate ligand
was sealed and flushed with N,. After addition of a saline solution
(900 uL) containing about 107" M fac-[*™Tc(OH,);(CO)]*, prepared
as previously described,™® the vial was heated to 90°C for 30 min.
The reaction solution was then cooled in an ice bath and the mix-
ture was analyzed by HPLC with y detection. Complex 1: HPLC:
R,=25.8 and 26.7 min. Complex 3: HPLC: R,=24.6 min.
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Oligosaccharide Mimics Containing Galactose

and Fucose Specifically

Label Tumour Cell

Surfaces and Inhibit Cell Adhesion to

Fibronectin

Evelyn Y-L. Kim, Claas Gronewold,”” Amitava Chatterjee,” Claus-

Wilhelm von der Lieth,'” Christian Kliem,

Manfred Wiessler,*? and Eva Frei*®

With the aim of establishing a versatile and easy synthesis of
branched saccharides for biological applications, we used molec-
ular-dynamics simulations to model Lewis’ to two classes of di-
or triantennary saccharide mimetics. One set of mimetics was
based on 1,3,5-tris(hydroxymethyl)cyclohexane (TMC) as the core,
the other on furan, and both were derivatised with galactose
and/or fucose. The TMC-based saccharides were biotinylated,
while the furan disaccharides were treated with maleimide-acti-
vated biotin in a Diels—Alder fashion to yield oxazatricyclode-
canes (OTDs). These were then assayed as cell-surface labels in
human colon (SW480 and CaCo-2), liver (PLC), Glia (U333 CG 343)
and ovary (SKOV-3) tumour cell lines. Discrete staining patterns
were observed in all cells, usually at one or two poles of the cells,
particularly with the asymmetric 3-f3-L-fucopyranosyloxymethyl-
4-p-p-galactopyranosyloxymethyl-OTD. Normal SV40-transformed

Introduction

Cell surfaces are highly glycosylated, either in the form of gly-
coproteins or glycolipids,™ and the structural diversity of sac-
charides, particularly the different possible linkages in oligosac-
charide chains, leads to a diversity far exceeding that of pro-
teins or nucleic acids.”’ The information encoded by oligosac-
charides on glycolipids or glycoproteins plays an essential role
in protein folding, protein stability and cell-cell recognition.
Lectins—proteins that specifically bind and recognise terminal
saccharides in complex structures, first identified in plants and
more recently in mammals—are partners capable of reading
and recognising this glycocode. Binding of saccharides to lec-
tins occurs in shallow binding sites with low affinity, unlike pro-
tein interactions with saccharides in enzymatic reactions, in
which sugar binding has high affinity and occurs in deep clefts
in the proteins. The affinity of saccharide ligands for lectins in-
creases dramatically if the ligands are clustered and the distan-
ces between the terminal saccharides are optimal.** This was
shown very systematically for the hepatic asialoglycoprotein
receptor by Lee and Lee.”’ The asialoglycoprotein receptor is a
heterotrimer in which each subunit has one CRD. The K; values
ranged from 0.5 M for the monoantennary galactose ligand to
100 nm for the trivalent galactose cluster. For other sugar-
lectin interactions, the structural requirements for potent inhib-
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fibroblasts (SV80) showed no staining. Adhesion of the highly
metastatic mouse melanoma line B16F10 to fibronectin was in-
hibited by 80% by the TMC-digalactoside and by 30 % by 3,4-bis-
(B-p-galactopyranosyloxymethyl)furan. None of the saccharide
mimetics inhibited the adhesion of the less metastatic B16F1
line. Migration of B16F10 cells through Matrigel™ was greatly in-
hibited by the TMC-digalactoside and weakly inhibited by the
TMC-trigalactoside. The saccharide mimetics that had shown the
best structural agreements with the terminal saccharides of
Lewis” in the molecular dynamics simulation were also the most
biologically potent compounds; this underlines the predictive
nature of molecular dynamics simulations. The use of the non-
saccharide cores enabled us to adapt spacer lengths and termi-
nal saccharides to optimise the structures to bind more avidly to
cell-surface lectins.

itors have also been analysed in terms of angles and distances
of the ligand saccharides in glycoclusters, and are summarised
in a review.”) The distances between the binding saccharides
are in the nanometer range. Cooperativity can also occur, how-
ever, if a second saccharide binds to a second CRD on the
same subunit of a lectin; here distances would be expected to
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be shorter.” Galectins with just one or two CRDs can also clus-
ter in response to multivalent saccharides, and as a conse-
quence the otherwise weak binding is more avid.” Endoge-
nous lectins are soluble or membrane-bound, and the role of
lectin—saccharide interactions in tumour growth and progres-
sion is being intensively investigated. Cell-cell and cell-ECM
adhesions are mediated not only by integrin-ligand interac-
tions but also by lectin—-oligosaccharide binding or saccharide-
saccharide interactions. Such interactions of lectins with their
oligosaccharide ligands can be perturbed by soluble saccha-
rides, as demonstrated by Oguchi et al.,”” who inhibited B16
melanoma metastasis to the lung by administration of methyl-
a-D-lactose or lacto-N-tetrose.

Multiantennary saccharide structures would serve as good
diagnostic tools or as inhibitors of cell migration and/or adhe-
sion, were the synthesis of natural oligosaccharides not compli-
cated and expensive. Saccharide mimetics that mimic the ge-
ometry of natural multiantennary oligosaccharides, however,
should facilitate such applications.”” Mimetics with easily acces-
sible cores would also be ideal structures on which to optimise
spacer lengths and terminal saccharides, to find the best fit to
their “receptor”.

We therefore modelled the terminal tetrasaccharide of
Lewis’, which is expressed in gastrointestinal, breast and lung
carcinomas (summarised in ref. [8]), to two classes of di- or tri-
antennary saccharide mimics. One mimetic is based on 1,3,5-
tris(hydroxymethyl)cyclohexane (TMC) as core, its dimensions
closely mimicking a pyranose, whilst the other mimics were
products of Diels—Alder reactions between glycosylated furans
and dienophile linkers (Scheme 1), with furan mimicking fura-
nose. Molecular-dynamics (MD) simulations (with explicit water
molecules) were performed to explore the conformational
spaces of the new molecules and to derive geometric charac-
teristics to enable easy comparison with the molecular shape
of Lewis’. We then proceeded to obtain information on the
biological activity of the synthesised saccharide mimics in
three assays. To detect binding of the mimics to cell surfaces,
the TMC core was derivatised with two galactose moieties and
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biotin, while the diglycosylated furan was linked with biotin-
maleimide in a Diels—Alder fashion (Scheme 2). The perturba-
tion of the adhesion of B16F1 or B16F10 cells to fibronectin
by the synthetic di- or trisaccharides was investigated, as was
their influence on cell migration through Matrigel.

R
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Scheme 1. Structures of and abbreviations for the synthesised furan-derived
saccharide mimetics used in the molecular dynamic simulations and for the
biological assays.

Results

Molecular dynamics simulations of the synthetic oligo-
saccharide mimics and Lewis”

By analysing some meaningful structural features derived from
MD simulations, we compared the TMC-galactosides (struc-
tures in Scheme 3) and the OTD-glycoside mimetics with the
same structural characteristics of the tumour antigen Lewis”.
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Scheme 2. Synthesis of the furan-3,4-FucGal 4 as an example for the furan-based saccharide mimetics, together with the Diels-Alder reaction to provide the biotin-

ylated OTD-3,4-FucGal 8.
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Scheme 3. Synthesis of cis,cis-1,3-bis-(f3-p-galactopyranosyloxymethyl)-5-(hydroxymethyl)cyclohexane (TMC-di-Gal; 10) and cis,cis-1,3,5-tris-(3-D-galactopyranosyl-

oxymethyl)cyclohexane (TMC-tri-Gal; 12).

For the oligosaccharide mimetics, the distances and angles
formed by the centres of the core region and of each terminal
sugar or of the three sugars were chosen as characteristic fea-
tures. These values were compared with those derived for
Lewis’, with the two fucose and GIcNAc or Gal defined as rele-
vant structures (Figure 1A). Simple three-point pharmacophore
models based on the means and standard deviations of these
characteristic features were derived and compared to the
three-point models Gal-Fuc1-Fuc2 of Lewis’ (Figure 1B) or
GIcNAc-Fuc1-Fuc2 (Figure 1C), because either Gal or GlcNAc
could be involved in Lewis’ binding to a lectin.

The best alignment of the natural oligosaccharide was with
the synthetic OTD-3,4-FucGal 8 when the OTD core was super-
imposed on GIcNAc of Lewis’. Here, however, the Gal of the
OTD mimic is superimposed on Fucl of Lewis’ (Figure 1C). If
the Gal-Fuc1-Fuc2 triangle is compared with OTD-3,4-FucGal 8
(Figure 1B), the correct sugars are superimposed (Gal on Gal
and Fuc on Fuc) and the fit is still good, because the standard
deviations overlap. The 2,5-di-Gal derivative of OTD 5 does not
align well with any Lewis’ pharmacophore model, because of
its extended configuration. Replacement of Fuc by Gal in the
OTD 8 does not result in a better fit, but the geometry is simi-
lar to that of TMC-di-Gal 10. TMC-tri-Gal 12 showed very poor
agreement with Lewis’ when the angles and distances of the
centres of all three Gal units were matched to the terminal car-
bohydrates of Lewis’.

No significant differences in geometry were observed when
the furan was chosen as third centre instead of OTD. The ori-
entation of the saccharides on the tricyclo ring system is there-
fore nearly identical to that in the original furan precursor in
the Diels—Alder reaction.
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Interactions of the biotinylated oligosaccharide mimics with
the cell surface

When cells incubated with the biotinylated unsymmetrical di-
antennary OTD-3,4-FucGal 8 were treated with avidin-FITC, we
observed discrete staining patterns with high fluorescent in-
tensities on the cell surfaces of the two colon carcinoma cell
lines SW480 (Figure 2C) and CaCo-2 (not shown), of the liver
carcinoma PLC (Figure 2J) and of the ovarian carcinoma SKOV-
3 (Figure 21). The staining was either at one or at both poles
on the cells, as can clearly be seen in Figure 2C for SW480
cells. The homologue OTD-3,4-mimics containing either two
galactose or two fucose molecules showed altogether lower
and diffuse fluorescence intensities (e.g., Figure 2B) except on
the glia cells U-333, which were intensely labelled on treat-
ment with the digalactoside (Figure 2L). Another exception
was observed when SW480 cells were stained with OTD-3,4-di-
Fuc 7, which resulted in a discrete dipole staining pattern of
the cells (Figure 2A). OTD-2,5-di-Gal 5, however, showed a
lower and diffuse staining pattern on these cell lines (data not
shown). SKOV-3, when incubated with the biotinylated dian-
tennary digalactoside of the TMC-series 9, with a stereochemi-
cal orientation similar to that of the OTD-derived disaccharide
mimetic, showed high fluorescence intensities both on the ex-
tracellular matrix and on the cells, where staining seemed to
colocalise with focal adhesion points (Figure 2G). To show that
the fluorescence staining is indeed localised on the cell mem-
brane, SW480 cells were permeablised with Triton X-100 prior
to the staining procedure. The oligosaccharide mimics then pe-
netrated the cell and stained the nuclei intensely and the cy-
toskeleton weakly (Figure 2D). MCF-7 cells incubated with any
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Figure 1. Comparison of the defined characteristic geometric features of Lewis”
(A) with those of the synthetic carbohydrate mimetics. The statistical values of
1000 structures taken from the MD simulations are evaluated. B) Comparison
of the centres of Gal, Fucl and Fuc2 in Lewis’ with those in the synthetic mim-
etics. C) Comparison of the centres of GIcNAc, Fucl and Fuc2 in Lewis’ with
those in the synthetic mimetics (OTD: oxazatricyclodecane, G: galactose, F:
fucose, TMC: 1,3,5-tris(hydroxymethyl)cyclohexane).

of the OTD-3,4-disaccharides showed only weak and diffuse
staining (data not shown). Only diffuse staining of some cells
and spots on the ECM were also observed on normal human
fibroblasts SV80 incubated with OTD-3,4-di-Gal 6 or OTD-2,5-

ChemBioChem 2005, 6, 422-431  www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

di-Gal 5, OTD-3,4-di-Fuc 7 or TMC-di-Gal 10 (Figure 2 M, shown
for OTD-3,4-di-Gal 6). Cells incubated only with avidin-FITC
were either dark or showed a very slight diffuse staining (not
shown).

Adhesion assays with B16F1 and B16F10 cells on
fibronectin

Another aspect of the biological effects of endogenous lectins
is associated with their involvement in cell-cell or cell-extracel-
lular matrix interactions and cell migration. Experiments were
performed to determine whether our synthetic oligosaccharide
mimics influenced the adhesion of cells to one ECM protein
specifically and in a structure-related manner. The strengths of
adhesion to fibronectin of B16F1 cells, which have low meta-
static capacity in vivo, and of B16F10 cells, which are highly
metastatic to the lung in syngeneic mice, were compared. The
optimal amount of fibronectin per well was first determined to
be 0.5 pg. Cells from both lines adhered very efficiently to fi-
bronectin: 70% of the 50000 cells seeded per well were adher-
ing after 1 h. No difference between the two lines was seen.
Cells from both lines were then treated with different concen-
trations of TMC-di-Gal 10, TMC-tri-Gal 12, or with the control
substances methyl (-p-galactopyranoside and the TMC core
11. None of the compounds inhibited the adhesion of B16F1
cells to fibronectin (not shown). At 10 mm, however, the TMC-
di-Gal 10 effectively inhibited the adhesion of B16F10 cells
and at 40mwm cell adhesion was inhibited by 80 %, while TMC-
tri-Gal 12 and TMC 11 alone showed only 20% inhibition.
Methyl B-p-galactopyranoside slightly promoted the adhesion
of these cells to fibronectin at all concentrations tested (Fig-
ure 3A).

The two isomeric furan-digalactosides 1 and 2 also had dif-
ferent effects on the two cell lines. B16F1 adhesion was again
not significantly affected by either galactoside, while B16F10
adhesion was inhibited by 40% by both furan mimetics at 20
and 40mwm. The stereochemical orientation of the two galac-
tose moieties did not seem to influence the inhibitory potency,
except at 10mwm, at which the 3,4-di-Gal isomer 2 slightly en-
hanced cell adhesion (Figure 3B). The unsymmetrical furan-3,4-
FucGal 4 had no effect on B16F10 cells’ adhesion to fibronec-
tin.

None of the saccharide mimetics, nor TMC 11 nor methyl f3-
D-galactopyranoside was cytotoxic at the concentrations and
incubation times used in our experiments, as determined by
trypan blue exclusion. The osmolarity (Osmomat 030, Gonotec
osmometer) of the medium was unchanged either by 50mm
TMC-tri-Gal 12 or by methyl 3-p-galactopyranoside.

The inhibitory effects of the synthetic branched saccharide
mimetics on cell adhesion to the ECM protein fibronectin are
not unspecific effects of high saccharide concentrations, since
methyl (-p-galactopyranoside either showed enhanced adhe-
sion or had no effect.

Migration of B16F10 cells through Matrigel™

Because TMC-di-Gal 10 was the best inhibitor of cell adhesion
while TMC-tri-Gal 12 was a weaker inhibitor, the TMC deriva-
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Figure 2. Staining patterns obtained on cells after treatment with biotinylated OTD-3,4-di-Fuc 7 (A), OTD-3,4-di-Gal 6
(B, L, M), OTD-3,4-FucGal 8 (C, D, |, J,) or TMC-di-Gal 10 (G) and avidin-FITC. A-F are SW480 cells (colorectal adenocar-
cinoma), G-I are SKOV-3 (ovarian adenocarcinoma), J and K are PLC (liver carcinoma), L and O are glia (astrocytoma
U333CG343) and M and N are SV80 (SV40 transformed fibroblasts). Pattern E shows the DAPI-stained nuclei of D, F
those of C, H those of G, K those of J, N those of M, and O those of L. The cells in D and E were permeabilised with

Triton-X100 prior to staining. All magnifications 100 except for L and O (200 % ).

tives are a good model with which to investigate the influence
of the number of galactose units in the mimetics on cell migra-
tion. The influence of the saccharide mimetics of the TMC
series very closely paralleled the observations made in the ad-
hesion assays. TMC-di-Gal 10 inhibited migration of B16F10
cells through this extracellular matrix preparation almost com-
pletely—Figure 4 shows the only cells to have migrated—
while TMC-tri-Gal 12 only slightly inhibited migration. TMC 11
and methyl [-p-galactopyranoside slightly stimulated migra-
tion, more cells being visible on the lower side of the chamber
than in the control incubations. The effect on B16F1 cells was
similar, but more cells migrated in the presence of TMC-di-Gal
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10 and cells tended to cluster
(not shown). No toxicity of the
compounds towards the cells
was observed after 48 h, but
TMC-di-Gal 10 and TMC-tri-Gal
12 inhibited cell growth. This
growth inhibition is not relevant
for the migration assay, since
cells exposed to the saccharide
mimetics are in  serum-free
medium and do not proliferate.

Discussion

The synthetic saccharide mime-
tics with either TMC or furan (de-
rivatised to the Diels-Alder com-
pound; OTD) units as core mole-
cules bound to discrete areas on
the surfaces of epithelial tumour
cells. The staining pattern de-
pended on the carbohydrate
moieties, on their stereochemical
orientation and on the tumour
cell lines used.

The defined structural fea-
tures, derived from MD simula-
tions, could be successfully ap-
plied in order to compare the
synthetic oligosaccharide mimics
with Lewis’, a branched oligosac-
charide. In general, the results of
the molecular modelling studies
correlated very well with the
findings of the biological experi-
ments and also indicated some
predictive power of this ap-
proach for the design of more
potent inhibitors. The two com-
pounds OTD-3,4-di-Gal 6 and the
TMC-di-Gal 10, which were bio-
logically active, also showed the
best structural correspondence
with Lewis”. OTD-2,5-di-Gal 5
stained cell surfaces only very
weakly and in a diffuse way, while OTD-3,4-di-Gal 6 and partic-
ularly OTD-3,4-FucGal 8 showed discrete staining. TMC-di-Gal-
biotin 9 also stained SKOV-3 cells specifically.

Normal human fibroblasts showed only very weak and dif-
fuse staining, so these biotinylated saccharide mimetics seem
to show specificity either for epithelial cells or maybe for
tumour cells. The sites labelled by the biotinylated mimetics
seem to be sites relevant for cell adhesion, since the furan-3,4-
di-Gal 2 and particularly the TMC-di-Gal 10 effectively inhibited
adhesion of the more metastatic murine melanoma cells
B16F10 to fibronectin, while no effects were observable on the
less metastatic B16F1 line. Both melanoma cell lines adhered
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Figure 3. Influence of adhesion of B16F10 cells to fibronectin of increasing con-
centrations of: A) TMC-di-Gal 10 (black bars), TMC-tri-Gal 12 (striped bars),
TMC 11 (white bars) or methyl 3-p-galactopyranoside (horizontally striped
bars), and B) increasing concentrations of furan-3,4-di-Gal 2 (black bars) or
furan-2,5-di-Gal 1 (white bars). Each well was coated with 0.5 ug fibronectin.
Cells were labelled with [PH]-thymidine, exposed to the test compounds for 1 h
and seeded into the wells. After 1 h, nonadherent cells were washed away, radi-
oactivity was counted, and the cell number was read from a calibration curve
performed for each experiment. The values are means and standard deviations
of four wells in relation to untreated cells (see Experimental Section for details).

equally strongly to fibronectin and both cell lines express
asPy, 2 the fibronectin receptor."” TMC-di-Gal 10 also effec-
tively inhibited migration of B16F10 and B16F1 cells through
Matrigel, while TMC-tri-Gal 12 was less effective.

Chandrasekaran etal!? found cooperativity between a
mannan-binding cellular lectin and f;-integrin-mediated bind-
ing of B16F1 cells to laminin. Mannan binding to fixed adher-
ent cells is localised in capping areas, while p3, is located on
the rims of cells in focal adhesion points. Our saccharide mim-
etics showed similar binding to poles or caps of cells, rather
than to rims, except perhaps in the case of TMC-di-Gal 10 on
SKOV-3 cells, which localised structures resembling focal adhe-
sion plaques. The very intense and discrete staining of SW480
cells with OTD-3,4-FucGal 8 and OTD-3,4-di-Fuc 7 could be
through binding to the fucose receptor described for these
cells by Lerchen et al."

Integrins consist of two subunits (o and ), associated non-
covalently but tightly. Either subunit is coprecipitated with the
antibody to the other subunit. The association of a5 to f3,
seems to be controlled by the extent of N-glycosylation, since
interference with this process dissociated the o subunit from
the 3, subunit of the fibronectin receptor and at the same
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Figure 4. Influence of 40 mm TMC derivatives on the migration of B16F10 cells
through Matrigel™ after 48 h. The magnification was 200 x. In the TMC-di-Gal
10 picture, these are the only cells that migrated. In the TMC-tri-Gal 12 insert,
4/S of the area was without cells; the area with cells is shown. In the control in-
cubation without saccharides, fewer cells migrated than did in the presence of
methyl -p-galactopyranoside or TMC 11; the picture represents a typical area.
The round structures in the pictures are the pores of the membrane.

time decreased binding to fibronectin."¥ The same authors
had previously observed a regulatory effect of Gy;
(NeuAca[2 —3]Galp[1—4]GIcpf[1—1]Cer), a glycosphingolipid,
on asB;-mediated adhesion to fibronectin. Low Gy; concentra-
tions enhanced adhesion, while high concentrations inhibited
adhesion.™ The saccharide mimetics used in our studies
might similarly dissociate asf3, integrin, but they are highly
water-soluble and are not integrated into the plasma mem-
brane as sphingolipids are. Hakomori et al.®! report that the ex-
pression level of Gy; in B16 cells correlates with their metastat-
ic potential. The more metastatic BI6F10 cells express more
Gy; than B16F1. Raz et al., however, had earlier found no dif-
ference in G,; levels between the two lines.'®

A further possible means of carbohydrates perturbing integ-
rin-mediated attachment to ECM proteins could be by binding
to lectin domains on the integrins. The integrin subunit o, in
MAC-1, a leukocyte-specific integrin (ayf3,), has a lectin domain
that, upon binding its carbohydrate ligand, triggers the neutro-
phile.'” The as or o, subunits might also have lectin-like prop-
erties enabling them to bind to the glyco structures in fibro-
nectin, which would be perturbed by our soluble saccharide
mimetics. These might also interfere with the association of
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regulatory proteins with integrins. Such associations have been
best examined on leukocytes.

The ; subunit and uPAR (urokinase-type plasmin activator
receptor) can be co-immunoprecipitated from leukocyte mem-
branes. This association is lectin/carbohydrate-mediated and
can be perturbed by GIcNAc. uPAR is a ubiquitous regulatory
protein, which also occurs on tumour cells and regulates integ-
rin function by association—dissociation.!'®

Hangan-Steinmann et al."” observed that, in B16F1 cells ex-
pressing both asf3; and a,f3; (both of which are fibronectin re-
ceptors), inhibition of binding to fibronectin with anti-as plus
anti-a, antibodies amounted to only 60%. The rest of the
binding could therefore be mediated by oligosaccharide-lectin
interactions.

Of the known lectins, galectins and selectins play important
roles in cell adhesion processes."” Galectins 1 and 3 in particu-
lar seem to be important not only in tumour cell homotypic
and heterotypic aggregation and clustering, which enhances
formation of metastases, but also in adhesion to the ECM. Ga-
lectins recognise N-acetyl-lactosamines, and laminin and fibro-
nectin contain poly-LacNAc structures and could therefore
serve as galectin ligands.”” Galectin 3, a soluble lectin, is over-
expressed in various tumours, such as gastric, ovarian and
breast. Galectin-1 binds laminin and fibronectin and may
induce apoptosis, while galectin-3 inhibits anoikis, apoptosis
induced by lack of adhesion." Cell-cell aggregation is impor-
tant for survival of metastasising cells, since B16F1 cells that
aggregate form more pulmonary metastases.”" This process
seems to be saccharide-mediated, because citrus pectin con-
taining branched oligosaccharides increases asialofetuin-in-
duced cell aggregation and metastasis formation, while linear
citrus pectin chains inhibit aggregation and metastases.’*?

Galectin 3 interacts with integrins in a concentration-
dependent manner to enhance or attenuate integrin-mediated
adhesion. Galactose can activate integrins to form clusters,
which increases cellular adhesion to the ECM.®® A similar mech-
anism could be the cause of the observed slight stimulation of
B16F10 cell adhesion to fibronectin by methyl 3-p-galactopyr-
anoside.

Raz et al.'® found no qualitative difference in protein com-
position, galactose or sialic acid content on the cell surfaces, or
in membrane fluidity between B16F1 and B16F10 cells. Our
finding of a difference in the inhibition of the binding of both
lines to fibronectin by synthetic saccharides, despite similar ini-
tial binding, is one of the very few biochemical differences
seen between these two lines. The tightness of binding to, as
well as the amount of ECM around, a tumour cell determines
its metastatic potential."" The relative ease with which B16F10
cells are prevented from binding to fibronectin after being
“covered” with furan-3,4-di-Gal 2 or TMC-di-Gal 10 might re-
flect their ability to metastasise to the lung. B16F1 might ex-
press less of these relevant lectins and as a consequence not
settle as easily in the lung.

Cell surface glycosylation can also change upon incubation
with saccharides, as shown by Woynarowska et al.,”® but after
incubation times of 48-72 h. The effects we observed are
therefore probably direct effects of the glycomimetics on cells.
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These authors have shown that 3-deoxy-3-fluoro-N-acetyl-
glucosamine and its 4-fluoro analogue can inhibit binding of
ovarian cancer cells to galeptin, a Gal-binding ECM lectin iso-
lated from human spleen. Their work shows that synthetic
sugar mimetics can interfere with cell adhesion.””

The effective concentrations in our adhesion assays seem
quite high, but are in the range cited in the literature.”? Disso-
ciation constants of oligosaccharide-protein complexes were
found to be 1073 to 107*M, and thus in the range of our effec-
tive saccharide concentration.” This could reflect suboptimal
geometry of our synthetic compounds,” since multivalent li-
gands against, for example, cholera toxins with the proper ter-
minal saccharide and spacer lengths, which fit the toxin bind-
ing sites, bind 107 times more avidly than monovalent saccha-
rides.”” The same happens with galectins—although they only
contain either one or two CRDs, galectins are clustered by mul-
tivalent ligands.”® Our synthetic strategy using mimetics as
core molecules allows us to create libraries easily by changing
spacer lengths and terminal saccharides to optimise the struc-
tures to bind more tightly to cell surface lectins.

Experimental Section

Molecular dynamics simulations: To explore the conformational
space accessible to Lewis’ and the carbohydrate mimetics, MD sim-
ulations—including the aqueous surroundings—were performed.
The applied modelling procedure was the same for all investigated
structures, and performed according to a protocol recently de-
scribed for analyses of glycoclusters and glycodendrimers.”’ One
arbitrary 3D structure of each compound was placed in the centre
of a 25x25x25 A box, which was filled with water molecules. A
double cut-off for nonbonded interactions of 10 and 12 A was ap-
plied for a simulation period of 1 ns at a temperature of 400 K.
One snapshot was stored every picosecond, and these 1000 struc-
tures were taken to perform the statistical analysis. The distances
and angles between the centres of each pyranose ring on the one
hand, and of the core regions of the glycomimetics on the other,
were calculated as characteristic structural features to enable easy
comparison of the investigated structures. For Lewis’ simulations
the same internal co-ordinates were evaluated by using the centres
of the two fucoses and the Gal or the GIcNAc residues as meaning-
ful structural features. Evaluation of the statistics of the defined
descriptors was accomplished with the aid of the Conformation
Analysis Tool program developed by Frank.””

Chemical syntheses: 'H NMR spectra were recorded on a Bruker
AM250 spectrometer at 250 MHz; "*C NMR chemical shifts were
also obtained on a Bruker AM 250 (63 MHz) spectrometer. Mass
spectroscopic data were performed on an Electrospray-lonisation
(ESI) Finnigan MATTSQ7000 apparatus with an error of 0.5 mass
units. All physicochemical measurements were performed in the
Central Spectroscopy unit of the DKFZ.

Synthesis of the furan-derived carbohydrate mimetics (for structures
see Scheme 1): 2,5-Bis-(3-p-galactopyranosyloxymethyl)furan (Furan-
2,5-di-Gal; 1), 3,4-bis-(3-p-galactopyranosyloxymethyl)furan (Furan-
3,4-di-Gal; 2), 3,4-bis-(B-L-fucopyranosyloxymethyl)furan (Furan-3,4-
di-Fuc; 3) and 3-B-L-fucopyranosyloxymethyl-4-3-p-galactopyrano-
syloxymethyl-furan (Furan-3,4-FucGal; 4) were synthesised from
2,5-bis(hydroxymethyl)furan or 3,4-bis(hydroxymethyl)furan and
the corresponding 2,3,4,5-tetra-O-benzoyl-f3-p-galactopyranosyl tri-
chloroacetimidate 13 and/or 2,3,4-tri-O-benzoyl-f3-L-fucopyranosyl
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trichloroacetimidate 16 under TMS triflate catalysis conditions. De-
protection of benzoylated diglycosylated bis-(hydroxymethyl)furans
was with sodium methoxide. The detailed synthesis is described in
ref. [28]. Diels-Alder reactions between the glycosylated bis-(hy-
droxymethyl)furans and EZ-Link™ PEO-maleimide activated biotin
20 (Pierce) yielded the oxazatricyclodecane derivatives (OTDs) 5, 6,
7 and 8 (see Scheme 2).

The numbering of the residues used in the OTD derivatives is the
same as in the furan used in the Diels-Alder reaction to ease struc-
tural recognition of the compounds used in the biological assays.

Synthesis of the TMC-derived carbohydrate mimetics: cis,cis-1,3,5-
Tris(hydroxymethyl)cyclohexane (TMC; 11) was synthesised accord-
ing to a published procedure.”

cis,cis-1,3-Bis-(3-p-galactopyranosyloxymethyl)-5-(hydroxymethyl)cy-
clohexane (TMC-di-Gal; 10; Scheme 3): TMS triflate (0.1 mL) was
added at —40°C to a solution of 11 (0.174 g, 1.0 mmol) and galac-
topyranosyl trichloroacetimidate 13 (1.85g, 2.5 mmol) in CH,Cl,
(15 mL). The solution was then allowed to warm to 0°C and al-
lowed to react for 2 h. The reaction was quenched with NaHCO,
(30 mL, 10% aqueous solution). The organic phase was separated,
washed with H,O (40 mL), dried over Na,SO, and evaporated. The
crude residue was crystallised from petrol ether/ethyl acetate (1:1)
to give benzoylated 10. The benzoylated intermediate in methanol
(10 mL) was deprotected by treatment with excess sodium meth-
oxide (13 mmol) in methanol (20 mL) with stirring at ambient tem-
perature for 15 h. After neutralisation with Dowex WX8H™* the sol-
vent was removed in vacuum. The crude residue was dissolved in
water (30 mL) and washed thrice with diethyl ether (30 mL). The
aqueous phase was evaporated, and the residue was purified by
column chromatography on silica gel with acetonitrile/water
(80:20) to yield 10 (0.2 mmol, 20%). 'H NMR (250 MHz, CDCl,): 6=
4.44 (d, 3J(H-1"H-2)=7.7 Hz, 2H; H-1), 3.98 (dd, 2H; 2H-4), 3.86
(dd, 2H; CH,,), 3.85 (dd, *J(H-2', H-3)=11.5 Hz, 2H; 2H-2), 3.8 (dd,
1H; H-3), 3.72 (qd, *J(H-5, H-6'a)=3.3 Hz, *J(H-5', H-6'b)=7.7 Hz,
2H; 2H-5), 3.7 (dd, 2J(H-6'a, H-6'b)=9.9 Hz, 2H; 2H-6'a), 3.6 (d,
2H; 2CH,}), 3.57 (dd, 2H; 2H-6'b), 3.52 (d, 2H; CH,—OH), 1.56-2.0
(m, 6H; H-2a,b, H-4a,b, H-63,b), 1.9-0.66 ppm (m, 3H; H-1, H-3, H-
5); ®C NMR (63 MHz, CDCl,): 6 =107.65 (2C-1), 80.24 (2CH,), 79.63,
7741, 7541, 73.23 (2C-2, 2C-3/, 2C-4, 2C-5), 71.76 (CH,—OH),
65.48 (2C-6'), 42.94 (C-5), 40.96 (C-1, C-3), 36.37, 36.51, 36.44 ppm
(C-2, C-4, C-6); MS-ESI: m/z (%): 521.2 [M+Na]* (100).

cis,cis-1,3,5-Tris-(3-D-galactopyranosyloxymethyl)-cyclohexane  (TMC-
tri-Gal; 12): This compound was synthesised as described for 10,
with use of 11 (0.174 g, 1.0 mmol) and galactopyranosy! trichloro-
acetimidate 13 (2.59 g, 3.5 mmol). The benzoylated intermediate
was deprotected as described above to yield 12 (0.55 mmol, 55 %).
'HNMR (250 MHz, CDCls): 0=4.44 (d, *J(H-1', H-2)=7.7 Hz, 3H,
3H-1), 3.98 (dd, 3H; 3H-4'), 3.85 (dd, 3J(H-2, H-3)=11.5 Hz, 3H;
3H-2), 3.8 (dd, 3H; 3H-3), 3.72 (qd, *J(H-5', H-6'a)=3.3 Hz, *J(H-5,
H-6'b)=7.6 Hz, 3H; 3H-5), 3.7 (dd, J(H-6'a, H-6'b)=9.9 Hz, 3H;
3H-6'a), 3.6 (d, 6H; 3CH,), 3.57 (dd, 3H; 3H-6'b), 2.0-1.73 (m, 6H;
H-2a,b, H-4ab, H-6ab), 0.8-0.62 ppm (m, 3H; H-1, H-3, H-5);
BCNMR (63 MHz, CDCly): 6=105.95 (3C-1)), 78.52, 77.93, 75.71,
73.73, (3C-2, 3C-3', 3C-4/, 3C-5'), 71.54 (3CH,), 63.8 (3C-6'), 39.21
(C-1, C-3, C-5), 34.93 ppm (C-2, C-4, C-6); MS-ESI: m/z (%): 683.0
[M+Na]*(100).

To synthesise the biotinylated TMC-digalactoside (9), the following
procedure was followed (Scheme 4): 6-Chlorohexan-1-ol (7.5 mL,
56 mmol), NaN; (5.9 g, 91 mmol) and DMF (110 mL) were mixed to-
gether and kept at 70°C overnight. Water (200 mL) was added to
the reaction mixture, and the product was extracted into ether (3 x
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100 mL). The combined organic layers were washed with water,
dried over Na,SO, and evaporated to give a yellow-orange liquid.
This liquid was used directly for the tosylation step. The solution of
6-azidohexan-1-ol and triethylamine (8.36 mL, 60 mmol) in CH,CI,
(20 mL) was cooled to 0°C, and tosyl chloride (11.4 g, 60 mmol)
was added in portions to this reaction mixture. The temperature
was allowed to rise to room temperature over 3 h. The reaction
mixture was washed with water (3x100 mL), dried over Na,SO,,
evaporated and then purified by column chromatography (petro-
leum ether/ethyl acetate 5:1) to give p-toluenesulfonic acid 6-azi-
dohexyl ester 21 (9.5 g, 32.0 mmol, 57%) as a pale yellow liquid
(this procedure is according to a personal communication from Yi
Liu, Department of Chemistry and Biochemistry, University of Cali-
fornia, Los Angeles). '"H NMR (CDCl;, 250 MHz): 6=7.77 (d, J=
8.1 Hz, 2H; 2xAr—H), 7.33 (d, J=8.1 Hz, 2H; 2xAr—H), 4.01 (t, J=
6.4 Hz, 2H; CH,—O), 3.20 (t, J/=6.7 Hz, 2H; CH,—N;), 2.43 (s, 3H;
CHs), 1.73-1.60 (m, 2H; O—C—CH,), 1.60-1.47 (m, 2H; N;—C—CH,),
1.42-126 ppm (m, 4H; O-C-C—CH,~CH,~C—C—N;); MS-ESI
(MeOH/CHCls): 298.2 (IM+H]*, 30%), 315.2 (IM+NH,*, 39%), 320.2
(IM+Nal*, 100%), 617.3 ([2x M+Nal*, 84%).

NaH (614 mg, 25.5 mmol) was added to a solution of 11 (4.45 g,
25.5 mmol) in DMF (30 mL) and the mixture was stirred for 1 h at
70°C. Compound 21 (7.6 g, 34.4 mmol) in DMF (5 mL) was added
dropwise to this suspension. After 4 h at 70°C the solvent was re-
moved under vacuum. The crude residue was dissolved in CH,Cl,
and washed with water (5x30 mL). The organic phase was dried
over Na,SO, and evaporated. The residue was purified by column
chromatography on silica gel (petrol ether/ethyl acetate (2:1)) to
yield cis,cis-1-(6-azidohex-1-yloxymethyl)-3,5-bis(hydroxymethyl)cy-
clohexane (22; 1.8 g, 6.0 mmol, 24%). 'HNMR (CDCl;, 250 MHz):
0=3.49-3.30 (M, Joy; 0=5.8 Hz, Joy, n3=6.5Hz, 6H; CH,~O, CH,—
N;, OCH,—cyclohexane), 3.25-3.17 (m, 4H; 2xHO—-CH,—cyclohex-
ane), 1.93-1.73 (brm, 3H; 3xCH—cyclohexane), 1.62-1.46 (m, 7H;
3x CH—cyclohexane, O—C—CH,, N;—C—CH,), 1.39-1.29 (m, 4H; C—
C—CH,—CH,—C—(), 0.66-0.48 ppm (brm, 3H; 3 xCH—cyclohexane);
MS-ESI (MeOH/CHCI;): 299.9 (IM+H1%, 9%), 321.8 (IM+Nal™*, 77 %),
621.1 ([2XM+H]*, 100%).

cis,cis-1-(6-Azidohex- 1-yloxymethyl)-3,5-bis-(2',3',4',6'-tetra-O-benzoyl-
pB-p-galactopyranosyloxymethyl)cyclohexane (23): This compound
was synthesised as described for 10 by use of 22 (897 mg,
3.0 mmol) and galactopyranosyl trichloroacetimidate 13 (5.5 g,
7.5 mmol). The crude product was purified by column chromatog-
raphy on silica gel (petrol ether/ethyl acetate (2:1)) to yield 23
(1.44 g, 0.99 mmol, 33%). 'HNMR (CDCl;, 250 MHz): 6 =8.13-7.22
(m, 20H; 40xAr—H), 5.98 (dd, J;,=3.4 Hz, J,s=0.7 Hz, 2H; 2xGal-
4-H), 574 (dd, J,,=7.8Hz, J,5=10.1Hz, 1H; Gal-2-H), 5.73 (dd,
J,,=7.8Hz, J,;=105 Hz, 1H; Gal-2-H), 5.59 (dd, 1H; Gal-3-H), 5.57
(dd, 1H; Gal-3-H), 469 (dd, Js5,=6.1 Hz, Js,6,=11.1 Hz, 1H; Gal-
6a-H), 4.68 (dd, Js¢,=6.1 Hz, 1H; Gal-6a-H), 4.58 (d, 1H; Gal-1-H),
456 (d, 1H; Gal-1-H), 4.40 (brdd, Jss,=6.3 Hz, 2H; 2xGal-6-H),
4.26 (brt, 2H; 2xGal-5-H), 3.69 and 3.65 (dd, J=10.0 Hz, J=4.9 Hz,
1H; CH-0-Gal), 3.25 (t, J=7.0 Hz, 2H; O—CH,), 3.19 (t, J/=6.8 Hz,
2H; N;—CH,), 3.07 and 3.01 (dd, /=9.7 Hz, J=6.3 Hz, 1H; CH-O-
Gal), 2.84-2.73 (brm, 2H; CH,—O—hexyl), 1.68-1.29 (m, 18H; 4x
CH,, 6 CH-cyclohexane), 0.50-0.25 ppm (m, 3H; 3xCH-cyclohex-
ane); MS-ESI (MeOH/CHCL): 1471.7 (IM+NHJ*, 19%), 1478.6
(IM+Na]™, 57 %).

This benzoylated intermediate 23 (1.10 g, 0.76 mmol) was depro-
tected with NaOMe as described above to yield cis,cis-1-(6-azido-
hex-1-yloxymethyl)-3,5-bis-(3-p-galactopyranosyloxymethyl)cyclo-

hexane (24) (250 mg, 0.40 mmol, 53%). 'HNMR ([DJDMSO,
250 MHz): 6=4.67 (d, J=4.1Hz, 2H; 2xOH), 4.55 (d, /=3.7 Hz,
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Scheme 4. Synthesis of the biotinylated TMC-digalactoside 9.

2H; 2xOH), 446 (t, J/=5.6Hz, 2H; 2xGal-6—0H), 4.24 (d, J=
44 Hz, 2H; 2x0OH), 4.04 (d, /=73 Hz, 2H; 2xGal 1-H), 3.68-3.09
(m, 22H; 2xGal-H-2, 2 xGal-H-3, 2x Gal-H-4, 2 x Gal-H5, 4 x Gal-H-6,
3xcyclohexane-CH,—O, CH,0, CH,N,), 2.22-1.72 (brm, 3H; 3xCH-
cyclohexane), 1.69-1.41 (m, 7H; 3x CH-cyclohexane, O—C—CH,, N;—
C—CH,), 1.40-1.21 (m, 4H; C—C—CH,—CH,—C-C), 0.68-0.45 ppm
(brm, 3H; 3xCH-cyclohexane); MS-ESI (MeOH): 624.4 (IM+H],
2%), 646.4 (IM+Na]*, 100 %).

The solution of 24 (120 mg, 192 pmol) in MeOH (10 mL) was al-
lowed to react in H, atmosphere in the presence of catalytic
amounts of Pd/charcoal (10%) for 3 h. The catalyst was filtered
through a short column packed with reversed-phase C-18 material
and the solvent was removed in vacuum to yield pure cis,cis-1-(6-
aminohex-1-yloxymethyl)-3,5-bis([3-p-galactopyranosyloxymethyl)-
cyclohexane (25; 78.3 mg, 131 pmol, 68%). 'H NMR ([Ds]DMSO,
250 MHz): 6=4.04 (d, J=6.8 Hz, 2H; 2xGal-1-H), 3.65-3.11 (m,
22H; 2xGal-H-2, 2xGal-H-3, 2 xGal-H-4, 2xGal-H5, 4x Gal-H-6, 3 x
cyclohexane-CH,—O, CH,0, CH,N;), 1.90-1.71 (brm, 3H; 3xCH-cy-
clohexane), 1.69-1.18 (m, 11H; 3xCH-cyclohexane, O—C—CH,, N;—
C—CH, C-C—CH,—CH,—C-(), 0.69-0.47 ppm (brm, 3H; 3xCH-cy-
clohexane); MS-ESI (MeOH/H,0): 5984 (IM+H]*, 100%), 620.3
(IM+Nal™, 2%), 1196.0 ([2x M+HI*, 4%).

Compound 25 was biotinylated by linking it to EZ-Link™ NHS-LC-
Biotin (Pierce) by the manufacturers’ instructions (http://www.
piercenet.com) to yield TMC-di-Gal-biotin (9), except that residual
NHS-activated biotin was treated with methylamine (10 um), the
solution was lyophilised, and the residue was taken up in PBS.

Cell lines and reagents: The following human cell lines were used
for the experiments: SW480 (colorectal adenocarcinoma) and

430

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

SKOV-3 (ovarian adenocarcinoma) were from the in-house tumour
bank. CaCo-2 (colon adenocarcinoma ATCC HTB-37), SV80 (SV40-
transformed fibroblasts), MCF-7 (mammary gland carcinoma ATCC
HTB-22), Glioma (astrocytoma line U333 CG 343) and PLC (liver car-
cinoma ATCC CRL-8024) were kindly provided by L. Langbein (Cell
Biology, DKFZ). The mouse melanoma cells B16F1 (ATCC CRL-6323)
and B16F10 (ATCC CRL-6475) cells were purchased from American
Type Culture Collection. Avidin-FITC was purchased from Sigma
(Deisenhofen, Germany). Cells were maintained either in RPMI
1640 (SKOV-3 +15% FBS; SW480, U-333) or in DMEM (B16F1,
B16F10, SV80, CaCo-2, PLC) supplemented with foetal bovine
serum (10%). All cells were maintained at 37°C in a humidified at-
mosphere containing 5% CO,. Mouse plasma fibronectin was from
Invitrogen, Karlsruhe, Germany.

Fluorescence staining assay: Cells were grown on cover slips of
1 cm diameter. Before reaching confluence, cells were fixed for
10 min with formaldehyde in PBS (3%), washed with PBS (if cells
were permeabilised they were treated with Triton X-100 (0.1%) in
PBS for 10 min and washed), and unspecific binding sites were
then blocked by treatment with milk powder (5%) in PBS for 1 h at
RT or at 4°C overnight. Cells were then incubated with oligosac-
charide mimic (40 pum) in BSA (0.1%) in PBS for 2 h at room tem-
perature. Cover slips were washed with PBS/BSA. For fluorescence
staining cells were incubated with avidin-FITC 1:100 in PBS/BSA for
1h at room temperature. Nuclei were stained with DAPI
(1 ugmL™"). Cells were then washed with PBS, dried and embed-
ded with Elvanol on glass slides. Microscopy was performed with a
Leica microscope.

Adhesion assay: These assays were performed similarly to a pub-
lished method.?® Flexible 96-well plates were coated with fibro-
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nectin (0.5 ug in 50 uL per well) at 4°C overnight. Non specific
binding sites were blocked with adhesion buffer (1% BSA in PBS,
Tmm CaCl,, TmMm MgCl,) for 1 h at 37°C. To quantify adherent
cells, BI6F1 and B16F10 cells were labelled with [methyl-H]-thy-
midine (Amersham Life Science, 20 uCi per 10°cells) for 16 h at
37°C and 5% CO,. The cells were then detached with EDTA
(0.05%) and washed three times with serum-free DMEM medium.
The [methyl-*H]-thymidine-labelled cells were resuspended in ad-
hesion buffer (1 mL) containing the oligosaccharide mimics (5-
40 mm): furan-2,5-di-Gal 1, furan-3,4-di-Gal 2, TMC-di-Gal 10, TMC-
tri-Gal 12 or the controls TMC 11, methyl [-p-galactoside or
medium only for 1 h at 37°C with shaking. 5x 10* cells were added
to each fibronectin-coated well and allowed to settle for 1 h at
37°C. Nonadherent cells were removed by washing three times
with PBS. Each well was cut out, immersed in scintillation cocktail
(Packard Ultima Gold XR) and counted (Packard TriCarb 2000 scin-
tillation counter). For each experiment a calibration curve relating
cell number to incorporated [methyl-*H]-thymidine was performed.
Four wells were run per experiment. The means and standard devi-
ations in comparison with controls as calculated according to
Bishop et al. are shown.”

Migration through Matrigel™: Hydrated Boydons invasion cham-
bers for 24-well plates coated with Matrigel™, obtained from
Becton-Dickinson, were immersed in medium (750 pL). BI6F10 or
B16F1 cells (4x10°mL™") in serum-free medium (500 pl) contain-
ing TMC 11, TMC-di-Gal 10, TMC-tri-Gal 12 or methyl 3-p-galacto-
side (40mm) were added to the top of the chamber and the
system was incubated at 37°C for two days. The cells that had not
migrated were carefully brushed away with a cotton swab im-
mersed in PBS. This procedure was repeated three times. The wells
were inspected under a microscope and pictures were taken with
a Leica camera.

Toxicity of the compounds over 48 h was determined with sulfo-
rhodamine-B.

Abbreviations

CRD: carbohydrate recognition domain

ECM: extracellular matrix

TMC: 1,3,5-tris(hydroxymethyl)cyclohexane

MD: molecular dynamics

GIcNAc: 2-(N-acetyl)glucosamine

OTD: oxazatricyclodecane

DAPI: 4’ 6-diamidino-2-phenylindole

PBS: phosphate buffered saline

BSA: bovine serum albumin

FITC: fluorescein 5-isothiocyanate

ESI-MS: electron spray ionisation mass spectrometry
TMS triflate: trimethylsilyl trifluoromethanesulfonate
uPAR: urokinase-type plasmin activator receptor.

ChemBioChem 2005, 6, 422-431  www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgements

We thank Dr. L. Langbein (Division of Cell Biology, Deutsches
Krebsforschungszentrum) for providing the cell lines studied and
for help with cell-staining experiments. Thanks are also due to
the members of the Division of Spectroscopy for recording the
NMR and ESI spectra of the synthesised compounds.

Keywords: biomimetic synthesis - carbohydrates - cell-surface
lectins - extracellular matrix - molecular dynamics - molecular
modeling

[1] E. Gorelik, U. Galili, A. Raz, Cancer Metastasis Rev. 2001, 20, 245-277.

[2] C.R. Bertozzi, L. L. Kiessling, Science 2001, 291, 2357 - 2364.

[3] Y.C. Lee, T.R. Lee, Acc. Chem. Res. 1995, 28, 321-327.

[4] W. 1. Weis, K. Drickamer, Annu. Rev. Biochem. 1996, 65, 441 -473.

[5] C-W. von der Lieth, M. Frank, T. K. Lindhorst, Rev. Mol. Biotechnol. 2002,
90, 311-337.

[6] R.C. Hughes, Biochimie 2001, 83, 667 -676.

[7]1 H. Oguchi, T. Toyokuni, B. Dean, H. Ito, E. Otsuji, V. L. Jones, K. K. Sado-
zai, S. Hakomori, Cancer Commun. 1990, 2, 311-316.

[8] S. Hakomori. Acta Anat. 1998, 161, 79-90.

[9] S. Sengupta, S. Ray, N. Chattopadhyay, N. Biswas, A. Chatterjee, J. Exp.
Clin. Cancer Res. 2000, 19, 81-87.

[10] D. Hangan-Steinmann, W. Ho, P. Shenoy, B. M. C. Chan, V. L. Morris, Bio-
chem. Cell Biol. 1999, 77, 409-420.

[11] E. Ruoslathi, Adv. Cancer Res. 1999,76, 1-20.

[12] S. Chandrasekaran, M. L. Tanzer, M. S. Ginger, J. Biol. Chem. 1994, 269,
3367-3373.

[13] H.G. Lerchen, J. Baumgarten, N. Piel, V. Kolb-Bachofen, Angew. Chem.
1999, 111, 3884 -3888; Angew. Chem. Int. Ed. 1999, 38, 3680-3683.

[14] M. Zheng, H. Fang, S. Hakomori, J. Biol. Chem. 1994, 269, 12325-
12331.

[15] M. Zheng, H. Fang, T. Tsuruoka, T. Tsuji, T. Sasaki, S. Hakomori, J. Biol.
Chem. 1993, 268, 2217 -2222.

[16] A. Raz, W.L. McLellan, I.R. Hart, C. D. Bucana, L. C. Hoyer, B. A. Sela, P.
Dragsten, . J. Fidler, Cancer Res. 1980,40, 1645-1651.

[17] J. C. Porter, N. Hogg, Trends Cell Biol. 1998, 8, 390 -396.

[18] H.R. Petty, R. G. Worth, R. F. Todd Ill, Immunol. Res. 2002, 25, 75-95.

[19] H. Kaltner, B. Stierstorfer, Acta Anat. 1998, 161: 162-179.

[20] K. Kasai, J. Hirabayashi, J. Biochem. 1996, 119, 1-8.

[21] A. Raz, C. Bucana, W. McLellan, I. J. Fidler, Nature 1980, 284, 363 -364.

[22] H. Inohara, A. Raz, Glycoconjugate J. 1994, 11, 527 -532.

[23] B. Woynarowska, D. M. Skricosky, A. Haag, M. Sharma, K. Matta, R. J. Ber-
nacki, J. Biol. Chem. 1994, 269, 22797 -22803.

[24] N. Kojima, M. Shiota, Y. Sadahira, K. Handa, S. Hakomori, J. Biol. Chem.
1992, 267, 17 264-17 270.

[25] P.I. Kitov, J. M. Sadowska, G. Mulvey G.D. Armstrong, H. Ling, N.S.
Pannu, R. J. Read, D. R. Bundle, Nature 2000, 403, 669 -672.

[26] H. Inohara, A. Raz, Cancer Res. 1995, 55, 3267 -3271.

[27]1 M. Frank, Dissertation Universitdt Heidelberg (Germany) 2000 http://
www.ub.uni-heidelberg.de/archiv/605.

[28] M. Wiessler, H. Hoffmann, B. Meister, S. Wolf, E. Mark, C. Tacheci, B.
Schmauser, B. Sauerbrei, C. Kliem, unpublished results (http://
www.dkfz-heidelberg.de/spec/publications/suppl_mat/diels_alder/)

[29] M.S. Newman, H.S. Lowrie, J. Am. Chem. Soc. 1954, 76, 4598 -4600.

[30] Y. M. M. Bishop, S. E. Fienberg, P. W. Holland, Discrete Multivariante Anal-
ysis: Theory and Practice, MIT Press, Cambridge MA, 1975.

Received: April 5, 2004
Revised: August 30, 2004
Published online: January 13, 2005

431



www.chembiochem.org




BIO

Nucleoside-Based Phospholipids and Their
Liposomes Formed in Water

Seung Kyu Choi, Tran Khac Vu, Jin Mi Jung, Su Jeong Kim, Hun Rok Jung,

Taihyun Chang, and Byeang Hyean Kim*

Phospholipids and liposomes have been the subjects of consider-
able attention because of their importance in biological systems.
We have efficiently synthesized novel nucleoside-based phospho-
lipids in six-step sequences starting from their corresponding nu-

Introduction

Phospholipids are major constituents of cell membranes.™

When certain phospholipids are dispersed in water, spherical
bilayer vesicles, known as liposomes, form spontaneously.
Modification of different parts of a phospholipid’s structure
can affect its activity in biological processes.” Such modifica-
tions are generally limited to its hydrophobic tail and hydro-
philic head groups, or to structural variants of its glycerol
unit.”! Recently, the synthesis and physical characterization of
novel carbohydrate-based phospholipids have been reported;
these phospholipids self-assemble into liposome-like structures
in aqueous solution.” An example is the synthesis and physi-
cochemical study of one such uridine-based phospholipid.”’
The authors demonstrated that this modified phospholipid ex-
hibits physical properties that differ from those of its glycerol-
based analogues; this indicates the importance that the consti-
tution of the backbone has for the nature of the bilayer struc-
ture. The morphologies of some phosphatidyl nucleosides
have already been reported by Yanagawa® and Luisi,” who
were the first to investigate the self-association of this family
of lipids. Intrigued by these interesting results, we have de-
signed and synthesized novel nucleoside-based phospholipids.
Nucleoside phospholipids have one more structural element
for molecular recognition—namely, the nucleobase—than car-
bohydrate phospholipids.™®

Results and Discussion

Here we present an efficient synthesis of novel phospholipids
based on the nucleosides uridine, adenosine, and inosine
(Scheme 1), their molecular recognition, and the morphologies
of their self-assembled liposome structures in aqueous so-
lution. Modifications of phospholipid structure are currently
limited to the hydrophobic tails, hydrophilic headgroups, and
structural variations of the glycerol backbone.’*® Consequent-
ly, alteration of the conventional glycerol backbone by com-
plete substitution provides new opportunities for: 1) assessing

432 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a

cleosides. These nucleoside-based phospholipids self-assemble
into liposome-like structures in aqueous solutions. We have ana-
lyzed the structures of these liposomes by dynamic light scatter-
ing, transmission electron microscopy, and confocal microscopy.

supramolecular structure formation, and 2) attaching macro-
molecules or ligands for biological targeting.

The first step in the synthesis of the nucleoside-based phos-
pholipids involved protecting the primary hydroxy groups of
uridine, adenosine, and inosine with 4-methoxytrityl chloride
(MMTrCI) to yield 1 (97%), 2 (62%), and 3 (74 %), respectively,
after chromatography on silica gel. Next, 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide-HCl (EDC)/N,N-dimethylaminopyri-
dine (DMAP) coupling individually with decanoic, lauric, myris-
tic, palmitic, and stearic acids in CH,Cl, afforded a series of di-
esters. Without purification, each of these intermediates was
dissolved in 80% aqueous AcOH at 60°C to remove its protect-
ing groups. Compounds 4 (88-98% from 1), 5 (85-98% from
2), and 6 (77-88% from 3) were purified by chromatography
on silica gel, and compounds 7-9 were then prepared by treat-
ing 4-6 with 2-chloro-1,3,2-dioxaphospholane, oxidizing the in-
termediate phosphorus(ii) compounds with Br, to give the
phosphorus(v) products, and subsequently introducing the
phosphocholine group by treatment with Me;N. Compounds
7-9 were isolated after chromatography on silica gel. The over-
all yields for the last three steps (d-f) were 37-58% (7), 18-
33% (8), and 19-27% (9)."”

The first feature of nucleoside-based phospholipids that we
studied was the hydrodynamic radii of their vesicles. We
heated 0.3 mm aqueous solutions of each nucleoside-based
phospholipid to 60°C and then sonicated them for
30 min.""""¥ The liposomes could then be prepared by using a
high-pressure extrusion technique, which allows liposomes of
small and uniform size to be obtained. Extrusion of the nucleo-
side-based phospholipids five times through a 200 nm poly-
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Fax: (+82) 54-279-3399
E-mail: bhkim@postech.ac.kr
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;; E - ggiﬂ'ine structure of the lipid has an im-

Scheme 1. Reagents and conditions: a) MMTr-Cl, pyridine, RT, 9 h (uridine), 20 h (adenosine), 18 h (inosine). b) EDC,
DMAP, decanoic/lauric/myristic/palmitic/stearic acid, CH,Cl,, RT, 4 h. ¢) 80 % acetic acid, 60°C, 3 h. d) DIPEA, 2-chloro-
1,3,2-dioxaphospholane, THF, RT, 15 min. e) Br,, 0°C, 1 h. f) 40% Me;N, CHCl,/iPrOH/CH;CN (3:5:5), RT, 3 days.

carbonate filter at 25°C provided vesicles with average particle
hydrodynamic radii of 39-70 nm when analyzed with a dynam-
ic light scattering (DLS) apparatus. Generally, the hydrodynamic
radii of the vesicles increase with increasing length of their
alkyl chains.

We next used transmission electron microscopy (TEM) to ob-
serve the morphologies of the vesicles. We prepared liposomes
using a buffer solution comprising 30 mm Tris/HCl, 20 mm KCl,
and 0.1 mm EDTA that was adjusted to pH 8 at room tempera-
ture. Again, the lipid dispersion (0.3 mm) was passed repeated-
ly through a 200 nm polycarbonate filter before being ana-
lyzed by TEM, by the negative-staining technique;"*" Figure 1
displays the resulting micrographs. From these images, it is
clear that the liposomes aggregate into spherical closed lipo-
somes. In the previous studies performed by Yanagawa' and
Luisi,” phosphatidyl nucleosides were demonstrated to aggre-
gate and to have morphologies such as super-helical strands,
rings, and flat disks. We observed the same spherical morphol-
ogies for all the liposomes of nucleoside-based phospholipids,
even though they feature different nucleobases. From these re-
sults, we conclude that the morphologies of the nucleoside-

Pl U R Ta) b)
% Pt AP R ' s
? .I - _l . ‘i - § ‘
Bt i g 'l-_i-'--.-,.'.' X
g b : “5&
TREE gt ,'liq_ o
e 100 nm
S 100 nm - ety

Figure 1. TEM images of negatively stained liposomes formed from dispersions
of nucleoside-based phospholipids (0.3 mm) prepared in Tris-HCI (30 mm)/KCl
(20 mm)/EDTA (0.1 mm) at pH 8. Micrographs of: a) adenosine-based liposome
8b, and b) uridine-based liposome 7 b.
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portant effect on the morpholo-
gy and physical properties of the
aggregates.

Next, to confirm the location
of nucleobases within the lipo-
somes and to study their molec-
ular recognition properties, we
prepared liposomes through the
self-assembly of 7, 8, and 9. To
study these effects, we chose to
treat the dispersions of liposomes with functionalized dyes
that should be specific for certain base sequences, and to view
their association by confocal microscopy. Because of the reso-
lution of confocal microscopy (>ca. 1 um), it was necessary for
us to prepare relatively large phospholipid vesicles."*'” To
obtain these samples, we heated 0.3 mm aqueous solutions of
nucleoside-based phospholipids to 60°C and then sonicated
them for 30 min. The complementary base pairing of nucleic
acids is a biological recognition process based on hydrogen
bonding."”® We wondered whether the bases of the nucleo-
sides were presented at the surfaces of the spherical vesicles
and, if so, whether they were capable of hydrogen bonding
with short oligonucleotide sequences. To answer these ques-
tions, we synthesized a fluorescein isothiocyanate-2'-deoxynu-
cleoside trimer (FITC-trimer, 10) and a hexachlorofluorescein-2'-
deoxynucleoside trimer (Hex-trimer, 11), from commercially
available phosphoamidite monomers, using a DNA synthesizer
(Scheme 2).

Figure 2 indicates that such hydrogen bonding indeed
occurs and, additionally, that it occurs in a selective manner.
Figures 2a and b indicate that the liposome formed from 7c
binds both to the FITC-linked and to the Hex-linked adenosine
trimers (i.e., both of these dyes can be accommodated by the
liposome). To rule out the possibility that this binding might
be indiscriminate (e.g., that it is the dye that binds and not the
adenosine trimer unit), we irradiated a solution containing the
liposome of 7c and a mixture of the dyed oligonucleotide
trimers FTIC-AAA, Hex-CCC, and Hex-GGG. Figure 2c indicates
that this liposome displays only green fluorescence, while Fig-
ure 2d indicates that the liposome does not display red fluo-
rescence from this mixture, which suggests that the liposome
selectively recognizes the AAA unit, rather than the CCC unit
or the GGG unit (i.e., that there is selective hydrogen bonding
between the uracil and adenine bases). From these initial find-
ing, we believe that liposomes of uridine-based phospholipids
should recognize the poly(A) tail of mMRNA.["™

1n=14
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Conclusion

These nucleoside-based phospholipids have large

Q cl ¢l o Cl backbones that increase the spacing between the
o) o head and tail units, and they have increased hydrody-
NH o] o namic radii relative to other phospholipids with dif-
NH c B : adenine ferent backbones. Like the phosphatidyl nucleo-
tcr%g‘sii’:“z sides,®” the monomers of these nucleoside-based
guanine phospholipids can aggregate together, but the mor-
phologies of these aggregates differ substantially.
o 5 The liposomes of these nucleoside-based phospholi-
_d | pids have spherical morphologies, which we believe
0=P-0 B 0=P-0 B L

e & 1 o are affected primarily by the lengths of the alkyl
chains of nucleoside-based phospholipid monomers.
% 0 The ability of the liposomes to recognize oligonu-
“0-P=0 ~0-P=0 cleotides through hydrogen bonding makes them at-
% o B o o B tractive alternatives to glycerol- and carbohydrate-
k ﬂ k i based phospholipid liposomes. These results may
o o provide new insight into the tailoring of vesicle prop-
~0-P=0 -0-P=0 erties for specific pharmaceutical and industrial appli-

: cations.
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10 : FITC-trimer 11 : Hex-trimer . .
OH OH Experimental Section

Scheme 2. Fluorescein-tagged 2'-deoxynucleoside trimers.

Figure 2. Confocal microscopy images of uridine-based liposomes formed

from 7 ¢ associating on a glass surface with labeled oligonucleotide trimers.

a) Mixture of the liposome of 7c and FITC-AAA, irradiated with laser light
(hx=488 nm) that causes green fluorescence of the FITC moieties. b) Mixture of
the liposome of 7 ¢ and Hex-AAA irradiated with laser light (\.,= 543 nm) that
causes red fluorescence of the Hex moieties. c¢) Mixture of the liposome of 7 ¢
and FITC-AAA, Hex-CCC, and Hex-GGG, irradiated simultaneously both at 488
and at 543 nm. d) Mixture of the liposome of 7 ¢ and Hex-CCC and Hex-GGG.
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Materials and instruments: All starting materials were
obtained from commercial suppliers and were used
without further purification. Tetrahydrofuran (THF) was
distilled under nitrogen from sodium/benzophenone,
and CH,Cl, and pyridine were distilled under nitrogen from calcium
hydride, immediately prior to use. Reactions were executed under
an inert atmosphere of dry argon, and the glassware was flame-
dried under vacuum. Flash chromatography was performed on
Merck silica gel 60 (230-400 mesh; ASTM). Melting points are un-
corrected and were obtained with an Electrothermal IA 9000 series
apparatus. Infrared (IR) spectra were recorded on a Bruker model
FT-IR PS55+ spectrometer. Low- and high-resolution FAB mass
spectra were obtained on a Jeol JMS-AX505WA (FAB) spectrometer.
An LSM510 (Zeiss) apparatus was used for confocal microscopy. A
Malvern 4700 series photon correlation spectrometer was used for
dynamic light scattering (DLS) to measure particle size. Transmis-
sion electron microscopy (TEM) measurements were obtained on a
Hitachi-7600 instrument. 'H, *C, and *'P NMR spectra were ob-
tained on a Bruker Aspect 3000 spectrometer. Chemical shifts in 'H
and "®C NMR spectra are reported in parts per million downfield of
tetramethylsilane (TMS) as the internal standard. *'P NMR chemical
shifts are reported in ppm downfield relative to phosphoric acid as
the external standard. Coupling constants are reported in hertz.

Uridine-based phospholipids

5'-O-(4-Methoxytrityl)uridine (1): MMTr-Cl (1.55g, 5.03 mmol) was
added to a solution of uridine (1.02 g, 4.19 mmol) in dry pyridine
(50 mL) and the mixture was stirred at room temperature for 9 h.
The solvent was evaporated under high vacuum, and the resultant
oil was dissolved in CH,Cl, and washed with water. The organic
layer was separated and then dried (Na,SO,). Chromatographic pu-
rification (SiO,; CH,Cl,/MeOH 50:1) yielded 1 (2.11 g, 97%). m.p.
117.2-119.0°C; '"HNMR (300 MHz, CDCl,): 6=8.01 (d, J=9.0 Hz,
1H), 7.40-6.82 (m, 15H), 5.89 (d, J/=3.0 Hz, 1H), 5.32 (t, J=7.5Hz,
1H), 444 (t, J=6.0Hz, 1H), 435 (t, J/=3.0Hz, 1H), 417-4.15 (m,
1H), 3.76 ppm (s, 3H); *CNMR (75 MHz, CDCl,): 6=164.2, 158.9,
151.4, 144.1, 143.9, 140.6, 134.9, 130.7, 128.6, 128.5, 128.2, 127.5,

ChemBioChem 2005, 6, 432 - 439



www.chembiochem.org



Nucleoside-Based Phospholipids

113.5, 102.5, 90.5, 87.5, 83.8, 75.6, 69.8, 62.1, 55.4 ppm; IR (NaCl):
7#=3392, 3059, 2930, 1697, 1509, 1463, 1393, 1252 cm™'; MS-FAB
(m/2): found 517.14 [M+H]*; C,H,5N,0, caled 517.19.

2',3'-O-Didecanoyluridine (4 a)—General Procedure: Decanoic acid
(1.78 g, 104 mmol) was added to a solution of 1 (2.15g,
4.17 mmol), EDC (2.00g, 104 mmol), and DMAP (615 mg,
5.00 mmol) in dry CH,Cl, (40 mL). The mixture was stirred at room
temperature for 4 h, extracted with water, and then concentrated
to dryness. The residue was dissolved in acetic acid (80%, 50 mL)
and was then heated at 60°C for 3 h. The reaction mixture was
washed with water and CH,Cl,, the organic layer was separated
and dried (Na,SO,), and the solvent was evaporated under reduced
pressure. Chromatographic purification (SiO,; CH,Cl,/MeOH 60:1)
afforded 4a (2.23 g, 96%). m.p. 98.5-106.5°C; 'H NMR (300 MHz,
CDCly): 6=8.45 (s, TH), 7.71 (d, J=9.0 Hz, 1H), 6.04 (t, /=3.0 Hz,
1H), 5.79 (dd, J;=6.0 Hz, J,=3.0 Hz, 1H), 5.49 (t, J=4.5Hz, 2H),
4.20 (d, J=6.0 Hz, 1H), 3.99-3.85 (m, 2H), 2.40-2.31 (m, 4H), 1.67-
1.57 (m, 5H), 1.27 (br, 24H), 0.89 ppm (t, J=7.5 Hz, 6H); *C NMR
(75 MHz, CDCly): 6=172.8, 172.4, 162.5, 150.2, 140.5, 109.5, 103.2,
88.0, 83.5, 72.7, 70.9, 61.9, 34.0, 33.8, 31.8, 29.4, 29.2, 29.1, 29.0,
24.7, 22.0, 14.0 ppm; IR (NaCl): #=3452, 2925, 2854, 1748, 1652,
1384, 1269 cm™'; MS-FAB (m/z): found 553.30 [M+H]*; CyoH,sN,0g
calcd 552.70.

2',3'-O-Dilauroyluridine  (4b): Yield: 89%. m.p. 105.8-106.5°C;
"HNMR (300 MHz, CDCly): 6=7.73 (d, J=9.0 Hz, TH), 6.03 (t, J=
3.0Hz 1H), 5.78 (d, J=9.0 Hz, 1H), 5.47 (d, J=3.0 Hz, 2H), 4.21 (s,
1H), 3.97-3.89 (m, 2H), 2.39-2.30 (m, 4H), 1.27 (br, 32H), 0.88 ppm
(t, J=6.0 Hz, 6H); *C NMR (75 MHz, CDCl;) 6=172.8, 172.4, 162.5,
150.2, 140.5, 109.4, 103.2, 88.0, 83.5, 72.8, 70.8, 61.9, 34.0, 33.8,
31.9, 29.6, 29.4, 29.3, 29.2, 29.1, 29.0, 24.8, 24.7, 22.6, 14.0 ppm; IR
(NaCl): #=3479, 2955, 2850, 1739, 1653, 1386, 1255 cm™'; MS-FAB
(m/z): found 609.40 [M+H]™; C33Hs¢N,O4 calcd 609.40.

2',3'-O-Dimyristoyluridine (4c): Yield: 98%. m.p. 104.0-105.2°C;
"H NMR (300 MHz, CDCly): 6=7.71 (d, J=9.0 Hz, 1H), 6.03 (d, J=
6.0 Hz, 1H), 5.78 (d, J/=9.0 Hz, 1H), 5.47 (d, J=6.0 Hz, 2H), 4.21 (s,
1H), 3.96-3.81 (m, 2H), 2.39-2.30 (m, 4H), 1.66-1.59 (m, 4H), 1.26
(br, 40H), 0.88 ppm (t, J=6.0 Hz, 6H); *C NMR (75 MHz, CDCl;): 6 =
173.5, 173.1, 163.1, 150.8, 141.2, 103.9, 88.7, 84.2, 73.5, 71.5, 62.6,
34.7, 34.5, 32.6, 30.3, 30.2, 30.0, 29.9, 29.8, 29.7, 255, 25.4, 234,
14.7 ppm; IR (NaCl): #=3454, 2954, 2850, 1738, 1652, 1386,
1255 cm™'; MS-FAB (m/z): found 665.40 [M+H]*; C;,He,N,O, calcd
for 665.47.

2',3'-O-Dipalmitoyluridine (4d): Yield: 96%. m.p. 111.6-112.7°C;
"HNMR (300 MHz, CDCly): 6=7.74 (d, J=9.0 Hz, TH), 6.05 (t, J=
4.5Hz, 1H), 5.79 (d, J/=9.0 Hz, 1H), 5.47 (d, J=3.0 Hz, 2H), 4.20 (s,
1H), 3.90 (dd, J,=7.5Hz, J,=3.0 Hz, 2H), 2.39-2.29 (m, 4H), 1.63-
1.58 (m, 4H), 1.26 (br, 48H), 0.88 ppm (t, J=6.0 Hz, 6H); *C NMR
(75 MHz, CDCl;): 6=173.5, 173.1, 163.3, 150.9, 141.3, 110.1, 103.8,
88.6, 84.2, 73.6, 71.6, 62.6, 34.7, 34.5, 32.6, 30.4, 30.3, 30.2, 30.0,
29.9, 29.8, 29.7, 25.5, 25.4, 23.4, 14.7 ppm; IR (NaCl): 7=3421, 2917,
2849, 1652 cm™'; MS-FAB (m/z): found 721.50 [M+H]*; C4H;,N,04
calcd 721.51.

2',3'-O-Distearoyluridine (4e): Yield: 96%. m.p. 111.7-112.7°C;
"H NMR (300 MHz, CDCl,): 6=7.71 (d, J=6.0Hz, 1H), 6.85 (d, J=
9.0 Hz, 1H), 6.03 (t, J=3.0 Hz, 1H), 5.78 (d, /=6.0 Hz, 1H), 5.48 (t,
J=3.0 Hz, 1H), 4.21 (s, 1H), 4.00-3.86 (m, 2H), 2.40-2.31 (m, 5H),
1.26 (br, 56H), 0.89 ppm (t, J=6.0Hz, 6H); *CNMR (75 MHz,
CDCly): spectrum not obtained because of poor solubility; IR
(NaCl): #=3421, 2917, 2849, 1645cm™'; MS-FAB (m/z): found
799.60 [M+Na]*; C,sHgoN,O; calcd 799.59.
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5'-O-Phosphatidylcholine-2',3'-O-didecanoyluridine (7 a)—General
Procedure: 2-Chloro-1,3,2-dioxaphospholane (245 pL, 2.75 mmol)
was added to a solution of 4a (1.01 g, 1.83 mmol) and diisopropyl-
ethylamine (384 pL, 2.20 mmol) in dry THF (20 mL), and the mix-
ture was then stirred for 15 min at room temperature. Br, (282 pL,
5.50 mmol) in dry THF (20 mL) was slowly added while stirring at
0°C for 1 h. The solvent was evaporated, and the residue was dis-
solved in CHCI,/iPrOH/CH,CN (3:5:5). Aqueous trimethylamine
(40%, 10 mL) was added. The mixture was stirred for 3 days at
room temperature, and the solvents were then evaporated. Purifi-
cation was performed by flash chromatography (SiO,; CH,Cl/
MeOH/H,0 14:5:0.1 to 140:55:8). Silica gel was removed by filtra-
tion through celite, and 7a was obtained upon evaporation of the
solvent (668 mg, 51%). m.p. >152.3°C (dec.); 'H NMR (300 MHz;
CDCl,/CD,0D 1:1): 6=7.86 (d, J=9.0 Hz, 1H), 6.22 (d, /=6.0 Hz,
1H), 592 (d, J/=9.0Hz, 1H), 548 (d, J=6.0Hz, TH), 531 (t, J=
6.0 Hz, 1H), 4.47 (s, 2H), 4.28 (s, 1H), 4.20 (s, 2H), 3.71 (s, 2H), 3.23
(s, 9H), 2.38 (t, J=6.0 Hz, 2H), 2.28 (t, J/=6.0 Hz, 2H), 1.62-1.54(m,
5H), 1.26 (br, 24H), 0.86 ppm (t, J=6.0 Hz, 6H); *C NMR (75 MHz;
CDCl,/CD50D 1:1): 6=173.2, 172.9, 165.2, 151.1, 141.2, 103.2, 85.9,
82.5, 824, 73.2, 71.3, 66.7, 65.2, 59.7, 54.5, 34.1, 33.8, 31.9, 29.5,
293, 29.2, 29.1, 249, 24.7, 22.7, 13.9 ppm; P NMR (121 MHz;
CDCI,/CD,0D 1:1): 0=—0.5845 ppm; IR (NaCl): 7=3446, 2955,
2853, 1739, 1652, 1617, 1457, 1378 cm™'; MS-FAB (m/z): found
718.40 [M4H]™; C3,HgN;0,,P calcd 718.40; HRMS-FAB (m/z): found
718.4047 [M+H]"; C5,HgN50;,P calcd 718.4044.

5'-O-Phosphatidylcholine-2',3'-O-dilauroyluridine (7 b): Yield: 42%.
m.p. >145.3°C (dec); '"HNMR (300 MHz; CDCl,/CD,0D 1:1): 6=
791 (d, J=9.0Hz, 1H), 6.24 (d, J=6.0Hz, 1H), 592 (d, J=9.0 Hz,
1H), 5.50 (dd, J;,=6.0 Hz, J,=3.0Hz, 1H), 5.32 (t, J/=7.5Hz, 1H),
4.54 (s, 2H), 4.31 (s, 1H), 425 (s, 2H), 3.73 (s, 2H), 3.24 (s, 9H), 2.39
(t, J=7.5Hz, 2H), 2.29 (t, J=7.5Hz, 2H), 1.63-1.55 (m, 5H), 1.27
(br, 32H), 0.87 ppm (t, J=6.0 Hz, 6H); *C NMR (75 MHz; CDCly/
CD,0D 1:1): 6=172.9, 172.6, 165.2, 150.9, 141.1, 102.8, 85.8, 824,
73.1, 71.3, 66.6, 65.1, 59.6, 54.3, 31.8, 29.5, 29.4, 29.3, 29.2, 29.0,
28.9, 24.7, 24.5, 22.5, 13.9 ppm; ¥P NMR (121 MHz; CDCl;/CD,0D
1:1): 6=—-0.4853 ppm; IR (NaCl): 7#=3448, 2955, 2853, 1739, 1652,
1457, 1378, 1244cm™'; MS-FAB (m/z): found 774.46 [M-+H]t;
C3sHesN;O,,P calcd  774.46; HRMS-FAB (m/z): found 774.4670
[IM4H]; CigHesN;O,,P caled 774.4670.

5'-O-Phosphatidylcholine-2',3'-O-dimyristoyluridine (7c): Yield: 37 %.
m.p. >147.4°C (dec); 'HNMR (300 MHz; CDCl,/CD,0D 1:1): 6=
7.75 (d, J=9.0Hz, 1H), 6.08 (d, J=6.0Hz, 1H), 578 (d, J=9.0 Hz,
1H), 535 (dd, J;=6.0Hz, J,=3.0Hz, 1H), 518 (t, J=6.0 Hz, 1H),
4.38 (s, 2H), 4.16 (s, 1H), 412 (s, 2H), 3.58 (s, 2H), 3.08 (s, 9H), 2.25
(t, J=7.5Hz, 2H), 2.14 (t, J=7.5Hz, 2H), 1.48-1.40 (m, 5H), 1.12
(br, 40H), 0.72 ppm (t, J=6.0 Hz, 6H); *C NMR (75 MHz; CDCl,/
CD,0D 1:1): 6=172.9, 172.7, 165.3, 151.0, 141.2, 102.9, 85.7, 82.3,
73.1, 71.3, 66.5, 65.2, 59.6, 54.3, 31.8, 29.6, 29.4, 29.3, 29.2, 29.1,
29.0, 24.8, 24.5, 22.5, 13.8 ppm; *'P NMR (121 MHz; CDCl;/CD,0D
1:1): 6=-0.5202 ppm; IR (NaCl): 7#=3452, 1749, 1652, 1456 cm™;
MS-FAB (m/z): found 830.40 [M+H]*; C,H,eN;0,P calcd 830.52;
HRMS-FAB (m/z): found 830.5293 [M+H]*; C,,H,N;0,P calcd
830.5296.

5'-O-Phosphatidylcholine-2',3'-O-dipalmitoyluridine (7d): Yield: 53%.
m.p. >146.5°C (dec); 'HNMR (300 MHz; CDCl,/CD,0D 1:1): 6=
791 (d, J=9.0 Hz, 1H), 6.24 (d, J/=6.0 Hz, 1H), 5.93 (d, /=9.0 Hz,
1H), 550 (d, J/=6.0Hz, 1H), 533 (t, J=7.5Hz, 1H), 453 (s, 2H),
4.31 (s, TH), 4.25 (s, 2H), 3.73 (s, 2H), 3.24 (s, 9H), 2.39 (t, J=7.5 Hz,
2H), 2.29 (t, J=7.5Hz, 2H), 1.63-1.56 (m, 5H), 1.26 (br, 48H),
0.86 ppm (d, J=6.0 Hz, 6H); *C NMR (75 MHz; CDCl,/CD,0D 1:1):
0=172.9, 172.6, 165.3, 151.0, 141.1, 109.4, 102.9, 85.9, 824, 73.2,
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71.3, 66.5, 65.1, 59.6, 54.3, 33.6, 31.8, 29.6, 29.5, 29.4, 29.2, 29.0,
245, 22,5, 13.7 ppm; *P NMR (121 MHz; CDCI,/CD,0D 1:1): 0=
—0.9707 ppm; IR (NaCl): #=3452, 1733, 1652, 1456, 772 cm™"; MS-
FAB (m/2): found 886.59 [M+H]™; C,sHgsN;O,,P calcd 886.58; HRMS-
FAB (m/2): found 886.5922 [M+H]"; C,eHgsN;05,P calcd 886.5922.

5'-O-Phosphatidylcholine-2',3'-O-distearoyluridine (7e): Yield: 58%.
m.p. >103.2°C (dec); 'HNMR (300 MHz; CDCl,/CD,0D 1:1): 6=
7.87 (d, J=9.0 Hz, 1H), 6.19 (d, J/=6.0 Hz, 1H), 5.99 (d, /=9.0 Hz,
1H), 5.45 (t, J=3.0 Hz, TH), 5.28 (t, J=6.0 Hz, 1H), 4.99 (s, 2H), 4.27
(s, TH), 4.21 (s, 2H), 3.69 (s, 2H), 3.19 (s, 9H), 2.35 (t, J=7.5 Hz, 2H),
2.25 (t, J=7.5Hz, 2H), 1.59-1.51 (m, 5H), 1.22 (br, 56H), 0.83 ppm
(d, J=6.0 Hz, 6H); *C NMR (75 MHz; CDCl,/CD,0D 1:1): 6=173.6,
173.3, 165.9, 151.7, 141.8, 103.5, 86.5, 83.0, 73.8, 72.0, 67.3, 65.8,
60.4, 54.9, 34.3, 32.5, 30.3, 30.2, 30.1, 29.9, 29.8, 29.7, 25.4, 25.2,
232, 143 ppm; *PNMR (121 MHz; CDCl;/CD,OD 1:1): o=
1.7925 ppm; IR (NaCl): #=3409, 2916, 2849, 1692, 1467, 1252 cm™';
MS-FAB (m/z): found 942.66 [M+H]*; CyHeN,0,P calcd 942.65;
HRMS-FAB (m/z): found 942.6550 [M+H]; CsHo,N;0,P calcd
942.6548.

Adenosine-based Phospholipids

5'-O-(4-Methoxytrityl)adenosine (2): MMTr-Cl (2.14 g, 6.31 mmol) was
added to a solution of adenosine (1.30 g, 4.86 mmol) in dry pyri-
dine (60 mL) and the mixture was stirred at room temperature for
20 h. The solvent was evaporated under high vacuum, and the re-
sultant oil was dissolved in CH,Cl, and then washed with water.
The organic layer was dried over anhydrous Na,SO,. Chromato-
graphic purification (SiO,; CH,Cl,/MeOH 50:1) yielded 2 (1.62 g,
62%). m.p. 159-160°C; "H NMR (300 MHz, CDCl5): 6=8.09 (s, TH),
8.02 (s, TH), 7.26-7.08 (m, 14H), 6.67 (d, /=8.3 Hz, 2H), 5.89 (d, J=
3.9Hz, 1H), 5.19 (m, TH), 446 (m, TH), 429 (m, 1H), 3.65 (s, 3H),
3.25 ppm (m, 2H); *C NMR (75 MHz, CDCl;): 6 =159.0, 156.1, 152.9,
149.3, 144.4, 1443, 139.3, 135.5, 130.8, 128.8, 128.2, 127.4, 119.8,
113.5, 89.7, 87.3, 84.6, 75.45, 71.0, 63.5, 55.5 ppm; IR (NaCl): 7=
3353, 2926, 2855, 1665, 1605, 1443 cm™'; MS-FAB (m/z): found
540.00 [M+H]*; CyoH,sNsO5 calcd 539.22.

2',3'-O-Didecanoyladenosine (5 a)—General Procedure: Decanoic acid
(1.13g, 7.87 mmol) was added to a solution of 2 (1.70g,
3.15mmol), EDC (1.51g, 7.87 mmol), and DMAP (461 mg,
3.78 mmol) in dry CH,Cl, (40 mL). The mixture was stirred at room
temperature for 4 h and was then extracted with water and con-
centrated to dryness. The residue was dissolved in acetic acid
(80%, 50 mL) and was then heated at 60°C for 3 h. The reaction
mixture was washed with water and CH,Cl,, and the organic layer
was separated, dried (Na,SO,), and then evaporated under reduced
pressure. Column chromatographic purification (SiO,; CH,Cl,/MeOH
60:1) afforded 5a (1.60g, 95%). m.p. 150-151°C; 'HNMR
(300 MHz, CDCly): 6=8.34 (s, 1H), 7.82 (s, 1H), 6.75 (d, J=9.2 Hz,
1H), 6.00 (m, 2H), 5.71 (m, TH), 4.34 (m, 1H), 3.96 (m, 2H), 2.40 (t,
J=7.4Hz, 2H), 224 (t, J=7.4Hz, 2H), 1.66 (br, 2H), 1.52 (br, 2H),
1.32-1.23 (br, 24H), 0.90-0.84 ppm (br, 6H); *CNMR (75 MHz,
CDCly): 6=173.1, 172.4, 156.8, 153.5, 149.4, 140.7, 121.8, 89.2, 87.2,
734, 73.2, 63.2, 34.8, 34.3, 32.5, 32.5, 30.1, 30.0, 29.9, 29.9, 29.9,
29.8, 29.8, 29.7, 25.6, 25.3, 23.3, 23.3, 14.7 ppm; IR (NaCl): 7=3442,
2923, 2851, 1742, 1641 cm™'; MS-FAB (m/z): found 576.20 [M+H]*;
C50H4oN5O4 caled 575.37.

2',3'-O-Dilauroyladenosine (5b): Yield: 88%. m.p. 148-149°C;
"H NMR (300 MHz, CDCl;): 5=8.36 (s, TH), 7.81 (s, TH), 6.70 (d, J=
10.3 Hz, 1H), 6.06-5.98 (m, 2H), 5.89 (s, 2H), 5.71 (m, TH), 435 (s,
1H), 401-3.82 (m, 2H), 240 (t, J=7.4Hz, 2H), 2.24 (t, J=7.3 Hz,
2H), 1.89 (s, TH), 1.66 (m, 2H), 1.52 (m, 2H), 1.27-1.22 (br, 32H),
0.89-0.85 ppm (br, 6H); *C NMR (75 MHz, CDCl,): 6=173.2, 172.5,
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156.7, 153.4, 149.3, 140.7, 121.7, 89.2, 87.2, 73.3, 73.2, 63.2, 348,
34.3, 32.5, 30.2, 30.1, 30.0, 29.9, 29.8, 29.8, 29.6, 25.5, 25.2, 23.3,
14.7 ppm; IR (NaCl): #= 3423, 2924, 2852, 1733, 1653 cm™~'; MS-FAB
(m/2): found 632.20 [M+H]*; C3,Hs,NsO; calcd 631.43.

2',3'-O-Dimyristoyladenosine (5c¢): Yield: 98%. m.p. 147-148°C;
"H NMR (300 MHz, CDCly): 6=8.31 (s, TH), 7.79 (s, TH), 6.70 (d, J=
10.2 Hz, 1H), 6.06 (s, 2H), 6.02-5.96 (m, 2H), 5.71 (m, 1H), 437 (m,
1H), 3.98-3.85 (m, 2H), 2.37 (t, J=7.5Hz, 2H), 2.21 (t, J=7.3 Hz,
2H), 1.64 (m, 2H), 1.49 (m, 2H), 1.29-1.20 (br, 40H), 0.87-0.82 ppm
(br, 6H); *CNMR (75 MHz, CDCly): 6=172.8, 172.1, 156.4, 153.1,
140.3, 121.4, 88.8, 86.9, 73.0, 72.9, 62.9, 34., 34.02, 32.2, 30.0, 29.9,
29.9, 29.8, 29.7, 29.6, 29.5, 29.5, 29.3, 24.9, 22.9, 14.4 ppm; IR (NaCl):
7=3439, 2920, 2858, 1745, 1652 cm™"; MS-FAB (m/z): found 688.30
IM4-H]T; C3gHgsNsO, calcd 687.49.

2',3'-O-Dipalmitoyladenosine (5d): Yield: 85%. m.p. 140-141°C;
'H NMR (300 MHz, CDCl,): 6=7.80 (s, 1H), 6.72 (s, TH), 6.16 (d, J=
10.2 Hz, 1H), 5.47 (m, 2H), 5.25 (s, 2H), 5.16 (m, 1H), 3.80 (m, TH),
3.42-3.32 (m, 2H), 1.85 (t, J=7.4Hz, 2H), 1.67 (t, J=7.6 Hz, 2H),
1.26 (s, 1H), 1.17 (m, 2H), 0.98 (m, 2H), 0.77-0.68 (br, 48H), 0.35-
0.31 ppm (br, 6H); 3*C NMR (75 MHz, CDCl;): 6 =173.1, 172.4, 156.6,
153.5, 140.3, 121.4, 89.3, 87.3, 78.1, 73.2, 63.3, 34.8, 34.3, 32.6, 30.3,
30.3, 30.2, 30.1, 30.0, 29.9, 29.8, 29.7, 25.6, 25.3, 23.3, 14.7 ppm; IR
(NaCl): #=3438, 2925, 2855, 1747, 1640 cm'; MS-FAB (m/z): found
744.40 [M+H]*; C,,H,3N;O4 calcd 743.56.

2',3'-O-Distearoyladenosine (5e): Yield: 81.5%. m.p. 141-142°C;
'H NMR (300 MHz, CDCl,): 6=8.35 (s, 1H), 7.98 (s, 1H), 6.70 (d, J=
10.7 Hz, 1H), 6.00 (s, 2H), 5.73 (m, 2H), 4.35 (m, 1H), 4.01-3.86 (m,
2H), 240 (t, J=7.4Hz, 2H), 2.24 (t, J=7.4Hz, 2H), 1.69 (m, 2H),
1.52 (m, 2H), 1.25 (br, 56 H), 0.86 ppm (m, 6H); *C NMR (75 MHz,
CDCly): 6=173.6, 172.8, 157.06, 153.9, 149.7, 141.2, 122.3, 89.8,
87.8, 78.5, 73.7, 63.7, 35.2, 34.7, 33.0, 30.8, 30.7, 30.6, 30.5, 304,
30.3, 30.3, 30.1, 26.0, 25.7, 23.8, 15.2 ppm; IR (NaCl): 7#=3430, 2916,
2849, 1740, 1646 cm™'; MS-FAB (m/z): found 800.30 [M4H]T;
CyeHgiNsOg calcd 799.62.

5'-O-Phosphatidylcholine-2',3'-O-didecanoyladenosine (8 a)—General
Procedure: 2-Chloro-1,3,2-dioxaphospholane (158 uL, 1.78 mmol)
was added to a solution of 5a (620 mg, 1.19 mmol) and diisopro-
pylethylamine (248 pL, 1.42 mmol) in dry THF (20 mL), and the mix-
ture was then stirred for 15 min at room temperature. Br, (183 pL,
3.57 mmol) in dry THF (20 mL) was then slowly added with stirring
at 0°C for 1 h. The solvents were evaporated, and the residue was
dissolved in CHCI,/iPrOH/CH;CN (3:5:5). Aqueous trimethylamine
(40%, 10 mL) was added, the mixture was stirred for 3 days at
room temperature, and the solvents were then evaporated. Purifi-
cation was accomplished by flash column chromatography
(CH,Cl,/MeOH/H,0 14:5:0.1 to 140:55:8). Removal of silica gel was
accomplished by filtration through celite, and the solvent was then
evaporated to afford 8a (260 mg, 29.4%). m.p. 240-241°C; 'H NMR
(300 MHz, CD;COO0D): 6=11.56 (s, 2H), 8.66 (s, 1H), 8.39 (s, 1H),
6.44 (d, J=6.5Hz, 1H), 573 (m, 1H), 571 (m, TH), 4.56-4.51 (m,
3H), 435 (s, 2H), 3.77 (s, 2H), 2.28 (s, 9H), 2.49 (t, J=7.0 Hz, 2H),
231 (t, J=7.0Hz, 2H), 1.72 (m, 2H), 1.55 (m, 2H), 1.34-1.27 (br,
24H), 0.93 ppm (m, 6H); *CNMR (75 MHz, CD,COOD): 6=173.2,
172.7, 153.9, 149.7, 148.9, 140.9, 117.9, 85.86, 83.1, 83.0, 74.6, 71.7,
66.5, 65.3, 59.9, 54.2, 33.9, 33.6, 31.9, 30.0, 29.6, 29.5, 29.4, 29.3,
29.2, 29.0, 24.9, 24.6, 22.69, 20.0, 13.6 ppm; *'P NMR (121 MHz;
CDCI,/CD,0D 1:1): 6=1.8332 ppm; IR (NaCl): #=3428, 2923, 2853,
1747, 1643cm™'; HRMS-FAB (m/z): found 741.4316 [M+H]*;
CssHe,NOoP calcd 741.4316.

5'-O-Phosphatidylcholine-2',3'-O-dilauroyladenosine (8b): Yield: 33 %.
m.p. 239-240°C; 'H NMR (300 MHz, CD;COOD): 6=11.57 (s, 2H),
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8.68 (s, 1H), 8.41 (s, TH), 6.45 (d, J=6.7 Hz, 1H), 5.79 (m, 2H), 5.72
(m, 1H), 4.57-4.52 (m, 3H), 4.36 (s, 2H), 3.78 (s, 2H), 3.29 (s, 9H),
2.50 (t, J=7.3 Hz, 2H), 2.32 (t, J=7.2 Hz, 2H), 1.73 (m, 2H), 1.56 (m,
2H), 1.34-1.29 (br, 32H), 0.94 ppm (m, 6H); *CNMR (75 MHz,
CD,;COO0D): 6=173.1, 172.6, 153.6, 149.4, 141.0, 140.9, 117.9, 85.8,
83.0, 74.5, 71.6, 66.4, 65.2, 59.8, 54.1, 33.5, 33.5, 31.9, 29.9, 29.7,
29.6, 29.5, 29.4, 29.3, 29.2, 29.0, 24.8, 24.6, 22.6, 13.5 ppm; >'P NMR
(121 MHz; CDCl,/CD;0D 1:1): 6=1.8615; IR (NaCl): #=3426, 2922,
2852, 1741, 1643 cm™'; HRMS-FAB (m/z): found 797.4940 [M+H]™;
C39H;0NOoP calcd 797.4942.

5'-O-Phosphatidylcholine-2',3'-O-dimyristoyladenosine ~ (8c):  Yield:
28%. m.p. 246-247°C; 'HNMR (300 MHz, CD,COOD): 6 =11.47 (s,
2H), 8.66 (s, 1H), 6.44 (d, J=6.6 Hz, TH), 5.77 (m, TH), 5.71 (m, TH),
4.55 (m, 3H), 4.35 (s, 2H), 3.76 (s, 2H), 3.28 (s, 9H), 249 (t, J=
7.4 Hz, 2H), 2.31 (t, J=7.4 Hz, 2H), 1.72 (m, 2H), 1.55 (m, 2H), 1.31-
1.28 (m, 40H), 0.95-0.93ppm (m, 6H); CNMR (75 MHz
CD,CO0D): 6=173.1, 172.7, 153.6, 149.6, 141.0, 140.7, 117.5, 85.8,
83.0, 74.5, 71.6, 66.4, 65.2, 59.8, 54.1, 33.8, 33.5, 31.9, 29.7, 294,
29.0, 24.9, 24.6, 22.6, 13.5 ppm; >'P NMR (121 MHz; CDCl,/CD,0D
1:1): 0=1.8497 ppm; IR (NaCl): 7=3443, 2923, 2854, 1738,
1644 cm™"; HRMS-FAB (m/z): found 853.5570 [M-+H]*; CysH,sN;OP
calcd 853.5568.

5'-O-Phosphatidylcholine-2',3'-O-dipalmitoyladenosine ~ (8d):  Yield:
22%. m.p. 235-236°C; '"H NMR (300 MHz, CD,COOD): 6=8.61 (s,
1H), 8.35 (s, 1H), 6.38 (d, J=6.2 Hz, 1H), 5.72 (m, 1H), 4.49 (m, 3H),
4.29 (s, 2H), 3.70 (s, 2H), 3.22 (s, 9H), 2.43 (t, J=6.9 Hz, 2H), 2.26 (t,
J=6.9 Hz, 2H), 1.66 (m, 2H), 1.50 (m, 2H), 1.26 (br, 48H), 0.87 ppm
(m, 6H); CNMR (75 MHz, CD,COOD): 6=173.1, 172.6, 153.5,
149.2, 148.9, 141.1, 117.8, 85.9, 83.1, 82.9, 74.5, 71.6, 66.4, 65.2,
59.9, 54.1, 33.8, 33.5, 31.9, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 29.3,
29.2, 29.0, 24.8, 24.6, 22.6, 13.5 ppm; *P NMR (121 MHz; CDCl,/
CD,0D 1:1): 6=1.8413 ppm; IR (NaCl): #=3433, 2917, 2849, 1747,
1644 cm™'; HRMS-FAB (m/z): found 909.6198 [M+H]™; C,HggNsOoP
calcd 909.6194.

5'-O-Phosphatidylcholine-2',3'-O-distearoyladenosine ~ (8e):  Yield:
18.6%. m.p. 238-239°C; "H NMR (300 MHz, CD,COOD): 6 =11.74 (s,
2H), 8.61 (s, 1H), 8.34 (s, TH), 6.38 (d, /=6.6 Hz, TH), 5.71 (m, TH),
5.65 (m, 1H), 451 (m, 3H), 4.30 (s, 2H), 3.71 (s, 2H), 3.22 (s, 9H),
243 (t, J=7.5Hz, 2H), 2.25 (t, J=7.4 Hz, 2H), 1.66 (m, 2H), 1.49 (m,
2H), 1.26-1.22 (br, 56H), 0.87 ppm (m, 6H); *CNMR (75 MHz,
CD,CO0D): 6=173.8, 172.8, 153.8, 149.7, 148.5, 141.2, 117.7, 85.3,
83.2, 82.7, 76.8, 74.3, 71.5, 66.5, 65.3, 59.8, 54.2, 33.8, 33.5, 31.8,
29.6, 29.5, 29.5, 294, 29.2, 29.2, 29.1, 28.9, 24.7, 245, 22.5, 20.3,
200, 13.7ppm; *PNMR (121 MHz; CDCl;/CD,OD 1:1): o=
1.8856 ppm; IR (NaCl): #=3430, 2916, 2849, 1747, 1646 cm™';
HRMS-FAB (m/z): found 965.6820 [M+H]*; CgHesN;OP calcd
965.6820.

Inosine-based Phospholipids

5'-O-(4-Methoxytrityl)inosine (3): MMTr-Cl (2.96 g, 9.60 mmol) was
added to a solution of inosine (2.15 g, 8.00 mmol) in dry pyridine/
DMSO (1:1, 50 mL), and the mixture was stirred at room tempera-
ture for 18 h. The solvent was evaporated under high vacuum, and
residual DMSO was removed by extraction with water and CH,Cl,.
The organic layer was dried (Na,SO,) and concentrated to dryness.
Column chromatographic purification (SiO,; CH,Cl,/MeOH 50:1)
yielded 3 (2.00g, 74%). m.p. 208.8-210.1°C; 'H NMR (300 MHz;
CDCl,/CD,0D 5:1): 6=7.84 (s, 1H), 7.67 (s, 1H), 7.18 (d, J=7.02 Hz,
1H), 7.08-6.94 (m, 8H), 6.58 (d, J=9.1 Hz, 2H), 5.80 (d, J=5.2 Hz,
1H), 448 (t, J=5.1Hz, 1H), 418 (t, J=4.6Hz, 1H), 4.04 (q, J=
3.9 Hz, 1H), 3.54 (s, 3H), 3.24-3.12 ppm (m, 2H); *C NMR (75 MHz;
CDCl,/CD,0D 5:1): 6=159.3, 158.2, 149.1, 145.7, 144.7, 1447,
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139.4, 135.9, 130.9, 129.0, 128.3, 127.5, 125.6, 113.7, 89.5, 87.4, 84.9,
75.2,71.5, 64.2, 55.6 ppm; MS-FAB (m/z): 541.1 [M+H]*.

2',3'-O-Didecanoylinosine (6 a)—General Procedure: Decanoic acid
(798 mg, 4.63 mmol) was added to a solution of 3 (1.00g,
1.85 mmol), EDC (888 mg, 24.6 mmol), and DMAP (271 mg,
2.20 mmol) in dry CH,Cl, (40 mL). The mixture was stirred at room
temperature for 4 h and was then extracted with water and con-
centrated to dryness. The residue was dissolved in acetic acid
(80%, 50 mL) and was then heated at 60°C for 3 h. The reaction
mixture was washed with water and CH,Cl,, the organic layer was
separated and dried (Na,SO,), and the solvent was evaporated
under reduced pressure. Column chromatographic purification
(SiO,; CH,Cl,/MeOH 60:1) afforded 6a (897 mg, 84%). m.p. 169.7-
171.9°C; 'H NMR (300 MHz, CDCl;): 6=13.21 (s, 1H), 8.52 (s, 1H),
8.05 (s, 1H), 6.06 (d, J=7.5Hz 1H), 5.94 (t, J=5.4 Hz, TH), 5.69 (d,
J=53Hz, 1H), 435 (s, 1H), 3.98 (t, /=153 Hz, 2H), 240 (t, J=
7.5Hz, 2H), 2.26 (t, J=7.4Hz, 2H), 1.64 (br, 2H), 1.53 (br, 2H),
1.32-1.22 (m, 24H), 0.90-0.82 ppm (m, 6H); *CNMR (75 MHz,
CDCl,): 0=172.7, 172.0, 158.4, 148.0, 146.5, 140.0, 126.2, 88.1, 86.2,
73.3, 724, 62.5, 34.2, 33.7, 32.0, 31.9, 29.5, 29.5, 29.4, 29.4, 29.3,
29.3, 29.1, 25.0, 24.7, 22.8, 22.7 142 ppm; MS-FAB (m/z): 599.3
[M+H]*; elemental analysis calcd (%) for C3oH,N,O;: C 62.48, H
8.39, N 9.71; found C 62.54, H 8.21, N 9.80.

2',3'-O-Dilauroylinosine (6b): Yield: 87%. m.p. 164.0-165.9°C;
'H NMR (300 MHz, CDCls): =838 (s, 1H), 7.97 (s, 1H), 6.03 (d, J=
7.5Hz, 1H), 5.94 (t, J=5.4Hz, 1H), 5.68 (d, J=5.4Hz, 1H), 4.36 (s,
1H), 3.95 (dd, J,=19.5 Hz, J,=12.0 Hz, 2H), 2.41 (t, J=7.4 Hz, 2H),
2.26 (t, J=7.4Hz, 2H), 1.65 (br, 2H), 1.54 (br, 2H), 1.33-1.24 (m,
32H), 0.91-0.85 (m, 6H) ppm; CNMR (75 MHz, CDCl,): §=172.7,
172.0, 158.7, 148.0, 145.9, 140.1, 126.8, 88.5, 86.3, 73.2, 72.4, 62.7,
34.3, 33.8, 32.1, 29.8, 29.7, 29.6, 29.5, 29.4, 29.4, 29.2, 25.1, 2428,
22.8, 14.2 ppm; IR (NaCl): #=3468, 2923, 2853, 1743, 1719, 1595,
1555, 1467, 1422, 1162 cm™'; MS-FAB (m/z): 655.4 [M+Nal*; ele-
mental analysis calcd (%) for C3,HsN,O;: C 64.53, H 8.92, N 8.85;
found C 64.74, H 8.72, N 8.76.

2',3'-O-Dimyristoylinosine (6c): Yield: 77%. m.p.: 162.2-163.6°C;
'HNMR (300 MHz, CDCly): 6=12.94 (s, 1H), 8.36 (s, 1H), 7.98 (s,
1H), 6.01 (d, J/=7.6Hz, 1H), 591 (t, J=54Hz, 1H), 566 (d, J=
52Hz, 1H), 433 (s, 1H), 3.92 (dd, J;=19.7 Hz, J,=12.5Hz, 2H),
2.38 (t, J=7.4 Hz, 2H), 2.23 (t, J=7.4 Hz, 2H), 1.64 (br, 2H), 1.51 (br,
2H), 1.24 (br, 40H), 0.86-0.82 ppm (m, 6H); *CNMR (75 MHz;
CDCly/CD;0D 5:1): 6=172.8, 1722, 157.5, 147.8, 145.6, 139.6,
126.0, 88.6, 85.7, 73.4, 72.1, 62.1, 34.1, 33.7, 31.9, 29.6, 29.5, 294,
29.3, 29.2, 29.2, 29.0, 24.9, 24.6, 22.6, 14.0 ppm; MS-FAB (m/z):
689.2 [M+H]*; elemental analysis calcd (%) for C35H¢,N,O,: C 66.25,
H 9.36, N 8.13; found C 66.44, H 9.38, N 8.09.

2',3'-O-Dipalmitoylinosine (6d): Yield: 85%. m.p. 160.6-163.9°C;
"H NMR (300 MHz; CDCl,/CD;0D 5:1): 6 =13.15 (s, 1H), 8.47 (s, 1H),
8.01 (s, 1H), 6.05 (d, J/=7.5Hz, 1H), 594 (t, J=5.4 Hz, 1H), 5.70 (d,
J=5.1Hz, TH), 4.36 (s, TH), 3.96 (dd, J;=18.9 Hz, J,=12.3 Hz, 2H),
241 (t, J=7.5Hz, 2H), 2.26 (t, J=7.5 Hz, 2H), 1.66 (br, 2H), 1.53 (br,
2H), 1.33-1.23 (m, 48H), 0.89-0.85 ppm (m, 6H); *C NMR (75 MHz;
CDCl,/CD;0OD 5:1): 6=172.8, 172.2, 157.4, 147.8, 145.5, 1396,
126.2, 87.7, 85.7, 73.4, 72.1, 62.2, 34.1, 33.7, 31.9, 29.7, 29.7, 29.5,
29.5, 29.4, 29.3, 29.2, 29.1, 25.0, 24.7, 22.7, 14.0 ppm; MS-FAB (m/2):
745.4 [M+H]T; elemental analysis calcd (%) for C,,H,,N,0,: C 67.71,
H 9.74, N 7.52; found: C 67.88, H 9.79, N 7.32.

5'-O-Phosphatidylcholine-2',3'-O-didecanoylinosine (9 a)—General
Procedure: 2-Chloro-1,3,2-dioxaphospholane (117 uL, 1.31 mmol)
was added to a solution of 6a (500 mg, 0.87 mmol) and diisopro-
pylethylamine (303 pL, 1.74 mmol) in dry THF (20 mL), and the mix-
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ture was then stirred for 15 min at room temperature. Br, (130 pL,
2.61 mmol) in dry THF (20 mL) was then slowly added with stirring
at 0°C for 1 h. The solvent was evaporated, and the residue was
dissolved in CHCI;/iPrOH/CH,CN (3:5:5). Aqueous trimethylamine
(40%, 10 mL) was added, the mixture was stirred for 3 days at
room temperature, and the solvents were evaporated. Purification
was accomplished by flash chromatography (SiO,; CH,Cl,/MeOH/
H,O 14:5:0.1 to 140:55:8). Removal of silica gel was accomplished
by filtration through celite, and the solvent was then evaporated
to afford 9a (173 mg, 27%). m.p. >197.0°C (dec); 'HNMR
(300 MHz; CDCl;/CD,COO0D 5:1): 6=8.54 (s, 1H), 8.21 (s, 1H), 6.28
(d, J=6.1Hz, 1H), 5.83 (t, J=5.7 Hz, 1H), 5.67 (m, TH), 4.46 (br,
3H), 4.30 (br, 2H), 3.70 (br, 2H), 3.23 (s, 9H), 2.43 (t, J=7.2 Hz, 2H),
230 (t, J=7.4Hz, 2H), 1.67 (br, 2H), 1.54 (br, 2H), 1.26 (m, 24H),
0.88 ppm (m, 6H); *CNMR (75 MHz; CDCl,/CD,COOD 5:1): 6=
173.1, 172.8, 158.9, 149.4, 146.0, 140.2, 123.9, 86.6, 83.3, 74.6, 71.8,
68.0, 66.9, 65.1, 60.0, 54.8, 34.3, 34.1, 32.2, 29.8, 29.8, 29.7, 29.6,
29.6, 29.5, 29.4, 25.2, 25.0, 22.3, 14.2 ppm; *'P NMR (121 MHz;
CDCl3/CD;0D 5:1): 6=-0.1918 ppm; MS-FAB (m/z2): 742.2 [M+H]¥;
HRMS-FAB (m/z): found 742.4156 [M-+H]T; C3HeNsO,0P calcd
742.4156;.

5'-O-Phosphatidylcholine-2',3'-O-dilauroylinosine (9b): Yield: 15 %.
m.p. >179.1°C (dec.); "H NMR (300 MHz; CDCl,/CD,COOD 5:1): § =
8.41 (s, TH), 8.08 (s, TH), 6.17 (d, J/=6.0 Hz, 1H), 5.72 (t, J=5.6 Hz,
1H), 5.56 (br, 1H), 4.34 (br, 3H), 4.17 (br, 2H), 3.56 (br, 2H), 3.13 (s,
9H), 2.32 (t, J=7.2Hz, 2H), 2.19 (t, J=7.3 Hz, 2H), 1.54 (br, 2H),
1.44 (br, 2H), 1.17 (m, 32H), 0.79 ppm (t, J=5.4 Hz, 6H); *C NMR
(75 MHz; CDCl;/CD,0D 5:1): 6=173.0, 172.6, 158.7, 149.3, 145.9,
139.9, 123.9, 86.3, 83.1, 74.3, 71.6, 66.7, 65.0, 59.9, 54.6, 34.2, 33.9,
32.1, 29.8, 29.7, 29.7, 29.5, 29.5, 294, 293, 25.1, 24.8, 228,
14.1 ppm; *'P NMR (121 MHz; CDCl,/CD;0OD 5:1): 6 =4.9022 ppm;
MS-FAB (m/z): 798.3 [M+H]*; HRMS-FAB (m/z): found 798.4779
[IM4H]T; C3oHegNsO4P calcd 798.4782.

5'-O-Phosphatidylcholine-2',3'-O-dimyristoylinosine (9c¢): Yield: 20%.
m.p. >184.8°C (dec.); 'H NMR (300 MHz; CDCl,/CD,COOD 5:1): 6=
8.42 (s, TH), 8.11 (s, 1H), 6.17 (d, J=6.1 Hz, 1H), 5.72 (t, J=5.6 Hz,
1H), 5.57 (m, 1H), 4.35 (br, 3H), 4.19 (br, 2H), 3.60 (br, 2H), 3.12 (s,
9H), 2.33 (t, J=7.3 Hz, 2H), 2.19 (t, J/=7.3 Hz, 2H), 1.54 (br, 2H),
1.44 (br, 2H), 1.17 (m, 40H), 0.78 ppm (t, J=6.2 Hz, 6H); *C NMR
(75 MHz; CDCl;/CD,0D 5:1): 6=173.2, 172.8, 158.9, 149.5, 146.3,
140.3, 124.0, 86.7, 83.3, 74.7, 71.9, 67.0, 65.3, 60.2, 54.8, 34.4, 34.1,
32.4, 30.1, 30.1, 30.0, 29.9, 29.8, 29.7, 29.7, 29.5, 29.3, 25.1, 23.1,
142 ppm; 3*PNMR (12150 Hz; CDCl,/CD,OD 5:1): 6=
—0.2444 ppm; MS-FAB (m/z): 854.4 [M+H]™; HRMS-FAB (m/2):
found 854.5412 [M+H]*; C,5H,¢NsO,oP calcd 854.5408.

5'-O-Phosphatidylcholine-2',3'-O-dipalmitoylinosine (9d): Yield: 20%.
m.p. >195.0°C (dec.); '"H NMR (300 MHz; CDCl,/CD;COOD 5:1): 6 =
8.53 (s, TH), 8.20 (s, 1H), 6.27 (d, J=6.2 Hz, 1H), 5.83 (t, J/=5.6 Hz,
1H), 5.67 (m, 1H), 4.46 (br, 3H), 4.30 (br, 2H), 3.71 (br, 2H), 3.23 (s,
9H), 243 (t, /=73 Hz, 2H), 2.29 (t, J=7.4Hz, 2H), 1.67 (br, 2H),
1.54 (br, 2H), 1.28 (m, 48H), 0.88 ppm (t, J=6.3 Hz, 6H); *C NMR
(75 MHz; CDCl3/CD;COOD 5:1): 6=173.1, 172.7, 158.9, 149.4, 146.0,
140.2, 123.9, 86.6, 83.2, 74.6, 71.8, 66.9, 65.2, 60.0, 54.7, 34.3, 34.1,
32.2, 30.0, 29.9, 29.8, 29.7, 29.6, 29.6, 29.4, 252, 250, 23.0,
14.1 ppm; *'P NMR (121 MHz; CDCl5/CD,0D 5:1): 6 = —0.2332 ppm;
MS-FAB (m/2): 910.5 [M+H]*; HRMS (m/z): found 910.6033 [M+H]™;
CyoHgsNsO,oP calcd 910.6034; elemental analysis calcd (%) for
CuoHgsNsO;oP: C 62.02, H 930, N 7.69; found C 62.16, H 9.02, N
7.38.
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