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Body Shaping under Water Stress:
Osmosensing and Osmoregulation of Solute

Transport in Bacteria

Susanne Morbach* and Reinhard Kramer!?

Fluctuation of external osmolarity is one of the most common
types of environmental stress factors for all kind of cells, both of
prokaryotic and of eukaryotic origin. Cells try to keep their volume
and/or turgor pressure constant; consequently, both a decrease
(hypoosmotic stress) and an increase (hyperosmotic stress) of the
solute concentration (correctly: increase or decrease in water
activity) in the surrounding area, respectively, are challenges for
cellular metabolism and survival. A common example from the
prokaryotic world is the fate of a soil bacterium that, after a sunny
day has dried out the soil (hyperosmotic stress), is suddenly exposed
to a drop of distilled water from a rain cloud (hypoosmotic stress).
The immediate and inevitable passive response to the sudden
osmotic shift in the surroundings is fast water efflux out of the cell
in the former situation and water influx in the latter. In the worst
case, these responses may lead to either loss of cell turgor and
plasmolysis or to cell burst. In order to overcome such drastic

1. Introduction

The cytoplasmic membrane of bacteria is permeable to water
but forms an effective barrier for solutes in the surrounding
medium or for metabolites in the cytoplasm. In general, the total
concentration of osmotically active solutes within a cell is higher
than that in the environment, causing water to flow down its
chemical potential into the cell. As a result, a hydrostatic
pressure, the so-called turgor pressure, is exerted by the
cytoplasmic membrane on to the cell wall. Consequently, turgor
balances the difference in osmotic pressure between the cell
interior and its surroundings. Turgor is maintained throughout
the growth cycle as the cell elongates,'" and is considered to be
necessary for enlargement of the cell envelope and, thus, for
growth and division. Since the environment of a bacterial cell is
permanently subjected to fluctuations in osmolarity, bacteria
have been forced to develop efficient adaptation mechanisms to
cope with conditions of hypo- and hyperosmotic stress.

In the case of soil bacteria, a common scenario of osmotic
stress conditions is illustrated by a cell which, after adaptation to
high external osmolarity as the result of a period of drought, is
hit by a drop of rain. This situation of a drastic and sudden
downward shift in the external solute concentration is actually
life threatening. Water rushes in and immediately increases
turgor pressure and membrane tension, consequently, the cell is
faced with rupturing. Under these conditions emergency release
valves, so-called mechanosensitive (MS) channels, are activated
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consequences cells have developed effective mechanisms, namely
osmoadaptation, to cope with the two different types of osmotic
stress. For a graded reaction to osmotic shifts, cells must be able
(1) to sense stimuli related to osmotic stress, (2)to transduce
corresponding signals to those systems that properly respond (3) by
activating transport or enzymatic functions or (4) by changing
gene expression profiles. In this review, membrane proteins
involved in the cell’s active response to osmotic stress are described.
Molecular details of structure, function, and regulation of mecha-
nosensitive efflux channels from various organisms, as well as of
osmoregulated uptake systems are discussed.
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to prevent cell death. Cytoplasmic solutes are effectively jet-
tisoned into the environment to reduce the force for water entry
by lowering internal osmolarity. In bacteria, MS channels are
characterized by an extremely high transport velocity®™ and
conductance (permeability). Furthermore, they show little ion or
solute specificity. As a result, MS channels allow an almost instant
adaptation to a lowered external osmolarity. This function can
only be mediated by channels and not by the activity of carrier
systems which are generally slower and more specific.

If, on the other hand, bacteria are challenged by an increase in
the osmolarity of their environment, water efflux occurs, the cell
dehydrates and may plasmolyse, consequently growth stops.
Bacterial cells respond to hyperosmotic stress in three over-
lapping phases:* 1) dehydration of the cytoplasm, 2) rehydra-
tion of the cytoplasm by adjustment of the cytoplasmic solvent
composition due to accumulation of ions or compatible solutes,
and 3) cellular remodeling changes as a consequence of gene
expression profiles and exchange of ionic osmolytes against
compatible solutes. As a result, growth starts again. It should be
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noted that some halophilic bacteria and archaea that are
confined to environments of high osmolarity, for example,
Halobacterium sp., have developed a different strategy, which is
called the “salt-in strategy”. These microorganisms maintain
extremely high salt concentrations in the cytoplasm (molar
concentrations of NaCl and KCl in halophilic bacteria, up to 7 m
KCl in archaea), consequently, cellular proteins have to be
adapted structurally to achieve high salt tolerance.”
Accumulation of compatible solutes is the major strategy of
most bacteria under conditions of hyperosmotic stress (with the
exception of those anaerobic bacteria employing the “salt-in”
strategy). Compatible solutes combine two fundamental proper-
ties. On the one hand they cause rehydration of the cytoplasm
by increasing the internal osmolarity. On the other hand, they are
compatible with vital functions of the cell, even when accumu-
lated to molar concentrations in the cytoplasm under conditions
of hyperosmotic stress.® 7 Compatible solutes stabilize and
protect enzymes mainly by being excluded from the protein
surface, thus leading to a preferential hydration of the protein.”
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The spectrum of compatible solutes comprises amino acids or
their derivatives, methylamines, sulfonium analogues, polyols,
and sugars. In a particular bacterial species a selection of
compatible solutes is normally found. Glycine betaine, ectoine,
proline, and trehalose are probably the most widely used
compatible solutes in the bacterial world.

As a common feature, bacterial species typically possess a
multitude of different transport systems for the accumulation of
compatible solutes. Uptake has the advantage of being ener-
getically cheaper than synthesis. Additionally, uptake also leads
to the recovery of solutes from the medium that had previously
been synthesized by the cell.®! In contrast to hypoosmotic shock,
only transport systems and not channels can be used for coping
with hyperosmotic stress, since internal accumulation of solutes
needs some input of energy, in contrast to fast and relatively
unspecific efflux. The high internal concentration of solutes
reached as a consequence of uptake carrier activity requires
high-substrate specificity in order to guarantee the accumula-
tion of compatible solutes only.

2. The Response of Bacteria to Hypoosmotic
Stress: Mechanosensitive Channels

Bacteria avoid cell burst after a sudden downshift of external
osmolarity by activating MS channels. These channels have been
discovered in organisms of different phylogenetic origin,
including archaea, bacteria, fungi, plants, and mammalian
cells.”™ The presence of different types of MS channels in a
diversity of bacteria has been detected by electrophysiological
(patch clamp) and biochemical analyses.? '* 1591 |n Escherichia
coli, the best characterized organism with respect to MS
channels, three different tension-gated (that is, mechanosensi-
tive) pores were identified in patch-clamp analyses.?> 2" De-
pending on their conductances, they were named MscL, MscS,
and MscM (mechanosensitive channel of large, small, or mini
conductance), and a direct correlation between permeabilities
and activation thresholds of the different types of channels was
found. In terms of physiology, this scenario allows a graded
reaction to osmotic downshifts of varying extent.?" In recent
years the genes coding for MscL and MscS have been identified,
whereas the mscM gene still remains elusive. The analysis of
knock-out strains revealed a high redundancy of MS channels,
since no phenotype could be determined if one gene only, either
mscL or yggB (encoding MscS), were deleted in the genome of
E. coli.l'® 23 | evina and co-workers?Z demonstrated that only the
deletion of both genes caused cell death after a severe
downshift of external osmolarity. This was actually the first
indication for a physiological significance of MS channels and
proved that they are designed to open at a pressure difference
just below that which would cause cell disruption. Meanwhile
three different gene families have been identified that encode
MS channels. Besides the mscL?* and the kefA/yggB families,”?? a
new family was recently identified in the archeon Methanococ-
cus jannashiil'"* 24 Interestingly, these archaeal channels show
sequence and structural similarities to MscL and MscS (YggB),
although they consist of 350 amino acids and are thus larger
than MscL-type channels (approximately 136 residues) or the
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YggB channels (286 residues). This was taken as an indication
that prokaryotic MS channels originated from a common MscL-
like anchestor gene through gene duplication and diversifica-
tion.l

2.1. MscL: From function to structure

Most biochemical and structural knowledge of MS channels is
based on work concerning MscL, which until recently was the
only MS channel for which the encoding gene had been
identified. In fact, identification of the mscL gene was a
biochemical tour de force. First, the protein from E. coli
membranes was enriched by chromatographic procedures, with
application of reconstitution together with patch-clamp analy-
ses for monitoring MscL activity in every single fraction.
N-terminal sequencing of the isolated protein and database
analysis then finally led to isolation of the mscL gene.l'®
Functional reconstitution of MscL in liposomes showed that
the MscL polypeptide alone was responsible for the channel
activity and furthermore proved that neither an additional
protein is involved in the gating process nor is MscL simply a
regulator of the measured channel activity.

The MscL of E.coli consists of 136amino acids with a
molecular mass of approximately 15 kDa. The predicted mem-
brane topology was verified by PhoA fusions leading to a model
of MscL which consists of two transmembrane helices connected
by a periplasmic loop. Both N- and C-terminal extensions are
located in the cytoplasm (Figure 1a).2! Since one single mono-
mer of MsclL is not large enough to form a pore with the
observed electrical conductance, it was concluded that the
functional MscL channel consists of several subunits. The
number of subunits necessary to form an active channel,
however, was controversially discussed. The functional recon-
stitution of genetically fused MscL dimers and trimers suggested
that the complex has a hexameric structure.'> 2! This was further
supported by the fact that hexamers were detectable after cross-
linking experiments, as well as by electron microscopy studies on
2D crystals of MscL.?! Finally, the X-ray analysis of the crystal
structure of MscL from Mycobacterium tuberculosis (Figure 1 b)2”!
showing a pentameric arrangement of MscL monomers with
radial symmetry was a great surprise. Subsequently, the
pentameric assembly of MscL was independently proven by a
biochemical approach.?® The 3D structure of MscL furthermore
proved that each monomer consists of two transmembrane
helices connected by a periplasmatic loop and possesses a
cytoplasmically localized a-helical structure at the C-terminal
end. The first transmembrane domains (TM1) of each subunit
form the pore-lining o helices, whereas the TM2 domains
constitute an outer ring of the pentamer. The TM1 helices are
tilted relative to the membrane normal so that they converge to
form an “inverted teepee”, similar to that of the TM2 helices of
KcsA, a Streptomyces lividans potassium channel, the structure of
which was solved just before that of MscL.?® The constriction
with an opening of 2A is thought to represent the closed
conformation of MscL. Conductance measurements and molec-
ular-sieving experiments suggested that the open conformation
of MscL should have a pore diameter of 30-40 A.3% To achieve

ChemBioChem 2002, 3, 384-397

Figure 1. Secondary and 3D structure of MscL. A) Secondary structure prediction
and membrane topology of one single MscL subunit of E. coli. The trans-
membrane segments are indicated by TM1 and TM2. Functionally important
domains are designated S1, S2, and S3. B) 3D structure of the homopentameric
MscL of M. tuberculosis (Protein Data Bank file no. TMSL).

this, a tremendous change in the protein conformation is
necessary. Two models are currently under discussion. Although
the constriction of the closed channel is formed by TM1 only,
Yoshimura and co-workers®" propose that both TM1 and TM2
line the pore in the open conformation (Figure 2a). Sukharev
etal.,B2 33 on the other hand, presented evidence that pore
opening takes place through an iris-like movement of the TM1
helices sliding one along the other; this leads to their separation
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Figure 2. Two different mechanistic models of the channel opening of MscL. A) As illustrated by a view onto the plane of the membrane, the model of Yoshimura et al.*"
predicts that the channel constriction in the closed state is formed by the inner ring of TM1 helices (red circles) which is surrounded by an outer ring of TM2 segments
(blue circles). During transformation of the closed conformation into the open conformation, the inner ring expands and together with TM2 forms the channel pore.
B) The model of Sukharev et al.?2 33 predicts that MscL possesses two independent gates. The first one is the constriction point at the cytoplasmic side of the membrane
formed by the five TM1 helices. The opening of this gate occurs through an iris-like movement of the TM1 helices away from the central axis of the pore resulting in the
closed expanded state. In this conformation the second gate, the S1 bundle, is still closed. Only if this a-helical bundle is disrupted, can gating occur. Unlike the model of
Yoshimura et al., the overall architecture of the inner and outer ring is not disturbed during opening of the helices.

at the constriction side. This movement involves flattening of the
entire channel protein (Figure 2b), a situation which has recently
been suggested by molecular dynamics simulations to occur.4
In contrast to the first model, the TM2 helices do not line the
pore in the open conformation. Further details of MscL structure/
function correlation are discussed in the following section.
Besides MscL, several 3D structures of a-helical channel
proteins have been solved in the meantime, for example, the
water channel AQP15% 3¢ and the glycerol facilitator GIpF,5” as
well as the previously elucidated potassium channel KcsA.?!
AQP1 and GIpF are members of the MIP (major intrinsic protein)
family of transporters, which is divided into the subgroups of
aquaporins, such as AQP1, and aquaglyceroporins, such as GIpF.
Aquaporins are highly specific water channels accelerating the
movement of water across the membrane.?® They are found in
animals and plants and also in Gram-negative bacteria; the only
water channel in a Gram-positive bacteria identified to date was
found in Enterococcus faecalis (reviewed in ref.[39]). Although
aquaporins are involved in water transport across the membrane
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and thus contribute to water fluxes as a response of changes in
the external osmolarity, their physiological importance in Gram-
negative bacteria still remains elusive, since agpZ (encoding for
AqpZ) knock-out strains of Eschericha coli were found to be
barely impaired.® 4" The high-resolution structures of AQP1 and
GIpF (and also KcsA) helped the understanding of how a channel
pore is able to discriminate between different very small
substrates, for example, water and protons, or glycerol and
water in the case of GlpF. The substrate is forced in single file
through a narrow site within the so-called selectivity filter, and in
this way identification of the correct ligand is possible.?® 3537 |n
the unspecific efflux channel MscL, on the other hand, a typical
selectivity filter is absent. This may reflect the physiological need
of MscL in transporting diverse solutes at a very high rate
whereas the other systems are constructed to discriminate
between chemically very similar ions or organic compounds.
One may ask whether there is a common principle in the
design of membrane channels with a-helical transmembrane
segments. A common feature seems to be a right-handed
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packing of the pore-lining a helices.*? Interestingly, right-
handed helix packing is also observed in the only carrier protein
which has been structurally elucidated at least to some extent,
namely the bacterial 12 transmembrane Na™/H™ antiporter of
E. coli® Further work has to prove, however, whether these
pore-lining helices are in fact directly involved in the transport
process. In the future, this structural motif may be a helpful tool
for identifying pore regions in density maps of channels and
transporters for which high atomic resolution has not yet been
achieved.”

2.2. Correlation of structure and function in MscL

Elucidating the structure of the mycobacterial MscL was
extremely helpful for understanding the functional principles
of mechanosensitivity of these channels. Unfortunately, at the
time when its structure was determined, the M. tuberculosis
homologue had not been shown to function as a MS channel.
Hence, it was unclear how much of the knowledge gained about
functionally relevant residues and domains of the E. coli model
system was applicable to the structure derived from the putative
orthologue. Moe etal.* demonstrated by three different
experimental approaches that the mycobacterial MscL in fact
forms a functional MS channel with typical conductances.”
Since the sequence of the E.coli and M. tuberculosis MscL
proteins share an identity of 37% and substitutions of highly
conserved amino acids lead to similar changes in the gating
properties, it appeared highly probable that the 3D structure of
the M. tuberculosis McsL could be used as a basis for modeling
the E. coli protein.

Consequently, after solving the 3D structure of the mycobac-
terial MscL channel, a series of results obtained earlier on the
function of the E. coli protein could be reinterpreted. The most
highly conserved parts within bacterial MscL proteins are the
N-terminal extension and the first transmembrane helix. Analysis
of mutants isolated after unspecific mutagenesis revealed that a
particular gain of function (GOF) phenotype was correlated with
substitutions of amino acid residues located at the cytoplasmic
side of TM1.%! In patch-clamp studies these MscL mutants
showed a dramatically increased pressure sensitivity, that is,
even small changes in the degree of membrane tension led to
activation. In addition, after expression of the corresponding
genes in E. coli the resulting growth inhibition was most severe
when highly conserved hydrophobic residues (one valine and
three glycine residues) were substituted by a hydrophilic or a
charged amino acid.®"“#! By using the 3D model of the
mycobacterial MscL as a structural basis, it was possible to draw
conclusions on closed-state stability and on channel gating.
Blount and Moe! found that the “sensitive” hydrophobic
residues are located either directly at the constriction point of
the channel lumen or in close juxtaposition to a neighboring
TM1 helix which forms a hydrophobic pocket serving as the
channel gate. This hydrophobic “lock” is supposed to be broken
in the wild-type protein only by a membrane tension just below
a value at which the membrane tears, whereas in the GOF
mutants this interaction is more easily disrupted due to the
presence of more hydrophilic amino acids.*® This model is
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supported by the fact that one of the glycine residues (G22 in
the E.coli MsclL) is not found in actinomycetes containing
mycolic acid or in Synechocystis, where an alanine residue is
found at the corresponding position. Patch-clamp analyses of
MscL channels of M. tuberculosis or Synechocystis synthesized in
E. coli revealed that these channels have an activation threshold
2-3 times higher than that of other homologues.?** Con-
sequently, the presence of the more hydrophobic alanine in this
position in the E. coli sequence was found to result in a higher
gating threshold.*¥ The reverse substitution of an alanine to a
glycine residue in the M. tuberculosis MscL, however, did not lead
to the expected decrease in the activation threshold./* Since the
actual opening thresholds of the wild-type M. tuberculosis MscL
and of the mutant were measured near membrane tensions
where disruption occurs (lytic limit of the membrane), this result
should be interpreted with some caution. Further investigations
are necessary to determine the significance of this particular
residue for the different gating characteristics of the MscL
homologues in M. tuberculosis and Synechocystis.

Recently, an interesting new suggestion for the gating
mechanism of the MscL channel was put forward by Sukharev
et al.,? as mentioned above. Besides a new model of an iris-like
movement of TM1 during transition from the closed to the open
state, a second gate formed by an a-helical bundle of the
N-terminal extensions (S1) of the five subunits of MscL was
predicted. As a matter of fact, this part of the channel did not
show a distinct structure in the 3D structure of Chang et al.l”!
The model of Sukharev etal. is based on the assumption that
membrane tension first leads to an expanded closed confirma-
tion. This was also indicated by thermodynamical analyses in
which the channel was predicted to expand to two-thirds of its
open size.*”In this state the channel constriction formed by TM1
is open, but gating does not yet occur. Finally, the channel fully
opens if the second gate is opened by disrupting the S1 bundle
(Figure 2b). In this model the transmembrane helices act as an
“elastic” barrel working as a tension sensor. Force is conveyed to
the S1 gate only when expansion of the barrel fully extends the
linker between TM1 and S1.52 This model was experimentally
supported by applying cross-linking experiments which showed
that particular hydrophobic residues of the S1 bundle are in
close contact in the inactive state, and that this interaction is
broken after activating the channel. The authors argued that two
gates in series might be required to make MscL absolutely leak-
proof in a wide range of subthreshold tensions and therefore
guarantee the sensitive balance between two important needs:
avoiding cell disruption and maintaining electrical integrity of
the membrane.

2.3. What kind of stimulus is sensed by MS channels?

In recent years a series of arguments and experimental
indications has been presented to support the idea that MS
channels act as tension sensors, that is, as devices able to sense
changes in membrane strain which occur as a consequence of
osmotic stress. Early observations using patch-clamp techniques
in spheroplasts, for example, showed that the channels were
closed at all membrane potentials unless suction was applied.
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The fraction of channels which became activated imme- A
diately closed again upon release of suction.?" In addition,
the channels could be activated by inserting amphipathic
molecules in the membrane, a fact which was taken as
indication that the gating force is exerted through the
surrounding lipid phase.“® Meanwhile further concepts
were developed to explain how the change in membrane
tension could be coupled to a change in protein
conformation. The addition of proteases in the patch-
clamp set up revealed that limited proteolysis of the
periplasmic loop resulted in a hypersensitive phenotype.
Interestingly, the channel was still functional after proteo-
lytic cleavage, since the gating still fully depended on the
application of suction.”” This was interpreted in terms of
the periplasmic loop acting as a spring, resisting opening
of the channel and promoting its closure when it is open.
Also, limited proteolysis of the N- or C-terminal part of
each subunit resulted in a hypersensitive, but still func-
tional, MscL. Besides indicating that the N- and C-terminal
extensions are also somehow involved in defining the B
sensitivity to membrane tension, this result proved that
none of the different extramembranous domains are
absolutely essential for mechanosensitivity.*!

In principle, the conclusions drawn from limited pro-
teolysis studies are in agreement with the model pre-
sented by Sukharev et al.?? in which the membrane part
functions as an elastic barrel reacting to pressure changes
(see above). Taken together, these and further experimen-
tal details all argue for a concept in which the whole
structure of the MscL protein acts as a tension sensor. The
degree of pressure exerted by the surrounding membrane
is transformed into a graded movement of the trans-
membrane helices of MscL, which leads to gating only if
the threshold is reached. Additional data, however, seem
to be necessary for understanding the modulating c
influence of the extramembranous domains on the
channel sensitivity. A further interesting question still to
be answered addresses the structural reasons which cause
the particular transmembrane helix arrangement of the
MscL channel to be extraordinarily sensitive to membrane
tension, in contrast to other, related solute channel
structures.

3. Means to Stay under Pressure:
Adaptation to Hyperosmotic Stress

As far as studied in detail, the first reaction of bacterial
cells, including E. coli, Bacillus subtilis, and Corynebacter-
ium glutamicum, to the passive efflux of water after an
osmotic upshift is uptake of K*,5°-% which is accompanied by
the synthesis of glutamate in E. coli and C. glutamicum or of
proline in B. subtilis (Figure 3). With this event the process of
rehydration of the cytoplasm and restoration of cell turgor starts.
The initial fast response of K+ accumulation leads to unfavorably
high ion concentrations in the cytoplasm which may induce
aggregation of macromolecules by enhancing hydrophobic
interactions.” Therefore, bacteria (with the exception of hal-
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Figure 3. Systems involved in the osmotic response by biosynthesis and solute uptake of
A) E. coli, B) B. subtilis, and C) C. glutamicum. OM = outer membrane, PP = periplasm,
CM = cytoplasmic membrane.

ophilic organisms of the “salt-in strategy”) exchange initially
accumulated potassium for compatible solutes (see the Intro-
duction). For being effective in situations of hyperosmotic stress,
compatible solutes have to be accumulated to high intracellular
concentrations, either by synthesis or by uptake from the
medium. A variety of compatible solutes is used by micro-
organisms,>=7! but only a few of the biosynthetic pathways
involved have been elucidated in detail so far. Examples are the
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disaccharide trehalose, the trimethylammonium compound
glycine betaine, the tetrahydropyrimidine ectoine, and the
amino acid proline. In the absence of any compatible solute in
the medium, trehalose was found to be the preferred compat-
ible solute synthesized in E.coli®® whereas in B. subtilis or
C. glutamicum proline plays an equally prominent role.5% 58 59
Osmoprotection through synthesis of compatible solutes is not
the focus of this article and the reader is referred to other reviews
on this topic.# %8 60

3.1. Transport of compatible solutes

In addition to the de novo synthesis of compatible solutes,
bacteria are able to acquire them from exogenous sources if
present. In the ecosystem these compounds originate from
decaying microbial, plant, and animal cells, as well as from root
exudates; this leads to to locally varying concentrations of
osmoprotectants.”> ¢! This is the reason for the particular
properties of most uptake systems for compatible solutes:
(1) high affinity for their substrates, (2) the capacity for high
internal accumulation of the transported solute against its
concentration gradient (energetic coupling), and (3) high activity
under conditions of increased osmolarity and ionic strength,
where transporters for nutrients are generally found to be
inhibited.®? The significance of compatible solute uptake for
microbial cells is further emphasized by the fact that almost all
bacteria possess a multitude of uptake systems, which in general
show different substrate specificities and affinities and thus
provide an optimal adaptation to varying environmental con-
ditions (Figure 3). Up to now osmotically regulated uptake
systems for compatible solutes were identified among all
different classes of transport systems, namely binding protein
dependent ABC transporters (for example, ProU of E. coli or
OpuA of B.subtilis), binding protein dependent secondary
transporters (ectoine uptake in Halomonas elongata; J. Kunte,
personal communication), or Na* or H* dependent secondary
transporters (for example, BetP and EctP of C glutamicum or
ProP of E. coli).

In most cases studied so far these transporters are strictly
regulated at the level of activity and very often also at expression
level. Regulation of activity, which is the focus of this review,
means an instant change of transport activity after an increase in
external osmolarity. This also requires the ability to optimally
adapt the catalytic activity (solute transport) to the extent of
osmotic stress (osmoregulation). For this purpose, carrier
systems have to perceive a certain stimulus related to hyper-
osmotic stress (osmosensing) and to transmit the perceived
signal from sensory to catalytic units (signal transduction). Two
principle ways can be thought of as to how this signal
transduction network may be organized to result in activation
of compatible solute uptake. Either separate membrane-inte-
grated sensor proteins or cytoplasmically located receptors
perceive the stimulus and transmit the signal to the respective
carrier systems, or the transporter itself combines the two
functions of sensing and regulation. For three osmoreactive
carrier systems, namely ProP of E.coli®® BetP of C. glutami-
cum,® and OpuA of Lactococcus lactis!® it was recently
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demonstrated by functional reconstitution of the respective
purified proteins in proteoliposomes that they indeed comprise
both the functions of an osmosensor and an osmoregulator.
Other well-known examples for proteins with osmosensory
functions are the regulatory modules of the two-component
systems EnvZ and KdpD.!® % They are not directly involved in
transport processes, but regulate gene expression of the outer
membrane porins OmpC/OpmF or of the K™ uptake system Kdp
of E. coli, respectively, with dependence on the external osmo-
larity.

3.2. What is known about the structure of compatible solute
transporters?

In contrast to the expanding knowledge of 3D structures of
channel proteins like MscL, no high resolution 3D structure of
the membrane part of any ABC-type or secondary transporter is
available. In particular, secondary transport proteins with a
typical mass of 45-60kDa have resisted all attempts for high
resolution X-ray studies so far. The reason for this is supposed to
be the extremely high flexibility and dynamic properties of these
membrane proteins which makes it difficult to obtain crystals of
high quality. Recently, the structure of the Naf/H* antiporter
NhaA from E. coli was analyzed by 2D electron crystallography to
7 A resolution,* which provided an impression of the overall
arrangement of the 12transmembrane helices within the
membrane part of the carrier. Unfortunately, this example is
also still far from atomic resolution, which would be necessary
for combining functional data with knowledge on structure, as in
the case of MscL. Also for the osmosensory proteins KdpD, ProP,
BetP, and OpuA, which will be discussed in more detail below,
only secondary structure predictions and/or data have been
obtained up to now.®7® Nevertheless, protein domains in-
volved in the sensing process have been determined for BetP,
ProP, and KdpD (see below and Figures 4-7).

3.3. What are the possible stimuli for osmosensors?

Direct response as well as long-term adaptation to osmotic
stress have been studied in several bacterial species in great
detail, for example, E. coli, Salmonella typhimurium, and B. subtilis
(reviewed in refs.[4, 56, 58]), but the mechanisms related to
sensing hyperosmotic stress are not well understood. This refers
in particular to the physical parameters which are supposed to
be osmorelevant stimuli. Over the course of the years, many
possible stimuli have been discussed as putative parameters
triggering activation of osmoresponsive membrane-embedded
proteins after an osmotic upshift.” 6 7778 Possible candidates
are: (1) turgor pressure, (2) membrane strain or shrinkage, which
affects the bilayer in the plane of the membrane (curvature
stress) in response to a change in cell volume or turgor pressure,
(3) external osmolarity, ion concentration or ionic strength,
(4) cytoplasmic osmolarity, ion concentration or ionic strength,
(5) change of the concentration of specific solutes in the
cytoplasm or in the surrounding of the cell, (6) the transmem-
brane osmotic gradient, or (7) macromolecular crowding as a
consequence of the change of the cytoplasmic volume. Since all
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these parameters (besides the external conditions) are
consequences of the water efflux from the cell following
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Consequently, to successfully dissect this scenario of
events, it is necessary to reduce the complexity of the
system. In the examples discussed below, this goal was
achieved by using functional reconstitution of osmor-
egulated proteins in proteoliposomes. This experimen-
tal approach has two major advantages. First, putative
factors contributing to osmoregulation can be defined
more easily in a simple system consisting of a purified
protein and a defined lipid bilayer only. Second, in
proteoliposomes the three different phases surround-
ing the inserted protein, that is, both the external and
internal solvent as well as the hydrophobic membrane,
are freely accessible to experimental variation.

Phosphatase l

D>

b lonic strangth
Autophosphorylation
ATP T ADP A

&/
i [ATP] l Kinase
B —
}

kdpFABC

Figure 4. Model of the regulation of the KdpD activity of E. coli from Jung et al.””

The autophosphorylation activity of KdpD is increased by K* limitation or high external
osmolarity resulting in the phosphorylation of KdpE. In this activated state KdpE enhances

3.4. Bacterial osmosensors

the transcription of the kdpFABC operon. In vitro assays further showed that high internal K*

concentrations are inhibitory for KdpD, but high ionic strength or binding of ATP to the

In spite of increasing knowledge in recent years on
physiological and genetic responses of bacteria to
osmotic stress, much less is known concerning the type
of stimulus that is perceived by osmosensory mechanisms and
osmosensing systems, and no unifying factor or trigger mech-
anism has been identified as being responsible for osmoreactive
activation of solute transport systems up to now. In order to
provide an overview of the best-studied examples of such kind
of systems, four membrane proteins involved in bacterial
osmosensing and osmoregulation, namely KdpD and ProP of
E. coli, BetP of C. glutamicum, and OpuA of L.lactis will be
described in more detail in the following sections.

3.4.1. KdpD of Escherichia coli

The first physiological response of E. coli cells to a hyperosmotic
shift is the fast uptake of K* through the low-affinity Trk and the
high-affinity Kdp transport systems.’ Increase in external
osmolarity results in the activation of both transport systems,
Trk and Kdp, within seconds after upshift. Whereas Trk is
constitutively expressed, osmostress and K™ availability control,
through the KdpD/KdpE two-component regulatory module, the
expression of the kdpFABC operon which encodes Kdp, a P-type
ATPase. For this regulation the following model was proposed
(see also Figure 4). Signal perception induces autophosphoryla-
tion of the sensor kinase KdpD, the phosphate group is
transferred to the soluble response regulator KdpE, which then
binds to the kdpFABC promoter and stimulates transcription.
KdpD is also responsible for the repression of the kdpFABC
operon, since it also includes a phosphatase activity resulting in
deactivation of KdpE.!8%-84

The kind of stimulus which is perceived by KdpD is
controversially discussed. Analysis of kdpFABC expression in
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N-terminal domain increases the kinase to phosphatase ratio of KdpD.

response to osmotic stress, to low external K*, and after
modulation of internal K™ concentrations suggested that the
Kdp system is synthesized in response to low turgor, summarized
in the so-called turgor model.®® This is in agreement with the
observation that kdp transcription is only transiently induced
after osmotic upshock. This regulatory pattern is also consistent
with the observed restoration of turgor by an increase in
intracellular K* levels. Subsequent studies, however, challenged
this model. Expression was found to depend on the nature of the
solute, ionic solutes being more effective than isoosmotic
amounts of neutral solutes.®>®! Furthermore, mutant KdpD
versions were generated, which proved to be either sensitive to
osmotic upshifts and no longer to K* limitation or vice versa,
thus indicating that KdpD can be activated by different
stimuli.[5% 701

Two regions within the KdpD protein have been identified as
being important for activity regulation (kinase/phosphatase
ratio) and thus for its sensing properties. KdpD (894 amino acids)
functions as a homodimer”" and consists of a central domain of
four membrane-spanning segments and a long cytoplasmatic N-
and C-terminal domain.®” The occurrence of the 400 amino acid
long N-terminal domain is confined to KdpD proteins in various
microorganisms and is not found in any other known sensor
kinase.!® This extension includes two ATP binding motifs, which
are important for the kinase activity, since deletion of the whole
domain or inactivation of the ATP-binding sites resulted in a
drastically reduced expression of the kdpFABC operon.®® In
addition, amino acid substitutions leading to a constitutive
kdpFABC expression because of the loss of phosphatase activity
are clustered in the last transmembrane segments of KdpD or in
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parts adjacent to them.®®®! The availability of simplified
experimental systems, that is, proteoliposomes and membrane
vesicles, allowed direct study of the triggers possibly influencing
KdpD kinase and/or phosphatase activity. By use of right-side-
out membrane vesicles Jung and co-workers®® recently showed
that by increasing the external osmolarity KdpD became
activated, whereby salts were more effective in activation than
neutral solutes. In this kind of experiment, however, vesicle
shrinkage and the resulting increase in internal solute concen-
tration occur simultaneously and one can thus not distinguish
whether changes in membrane strain or in the concentration of
specific solutes are responsible for the effect on autophosphor-
ylation. In experiments directly varying the solute composition,
internal K* concentration and/or ionic strength were identified
as signals influencing KdpD activity. Interestingly, potassium
concentrations higher than 1 mm were inhibitory whereas an
increase in ionic strength by other ions inside the vesicles led to
stimulation of KdpD autophosphorylation.”® The results are in
agreement with the idea that under K*-limited growth the
intracellular K™ concentration falls below a certain threshold,
thereby releasing inhibition of KdpD autophosphorylation. One
has to keep in mind, however, that the in vivo cytoplasmic Kt
concentrations are at least about 200 times higher than those
found to be inhibitory in the vesicle system. On the other hand,
Roe et al.®" determined high expression levels of the kdpFABC
operon in a recombinant E. coli strain (kdp*, kdp-lacZ, trk~) only
in growth media with limiting K™ concentrations. Under these
conditions, the authors found high internal K* concentrations of
477 mm, and therefore suggested that kdpFABC expression,
besides by turgor, is regulated by the external K* concentration.

3.4.2. ProP of Escherichia coli

Two osmoregulated uptake systems, namely the ABC-type
transporter ProU and the secondary carrier ProP, mediate the
uptake of most compatible solutes in E. coli (reviewed in ref. [6]).
In contrast to ProP, the ProU system responds to osmotic stress
mainly on the level of expression.””?3 ProP of E.coli or of
S. typhimurium is a single-component H* symport carrier accept-
ing a broad variety of compatible solutes structurally related to
glycine betaine or proline.”™ After an osmotic upshift ProP is
activated with a half time of about 1 min both in vivo and in
vitro, with a higher extent of osmotic stress being required to
reach maximum activity in vesicles (0.8 Osmolkg~'; Osmol=a
measure of osmolarity) than in cells (0.2 Osmolkg=").24% |n
addition, exogenous KT is necessary for maximum activation of
the carrier in E. coli and S. typhimurium.®3°9 ProP was the first
carrier protein which has been shown to function both as
osmosensor and osmoregulator by functional analysis in pro-
teoliposomes.!3!

ProP (500 amino acids), a member of the major facilitator
superfamily, is predicted to possess 12 transmembrane seg-
ments as well as N- and C-terminal hydrophilic domains
(Figure 5). Based on its similarity to the a-ketoglutarate trans-
porter KgtP of E. coli, the topology of which had been
investigated by PhoA fusions,®” it was concluded, that the
terminal domains face the cytoplasm. This was confirmed by
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Figure 5. Model of the activation process of ProP in E. coli under hyperosmotic
stress. ProP is fully activated after an osmotic upshift by membrane impermeable
solutes causing an osmotic gradient. Partial activation is also detectable with
small permeable solutes (such as PEG), which indicates a direct influence of
solutes on the surface hydration of ProP. In addition, the activation of ProP
depends on the availability of external potassium. The C-terminal domain of ProP
is suggested to have a regulatory function and maybe involved in the formation
of a homodimeric or heterodimeric coiled-coil structure.

studies in membrane vesicles with antibodies against the
C-terminal domain (Wood, personal communication). The os-
moregulated carriers ProP of E. coli and OusA of Erwina chrysan-
themi™® differ from related transporters like KgtP by possessing
a C-terminal extension with six to seven so-called heptad
repeats, a characteristic of a-helical coiled-coil forming pro-
teins.’2 73 Experimental evidence has been accumulated indi-
cating that this structure has regulatory functions in ProP: (1) a
derivative of ProP lacking 26 amino acids at the C-terminal end
was found to be inactive although integrated into the mem-
brane, (2) a synthetic polypeptide corresponding to the C-ter-
minal domain of ProP was shown to form a dimeric coiled-coil,
and (3) stabilization of the coiled-coil structure by substitution of
strategic amino acids led to higher activation thresholds in
vivo.”3 If the propensity of the C-terminal domain to form coiled-
coil structures in fact plays a central role in osmosensing by ProP,
further studies are necessary to identify the possible interaction
partner with respect to the formation of a homodimeric (ProP/
ProP) or heterodimeric coiled coil (ProP/X). In any case, coiled-
coil formation seems to be a particular feature of the E. coli ProP,
since other osmosensors, at least those described here, lack this
structure. Interestingly, the homologue of ProP in C. glutamicum
is not predicted to contain a coiled-coil structure, although
being osmoregulated.

The osmoresponsive action of ProP in E. coli is more compli-
cated by the fact that ProQ, a soluble cytoplasmic protein, is
known to influence ProP activity. In a ProQ-defective strain, ProP
activity is fivefold lower, and ProQ was found to be necessary to
maintain ProP activation for longer periods of time.* Since ProP
alone is able to act as osmosensor, ProQ is supposed to function
in fine tuning the osmotic response.™
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Besides being an interesting object for defining i
domains related to osmosensing, ProP is also an
example where likely candidates for physico-
chemical stimuli have been dissected. In intact
cells, the triggering signals for E. coli ProP have Cytoplazmic))
not been fully elucidated so far. Indirect evidence | Membrane
for K= being the relevant signal has been Cytoplasm

provided,”*® but no unequivocal correlation

was possible because of the multiplicity of A

consequences on cellular functions when altering
cytoplasmic K. Turgor pressure as a trigger is
unlikely, since osmosensing has been shown to
function in proteoliposomes where a cell wall is
missing.®® In recent studies in the reconstituted
system it was observed that ProP, although
depending on liposome shrinkage for full activity,
could be activated to a small but significant
extent by addition of membrane-permeable
solutes of low molecular mass, like polyoxyethy-
lene glycol (PEG), which do not lead to vesicle
shrinkage.® The authors conclude that ProP
activation could also be triggered, at least to
some extent, by direct influence of solutes (in this case PEG) on
surface hydration of the carrier protein. This reflects a common
hypothesis, in which preferential hydration, due to exclusion of
added solutes from the macromolecular surface, is thought to be
the basis for conformational effects of solutes on macromole-
cules.””

3.4.3. BetP of Corynebacterium glutamicum

The Gram-positive soil bacterium and biotechnologically impor-
tant amino acid producer C. glutamicum is equipped altogether
with four secondary uptake systems for compatible solutes.”# 101
Among these, BetP, a member of the so-called BCCT family of
transporters, is tightly regulated in response to osmotic
challenge both at the level of expression and activity. BetP is
specific for glycine betaine, the uptake of which is coupled to the
cotransport of 2Na* ions and thus leads to extremely high
accumulation ratios.!"? BetP has been isolated and reconstituted
in proteoliposomes where it was shown to have retained its
catalytic (kinetic properties), regulatory (response to osmotic
stress), and osmosensory functions,® thereby indicating that all
these aspects are mediated by one single polypeptide.

BetP has a size of 595amino acids, consists of 12 trans-
membrane segments, and carries two hydrophilic domains of
55-60 amino acids at both the N- and C-terminal end which are
oriented towards the cytoplasm (Figure 6).1'%¥ In intact cells, BetP
is inactive in the absence of osmotic stress and becomes
activated on a subsecond time scale in response to an increase of
external osmolarity. BetP is regulated at the level of activity not
only in C glutamicum, but also when expressed in E. coli,
although in the heterologous host it shows an optimum of
stimulation at lower values of osmolarity.

By functional analysis of mutant proteins expressed in intact
cells, the terminal domains of BetP were found to be directly
involved in osmosensing. Truncation of the N-terminal domain
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Figure 6. Model of the activation of BetP in C. glutamicum under hyperosmotic conditions. An
increasing internal K* concentration is the stimulus for BetP activation. In proteoliposomes
membrane shrinkage caused by an osmotic gradient does not lead to the activaton of BetP. The
phospholipid composition of the lipid bilayer defines the threshold of activation. The amphipathic
tetracaine also influences BetP activation. Furthermore, the N- and C-terminal domains of BetP are
involved in the sensing processes.

of BetP led to a decrease in osmosensitivity, that is, much higher
osmotic stress is necessary to activate a N-terminally truncated
BetP. On the other hand, a truncation of the C-terminal domain
by 12 or 23 amino acids led to a complete deregulation of BetP.
Consequently, this mutant form of BetP is constantly catalytically
active, that is, with respect to betaine transport, but does not any
more respond to osmotic stress.” It has also been shown that in
the case of EctP, another osmoregulated secondary carrier in
C. glutamicum belonging to the same carrier family as BetP,
truncations of the corresponding C-terminal domain lead to
uncoupling of catalytic and regulatory function."*¥ Although the
C-terminal domain of EctP is not at all structurally related to that
of BetP, truncations led to a very similar effect, that is, to constant
activity which does not respond to osmotic stress. Osmosensory
signal input directly related to hydrophilic terminal domains thus
seems to be a more general mechanism, at least in C. gluta-
micum.

Detailed studies have been carried out to define the kind of
physico-chemical stimulus involved in osmosensing by BetP. As
in the case of ProP of E. coli, turgor is not a likely candidate in
view of the fact that the osmoregulatory function in proteoli-
posomes is retained. Membrane strain as the result of osmotic
stress is generally thought to be an important stimulus. At least
in the case of reconstituted BetP, vesicle shrinkage as a response
to hyperosmotic conditions was per se not able to induce
activation of transport.'®® From all kinds of possible stimuli,
including internal and external osmolarity as well as solute
composition, the increase of Kt concentration at the cytoplasmic
side of BetP was exclusively found to be responsible for
osmoreactive activation.'®! It is interesting to note that on the
basis of these results, a putative mechanosensor, formerly
suspected of perceiving membrane strain or related stimuli,
has been reinterpreted to be a chemosensor.

The identification of K™ being a direct stimulus for BetP in
osmosensation, however, has to be corroborated by detailed
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investigations in intact cells to exclude other factors as putative
additional stimuli. This is true in particular for possible direct
effects of surrounding phospholipids on BetP in view of the facts
(1) that the optimum of hyperosmotic stimulation has been
shown to be modulated by the kind of phospholipid species
used for preparing the proteoliposomes,® and (2) that BetP
activity was found to be influenced by the presence of the
membrane-active amphipathic compound tetracaine both in
intact cells” and in proteoliposomes.[* These amphiphiles are
predicted to alter curvature stress in phospholipid mem-
branes.!05 1061

3.4.4. OpuA of Lactococcus lactis

Lactic acid bacteria are known for their limited capacity to
synthesize compatible solutes, and most of these organisms are
multiple amino acid auxothrophs. They reside in environments
where these amino acids are present, as well as the compatible
solutes glycine betaine or carnitine. The only way by which they
are able to recover from hyperosmotic stress is uptake of
compatible solutes.”® In contrast to other bacteria, lactic acid
bacteria seem to be quite limited in the number of uptake
systems for osmoprotectants. Recently, OpuA (also named BusA),
an ABC-type transporter of Lactococcus lactis was isolated and
characterized.®> 76 1971 Sequence analysis revealed that this
uptake system belongs to a new type of ABC transporters,
where the binding protein is fused to the membrane-embedded
part of the carrier (Figure 7). In typical ABC transporters of Gram-
positive organisms the binding protein is membrane-anchored
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ATP
ADP + P, ADP + P, Activation threshold
depends on lipid composition
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Figure 7. Model of the activation of OpuA in L.lactis under hyperosmotic
conditions. OpuA is fully active after an osmotic upshock by membrane-
impermeable solutes causes an osmotic gradient. The phospholipid composition
of the membrane is critical for the set point of activation of OpuA. Furthermore,
the amphipathic tetracaine influences OpuA activity.

by a fatty acid covalently bound to a cysteine residue. In contrast
to the other osmosensors discussed here, it has not been
investigated so far which parts of this multidomain transporter
are responsible for or related to the sensing function. Functional
reconstitution of OpuA in proteoliposomes allowed several
possible physico-chemical stimuli,’® such as turgor pressure, to
be excluded. Based on the observation that OpuA was activated
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after an osmotic upshift with either ionic or nonionic membrane
impermeable solutes and not by glycerol, which is membrane
permeable in L. lactis, it was concluded that this carrier does not
sense the absolute external or internal osmolarity, but rather the
transmembrane osmotic gradient. The authors suggest that the
most likely stimulus would be a change of the physical
properties of the phospholipid membrane. In accordance with
this interpretation, addition of the amphipathic tetracaine led to
activation of OpuA in the absence of osmotic stress, an
observation which was also made in the case of BetP from
C. glutamicum. Given the role of the membrane in transducing
osmotic signals to OpuA, it is likely that different physical
properties associated with different lipid compositions will affect
the transport system. This hypothesis was supported by the
finding that OpuA, when reconstituted in E. coli lipids, showed a
higher sensitivity to increasing osmolarities than under in vivo
conditions.[®> 76 1971 A similar observation was also made for BetP
of C. glutamicum.®® Further studies will reveal whether the head
group composition, the acyl chain length, or the degree of
saturation are responsible for modulation of carrier activity.

4. Summary and Outlook

An effective and adapted response to osmotic stress is a
fundamental prerequisite for survival of all prokaryotic and many
eukaryotic cells. Besides the fact that osmoresponsive mecha-
nisms are abundantly found in archaea, bacteria, and eukarya,
their importance is further emphasized by the observation that a
high redundancy of systems is generally found in these cells for
coping with both hypoosmotic and hyperosmotic shock. The
correlation between permeability and activation pressure
threshold within the family of mechanosensitive channels,
namely MscL, MscS, and MscM, which are perfectly tuned to
the extent of osmotic downshift with the smallest channel being
activated first, suggests that the sum of these channels is in fact
able to provide a graded response to hypoosmotic shock. On the
other hand, the observed high redundancy of uptake systems
may be the basis for a well-adapted response to hyperosmotic
conditions of varying extent in the presence of various compat-
ible solutes of different suitability for intracellular accumulation
available in the surrounding.

In terms of evolutionary origin, the situation is quite different
for the efflux versus the uptake systems. As known so far, at least
two types of gene families encoding MS channels, namely those
of the MscL and MscS types, have evolved in bacteria. The high
similarity within these families may be interpreted by an origin
from a common ancestral gene as suggested by Kloda and
Martinac.'¥ On the other hand, osmoregulated uptake systems
show an extreme diversity in terms of structure and function. All
kinds of mechanisms are found, ABC transporters, H*-and Na™-
coupled secondary carriers, and potential-driven binding protein
systems, which indicates convergent evolution to osmorespon-
sive systems from different origins.

The complete signal transduction pathway of the cell’s
response to osmotic challenge is still far from being understood.
The sequence of events starts with an osmotic shift in the
surrounding medium leading to a physico-chemical stimulus
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which is detected by the osmosensory receptor systems of the
cell. The signal is then transduced to transport systems and
biosynthetic enzymes leading to an immediate response of the
cell on the level of protein activity. Furthermore, signal trans-
duction takes place in similarly unknown ways through tran-
scription factors to osmoregulated promoters resulting in
osmoresponsive changes of gene expression and finally in
adapted equipment within the cell, with carriers, enzymes, and
structural proteins.

In terms of osmosensing, the situation has emerged to be not
as complex as for the efflux systems. Mechanosensitive channels
seem to respond by a common mechanism directly to the
alteration of membrane strain as the result of hyperosmotic
stress. Investigations in this direction were greatly stimulated by
the progress in structure elucidation of these channel proteins.
Unfortunately, this is not the case with uptake carrier proteins,
where no 3D structures are available, as is true for membrane
transport systems in general. Whereas significant knowledge is
available with respect to kinetic mechanisms and to regulation
at the level of both activity and expression, the kind of the
osmosensory stimulus is still under debate. In principle, common
mechanisms of osmosensing could be expected in view of
identical physico-chemical stimuli. Data available so far, however,
seem to indicate a multiplicity of sensing mechanisms, which is
different to the tension-regulated mechanosensitive channels.
The reason for this multiplicity may be that osmoreactive uptake
systems have evolved from very different structural origins,
which thus possibly involved different lines of invention with
respect to stimulus perception. The most urgently needed basis
for a better understanding of these aspects is certainly the 3D
structure of one of these membrane proteins, together with a
detailed analysis of protein dynamics under conditions of
osmotic response.

We would like to thank Dr. Sukharev and Dr. Jung for kindly
providing Figures 2b and 4, respectively.
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Introduction

The ability to produce proteins in the laboratory and to change
their structures, and therefore their properties, in a controlled
fashion is of crucial importance in basic biological research, in
biotechnology, and increasingly in medical applications. Recent
developments have led to a substantial expansion of the
spectrum of methods available for the production of proteins
and have extended the semiclassical approaches of overexpres-
sion and peptide synthesis so that the limitations of these
methods no longer dictate the availability of desired protein (or
protein analogue) structures. Here we review standard and
newer techniques, with an emphasis on a comparison of the
advantages and disadvantages of the different approaches.

Biosynthetic Methods
Protein expression

Under this heading we understand the production of proteins by
expression in cells that, in general, are not the cells in which they
occur naturally (although their homologues may occur). This is
referred to as heterologous expression. Homologous overex-
pression is, of course, also a useful technique. The range of cell
types available for this approach has increased over the years,
and it is very likely that further systems will become available.
The most convenient organism for protein expression is the
bacterium Escherichia coli and a very large number of proteins
from a wide variety of sources have been successfully produced
in these cells.! These proteins have been, and continue to be,
used in basic research (structural and mechanistic studies), in
biotechnological applications (for example, synthesis with the
help of enzymes as catalysts), and for therapeutic purposes (for
example, human insulin). Ease of handling, rapid growth, and
profound genetic and molecular biological knowledge of E. coli
are the major advantages of this species. Its main disadvantage is
its lack of the post-translational modification machinery com-
mon and essential to eukaryotic organisms, so that proteins
which require this modification cannot generally be expressed in
E. coli or other prokaryotes. Eukaryotic systems which have been
used effectively for expression of proteins that cannot be
expressed in prokaryotes include yeast,”? Dictyostelium discoi-
dum,? 4 and insect cells infected with baculovirus.”! The latter
system is often chosen initially after failure to achieve expression
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of the functional polypeptide in E. coli, and a large number of
eukaryotic proteins have been expressed in quite high yields
with its help. However, this system is not the solution to all
expression problems and has the disadvantages of slow growth,
a long development cycle under inconvenient conditions, and a
relatively high cost. There is a clear need for development of
alternative systems capable of expressing eukaryotic proteins in
their correctly modified form.

Once a reasonable expression system has been found,
production of mutant proteins by site-directed mutagenesis is
a well-established technique that allows, in principle, substitu-
tion of each amino acid by any other naturally occurring amino
acid.’”! This technique is often used to answer questions on the
role of specific amino acids in protein properties or to change
properties in a specific manner. Such experiments normally
involve relatively detailed knowledge of the structure and
mechanism of the protein. A potentially powerful approach to
alteration of protein properties in a desired manner even
without accurate knowledge of the protein structure and
mechanism, involves random or quasi-random mutagenesis
techniques,” or DNA-shuffling techniques, coupled to efficient
methods to select mutants with the desired specificity.®

The methods outlined above constitute a powerful arsenal of
techniques for the production of proteins with desired structures
and properties. They are, however, ultimately limited by the
properties of the naturally occurring amino acids and the
peptide bond. The methods outlined below offer the possibility
of overcoming this limitation.

Introduction of unnatural amino acids by in vitro suppression

In this approach, an unnatural amino acid is incorporated into a
protein in a cell-free transcription/translation system.” % |n
order to achieve this incorporation, the codon for the amino acid
to be replaced is substituted by one of the three naturally
occurring stop codons, which must be different from the codon
used for termination of the translation. A corresponding

[a] Prof. R.S. Goody, Dr. K. Alexandrov, Dr. M. Engelhard
Max-Planck Institute for Molecular Physiology
Department of Physical Biochemistry
Otto-Hahn-Strasse 11, 44227 Dortmund (Germany)
Fax: (+49)231-133-2399
E-mail: goody@mpi-dortmund.mpg.de

1439-4227/02/03/05 $ 20.00+.50/0 399





BIO

suppressor tRNA is synthesized which is charged with the
desired unnatural or labeled amino acid. This synthetic amino-
acyl tRNA is then used to suppress termination by the chosen
stop codon in a cell-free system. A large number of unnatural
amino acids have been incorporated in this manner. Examples
are fluorinated tyrosine," spin-labeled®, and '*C-labeled"?
amino acids. Such modified proteins can, in principle, be used
for a number of interesting studies on protein structure - func-
tion relationships. Their use is somewhat limited at present by
the low yields obtained from cell-free invitro transcription/
translation systems, a problem which is further aggravated by
suboptimal suppressor efficiency.

Chemical Methods
Peptide synthesis

The seminal development in this area was the introduction of
solid-phase synthetic methods.® Together with the develop-
ment of appropriate protecting group chemistry, this technique
has now progressed to the point at which peptides with
approximately 60—70 amino acid residues can be synthesized
relatively routinely, and in some cases longer fragments have
been prepared. The major advantage of this approach is that
there is, in principle, complete freedom to incorporate amino
acid analogues, which can differ from the naturally occurring
amino acids in the nature of their side chain, in their
sterochemistry at the a-carbon atom (that is, o- instead of L-
amino acids), or even in their backbone chemistry (in other
words, this is not limited to the peptide bond). The yields
obtainable are normally considerably higher than those from
in vitro suppression. There are significant possibilities to intro-
duce of post-translational modifications, which include phos-
phorylation, glycosylation, and lipidation, although this can
sometimes present formidable synthetic problems. The two
disadvantagesof solid-phase synthesis compared to cellular
expression and cell-free synthesis concern the length of frag-
ments which can be produced in single syntheses (most proteins
of interest are significantly longer than 60-70 amino acids) and
the fact that peptides are initially produced in a denatured form.
In many cases, the latter problem has not proved to be serious,
and progress is continually being made in the development of
methods to renature proteins.

Generation of larger peptides and proteins by chemical
ligation of fragments

The size of peptides and proteins which can be synthesized
chemically has been increased dramatically by the introduction
of methods for ligation of smaller fragments. While some success
has been achieved by using an enzymatic method,¥ chemical
ligation methods appear to be more versatile. A number of
approaches have been developed!>'”! and the method known
as native chemical ligation has been particularly success-
ful'> 1819 |f the strategy for production of the full-length
protein involves two fragments, the first (that is, N-terminal)
peptide is synthesized on a thioester resin, so that after removal
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from the support, a C-terminal thioester is generated. The
second (C-terminal) fragment is synthesized in the standard
manner with an N-terminal cysteine residue. The C terminus of
the first fragment is activated by transesterification with
thiophenol or another thiol reagent, after which it is allowed
to react with the C-terminal cysteine of the second fragment in a
second transesterification step. A subsequent rearrangement
leads to generation of a native peptide bond linking the two
fragments (see Scheme 1 for the basic chemical mechanism).
This procedure has now been used in several impressive
examples to produce proteins which could not have been made
in such relatively large amounts (tens of milligrams) by any of the
other methods described.™ As well as its use for the introduc-
tion of unnatural amino acids, as described below, this method
has been used, for example, to produce covalently linked dimers,
which could not have been achieved by recombinant meth-
ods_[20, 21]

TONH ee— OO H
1 Fragment 2

HaN [\_‘RR N

Fragmeni 1

teansthioester fcation
{reversible)

H-N
TONH e— OO H

S —= N acyl transfer
SH (irreversible)

Scheme 1. Chemical mechanism of native chemical ligation.

Recent examples of the use of the native chemical ligation
method to connect two or more synthetic peptides include
studies on an effector molecule which interacts with the protein
product of the ras oncogene. The Ras protein is a guanine
triphosphatase (GTPase) which in the GTP-bound state interacts
with effector molecules as part of a signal transduction cascade.
One of the effectors of Ras action is the protein kinase cRaf-1 and
the fragment which interacts with Ras is referred to as the Ras
binding domain (RBD). The known structure of the complex
formed by this interaction was used to define a position in the
RBD for the introduction of a fluorescent residue?? in order to
generate an assay principle for biophysical and cell biology
studies, and also as a potential diagnostic technique. This
decision was based on the principle that the modification should
not interfere with the interaction, but should be near enough to
the binding interface to be affected in the complex. The RBD
fragment was synthesized as two peptides, one of which
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harbored a tryptophan derivative, N-1-methyl-7-azatryptophan,
at position 91 instead of the naturally occurring leucine. After
ligation of the two fragments, the fluorescent derivative of the
RBD was obtained and could be easily folded by stirring in buffer
containing salt and magnesium chloride. It was shown that
changes in the fluorescence intensity of the synthetic protein
could be used to monitor its interaction with Ras and that the
kinetics of this interaction were essentially the same as those of
the wild-type protein expressed in E. coli. It was also shown that
the RBD produced by in vitro transcription/translation showed
identical binding behavior®! so that in this particular case, the
conclusion could be reached that the final state of the protein is
identical independent of whether it is produced by cellular
expression, in vitro transcription/translation in a cell-free system,
or chemical synthesis. While this result is both the desired and
expected one based on our understanding of protein folding, it
is important to demonstrate that these different methods of
protein production, which have relative advantages and dis-
advantages, can nevertheless lead to identical products in cases
where the comparison can be made. In most recent work, it has
been shown that the partner protein of the cRaf-1 protein, Ras,
can also be prepared by complete chemical synthesis and
ligation of three fragments. Again, it was shown that the
properties of this completely synthetic molecule are indistin-
guishable from those of the cellularly expressed protein.=4

Further work on the Ras - Raf interacting system has led to the
generation of an RBD with a more useful fluorescent amino acid
incorporated at position 91.2°! The side chain of this amino acid
contains the nitrobenz-2-oxa-1,3-diazole group and, as in the
case of the tryptophan analogue, the fluorescence of this moiety
can be used to monitor the interaction of the RBD with activated
Ras. The fluorescent RBD also contained a C-terminal histidine
tag and this was used to immobilize the protein on a solid
surface. The immobilized and labeled RBD could be used as a
sensor to detect activated Ras molecules in the submicromolar
concentration range.

In the examples given above, it was possible to take
advantage of naturally occurring cysteines in the sequences of
the proteins prepared. Clearly, this will not always be possible. In
such cases, the only possible way to use the standard ligation
chemistry is to replace certain nonessential amino acids by
cystein. There is in fact a large amount of literature available on
introduction of cysteine residues at strategic positions in
labeling procedures and it is known that such introduction is
generally tolerated at well-chosen positions. However, it is
probable that this will not always be an optimal strategy and in
this sense, an important new development is the recent
extension of the native ligation method to coupling of frag-
ments without the need for an N-terminal cysteine residue in the
C-terminal polypeptide.?® In this technique, a thiol-containing
auxiliary group (1-phenyl-2-mercaptoethyl) is added to the a-
amino group at the N terminus of the C-terminal polypeptide.
After ligation by a mechanism essentially identical to that shown
in Scheme 1, this group can be removed by treatment with
anhydrous hydrogen fluoride. The technique has been used to
synthesize cytochrome b562, which contains no cysteine resi-
dues.?
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The combination of peptide synthesis and ligation techniques
appears to be a very useful approach to the total synthesis of
proteins of a size up to about 200 amino acids. Ligation of more
than three fragments, while technically feasible, is not likely to
be generally attractive because of the relatively low yields to be
expected from such a technically complex process. A combined
synthetic and biosynthetic approach is more appropriate for
larger proteins that contain a fragment which has been
produced by chemical synthesis.

Combination of Synthetic and Biosynthetic
Methods

The technical difficulties with ligation of several synthetic
polyeptides have led to emphasis in recent years on the use of
a combination of chemical synthesis of part of the target
molecule and cellular expression of the other part or parts, since
the biosynthetic route does not have any principle limitation in
terms of size. Application of the native ligation method requires
production of an N-terminal peptide with a C-terminal thioester
and a C-terminal fragment with an N-terminal cysteine, as
described above. One way to do this is to synthesize the
N-terminal peptide chemically, and express the remainder of the
protein, for example in bacteria, in such a manner that an
N-terminal cysteine is produced or can be generated (for
example, by proteolytic removal of a fusion peptide). This is
the appropriate approach for production of proteins with
targeted modifications in the N-terminal region of the protein
and allows, in its simplest form, such manipulations in approx-
imately the first 60—70 residues. There are as yet not many
examples of the application of this approach.

If the part of the protein which is to be modified, and should
therefore be synthesized chemically, is the C-terminal region, a
different strategy is needed. The N-terminal region must be
produced biosynthetically if it is too large for solid-phase
synthesis, but convenient chemical procedures for the conver-
sion of the C-terminal carboxy group of an expressed protein
into a thioester are not available. Fortunately, nature provides a
way to overcome this problem in the form of protein splic-
ing.128 29

Proteins which undergo this intramolecular splicing typically
have an N-extein-intein - C-extein structure and splicing in-
volves excision of the intein part and ligation of the N extein and
the Cextein (Scheme 2). This process involves the following
steps: 1) N—S acyl transfer at a cysteine residue at the first
N-extein/intein junction; 2) transthioesterification with a cys-
teine residue at the intein/C-extein junction, which results in
transfer of the N extein to the N terminus of the C extein through
a thioester link; 3) S —N acyl transfer with the C-terminal residue
of the intein, which results in release of the intein with a
succinimide C terminus and generation of a native peptide bond
between the two exteins. Mutant intein proteins have been
made in which only the first of these steps occurs.2% The
thioester-linked product of this step can be cleaved by thiol
reagents. Thus, if the protein of interest is present as an
N-terminal fusion protein with the intein (that is, in place of the N
extein), it can be cleaved by thiol reagents and is generated with
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N — Sacyl transfer

transthioesterification

]
HoN —
intein
H,N [¢]
N extein
HS
S —N acyl transfer S
HoN
C extein

Iz

N

HS © N + N extein j ~
0
0
HoN

intein

Scheme 2. Chemical mechanism of protein splicing.

a thioester at its C terminus, which in turn can be used for
native chemical ligation.

This general approach has been termed expressed
protein ligation and there are a number of examples of its
application.?'-3% The procedure has been made conven-
ient by inclusion of an affinity tag in the intein fragment
that allows immobilization on a solid support before
thiol-induced cleavage (see Figure 1). In the example
shown, the method was used to prepare a derivative of
the Raslike GTPase Rab7, a protein involved in vesicular
protein transport in the cell. This example illustrates some
unique advantages of the approach.*® The full-length
Rab7 protein has two reactive cysteines near the C
terminus, which inevitably react with reagents used for
fluorescent labeling of proteins. While this reaction can
be advantageous in examinations of the interaction of
the GTPase with other proteins®738 these are the
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cysteines which become prenylated
on interaction with geranylgeranyl
transferase so it is obviously
not desirable to label them in
studies in which prenylation should
occur. Thus, in the C-terminal
peptide used for the ligation reac-
tion, a peptide with the sequence
C—K(dansyl)-S—C—S—C was used.
The result was a fluorescent Rab7
analogue that showed significant
changes on interaction with partner
proteins and could also be post-
translationally modified (geranylger-
anylated) at the two C-terminal cys-
teines.

HS.

COOH

C extein

Iz

NH;

HS.

COOH

Cextein

Iz

NH,
Summary

In this brief review of methods
currently available for the produc-
tion of modified proteins, we have
compared the advantages and dis-
advantages of the techniques avail-
able. These arguments are summar-
ized in Table 1. In addition, Figure 2
illustrates the possibilities offered by
the presently available combination
of chemical and molecular biological
methods for the production of pro-
teins with tailor-made properties.
This makes it clear that the goal of
completely controlled manipulation
of protein structures is becoming
realistic, opening up a large number
of potential uses in basic and ap-
plied research and production.

COOH

ZT

C extein

Rab7-Intein-CBD fusion protein

Thiol-induced peptide bond cleavage
R-SH

step 2

HS5 step 3 Hi
Rab7 |- N'ij-T -t [RabTh-SR 4 +H3N©E
8] o] q
L.
Thicester-
tagged Dansylated
Ligated fluorescent Rab7 Rab7 peptide

Figure 1. Use of expressed protein ligation to generate Rab7 labeled at its C terminus with
the fluorescent dansyl group. CBD = chitin binding domain.*9
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Protein Modification Techniques

Method

Advantages

Table 1. Advantages and disadvantages of methods for the production of modified proteins.

Disadvantages

Comments

cellular expression

cell-free synthesis includ-
ing in vitro suppression

chemical synthesis

chemical synthesis plus
native ligation

combination of synthetic
and biosynthetic routes in-
cluding intein chemistry

potentially high yields; convenient once
system established; no molecular
weight limit; rapid generation of mu-
tants; generation of libraries possible
no molecular weight limit; generation
of libraries possible, unnatural amino
acids possible

unnatural amino acid and backbone
chemistry possible; generation of libra-
ries possible

as for chemical synthesis

for synthetic part as for chemical syn-
thesis; large proteins possible

often not useful for eukaryotic proteins;
only natural amino acids can be used

low yields; demanding chemistry in-
volved

limited to less than about 100 amino
acids

larger proteins possible, but ligation of
several fragments technically demand-
ing

in general only N- and C-terminal re-
gions amenable to unnatural modifica-
tions

Potential for development of conven-
ient, efficient eukaryotic expression sys-
tems

improved in vitro transcription/transla-
tion technology could lead to better
yields

size limitation not likely to change sig-
nificantly in the near future

further strategic developments possible
complex strategies allow a synthetic

peptide to be incorporated in the middle
of a protein

Strategy Product

N-Terminal peptide with C-terminal thioester

biosynthetic fragment with N-terminal cysteine

thioester {extein) +

¥ —
Peptide

Biosynthetic fragment with C-terminal
Pepiice
C-terminal peptide with N-terminal cysteine

2 Biosynthetic fragments (one with C-
terminal thioester (extein), one with
MN-terminal cysteine)

o Peptide
peptide with N-terminal cystelne and
C-terminal thicester

Figure 2. lllustration of the potential for incorporation of a synthetic peptide,
which can contain modified amino acids or other residues, into different locations

(1]

[12]

[13]
[14]

[15]

[23]

[24]

[25]

[26]
[27]

in a protein molecule. Note that the assumption is made here that the native [28]
ligation reaction is carried out at a cysteine residue but, as discussed in the text, [29]
this is also possible at other positions.?®! The arrow indicates that folding of the [30]
full-length protein can occur so that the synthetic peptide or peptide analogue is

part of the highly structured native conformation.

11
[2]
3]

[4]

[5]
[6]

7]
(8]
9

[10]

F. Baneyx, Curr. Opin. Biotechnol. 1999, 10, 411 -421.

J. L. Cereghino, J. M. Cregg, FEMS Microbiol. Rev. 2000, 24, 45 - 66.

D.J. Manstein, K. M. Ruppel, L. Kubalek, J. A. Spudich, J. Cell Sci. Suppl.
1991, 14, 63 -65.

M. B. Slade, K. R. Emslie, K. L. Williams, Biotechnol. Genet. Eng. Rev. 1997, 14,
1-35.

T. A. Kost, J. P. Condreay, Curr. Opin. Biotechnol. 1999, 10, 428 - 433.

G. L. Costa, J. C. Bauer, B. McGowan, M. Angert, M. P. Weiner, Methods Mol.
Biol. 1996, 57, 239 - 248.

J. Light, R. A. Lerner, Bioorg. Med. Chem. 1995, 3, 955 - 967.

J. A. Kolkman, W. P. Stemmer, Nat. Biotechnol. 2001, 19, 423 -428.

J.A. Ellman, D. Mendel, S. Anthony-Cahill, C.J. Noren, P.G. Schultz,
Methods Enzymol. 1991, 202, 301 -336.

J.A. Ellman, B. F. Volkman, D. Mendel, P. G. Schultz, D. E. Wemmer, J. Am.
Chem. Soc. 1992, 114, 7959-7961.

ChemBioChem 2002, 3, 399-403

B31]

32]
[33]

[34]
[35]

[36]

[37]

[38]

J.S. Thorson, E. Chapman, P.G. Schultz, J. Am. Chem. Soc. 1995, 117,
9361-9362.

V. W. Cornish, D.R. Benson, C. A. Altenbach, K. Hideg, W. L. Hubbell, P. G.
Schultz, Proc. Natl. Acad. Sci. USA 1994, 91, 2910-2914.

R. B. Merrifield, J. Am. Chem. Soc. 1963, 85, 2149 -2154.

D.Y. Jackson, J. Burnier, C. Quan, M. Stanley, J. Tom, J. A. Wells, Science
1994, 266, 243 - 247.

P. E. Dawson, T. W. Muir, I. Clark-Lewis, S. B. Kent, Science 1994, 266, 776 —
779.

C.F. Liu, J. P. Tam, Proc. Natl. Acad. Sci. USA 1994, 91, 6584 - 6588.

J.P. Tam, Q. Yu, Z. Miao, Biopolymers 1999, 51, 311 -332.

T. W. Muir, P. E. Dawson, S. B. Kent, Methods Enzymol. 1997, 289, 266 - 298.
P.E. Dawson, S. B. Kent, Annu. Rev. Biochem. 2000, 69, 923 - 960.

M. Baca, T. W. Muir, M. Schndlzer, S. B. Kent, J. Am. Chem. Soc. 1995, 117,
1881-1887.

L. E. Canne, A.R. Ferredemare, S.K. Burley, S.B. Kent, J. Am. Chem. Soc.
1995, 117, 2998 - 3007.

J.R. Sydor, C. Herrmann, S.B. Kent, R.S. Goody, M. Engelhard, Proc. Natl.
Acad. Sci. USA 1999, 96, 7865 - 7870.

J.R. Sydor, R.P. Seidel, R.S. Goody, M. Engelhard, FEBS Lett. 1999, 452,
375-378.

C. F. Becker, C. L. Hunter, R. P. Seidel, S.B. Kent, R.S. Goody, M. Engelhard,
Proc. Natl. Acad. Sci. USA, submitted.

C. F. Becker, C. L. Hunter, R. P. Seidel, S.B. Kent, R.S. Goody, M. Engelhard,
Chem. Biol. 2001, 8, 243 - 252.

P. Botti, M. R. Carrasco, S. B. Kent, Tetrahedron Lett. 2001, 42, 1831 -1833.
D. W. Low, M. G. Hill, M. R. Carrasco, S. B. Kent, P. Botti, Proc. Natl. Acad. Sci.
USA 2001, 98, 6554 -6559.

H. Paulus, Chem. Soc. Rev. 1998, 27, 375 - 386.

H. Paulus, Annu. Rev. Biochem. 2000, 69, 447 - 496.

S. Chong, F. B. Mersha, D. G. Comb, M. E. Scott, D. Landry, L. M. Vence, F. B.
Perler, J. Benner, R. B. Kucera, C. A. Hirvonen, J. J. Pelletier, H. Paulus, M. Q.
Xu, Gene 1997, 192, 271 -281.

T. W. Muir, D. Sondhi, P. A. Cole, Proc. Natl. Acad. Sci. USA 1998, 95, 6705 -
6710.

G. J. Cotton, T. W. Muir, Chem. Biol. 2000, 7, 253 -261.

M. Huse, T.W. Muir, L. Xu, Y.G. Chen, J. Kuriyan, J. Massague, Mol. Cell
2001, 8, 671-682.

D. Cowburn, T. W. Muir, Methods Enzymol. 2001, 339, 41 -54.

J. A. Camarero, D. Fushman, D. Cowburn, T. W. Muir, Bioorg. Med. Chem.
2001, 9, 2479 -2484.

A. lakovenko, E. Rostkova, E. Merzlyak, A. M. Hillebrand, N. H. Thoma, R. S.
Goody, K. Alexandrov, FEBS Lett. 2000, 468, 155-158.

K. Alexandrov, I. Simon, V. Yurchenko, A. lakovenko, E. Rostkova, A.J.
Scheidig, R. S. Goody, Eur. J. Biochem. 1999, 265, 160 -170.

K. Alexandrov, A.J. Scheidig, R.S. Goody, Methods Enzymol. 2000, 329,
25-39.

Received: August 20, 2001 [M288]

403






Molecular Insights into Error-Prone DNA
Replication and Error-Free Lesion Bypass

Andreas Marx* and Daniel Summerer?
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DNA damage -

DNA polymerases -

Ultraviolet (UV) light causes a variety of
damage in DNA. The most abundant
lesions are pyrimidine dimers such as
the pyrimidine (6-4) pyrimidone photo-
product (6-4PP) and the cis,syn cyclo-
butane - pyrimidine ~ dimer  (CPD)™
(Scheme 1). These lesions are often re-
paired sluggishly and remain in the DNA,

0N N o7 N !
o) N o) o)
. OIOi )i X .,
o] 0 F 0 ¢
-Do "y _
0=R-0 0=P-0
O o
6-4 PP CPD

Scheme 1. UV-light-induced thymidine dimer DNA lesions.
6-4PP = pyrimidine (6-4) pyrimidone photoproduct, CPD =

cis,syn cyclobutane pyrimidine dimer.

where they considerably impede the DNA
replication machinery How cells per-
form DNA synthesis past these kind of
lesions has for a long time remained
obscure. Only recently, it has been dis-
covered that several specialized DNA
polymerases which belong to the new
superfamily Y are clearly involved in trans-
lesion synthesis.”? These DNA polymer-
ases (pols) are found in a variety of
organisms ranging from Escherischia coli
to humans. One of their most prominent
functional characteristics is their high
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DNA replication -

thymidine dimers - UV light

error propensity when dealing with un-
damaged DNA, which distinguishes them
from known high-fidelity DNA polymer-
ases. Most of their biological roles and
functions have not been elucidated yet.
Nevertheless, recent investigations sug-
gest the involvement of poli together
with pol € in error-prone translesion DNA

synthesis.®! Furthermore, it has

been shown that pol  possesses

NH lyase activity, which suggests
o that the enzyme may be in-
volved in DNA repair process-

es  DNA polymerasern is

"'O;L"‘ unique among the eukaryotic

polymerases since it has the
ability to perform error-free by-
pass synthesis through CPD le-
sions, which are poorly removed
by repair processes.”! It has
been shown that cells from
patients with the inherited dis-
order of a variant form of xero-
derma pigmentosum (XP-V) are unable to
perform CPD bypass synthesis as a result
of expression of severely truncated or
functionally inactive forms of poln.®f
These observations strongly suggest that
poln is the XP-V gene product and that
the polymerase is involved in suppression
of sunlight-induced skin cancer. Yeast and
human poln replicate through a cis,syn
thymidine - thymidine dimer by inserting
two deoxyadenosine residues opposite
the lesion. Although, poln misinserts
noncomplementary nucleotides opposite
the first thymidine (T) in the lesion with
high frequency, extension from mis-
matched substrates is greatly impeded.
Presumably, this feature allows the poly-
merase to dissociate from the primer
template complex and recruit exonu-
cleases to remove the mispaired nucleo-
tide. Overall, the UV-damaged lesion
would be more selectively bypassed than
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predicted from the misinsertion frequen-
cy alone. In general, poln appears to be
able to replicate DNA accurately through
the lesions that are most frequently
formed as a result of exposure to UV light.

These unique properties of poln in-
stantly triggered interest in its molecular
and structural basis. Recently, several
crystal structures of error-prone Y-family
DNA polymerases have been solved from
which valuable new insights into their
molecular action can be drawn.®! Trincao
et al. determined the crystal structure of
an N-terminal fragment of Saccharomyces
cerevisiae poln that includes the active
site.d This structure reveals that poln
retains the overall shape of a right hand
composed of thumb, palm, and finger
domains, as seen in other known DNA
polymerases®? (Figure 1). However, pol 1
contains a novel polymerase-associated
domain (PAD), which mimics an extra set
of fingers. The structure shows that the
palm domain of polmn is nearly super-
imposable with that of high-fidelity DNA
polymerases.” 8 In contrast, the finger
and thumb domains, which make exten-
sive contacts with the primer template
and incoming triphosphate in other DNA
polymerases, are unusually small and
stubby. In particular, the “O helices”,
which are believed to play a pivotal role
in fidelity checking, are absent in poln.
Further insights into error-prone DNA
synthesis were gained through the crystal
structures of Sulfolobus solfataricus P2
DNA polymerase IV (Dpo4) reported by
Ling et al.'®*¥ This enzyme is able to bypass
cis—syn CPD lesions efficiently and thus,
with respect to translesion synthesis, the
enzymatic properties of Dpo4 are similar
to that of the distantly related eukaryotic
polm. Ling etal. successfully obtained
Dpo4 structures in ternary complexes
with the DNA primer template and either
a canonical or noncanonical incoming
nucleoside triphosphate. The overall
structure of the Dpo4 — DNA ternary com-
plex showed the familiar shape of a half-
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Figure 1. DNA polymerase structures. A: ternary complex of Taqg DNA polymerase (Protein Data Bank (PDB)
entry code 2KTQ); B: DNA polymerase 5 (coordinates provided by the authors); C: the ternary complex of Dpo4
(PDB entry code 1JX4). The palm (red), fingers (blue), thumb (green), and polymerase-associated domain/little

finger (purple) are shown.

open right hand found in several DNA
polymerases in which parts of the primer
template are embedded.” & Analogous to
pol 1, Dpo4 contains a domain termed the
little finger in addition to the finger, palm,
and thumb domains. Again, the palm
domain is structurally similar to those of
other DNA polymerases and the essential
carboxylates in Dpo4 are in identical
positions to those in T7, Klenow, Bacillus,
Taqg, and RB69 DNA polymerases, as well
as in HIV reverse transcriptase.’® However,
the finger and thumb domains of Dpo4
that surround the incoming triphosphate
and template nucleotide are unusually
small. The O helices that are believed to
be involved in selection for the right
nucleobase geometry and are present in
all high-fidelity DNA polymerases are
absent in Dpo4 as well as in poln.”
Overall, the nascent base pair between
the template and incoming nucleotide in
Dpo4 is less tightly surrounded in the
vicinity of the enzyme than it is in high-
fidelity DNA polymerases. The open and
solvent-accessible active site may be one
structural basis for the error-prone repli-
cation of undamaged DNA by Y-family
DNA polymerases. These findings further
support the current concept that geo-
metrical constraints are the major causa-
tive of DNA polymerase fidelity."”

The primer template complexed by
Dpo4 is nearly standard B-form DNA and
undergoes protein interactions with eight
base pairs through both hydrogen bonds
and van der Waals contacts. These inter-
actions are mostly with the phosphodiest-
er and sugar moieties. In contrast to high-
fidelity DNA polymerases, no hydrogen
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bonds with donor or acceptor sites of the
nucleobases through the minor groove
are observed in Dpo4. Checking of hydro-
gen-bonding patterns by high-fidelity
DNA polymerases is believed to contrib-
ute to fidelity through prevention of
inadvertent sealing of mismatched base
pairs into the nascent DNA.< 10

The second crystal structure obtained
by Ling etal. contains a mismatched
dideoxyguanosine triphosphate (ddGTP)
in the active site of Dpo4.°Y In the active
site, conformations of the sugar phos-
phate moieties of the primer, template,
and nucleoside triphosphate differ signifi-
cantly from that found when a canonical
nucleotide is bound. Translocation of the
template without replication of the first
template base (guanine) leads the incom-
ing ddGTP to form a canonical base pair
with the next template base (cytosine;
Figure 2). This structure shows that the

A. Marx and D. Summerer

active site of Dpo4 is able to admit two
adjacent template bases simultaneously;
this suggests possible mechanisms for
thymidine dimer translesion synthesis.
However, since the second template base
can form a canonical base pair with the
incoming nucleotide, it is unclear what
structure would result if the second
template base were noncanonical. Struc-
tural data for such DNA polymerases
bound to DNA that includes a CPD lesion
would be extremely helpful to further
clarify this point.

In conclusion, several novel DNA poly-
merases with new functions and proper-
ties have been discovered during the past
few years. Most of their functional proper-
ties and roles in which they interplay with
other enzymes and are involved in repli-
cation, repair, or other fundamental cell
processes remain to be elucidated before
the question of why there are so many
DNA polymerases and how they are
recruited at the exact moment required
can finally be answered. On the molecular
level recent functional and structural
investigations of “novel” DNA polymer-
ases have added significantly to our
molecular understanding of how cells
deal with damaged DNA in translesion
synthesis. The structural data suggest less
tight and more open active sites as a
putative reason for the error propensity
observed in low-fidelity DNA polymer-
ases. We await further multidisciplinary
approaches that should lead to a wealth
of new insights and significantly contrib-
ute to our understanding of these com-
plex processes.

Figure 2. DNA bound in the active site. Protein elements are removed for clarity (PDB entry codes 1JX4 and
1JXL). A: primer (gold) and template (blue) in Dpo4 with incoming noncanonical triphosphate (ddGTP, red)

exhibiting translocation of the template that results in a base pair between ddGTP and the second nucleobase
in the template. B: primer (gold) and template (blue) in Dpo4 with incoming canonical triphosphate ddATP (red).
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Giant Vesicles as Microreactors for Enzymatic

MmRNA Synthesis

Aline Fischer, Andrea Franco, and Thomas Oberholzer*[

Giant vesicles have attracted much attention as possible micro-
reactors for the conduction of enzymatic reactions in an artificial,
cell-sized compartment. In this context, we demonstrated in the
first part of the present work that giant vesicles formed from
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine in an alternat-
ing electric field can be made more permeable to Ca** ions or
nucleotide triphosphates by addition of ethanol. This methodology
is then applied in a second step whereby these giant vesicles are
used as microreactors in which mRNA synthesis can occur. The

Introduction

In recent years, giant vesicles (GVs) have attracted the attention
of several research groups as biological microreactors.'#
Among the various methods for the production of GVs, we
have selected the method of electroformation,” which allows
the GVs to form in such a way that they remain fixed at the
location in which they were formed. With these GVs further
manipulation becomes easily achievable. In our group we
developed a method for the addition of substances into a
selected GV by microinjection.®® Other methods for loading
giant vesicles use microelectroporation® or are a combination of
electroporation and microinjection.'®

The advantages of GVs in comparison with conventional
liposomes (small or large unilamellar vesicles (SUVs or LUVs)) are
manifold: GVs formed by electroformation allow the observation
of individual vesicles over a long period by optical microscopy in
real time because they are attached to the electrode and remain
at their site of formation, typically for hours. These GVs can be
punctured and appropriate substances microinjected with a
micropipette without destruction of the vesicle, therefore one
can be sure that the injected components are all inside the same
compartment. The time course of molecular biology reactions
can be followed by observation of appropriate color changes,
which accompany the chemical transformation of reactants.
Another advantage of GVs lies in the fact that, as a result of their
large size (typical diameter =30-100 um) and curvature radius,
GVs formed by electroformation may be better models for
biological membranes and, therefore, biological cells, than
conventional liposomes with 100 - 1000 times smaller diameters.

An interesting novel aspect of GVs appeared in our previous
work!" in which we reported that certain physical and chemical
properties of GVs, in particular permeability, were significantly
different from those of conventional liposomes. In fact, in the
cited paper we demonstrated that the bilayer of a GV formed by
electroformation permits interaction between compartmental-
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macromolecules (the DNA template and the enzyme T7 RNA
polymerase) are microinjected into a selected giant vesicle, while
the substrate molecules (nucleotide triphosphates) are added from
the external medium. The fact that mRNA synthesis can be detected
is a further step towards our aim: the design of a microreactor that
can be seen as a model for a protocell.

KEYWORDS:

giant vesicles
microreactors -

liposomes
mRNA synthesis

microinjection technique

ized nucleic acid (DNA or RNA) introduced by microinjection and
a specific nuclease (ribonuclease A, deoxyribonucleasel, or
deoxyribonuclease Il) added externally. The possibility of arte-
facts such as imperfections of the GV membrane or leakages was
ruled out by cross-control experiments, thus we came to the
conclusion that GV membranes under certain conditions allow
the permeation even of small proteins.

Previous work by other research groups has shown that
ethanol or other alcohols may have dramatic effects on the
phase behaviour of bilayer systems.'>'¥ These studies demon-
strated that addition of ethanol changes the phase transition
temperature and the phase structure of many lipidic systems
and leads to interdigitated bilayer systems. Most of these
investigations have been carried out with disaturated-chain
phospholipids such as dipalmitoylphosphatidylcholine (DPPC);
for monounsaturated phosphatidylcholines the situation is less
clear.™ Several studies also demonstrated that this formation of
interdigitated bilayers has the effect of enhanced permea-
tion,I's 7! primarily when the interdigitated phase coexists with
other phases. The leakage of molecules across the bilayers
occurs predominantly at these phase boundaries. Most of these
permeability studies were also carried out on phospholipids with
disaturated acyl chains. In the literature, there are only a few
reports that describe the effect of ethanol on the permeability of
liposomes composed of mixed-chain phospholipids. One study
demonstrated an increased efflux of calcein from LUVs at
ethanol concentrations >0.6m."” Another study showed that
the presence of > 1.1m ethanol may increase the permeability of
conventional liposomes composed of egg phosphatidylcholine

[a] Dr. T. Oberholzer, Dr. A. Fischer, A. Franco
Institute of Polymers, ETH-Zentrum
Universitdtsstrasse 6, 8092 Ziirich (Switzerland)
Fax: (+41)1632-1073
E-mail: Thomas.Oberholzer@ifp.mat.ethz.ch
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and egg phosphatidic acid towards protons and potassium
ions.'® To the best of our knowledge, only a few studies that deal
with the effects of ethanol on giant vesicles have been
reported” and we found no reports on an increased perme-
ability of GVs towards ions or larger charged molecules in the
presence of ethanol.

Permeability is certainly the main problem when studying
enzymatic reactions with GVs, as one would like at least some of
the reagents to permeate inside from the external medium. This
is indeed the main idea behind the present work. Herein, we
report evidence of an increased permeability of GVs made from
the monounsaturated phospholipid 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) towards Ca?* ions and nu-
cleotide triphosphates upon the addition of ethanol. This is in
contrast to conventional liposomes, where ethanol has no
detectable effect on the permeability of the membranes for the
appropriate substrate molecules. In the second part of the work,
we utilise the transport of externally added nucleotides across
the GV membrane to induce the synthesis of RNA by T7 RNA
polymerase inside the GV compartment. This can be seen as a
further step towards the modeling of precursors of biological
cells with vesicles.

Results
Operational methodology

Phospholipid aggregates formed by electroformation show
some typical characteristics because many of these apparent
vesicles are not closed spherical structures. In particular, those
aggregates that are in direct contact with the electrode are often
not closed, or not yet closed. Whether an aggregate has a closed
spherical structure (and can, therefore, be considered as a real
giant vesicle) or belongs to the “open structures” category
(structures that we have designated as mushrooms) can often
only be decided by performing experiments (see also Ref.[7]).
This is demonstrated in Figure 1 in which the hydrophilic

Figure 1. Distinction between closed spherical vesicles (GVs) and nonclosed
spherical aggregates. After the formation of GVs in water for 2 -4 h, fluorescein-
12-UTP (10 mm) was added to the GVs with a femtotip Il at a distance of 20—
50 um from the membrane of the selected GV. The injection time was 90 x 0.3 s
and the injection pressure was 200 kPa. The images were taken 15 min after
addition of fluorescein-12-UTP. a) Differential interference contrast (DIC); b) fluo-
rescence mode. Scale bar =50 um.
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fluorescent molecule fluorescein-12-uridine-5'-(tetrahydrogen-
triphosphate) (FI-UTP) is injected externally into aggregates
formed in water. 15 minutes after the injection, many of those
aggregates which are in direct contact with the electrode are still
fluorescent, while the structures that seem to be clearly spherical
(see vesicles number2 and 4 in Figure 1) show no internal
fluorescence. Care was taken throughout this work that all
presented experiments were carried out with such clearly
spherical structures that were about >20 um distant from the
electrode.

One of the big advantages of these spherical structures—the
giant vesicles—formed by electroformation is that they allow the
injection of hydrophilic substances into their aqueous pool. Such
injection has shown that smaller molecules such as dye
molecules or nucleotides, as well as macromolecules such as
enzymes or nucleic acids, are injectable.”® |t should be noted
here that these kinds of molecules, when injected into the
medium surrounding a giant vesicle, have never shown any trace
of fluorescence inside the GV. Instead, when these substances
were injected into the aqueous pool, they remained inside the
GV even after the withdrawal of the micropipette. The “self-
healing” capacity of the GV membrane is so high that no clearly
observable fluorescent material leaked out during the healing
period.

Another important point to recall here is that even if these
giant vesicles are closed spherical structures, they are in many
cases interconnected by lipid protrusions and tethers to other
bilayers.?! GVs that have no connection to other bilayer systems
often lose contact with the electrode after being touched by a
micropipette; in most cases such GVs are lost for further
experimentation. This behavior is in contrast to that of
interconnected GVs, which can often even be punctured several
times. Therefore, it becomes possible to inject different aqueous
solutions into the same GV by using two or even more
punctures. However, GVs that allow multiple puncturing are
relatively seldom; in many cases the first puncturing with
subsequent injection of liquid into a GV is possible without
difficulty but any further puncturing is impossible because the
GV starts to move around when touched. The reason for that
might be that the mechanical stress on the GV upon the first
puncturing loosens the interconnecting lipid layers and makes
the GV more mobile (A. Fischer, T. Oberholzer, unpublished
observations).

Effect of ethanol on the permeability to Ca?* ions of the GV
membrane

Firstly we studied the permeability of the GV membrane to Ca?*
ions by making use of the reactions between these ions and
Calcium Green-2, which bring about a noteworthy increase of
fluorescence. To test whether ethanol could increase the
permeability of a GV membrane that consists of POPC, GVs
were formed by electroformation in an aqueous solution that
contained Calcium Green-2 (2 pm). After turning off the frequen-
cy generator, ethylenediaminetetraacetate (EDTA) was added
and the system was allowed to equilibrate for more than one
hour. EDTA was necessary because the background fluorescence
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of the ions present in the water together with Calcium
Green-2 was quite high. After this period, a concentrated
solution of ethanol was added to the surrounding medium
with a pipette (final concentration 1% v/v, corresponding to
about 170 mm). The addition of ethanol or other alcohols
normally did not change the stability of the GVs; macro-
scopically, they remained as they had been in the absence of
ethanol. Once again, the GVs were allowed to equilibrate but
in this instance for a longer period (> 2 hours). Afterwards, a
micropipette was loaded with CaCl, and the solution was
injected at a distance of about 50 um onto the surface of a
selected GV. Fluorescence results are shown in Figure 2A.
About 50 minutes after addition of calcium chloride, a
significant fluorescence increase was detected inside the GV.
This means that Ca** was able to permeate across the GV
membrane with the help of ethanol.

Figure 2B presents an equivalent experiment at a con-
centration of 5.6% ethanol (952 mm). Even at that relatively
high concentration, the GVs remained as they were in the
absence of ethanol; macroscopically they remained un-
changed in size and also attached to each other in the same
positions. CaCl, was injected into the surrounding medium
at time zero (Figure 2B, b, ¢) and the uptake of Ca?* was
monitored. Surprisingly, the uptake seemed to be a relatively
slow process; only after 12 minutes had a significant amount
of Ca?* permeated across the GV membrane and increased
the fluorescence intensity inside. The same kind of experi-
ment was also carried out in the absence of ethanol, at 1%
(v/v), and at 2.9% (v/v) ethanol (see Figure 2C). Interestingly,
the Ca?* uptake did not linearly correlate with the ethanol
concentration. At 1% ethanol, there was only a modest
uptake of Ca?* (an increase of less than 100 arbitrary units
was detected), whereas at 2.9% this increase was almost
600 units and at 5.6% ethanol the uptake reached values
above 1500 units.

It should be mentioned here that according to these
results, the Ca?* ions could also be partly adsorbed onto the
external surface of the GV. The possibility that all the Ca**
ions were only adsorbed onto the external surface could be
excluded by several arguments which suggest the substan-
ces studied here were mainly entrapped: 1) Ca** ions, FI-UTP,
and UTP (see below) are all taken up in the same manner.
Even if some of the positively charged Ca?* ions are
adsorbed onto the membrane surface, it is unlikely that all
three are adsorbed in the same way, 2) The uptake of Ca**
ions was clearly ethanol dependent (Figure2C) and no
uptake (or adsorbtion) occurred in the absence of ethanol.
Thus, if the ions were only adsorbed, this would have to be
an ethanol-dependent process, 3) GVs with externally ad-
sorbed fluorescent material do not appear as homogene-
ously filled entities (A. Frazzoli, T. Oberholzer, unpublished
results and Ref. [21]) as seen here, but as fluorescent rings. It
should also be taken into account that the experiments
reported herein were carried out at a very low ionic
concentration outside the GVs. Therefore, published results
on binding of Ca?* ions to the POPC layer are not fully
applicable.
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Figure 2. A) Calcium ions permeate across the membrane of giant vesicles in the
presence of 1% (v/v) ethanol. The vesicles were prepared and treated as described in
the Experimental Section. CaCl, (10 mm) was injected into the aqueous solution

(6 injections, injection time: 10s each) in the vicinity of the membrane of the vesicle
with a femtotip Il at a pressure of 500 - 600 kPa. a) Before addition of CaCl,;

b, ¢) 50 min after addition of CaCl,. a, b) Fluorescence mode; c) DIC. Scale bar =

50 um. B) Permeation of calcium ions through the membrane of giant vesicles in the
presence of 5.6 % ethanol (937 mwm). The formation/injection was carried out as in (A).
The injection times were 20 x 1s and 2 x 3 s. The injection pressure was adjusted to
600 kPa. a) Before addition of CaCl,; b, ¢) 2 min, d) 12 min, e) 46 min, and f) 94 min
after addition of CaCl,. a, ¢-f) Fluorescence mode; b) DIC. Scale bar =50 um. C) Time
course of the Ca** uptake at various ethanol concentrations. For details of the
method, see the Experimental Section. Filled squares: 1% ethanol (164 mm), circles:
2.9% ethanol (482 mw), triangles: 5.6 % ethanol (937 mm); empty squares: identical
experiment performed in the absence of ethanol. The fluorescence intensity shown is
in arbitrary units.
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We also investigated the Ca**-loading effect with dimethyl
sulfoxide (DMSO) or alcohols other than ethanol (Table 1). At a
concentration of 1% (v/v), 1-pentanol (92.5 mwm), 1-octanol
(63 mm), and 1,2-ethandiol (175 mwm), each had a similar effect
on the influx of Ca*" ions into the GVs; DMSO (141 mm) and
methanol (250 mm), however, increased the Ca?*-ion influx only
slightly. In order to test whether the effect of the alcohols was a
result of the local concentration of the hydroxy groups, 1,2-
ethandiol (1% (v/v, 175 mm) was tested (twice the number of
hydroxy groups as in ethanol), but again, no difference with
respect to 1% ethanol was observed.

Table 1. Effect of different alcohols on the permeability of the membrane of a
selected GV to Ca** ions.[

Alcohol Concentration (v/v)
0.1% 1% 3% 6%

ethanol 35 100 550 1500
methanol effect hardly detectable low effect nd® nd®!
1-pentanol 40 100 nd® nd®!
1-octanol 30 100 nd®! nd®!
1,2-ethandiol 35 100 nd®! nd®!
DMSO no effect detectable effect hardly detectable nd® nd®

[a] The numbers shown are percentage luminosity values. In those cases in
which a clear effect could be observed, the value at an alcohol concen-
tration of 1% was arbitrarily set to 100%. Vesicles were formed in the
presence of 2 um Calcium-Green-2, then EDTA was added (final concen-
tration of 40 um) and the vesicles were allowed to stand for one hour before
the appropriate amount of alcohol was added to the medium. After another
incubation of two hours, CaCl, (10 mm) was loaded in a micropipette and
added at a distance of about 50 um to a selected GV. [b] nd=not
determined.

Ethanol-induced permeation of nucleotides across the GV
membrane

Having shown that ethanol or structurally similar alcohols
increase the permeability of GV membranes towards Ca%* ions,
we set up an investigation aimed at clarifying whether bio-
logically important monomers, such as mononucleotide triphos-
phates, might also permeate across the GV bilayer with the help
of ethanol. For this purpose, we used FI-UTP. The experiment was
carried out as previously described: after formation of GVs in
water, ethanol (1% (v/v)) was added to the external medium and
two hours allowed to make sure that the vesicles were stable
then FI-UTP was added from a micropipette in the vicinity of the
selected GV membrane.

An initial series of experiments was carried out without
addition of ethanol, so as to determine the background
conditions. It should be kept in mind that GVs formed by
electroformation, as already mentioned, have quite different
permeability properties to those of conventional liposomes.[
FI-UTP uptake results are shown in Figure 3. The presented series
of images reveals the situation before (a, b), during (c), and after
(d) injection of FI-UTP into the medium surrounding a GV. During
the addition of nucleotide, the selected GV seems to be “darker”
than the surrounding solution. The increase in fluorescence can
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Figure 3. Permeation of nucleotides across the GV membrane in the presence of
ethanol. After the formation of GVs in water, ethanol was added to the external
medium (final concentration: 1% (v/v) = 164 mm). Two hours later, fluorescein-12-
UTP (10 mm) was added with a femtotip Il to the GVs at a distance of 20-50 um
from the membrane of the selected GV. The injection time was 90 x 0.3 s and the
injection pressure was 200 kPa. a, b) Before addition of fluorescein-12-UTP;

¢) immediately, and d) 20 minutes after the addition of fluorescein-12-UTP.

a, ¢, d) Fluorescence mode; b) DIC. Scale bar =50 um.

only be seen after the external FI-UTP is sufficiently diluted. Of
course this result does not absolutely prove that the FI-UTP
permeated across the GV bilayer; it could also be reasoned that
there is an ethanol-induced membrane binding of FI-UTP. Such a
possibility is difficult to exclude. However, it should be taken into
account that substances that are incorporated into the GV
bilayer (such as fluorescent phospholipids or fluorescent fatty
acids) cause a different appearance of the fluorescence. Instead,
in such experiments the fluorescence is not homogeneously
distributed and the fluorescence appears to be more prominent
in the equatorial plane of the observed GV.12% 22

One question raised at this point was whether the uptake of
FI-UTP was ethanol-dependent or could also occur in the
absence of ethanol. To clarify this, the same kind of experiment
was performed under identical conditions without ethanol (see
Figure 1). As described above, nonclosed structures that can be
loaded with hydrophilic substances also exist. Real spherical
vesicles, however, could not take up FI-UTP in the absence of
ethanol.

To clarify whether this ethanol-induced increase in perme-
ability could be observed with all kind of liposomes (SUVs/LUVs/
GVs) or whether it was again unique to GVs, we performed the
same kind of experiments with conventional extruded LUVs
(liposomes produced by extrusion through filters with 100-nm
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pores, see Ref. [23]). “Empty” liposomes were incubated in the
presence of ethanol and UTP/[**S]UTP for 1 h and the external
UTP (together with the ethanol) was removed by spin column
chromatography.?* The isolated liposomes were then analyzed
by scintillation counting. The same procedure of external
loading of LUVs as was used with nucleotides has also been
carried out with detergents. The liposomes that contained
nucleotides could be isolated by spin column chromatogra-
phy.?! In the case of ethanol, however, no uptake could be
detected even at ethanol concentrations of 2 and 10% (v/v)
(Figure 4). Note that some of the nucleotides were eluted with
the liposomes (in this kind of gel chromatography methodology,
fractions 2—-6 normally contain >98% of the applied turbid
material). The approximately 300-400 counts per minute coe-
luted with liposomes represent, however, less than 0.05% of the
total amount of radioactivity and are also eluted in the absence
of ethanol. This effect is always seen when working with
radiolabeled substances and is not considered as a specific
liposome - substrate interaction. Therefore, these few counts per
minute can be ascribed to a nonspecific external UTP - liposome
interaction. Again, these results suggest a noteworthy difference
between the physical behavior of GVs formed in an electric field
and that of conventionally prepared LUVs.

T7 RNA polymerase reaction in giant vesicles

Essentially, we have taken the results of Figure 3 as evidence that
all mononucleotide triphosphates, such as ATP, UTP, GTP, and
CTP, can permeate across the membrane of a selected GV from

the external medium in the presence of ethanol. This provides us
with the opportunity to perform RNA or DNA synthesis inside
GVs that contain a nucleic acid template and an appropriate
polymerase by addition of the monomers to the external
medium. We used YO-PRO-1 (4-[(3-methyl-2(3 H)-benzoxazolyli-
dene)methyl]-1-[3-(trimethylammonio)propyllquinolinium  io-
dide) as a fluorescence indicator, a molecule which becomes
intensively fluorescent once it binds to nucleic acids.?® We also
used this molecule in our previous studies with GVs.'"! As an
enzymatic test reaction, we selected the synthesis of mRNA
inside GVs by T7 RNA polymerase. As is well known, this enzyme
recognizes a specific promoter sequence on a DNA molecule
which works as a start signal for the transcription of RNA.?” This
viral enzyme has the advantage of being commercially available
and its structure is relatively simple.2®
Although the most interesting experiment was the one that
involved permeation of mononucleotides from outside the GV,
we first carried out experiments in which two mixtures that
contained DNA templates, enzymes, and nucleotides were
consecutively injected into the selected GV (for details, see the
Experimental Section). This was performed in order to determine
by a control experiment the expected fluorescence intensity
increase and to have an idea about the rate of the process.
Figure 5 shows the time course of the change in fluorescence
intensity inside the GV and also the corresponding experiment
without T7 RNA polymerase. The data points reported in
Figure 5B show two independent experiments with a corre-
sponding control experiment in which the enzyme T7 RNA
polymerase was omitted. One can see from Figure 5 that under
our conditions the reaction proceeds for about
30 min with a fluorescence increase of 80 % from the

160+ 1° initial value. Most of the newly synthesized product
140_- ® that gave this 80 % increase was formed within 5 to
| 15 minutes after the second injection. It is also
- 1204 u i evident that this technique has its drawbacks. Once
E g the enzyme solution is injected, the selected GV
£ 1004 ‘A m becomes larger (the enzyme is delivered in a 50%
§ 1 §' glycerol solution and glycerol normally .causes
5 801 m| H42 g “growth” of these GVs), a phenomenon which can
K 1 - often be seen with this kind of GVs. The conse-
5 60+ A é quence is that the injected solution is gradually
E 40—' | u A\A | ;:35 .diluted, and therefore, it is not surprisi.ng that the
by ® increase of fluorescence (corresponding to the
(= 20_' ¥ E\. synthesis of RNA by T7 RNA polymerase) occurs
| / T~ for only 30 min.
o e 0 Let us consider the corresponding experiment in
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Figure 4. Ethanol-dependent UTP uptake of conventional liposomes. Conventional LUVs were
prepared as described in the Experimental Section. The LUVs were incubated in the absence (filled
squares) or presence of ethanol (2% (v/v), circles; 10% (v/v), triangles) for 30 min, before UTP/
[P*SJUTP was added and the LUVs were incubated for 1 h. Afterwards, the UTP and ethanol
molecules were removed by spin column chromatography. The empty squares show the
distribution of the turbidity among the individual fractions. After fraction number 7, no significant
turbidity could be detected. All three experiments had a similar distribution of light scattering
material after the column chromatography therefore only one curve is presented. It should be
noted that the count-per-minute values that were eluted together with the liposomes correspond
to less than 0.05 % of the total applied radioactivity and can be considered as insignificant.
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which macromolecules are injected into a selected
GV and then ethanol is added to the medium before
the nucleotides are injected into the medium in the
vicinity of the selected GV. The pictorial view of the
fluorescence increase is given in Figure 6 A, whilst
the corresponding kinetics are shown in Figure 6B.
The kinetics are not comparable to those obtained
by the injection procedure described above be-
cause nucleotides were added at intervals by
injection into the surrounding medium (additions
are indicated by the asterisks in Figure 6B). Here,
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Figure 5. A) RNA synthesis inside a selected GV, catalyzed by T7 RNA polymer-
ase—double injection method (for details, see the Experimental Section).

a, b) 33 min after the injection of the plasmid DNA, ¢) 1 min, d) 11 min, e) 31 min,
and f) 2 hours and 15 minutes after the injection of the solution containing
enzyme/nucleotides. a) DIC; b-f) fluorescence mode. Scale bar =50 um. B) Ki-
netics of the RNA synthesis inside giant vesicles. The squares and triangles show
two typical experiments with T7 RNA polymerase, the circles show an identical
experiment performed without enzyme.

there is no depletion of nucleotides and therefore the RNA
polymerization by T7 RNA polymerase can proceed for a longer
period than in the former experiment. It is important to
emphasize that the fluorescence increase cannot be caused by
the simple entrance of nucleotides since a nucleotide - YOPRO-1
interaction has never been detected.

An attempt was also made to demonstrate that RNA synthesis
can be achieved (and detected) after a single addition of
nucleotides (10 punctures for 0.5 s at 200 kPa) at the beginning
of the experiment after the injection of a DNA template and T7
RNA polymerase (Figure 7 A). To avoid the increase in size of the
selected GV caused by the simultaneous addition of glycerol,
200 pL of the solution containing the T7 RNA polymerase was
dialyzed against 50 mL of the appropriate buffer prior to use. The
time course of the fluorescence increase can be easily seen in
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Figure 6. Modeling of a microreactor by loading a giant vesicle with nucleotides
from the outside with occasional addition of nucleotides during the time course of
the mRNA synthesis (for details, see the Experimental Section). A) Nucleotides
(10 mm each) were injected into the surrounding solution in the vicinity of the GV
membrane by using a femtotip Il. Fluorescence images: a) 7 min, b) 9 min,

¢) 42 min, d) 71 minutes, and e) 106 minu after the first addition of nucleotides.
Scale bar= 50 um. B) Quantitative analysis of the increase in fluorescence
intensity. Circles/squares show two independent experiments with all reactants;
triangles represent an identical experiment in which T7 RNA polymerase was
omitted. The asterisks indicate the time points at which nucleotides were
externally injected into the surrounding medium.

Figure 7A and the corresponding kinetics are presented in
Figure 7B. From the kinetic data it is obvious that the reaction
proceeds for about 30-40min in contrast to the double-
injection experiments (Figure 5), where most of the product was
synthesized within a few minutes. After 40 min, the fluorescence
intensity remained constant.

Discussion

The present paper focuses on the question of whether giant
vesicles can be used as microreactors in order to carry out
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molecules have been added. Again, this is in contrast to
experiments with conventional liposomes, where the
starting point is often difficult to determine because the
entrapment procedure is relatively complicated and
undefined.

In the present work, however, we go one step further.
There is not only the question of performing enzymatic
reactions inside an artificial compartment, but also the
chosen enzymatic reaction is performed in a way that
can be considered typical for an origin of life model.®?
Macromolecules are inside a compartment and the
substrate molecules are loaded from the external
medium. In this way, the GVs work as a bioreactor.
Substrate molecules are taken up by the bioreactor with
the help of ethanol molecules that increase the
permeability of the GV bilayer, then the substrate
molecules are incorporated into nucleic acid polymers.

This work is divided into two main parts. In the first
part (Sections 1 and 2), we define the conditions under
which it is possible for GVs to be loaded from the
external medium and demonstrate that a substantial
loading is possible with the help of ethanol. In the latter
part we apply this new methodology to “feed” lip-
osomes as exemplified by an important biochemical
reaction, namely mRNA production by T7 RNA polymer-
ase.

As mentioned above, GVs filled with macromolecules
are attractive models for cells; they are large—as large
or larger than eukaryotic cells—and a reaction that
occurrs in the GV interior can easily be followed if it can
be made visible by using fluorescent molecules. This is a
minor problem for biochemical reactions with nucleic
acids because many suitable fluorescent dyes exist and,
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Figure 7. RNA polymerization inside a GV by T7 RNA polymerase with nucleotide addition
from the outside at the beginning of the experiment (for details, see the Experimental

40 therefore, RNA or DNA synthesis can be followed by
observation of the increase in fluorescence.”” ™ 331 For
the synthesis of other macromolecules, the fact that
appropriate fluorescent analogues must exist can be a
serious limitation of these GV compartments.

Section). A) The injection time for the nucleotide mixture was 30 x 1s at an injection
pressure of 200 kPa. No further nucleotide addition was made after the initiation period.
Fluorescence images: a) 2 min, b) 12 min, ¢) 21 min, d) 32 min, and e) 38 min after the first

addition of nucleotides. Scale bar =50 um. B) Quantitative analysis of the fluorescence
intensity. Filled squares show the kinetics with all the reactants; open squares show the

corresponding experiment without T7 RNA polymerase.

compartmentalized RNA synthesis. With conventional lipo-
somes, similar attempts have already been described.’2%-3"34
The system described herein has many advantages. The first
and possibly main reason to use GVs instead of conventional
liposomes is that whatever is done in these GVs can be recorded
in real time and visualized. Performing biochemical reactions in
conventional liposomes always leads to the simple and crucial
question, how can one be sure that it really happens inside and
not outside the vesicle? This is undoubtedly not a problem when
working with our GV system since everything we do is, per se,
inside the GV and the results can be easily monitored. Similar
arguments are also valid for the reaction time. The reaction
begins when the injection has been done or when substrate
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Experimental Section

Materials: POPC was obtained from Avanti Polar Lipids

(Birmingham, AL). YO-PRO-1 iodide and Calcium Green-2
were purchased from Molecular Probes, Inc. (Eugene, OR). ATP, CTP,
GTP, UTP, ethanol (puriss. p.a.), glycerol (puriss. p.a.; 86-88%),
1-octanol (puriss.), 1-pentanol (puriss. p.a.), and EDTA were obtained
from Fluka (Buchs, Switzerland). Fluorescein-12-UTP tetralithium salt
was purchased from Roche Diagnostics (Rotkreuz, Switzerland). All
other chemicals were of analytical grade. T7 RNA polymerase
(EC 2.7.7.6) was obtained from New England Biolabs (Beverly, MA).
The water used was deionized with a Milli-Q system (Millipore,
Bedford, MA) and sterilized (> 20 min at 121 °C).

Construction of the plasmid pWMT7 - EGFP: The vector pWMT7 -
EGFP was designed by T. Rechsteiner (BioTecton, Zurich, Switzer-
land). In brief, the egfp gene was excized from the vector

pLP-EGFP-C1 (from Clontech) by using the oligonucleotides
BT-27 (5'-ATCGCGTCTCCTATGGTGAGCAAG-3') and BT-28 (5'-
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ATCGCGTCTCCCTTATCTAGATCCGG-3'). Two other fragments were
produced by the polymerase chain reaction (PCR) by using the
vector pET3a (from Novagen); for fragment 1, the following primer
oligomers were used: BT-23 = 5'-ATCGCGTCTCGATCGCGGGAGCTGC-
3’ and BT-26 =5"-GGGTACCATGGCGTCTCCCATATGTATATCTCCTTC-
3’); for fragment2 PCR was performed with the oligomers BT-24
(5'-ATCGCGGGGGTCTCACGATCGGTCACAGCTTG-3') and BT-25 (5'-
GGGGTACCCGTCTCCTAAGGATCCGGCTG-3). All primer oligos con-
tained BsmBl sites in the noncomplementary region. The PCR
fragments were digested with BsmBI and ligated. The clones were
tested to ensure they contained all fragments. These vectors were
the constructs pET3a-EGFP, with a length of 5402 base pairs (bp).

An EcoRV-BamHI fragment (containing the T7 expression box) was
excized from pET3a-EGFP and subcloned into the vector pBT100.1
(@ derivative of pWM529). The resulting vector, pWMT7, was
amplified by PCR with the primers BT-25 and BT-26 (see above).
Again, the fragment was digested with BsmBI and ligated with the
PCR product (also BsmBl-digested) obtained from pLP-EGFP-C1
with the primers BT-27 and BT-28. The resulting plasmid pWMT7 -
EGFP had a length of 3026 bp. Plasmid DNA was purified by the alkali
lysis method, precipitated with isopropanol, and treated with
Rnase A (10mgmL-") for 1h and then with proteinaseK
(50 mgmL~', incubation for 30min), essentially following the
methods described by Sambrook et al.?4

Preparation of giant vesicles (GVs): Giant vesicles were prepared by
the electroformation method as previously described.' A POPC
solution (2 x 2.5 pL, 0.2 mgmL~") in diethylether/methanol (9:1) was
carefully deposited on each platinum electrode of the investigation
chamber and dried under a nitrogen stream for about one minute.
Afterwards, the chamber was placed under reduced pressure
(<10mbar) in a desiccator for at least 15h. The investigation
chamber was then positioned on the stage of an inverted light
microscope (Axiovert 135 TV, Carl Zeiss AG), and connected to a
frequency generator (Conrad Electronic, Hirschau, Germany) which
provided the appropriate ac field (10 Hz, 2 -3V, peak-to-peak value;
these parameters were controled by an oscilloscope from Velleman,
Belgium). The appropriate aqueous solution (1 mL) was added and
the giant vesicles were formed in the ac electric field. Typically, after
about 2 -4 h the largest vesicles had reached sizes of 60— 100 um in
diameter. The alternating electric field was then turned off and
further experimentation was started.

Ca?* and fluorescein-12-UTP permeability experiments: The GVs
were formed in an aqueous solution containing Calcium Green-2
(2 pm), a fluorescent dye sensitive to calcium ions, to test whether
calcium ions can permeate across GV bilayers in the presence of
alcohol. EDTA was then added to the external medium at a final
concentration of 40um to quench some of the background
fluorescence outside the GVs. 1-2 hours after the EDTA addition,
the desired amount of alcohol was added to the external medium
and the vesicles were allowed to stand for at least 2h. A CaCl,
solution (10 mm) was loaded into a micropipette and injected into
the external medium in the vicinity of the selected GV (at a distance
of approximately 50 um from the GV) by using a femtotip Il
(Eppendorf; inner diameter = 0.5 um). The fluorescence intensity of
the selected GVs was recorded at given time points. To quantify of
the results, the luminosity values were determined by using the
Image-Pro Plus software from MediaCybernetics, MD, USA. The
appropriate fluorescent vesicle was selected and the color ranges for
red, green, and blue were set to a value of 255 (RGB system). The
mean density of luminosity per pixel area was determined and the
entire number of pixels was calculated by multiplication of their area.
The luminosity at the beginning of the experiment was normalized
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to 100 and the time course of the fluorescence increase or decrease
was followed.

The permeability experiments with fluorescein-12-UTP were carried
out in essentially the same way, but with some minor modifications:
The vesicles were grown in H,0 and no EDTA was added after turning
off the generator. The fluorescein-12-UTP solution which was loaded
into the micropipette and injected into the external medium in the
vicinity of the selected GV had a concentration of 5 mm.

Permeability studies with conventional liposomes: An aqueous
dispersion of conventional liposomes was produced from POPC
(40-50 mw) by the extrusion technique'® by using a LiposoFast
Basic from Avestin (Avestin Inc., Ottawa, Canada). The diameter of
the pores of the polycarbonate filters was 100 nm. These LUVs were
diluted to 30 mm POPC with an aqueous solution of ethanol so that
the final ethanol concentration was 0, 2, or 10% (v/v). The
suspension was mixed and then the LUVs were allowed to stand at
room temperature for 30 min. The substrate molecules (0.2 mm UTP/
[3°SJUTP) were then added and mixed, and the LUVs were again
incubated at room temperature for 15 min. Afterwards, the lip-
osomes were loaded onto a BioGel A15m column (BioRad) and a
spin-column gel permeation chromatography isolation was per-
formed.?* 3% This method allows a separation of the liposomes from
the substrate molecules that have not been entrapped within about
5-10 min. The individual fractions were collected and the [*SJUTP
was quantified by liquid scintillation counting by using the
scintillation cocktail PICO AQUA (Packard BioScience Company,
Meriden, CT, USA).

Enzymatic synthesis of nucleic acid by T7 RNA polymerase inside
GVs:

Method of double injection: The vesicles were formed by electro-
formation in a solution containing sucrose (50 mwm), MgCl, (5 mm),
and nucleotides (1 mm each). After their formation, YO-PRO-1 was
added to the external medium (final concentration 1 pm) and the GVs
were allowed to stand for 30 min. The reaction mixture was added by
a double-injection procedure. The first injection mixture contained
the plasmid DNA pWMT7 -EGFP (118 ugmL~") and was injected by
puncturing the selected GV and pushing three times at a pressure of
200 kPa for 1 s. The GV was incubated for 2 h before, in a second step,
an enzyme solution that contained T7 RNA polymerase
(5000 UmL™"), ATP, CTP, GTP, UTP (5mm each), tris(hydroxy-
methyl)laminomethane (Tris) - HCI (200 mm, pH 8.0), MgCl, (40 mm),
sucrose (15 mm), 1,4-dithiothreitol (DTT; 10 mm), f-mercaptoethanol
(2 mm), and glycerol (5%) was injected into the same GV, which was
again punctured and the solution was injected by pushing 5-
10 times at a pressure of 200 kPa for 15s). The time course of the
enzymatic reaction was followed as described above for the Ca?t -
Calcium Green-2 experiments, with the difference that the increase
of YO-PRO - nucleic acid fluorescence was determined.

Method of external loading with nucleotides: After formation of
the vesicles in YO-PRO-1 (1 um), ethanol (10 ul) was added to the
external aqueous medium and the vesicles were allowed to stand for
approximately 2 h. Then a T7 RNA polymerase reaction mixture that
contained T7 RNA polymerase (15000 UmL""), pWMT7-EGFP
(746 pg mL="), Tris—HCl (200 mm, pH 8.0), MgCl, (37.3 mm), EDTA
(0.3 mm), NaCl (30 mm), DTT (10 mwm), S-mercaptoethanol (6.6 mm),
Triton X-100 (0.03%), and glycerol (15%) was injected into the
chosen GV (5-10 pushes at an injection pressure of 200 kPa for 1 s).
Once the fluorescence intensity of the plasmid DNA/YO-PRO-1
complex was constant, a solution containing ATP, CTP, GTP, and UTP
(10 mm each) was injected into the surrounding solution in the
vicinity of the selected GV with a femtotip Il (Eppendorf). The
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corresponding control experiment was carried out by using an
identical reaction mixture without T7 RNA polymerase.

In some experiments, a solution (100 ulL) containing T7 RNA
polymerase was dialyzed against 50 mL Tris—HCl (40 mm, pH 8.0),
MgCl, (8 mm), and DTT (5 mm) for 2 h by using a Slide-A-Lyzer with
10000 Da molecular weight cut-off (from Pierce, Rockford, IL). The
dialyzed enzyme solution was kept on ice and used for further
experimentation within 2 d.

The authors are very grateful to Prof. Dr. P. L. Luisi for his support
and for critically reading this manuscript. A.F. was supported by an
ETH grant (No.: 0-20409-97).
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Synthesis of Ferroquine Enantiomers: First
Investigation of Effects of Metallocenic Chirality
upon Antimalarial Activity and Cytotoxicity

Laurence Delhaes,*® b 9+ Christophe Biot,!* ¢ Laurence Berry,”!
Philippe Delcourt,® Lucien A. Maciejewski,'¥ Daniel Camus, ®!

Jacques S. Brocard,”! and Daniel Dive®

Ferroquine (FQ) is a new antimalarial agent with a high blood
schizotoncidal activity. Previous studies on this compound were
done with racemate mixtures. As FQ possesses planar chirality, pure
enantiomers were obtained by enzymatic resolution in order to
compare their antimalarial activities and cytotoxicities. (+)-FQ and
(—)-FQ were equally active in vitro, at nanomolar concentrations.
Both enantiomers were slightly less active than the racemate in

Introduction

The most severe form of human malaria is caused by Plasmo-
dium falciparum. An estimated 250 million people are infected
every year, and the disease will prove fatal for 1.7 -2.7 million of
them.[" 2 The emergence of multidrug-resistant P. falciparum has
become a major problem in both prophylaxis and treatment of
malaria. As chloroquine (CQ) has been the most extensively used
drug, its efficacy is now compromised by the spread of resistance
throughout endemic malarial areas." In addition, the current
lack of availability of an efficient malarial vaccine highlights the
urgent need to develop alternative drugs that circumvent
resistance to CQ.B-!

We have been focusing on chloroquine dicyclopentadienyl
iron analogues, which have been reported to be effective against
P.falciparum in vitro, and against P. berghei, P. yoelii, and P. vinckei
vinckei in vivo.''% The most active of these, 7-chloro-4-[2-(N',N'-
dimethylaminomethyl)-N-ferrocenylmethylamino]quinoline  or
ferroquine (FQ, Scheme 1), has previously been used as a
racemic mixture and found to be active against all chloro-
quine-resistant P. falciparum field strains.-"!

Since many biological systems can discriminate between the
members of a pair of enantiomers as different substances,
different enantiomers may in many cases induce different

g NMez Mez \ @
ﬁN c a Fe
- 1 <

% A
(+)-(1'R)-FQ ()-(1'S)-FQ

Scheme 1. Ferroquine (FQ) enantiomers.
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vivo; cytotoxicities were similar. Actually, the racemate represents
the optimal formulation. To the best of our knowledge, this is the
first investigation of biological activities of compounds with
metallocenic chirality.

KEYWORDS:

antimalarial activity - cytotoxicity - enzymatic resolution -
ferroquine - metallocenes

responses in these systems. All the desired activity may reside in
only one enantiomer, whilst the optical antipode may be totally
inactive or even toxic. Moreover, enantiomers can exhibit large
difference in their pharmacokinetic properties.l'> '3 Such proper-
ties may represent an impediment for drug development. Due to
its 1,2-unsymmetrically substituted ferrocene structure, FQ
possesses planar chirality. The aim of this investigation was to
synthesize pure (+)-FQ and (—)-FQ enantiomers, in order to
assess and to compare the antimalarial and cell antiproliferative
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Ferroquine Enantiomers

activities of (+)-FQ, (+)-FQ, and (—)-FQ. This study constitutes, to
our knowledge, the first contribution concerning the relation-
ship between metallocene chirality and biological activity.

Results and Discussion
Chemistry

FQ possesses planar chirality due to its 1,2-unsymmetrically
substituted ferrocene moiety. Despite their close structural
relationship, the two enantiomers must be viewed as different
pharmacological species in terms of their desired or undesired
effects. A synthetic method to provide separate pure enantiom-
ers of FQ in good yields was therefore developed (Scheme 2).
The approach chosen included a lipase kinetic resolution
according to Nicolosi's procedure, which explored the ability of
enzymes to catalyze enantioselective reactions." We used
Candida rugosa lipase (C.r.l.), which is able to catalyze acetylation

@NMGZ MezN a)
Q J fe T
-

< ° ° <

(+/-)-1

OH

—_

or transesterification more rapidly for (—) isomers than for (+)
isomers.'" All the relative configurations of the aromatic rings in
the chiral ferrocenes were determined according to the nomen-
clature of Cahn, Ingold and Prelog, as extended to planar
chiralities by Schlgl.'

Racemic 2-(N,N-dimethylaminomethyl)ferrocenecarboxalde-
hyde 1 was reduced in the presence of NaBH, in methanol to
give the corresponding amino alcohol 2. Cr.l. catalyzed the
acetylation of 2 with vinyl acetate in tert-butyl methyl ether to
give (—)-3 in 53% vyield and with 86% ee. The remaining
untransformed (+)-2 was isolated from the mixture in good
chemical yield (47 %) and extremely high enantiomeric excess
(ee >989%). The deacylation of (—)-3 was undertaken by means
of a transesterification process catalyzed by C.r.l. with nBuOH to
provide (—)-2 with high enantiomeric purity (ee >98%) and in
48% vyield."® Finally, the enantiopure amino alcohols were
oxidized to the corresponding amino carboxaldehydes by use of
a large excess of MnO,. Starting from the pure (+)- and (—)-2-

(N,N-dimethylaminomethyl)ferrocene-

Me,N carboxaldehydes ((+)- and (—)-1), the

subsequent syntheses of (+)-FQ and

HO é (=)-FQ were identical to that of (£)-
FQ.[6, 71

In order to compare the biological
activities of the FQ enantiomers with
that of the racemic mixture, it was
necessary to determine the purity of
each enantiomer. As chiral HPLC was
N not efficient for this determination, the

+/-)-2

(+)-2
ee > 98%
47%

(-)-3
ee = 86%
53%

(-)-2
ee > 98%
48%

¥
ﬁNMe
LoD 2

R cl

Me,
Cl
N

N
H
<

Scheme 2. Synthesis of (+)-FQ and (—)-FQ by enzymatic resolution. a) NaBH,, MeOH, 0°C, 20 min; b) vinyl
acetate, C.r.l.,, tBuOMe, 45°C, 16 h; ¢) n-BuOH, C.r.l., tBuOMe, 45°C, 48 h; d) MnO,, CH,Cl,, 0°C; e) 1. NH,OH - HCl,
EtOH, reflux, 3.5 h; 2. LiAIH,, THF, reflux, 6 h; 3. 4,7-dichloroquinoline, K,CO;, TEA, NMP, 135°C, 3.5 h. C.r.l.=
Candida antartica lipase, THF = tetrahydrofuran, TEA = triethylamine, NMP = N-methylpyrrolidine.
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use of 'H NMR spectroscopy with an
optically active reagent was adopted.
The 'H NMR spectrum of racemic FQ
with two equivalents of Pirkle’s alcohol

showed two singlets (dimethylamino

signals) at 6 =2.22 ppm, separated by

7.80 Hz and in a ratio of 50:50; this was
useful for establishing the enantiomer-
ic excess."! In contrast, the '"H NMR
spectra of (+)- and (—)-FQ measured

)l under these conditions each showed
only one dimethylamino resonance.

Stereoselective analysis of the inter-
mediate compounds in the final stages
of the synthesis of (+)- and (—)-FQ (see
Experimental Section for details) was
also performed by 'H NMR spectrosco-
3 py in the presence of two equivalents
v of Pirkle’s alcohol.

Biological activities

oy

—)-FQ
> 98

o
S

The screening procedure is briefly
described in the experimental section.
The antimalarial and cytotoxicity activ-
ities of the synthesized compounds are
summarized in Table 1 and Table 2.
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Table 1. In vitro antimalarial activity and toxicity of the FQ enantiomers, FQ
racemate and CQ.

(+)-FQ (-)-FQ (H)-FQ cQ
antimalarial activity against culture-adapted strains of Plasmodium falciparum'?
HB3 12£1 1M+x2 1M+2 24 4-40bL1d
Dd2 21+6 21+4 22+t4 130 + 38

cytotoxicity on mouse lymphoma cells®
L5178Y 14300£2,800 16600+4,200 14300+ 4,400 > 50000
security index 1200-700¢"  1500-800 1,300-600 >2,000- > 400

[a] Values are the mean ICs, values (4 standard deviation) in nmol L~' obtained
from at least three independent experiments. [b]Chloroquine-susceptible
threshold adopted is 100 nmol L~". [c] p < 0.05. Variance analysis (ANOVA system)
was used to compare the IC;, values of CQ versus (+)-FQ, (—)-FQ, and (+)-FQ.
[d] Values of the security index correspond to the ratio of the ICs, value in the
L5178Y cell proliferative assay divided by the antimalarial activity ICs, value for
chloroquine-susceptible and -resistant P. falciparum strains, respectively.

Table 2. Comparative curative effect of FQ enantiomers on mice infected by
P. vinckei vinckei strains and treated orally.

Compound  Dosel P.vinckei vinckei strain®

[mgkg~'day~'] CQ-sensitive CQ-resistant
(+)-FQ 5 0/10 (13.6; 9-17)9  2/10 (12; 7-16)

10 10/10 8/10 (18; 18)
(=)-FQ 5 0/10 (10; 7-15) 0/10 (14.5; 10-16)

10 7/10 (16.6; 17-16)  5/10 (18.8; 16-27)

[a] Doses are expressed in terms of CQ base equivalent. CQ was applied as
the diphosphate salt and FQ enantiomers as their ditartrates.
[b] 10 mgkg~"day~' of (&)-FQ cured 100% of animals infected with either
chloroquine-susceptible or chloroquine-resistant P.vinckei vinckei, even
when CQ remained ineffective against the resistant strain at subtoxic doses
(300 mgkg~"day")." [c] Compiled results from two independent experi-
ments are presented as number of mice surviving up to 60 days after
infection/number of treated mice. When malaria recrudescence and mice
mortality were observed, mean and ranges of the delay in mice mortality
expressed in days are given in parentheses.

In vitro assessment of the antimalarial activity: A compar-
ison between the respective inhibitory properties of the FQ
enantiomers, the racemic mixture, and CQ against the chlor-
oquine-sensitive and chloroquine-resistant P. falciparum labora-
tory strains HB3 and Dd2 is shown in Table 1. Whatever its form
((+)-FQ, (—)-FQ, or the racemate), FQ was more active than CQ
on the P. falciparum strains and particularly on the chloroquine-
resistant one. The enantiomers were found to be equally
efficient in vitro.

In vivo curative effect on mice: For this study we used a
previously described model."" '8 Plasmodium vinckei vinckei
preferentially invades mature erythrocytes and is fatal in un-
treated mice about 8 days after exposure, with parasitaemia of
up to 80%.1""'® In comparison with the FQ racemate, which
cured 100% of the animals infected with either chloroquine-
susceptible or chloroquine-resistant P.vinckei vinckei strains at
the oral dose of 10mgkg-'day' (in terms of CQ base
equivalents) for 4 days,"” (+)-FQ and (—)-FQ were not entirely
curative at the same dose (Table 2). A minor difference in the
potency of the enantiomers was observed in vivo. (+)-FQ
displayed a better curative effect than (—)-FQ on both P. vinckei
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vinckei strains (Table 2). Like (+)-CQ in comparison to (—)-CQ,!""
(+)-FQ was more active than (—)-FQ against P. vinckei vinckei.

In vitro toxicity: The in vitro cytotoxicities of the drugs were
compared by using mouse lymphoma cells (Table 1). Toxicities of
all FQ forms, (+)-FQ, (—)-FQ or the racemate, appeared similar in
the L5178Y cell proliferative assay (p > 0.05, Student'’s t test). FQ
appeared to be more toxic than CQ, but its security index,
ranging from 1500 to 600 for chloroquine-susceptible and
chloroquine-resistant P. falciparum strains, respectively, con-
firmed that it should be a promising compound (Table 1).2

Chirality is an intrinsic property of macromolecular structures
in the cell (enzymes, receptors, etc.), as becomes evident when
they interact with chiral drugs. There is now a range of known
examples of isomers with biological activities that may well
reside predominantly in one enantiomer. The role of stereo-
chemistry in antimalarial activity has been studied for most of
the quinoline compounds,l'® 2?7 and the chirality of the
organometallic compounds is also well known.?® 2! To the best
of our knowledge, however, there were no reported data
concerning biologically active synthetic drugs with planar
chirality. The aim of this study was therefore to evaluate the
antimalarial activity and cytotoxicity of the FQ enantiomers
versus the racemate.

We were able to prepare both FQ enantiomers in high
enantiomeric excess, as assessed by NMR spectroscopy meas-
urements, which allowed comparison of their biological proper-
ties. In vitro, the FQ enantiomers did not differ substantially in
their ability to inhibit the growth of chloroquine-sensitive and
chloroquine-resistant P. falciparum strains (Table 1). Meanwhile,
in vivo, the racemic form had a higher curative effect than either
enantiomer and (—)-FQ appeared to be less effective than the
other enantiomer. These results are in accordance with pre-
viously published data on CQ, which contains an asymmetric
carbon atom in its side chain.!'> 22l Indeed (+)-CQ was found to
be significantly more active than (—)-CQ.” 231 Nevertheless, it
should be keep in mind that FQ is a bulky organometallic
compound exhibiting planar chirality rather than the central
chirality of quinoline isomers. The sandwich structure of
ferrocene renders it completely different from conventional
aromatic molecules and modifies FQ in terms of redox properties
and three-dimensional structure.’% 3" Hence, these different
kinds of chirality render any comparison between FQ and
classical quinoline or amino alcohol enantiomers difficult, or
perhaps impossible.?" 2427

Moreover, the observed differences between in vivo antima-
larial activities of FQ enantiomers might relate to pharmacoki-
netic properties. Studies of the stereoselective properties of CQ
and its metabolites in humans have suggested preferential
metabolism of (+)-CQ.523% In the same way, highly stereo-
specific pharmacokinetic parameters were observed when
mefloquine was administered orally in humans.!'% 3¢

Hence, the origin of the differential in vivo FQ activity may
involve one or more of the causes proposed above. Further
experiments will be necessary to characterize the properties of
FQ enantiomers. Notably, the metabolism and pharmacokinetic
of these metallocenic derivatives need to be investigated, and
the first steps of this research and development process are
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underway. Nevertheless, our study clearly showed that the FQ
racemic mixture represented the optimal formulation for the
future development of this molecule as an antimalarial drug in
terms of antimalarial properties and initial in vitro cytotoxicity
investigation.

Experimental Section

Chemistry

General: Melting points were uncorrected. The 'H and '*C NMR
spectra were recorded on a Brucker AC300 spectrometer with
tetramethylsilane (TMS) as the internal standard and CDCl; as the
solvent. Matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) mass spectra (MS) were obtained on a Vision 2000 time-
of-flight instrument (Finnigan MAT, Bremen, Germany) equipped
with a nitrogen laser operating at wavelength of 337 nm. Between 20
and 30 single-shot spectra in the reflector mode were accumulated
to obtain a good signal-to-noise ratio. The matrix used was 2,5-
dihydroxybenzoic acid (dhb). Merck Kieselgel 60 PF254 was used for
chromatography. Enantiomeric excess (ee) values were determined
by chiral high-performance liquid chromatography (HPLC) analysis
with a Chiralcel OD column (250 x 4.6 mm) for 1 and 3, and by
'"H NMR spectroscopic analysis with one (or two) equivalent(s) of
Pirkle’s alcohol for the other compounds. Optical rotations (ap) were
measured with a Perkin—Elmer 241 polarimeter.

(£)-2-(N,N-Dimethylaminomethyl)ferrocenylmethanol (2): NaBH,
(593 mg, 15.6 mmol) was added with cooling (ice bath) to a solution
of 2-(dimethylaminomethyl)ferrocenecarboxaldehyde (1, 715 mg,
2.6 mmol) in methanol (40 mL). The mixture was stirred at room
temperature for 20 min, and then poured into water (40 mL) and
extracted with CH,Cl, (2 x 50 mL). The organic phase was dried over
Na,SO, and the solvents were removed to give (£)-2 (696 mg,
2.55 mmol, 98%) as an oil. '"H NMR (CDCly): 6 =4.75 (d, JHH)=
12.20 Hz, 1H), 4.18 (m, 1H), 4.12 (d, J(H,H) =12.20 Hz, 1H), 4.09 (m,
1H), 4.05 (s, 5H), 4.01 (m, 1H), 3.88 (d, J(H,H) =12.50 Hz, 1H), 2.76 (d,
J(H,H) =12.50 Hz, TH), 2.16 (s, 6 H); MALDI-TOF MS: 274 [M+H]*, 273
[M]**+, 242 [M — CH,OH]*, 228 [M — NMe,]".

(+)-(1'R)-2-(N,N-Dimethylaminomethyl)ferrocenylmethanol ((+)-
2) and (—)-(1'S)-2-(N,N-dimethylaminomethyl)ferrocenylmethyl
acetate ((—)-3): Vinyl acetate (1.7 mL) and Candida rugosa lipase
(2.9 g) were added to a solution of alcohol (£)-2 (660 mg, 2.4 mmol)
in tert-butyl methyl ether (70 mL). The mixture was continuously
stirred (300 rpm) at 45°C for 16 h. The enzyme was filtered off, and
the filtrate was dried in vacuum. Column chromatography of the
residue with diethyl ether/hexane/triethylamine (70:20:10) as the
eluent afforded (—)-3 (362 mg, 1.15 mmol, 48 %, ee 86 %) and (+)-2
(300 mg, 1.10 mmol, 46 %, ee > 98 %).

(—)-3: [a]®® —8 (c=1in CHCl,); "H NMR (CDCl;): 6 =4.92 (s, 1H), 4.28
(m, 2H), 4.17 (m, 1H), 4.09 (s, 5H), 3.37 (d, J(H,H) = 12.50 Hz, 1 H), 3.23
(d, JH,H)=12.48 Hz, 1H), 2.15 (s, 6H), 2.03 (s, 3H); MALDI MS: 315
[M]*+, 271 [M —NMe,]*, 256 [M — OAc]*, 229 [M — (NMe,+OAc)]".
(+)-2: [a]® +33 (c=1 in CHCly); the '"H NMR and MS MALDI TOF
spectra were identical with those of (+)-2.

(—)-(1'R)-2-(N,N-Dimethylaminomethyl)ferrocenylmethanol ((—)-
2): Candida rugosa lipase (1.6 g) and n-butanol (1 mL) were added
to a solution of (—)-3 (400 mg, 1.3 mmol) in tert-butyl methyl ether
(70 mL), and the suspension was shaken (300 rpm) at 45 °C for 48 h.
The reaction was stopped by filtering off the enzyme. The solvent
was evaporated and the residue was puritfied by column chroma-
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tography on silica gel (AcOMe/MeOH/triethylamine (90:5:5) as the
eluent) to give pure (—)-2 (187 mg, 0.67 mmol, 53 %, ee > 98 %).

(—)-2: the '"H NMR and MALDI-TOF mass spectra were identical with
those of (£)-2. [a]?® —34 (c=1 in CHCl,).

(—)-(1'R)-2-(N,N-Dimethylaminomethyl)ferrocenecarboxaldehyde
((—)-1): Compound (+)-2 (310 mg, 1.14 mmol) was dissolved in
methanol (50 mL). The solution was cooled in an ice bath, and MnO,
was slowly added with stirring. The reaction was monitored by thin
layer chromatography until complete oxidation of starting material
had occurred. The solid was filtered off, water (50 mL) was added,
and the aqueous layer was extracted with diethyl ether (3 x 50 mL).
After drying with Na,SO, and removal of solvent, the product was
purified by chromatography (Et,0/hexane/triethylamine (70:20:10)
as the eluent) to give (—)-1 (279 mg, 1.03 mmol, 98%, ee >98%).
[a]® —23 (c=1 in CHCl;); "H NMR (CDCl;): 6 =10.10 (s, 1H), 4.81 (m,
1H), 4.61 (m, 1H), 4.56 (m, 1H), 4.21 (s, 5H), 3.85 (d, J(HH) =13 Hz,
1H), 3.35 (d, /=13 Hz, 1H), 2.23 (s, 6H); MALDI-TOF MS: 271 [M]"*,
256 [M — CHOI*, 227 [M — NMe,]*.

(++)-(1'S)-2-(N,N-Dimethylaminomethyl)ferrocenecarboxaldehyde
((+)-1). The preparation of (+)-1 was analogous to that of (—)-1: ee
>98%, [a]® +21 (c=1 in CHCLy); the '"H NMR and MALDI-TOF mass
spectra were identical with those of the enantiomer (—)-1.

Pure enantiomers of 2-(N,N-dimethylaminomethyl)ferrocenecar-
boxaldehyde oxime and [2-(N,N-dimethylaminomethyl)ferrocen-
yll-methylamine: The preparation of the pure enantiomers of these
intermediate compounds (not shown) was analogous to that for the
preparation of the racemates as described in the literature.” In each
case the product obtained had an ee value of >98%.

(—)-7-Chloro-4-[(1'S)-2-(N',N'-dimethylaminomethyl)-N-ferrocenyl-
methylaminol-quinoline (—)-FQ: The preparation of compound (—)-
FQ was analogous to that of the racemic FQ as described in the
literature.”! ee >98%; [a]® — 43 (c=0.39 in CHCl;); "H NMR (CDCls):
0=28.53 (d, J(HH)=5.39 Hz, 1H), 791 (d, J(HH)=2.14 Hz, 1H), 7.61
(d, J(H,H)=8.96 Hz, 1H), 7.26 (dd, J(H,H) =2.14, 8.96 Hz, 1H), 6.46 (d,
J(H,H)=5.39Hz, 1H), 435 (d, J(HH)=13.12Hz, 1H), 428 (m, 1H),
4.17-4.15 (m, 2H), 4.15 (s, 5H), 409 (m, 1H), 3.80 (d, JHH)=
12.57 Hz, 1H), 2.88 (d, J(H,H)=12.57 Hz, 1H), 2.22 (s, 6H); *C NMR
(CDCl5): 6 =152.2 (CH), 150.1 (C"), 149.3 (CV), 134.6 (CV), 128.3 (CH),
124.7 (CH), 122.2 (CH), 1179 (CV), 98.9 (CH), 83.9 (2 x CV), 71.4 (CH),
70.5 (CH), 69.2 (5 x CH), 65.9 (CH), 58.1 (CH,), 44.9 (2 x CH,), 42.5
(CH,); MALDI-TOF MS: 436 [MH*"Cl]*, 434 [MH**Cl][*, 397, 391 [M —
HNMe,*Cl1*, 389 [M —NMe,*Cl]*; elemental analysis calcd for
C,sH,,N;FeCl (433.5): C 63.67, H 5.54, N 9.69; found C 63.69, H 5.86, N
9.48.

(+)-7-Chloro-4-[(1'R)-2-(N',N’-dimethylaminomethyl)-N-ferrocenyl-
methylamino]-quinoline ((+)-FQ): The preparation of compound
(-+)-FQ was analogous to that of the racemic FQ as described in the
literature.® ee >98%; [a]® +44 (c=0.38 in CHCL); elemental
analysis calcd for C,;H,,N;FeCl (433.5): C 63.67, H 5.54, N 9.69; found C
63.66, H 5.67, N 9.45; the 'H and C NMR and MALDI-TOF mass
spectra were identical with those of the enantiomer (—)-FQ.

7-Chloro-4-[(1'S)-2-(N',N’-dimethylammoniomethyl)-N-ferrocenyl-
methylamino]-quinolinium  ditartrate  ((—)-FQ-2L-(+)-tartaric
acid): The preparation of this compound was analogous to that of
the racemate as described in the literature.” "H NMR (D,0): 6 = 8.40
(d, J(HH)=7.08 Hz, 1H), 8.18 (d, J(H,H)=9.01 Hz, 1H), 7.92 (s, 1H),
7.67 (d, J(HH)=9.01 Hz, 1H), 6.98 (d, J(H,H) =7.08 Hz, 1H), 4.75-4.33
(m, 12H), 4.31 (m, 4H), 2.85 (s, 3H), 2.75 (s, 3H); UV (H,0) A,,,, = 204,
218, 252, 311 nm.

7-Chloro-4-[(1'S)-2~(N',N'-dimethylammoniomethyl)-N-ferrocenyl-
methylamino]-quinolinium ditartrate  ((+)-FQ-2L-(+)-tartaric
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acid): The preparation of this compound was analogous to that of
the racemate as described in the literature.” The 'H and *C NMR and
MALDI-TOF mass spectra were identical to those of the salt (—)-FQ-
2-(+)-tartaric acid.

Biology
In vitro activity studies:

Preparation of tested compounds: Chloroquine diphosphate was
supplied by Sigma. Ditartrate salts of (£)-FQ, (+)-FQ, and (—)-FQ
were prepared according to the reported procedure.®” Stock
solutions were prepared at 5mgmL~" in 70% ethanol and stored
at —20°C until the assays were performed.

Parasite strains: Two culture-adapted strains of P.falciparum were
used: the chloroquine-resistant strain Dd2 (Indochina) and the
chloroquine-sensitive strain HB3 (Honduras). All stock parasite
cultures were maintained by Trager and Jensen’s method.5 38

In vitro measurement of parasite growth inhibition by drugs: The
assays were conducted in vitro by a modification of the semi-
automated microdilution technique of Desjardins etal., based on
radiolabeled [*H]hypoxanthine incorporation.?® Drug testing was
carried out in 96-well microtiter plates. Stock solutions of each
compound (5 mgmL-") were prediluted in complete culture medium
(RPMI 1640 supplemented with 10% pooled human AB+ serum),
and titrated in duplicate in serial twofold dilutions. The final
concentrations ranged from 4.5-581.5nmolL"" for CQ, the FQ
enantiomers, and the racemate. After addition of a suspension of
parasitized erythrocytes in complete culture medium (200 uL per
well, 0.5% initial parasitaemia with a majority of ring stages, 2%
haematocrit) and [H3]hypoxanthine (Amersham, Little Chalfont, UK,
0.5 uCu per well), the test plates were incubated at 37 °C for 48 h in
an atmosphere of 5% 0O,, 5% CO,, and 90% N,. Growth of the
parasites was estimated from the incorporation of radiolabeled
[H3]hypoxanthine into the parasites’ nucleic acids, measured in a
liquid scintillation spectrometer (Beckman LS 1701). Fifty percent
inhibitory concentration (ICy) values refer to molar concentrations of
drug causing 50% reduction in [H3]hypoxanthine incorporation,
compared to drug-free control wells. ICs, values were estimated by
linear regression analysis of log-dose-response curves.

In vivo antimalarial studies:

Parasites and animals: Two strains of P.vinckei vinckei were used in
this study: a chloroquine-susceptible strain (P. vinckei vinckei Katanga
(provided by Dr. Wery, Antwerpen, Belgium) and a chloroquine-
resistant strain. P.vinckei vinckei strains were maintained by serial
blood-passage in mice. The chloroquine-resistant P.vinckei vinckei
strain was developed by the single fixed dose relapse technique.!'% 4
All handling of animals conformed with national guidelines.

Studies on mice infected with P. vinckei vinckei: Groups of five female
Swiss mice (Janvier) weighing 30 g were intraperitoneally inoculated
with 107 parasitized erythrocytes in phosphate-buffered saline (PBS,
0.5 mL). The first treatment dose was given orally 1 h after infection
on day0 and was repeated once daily for 3 days (“4-day-blood
schizontocidal test”™" %), From day 7 of infection, thin blood smears
from mouse tail blood were made every day for the following two
weeks, and then every third day. They were fixed in methyl alcohol
and stained with Giemsa. At least 1000 cells were counted to
determine parasitaemia and 100 fields were examined before a
preparation was considered negative. Negative mice were held for
2 months. For treatment, each mouse received (+)-FQ, (—)-FQ, (%)-
FQ, or CQ dissolved in PBS (0.2 mL), and control animals received
only PBS. All dosages given in Table 2 are expressed in terms of CQ
base equivalents.
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In vitro toxicity:

In vitro toxicity was estimated on mouse lymphoma (L5178Y) cells.
The cell line was routinely cultured in RPMI 1640 supplemented with
10% horse serum (Gibco, France). For determination of in vitro
toxicity of each compound, 2 x 10° cells in 100 uL were distributed in
each well of 96-well plates, and 100 pL of culture medium containing
the drug was then added to each well.?® Drugs were titrated in
duplicate in serial threefold dilutions, with final concentrations
ranging from 500000 - 686 nmol L~". Cell growth was estimated from
[H3Ihypoxanthine incorporation after 48 h incubation. The results
were analysed in the same manner as for P. falciparum cultures and
are expressed as the mean of three independent experiments.
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On the Biodegradation of ff-Peptides**

Jurrg. V. Schreiber, Jens Frackenpohl,®® Frank Moser,”” Thomas Fleischmann,®’
Hans-Peter E. Kohler,*™ and Dieter Seebach*!?!

A consortium of microorganisms was established that was able to
grow with the B-tripeptide H-B-HVal-3-HAla-3-HLeu-OH, with the
p-dipeptide H-B-HAla-B-HLeu-OH, and with the 3-amino acids H-[3-
HAla-OH, H-3-HVal-OH, and H-B-HLeu-OH as the sole carbon and
energy sources. This growth was achieved after several incubation-
transfer cycles with the P-tripeptide as the substrate. During
degradation of the B-tripeptide H-B-HVal-3-HAla-B-HLeu-OH, the
temporary formation of a metabolite was observed. The metabolite
was identified as the B-dipeptide H-B-HAla-B3-HLeu-OH by nuclear
magnetic resonance spectroscopy and mass spectrometry. This
result indicates that in the course of the degradation of the [3-
tripeptide, the N-terminal [3-HVal residue was cleaved off by a not
yet known mechanism. During the subsequent degradation of the
p-dipeptide, formation of additional metabolites could not be
detected. The growth - yield coefficients Y, for growth on the [3-di-

Introduction

A major characteristic of S-peptides is their ability to form stable
secondary structures with as few as four S-amino acid residues.
This is in sharp contrast to a-peptides, for which stable
secondary structures are observed only with longer sequences
of a-amino acids.” The high stability of S-peptidic helices makes
p-peptides an attractive class of compounds for drug design. It
has been demonstrated that certain S-tetrapeptides have high
affinity for a human somatostatin protein receptor.?? In addition
to structural stability, S-peptides exhibit a remarkable stability
with regard to degradation by proteolytic enzymes.B-! Extrac-
ellular enzymes from bacteria and fungi, such as pronase and
pronase E from Streptomyces griseus, proteinase K from Tritir-
achium album, and proteinase from Bacillus subtilis var. biotecus
A, degrade neither -peptides nor y-peptides. The potential for
use of B-peptides in medicinal chemistry and materials science
prompted us to investigate their biodegradability. The impor-
tance of this investigation is underlined by the fact that a lot of
commercially important compounds, such as pesticides, phar-
maceuticals, and consumer chemicals, eventually enter the
environment.® Thus, questions about their clearance from the
environment are of great concern. Interestingly, the oligo-[(R)-3-
hydroxyalkanoates] are fully biodegradable.””. These com-
pounds are structurally related to f-peptides and were the
starting point of our investigations of these peptides. As a result
of their biodegradability, industrial interests have focused on
the use of polyhydroxybutyrate as well as copolymers of
3-hydroxybutyrate and 3-hydroxyvalerate as biodegradable
plastics.®!
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and P-tripeptide both had a value of 0.45. When a 1:1 mixture of
the B-tripeptide and the corresponding o-tripeptide H-Val-Ala-Leu-
OH was added to the enrichment culture, the a-peptide was
completely utilized in six days and thereafter growth of the culture
stopped. This result indicates that even in [3-peptide enrichment
cultures, a-peptides are the preferred substrates. Our experiments
clearly show for the first time that (-peptides and [B-amino acids
are amenable to biodegradation and that a microbial consortium
was able to utilize these compounds as sole carbon and energy
sources. Furthermore, the preparation of [3-amino acids, of
derivatives thereof, and of (3-di- and p-tripeptides is described.

KEYWORDS:

biotransformations environmental

metabolism

biodegradation
chemistry - peptides -

In a preliminary communication we reported growth experi-
ments with defined strains of Pseudomonas aeruginosa (PAO1S™)
and P putida (S313, DSM 68841'%) that tested their ability to
metabolize -amino acids and to cleave 3-peptides.” The free -
amino acids 1-4, the N-acetyl-$-amino acids 5 -8, -dipeptides
9 and 10, dipeptides 11 and 12 (which consist of a - and an a-
amino acid), and for comparison, a-dipeptide 13 (see Scheme 1)
were offered to the bacteria as sole carbon and nitrogen sources.
With the exception of certain 3-aminobutanoic-acid (5-HAla)
derivatives, the bacteria did not grow on the free 3-amino acids,
on the N-acetyl-3-amino acids, or on the dipeptides. As expected
P.aeruginosa and P. putida grew on the a-dipeptide 13.

The objectives of the present study were, (1) to investigate
whether f-peptides would be biodegradable, (2) to gain infor-
mation about the pathway of a possible degradation, and (3) to
substantiate the results of preliminary growth experiments.”!

[a] Prof. Dr. D. Seebach, Dr. J. V. Schreiber, Dr. J. Frackenpohl,
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Free p-amino acids Acetylated S-amino acids
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7 R = CHoCHMe,
8 R = CHMeCH.Me

3R= CH2CHM92
4R = CHMeCH,Me

Peptides
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Scheme 1. 3-Amino acids, derivatives thereof, and peptides used for the
degradation studies.

Results and Discussion

Preparation of f-amino acids, derivatives thereof, and
peptides

We chose f3-substituted homologues of alanine, valine, leucine,
and isoleucine as test substrates and as building blocks for the
synthesis of the di- and tripeptides (Scheme 1). The required (-
amino acids and derivatives were all prepared by the previously
described method (Arndt - Eistert homologation of a-amino acid
precursors).l'"" 2 The free $-amino acids 1-4 were derived by
trifluoroacetic acid (TFA) mediated tert-butoxycarbonyl (Boc)
deprotection of the corresponding N-protected -amino acids
and purification by ion-exchange chromatography. Acetylation
of compounds 1-4 with Ac,0 afforded the N-acetyl S-amino
acid derivatives 5-8. The peptides 9-12 and 14 were prepared
in solution by the standard procedure (3-(3-dimethylaminoprop-
yl)-1-ethylcarbodiimide (EDC)/HOBt),™ '3 with the orthogonal
protecting groups Boc and methylester and subsequent purifi-
cation by ion-exchange chromatography. a-Dipeptide 13 is
commercially available and saponification of Boc-Val-Ala-Leu-
OMe with NaOH followed by Boc deprotection with HCl in
dioxane gave compound 15.

Biodegradation experiments

In order to obtain enrichment cultures that would degrade j-
peptides, soil samples from two different locations and a sample
from the aeration tank of a sewage treatment plant were
collected. Solid materials from the soil samples were suspended
in fresh water for initial experiments. Aliquots were taken from
the supernatant liquid and from the solution from the water
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purification facility and were added to buffered solutions that
contained S-tripeptide 14 as the sole carbon and energy source
(for details, see the Experimental Section). To our surprise, a
significant increase of optical density at 546 nm (OD%%) indicated
the growth of microorganisms in all three cases. In order to verify
that the fS-tripeptide 14 was actually metabolized, the experi-
ments were repeated, mixing experiments were carried out, and
the culture media with the strongest growth of microorganisms
were analyzed by HPLC (Figure 1). Thus, freshly prepared media
containing the S-tripeptide 14 as substrate were inoculated with
samples of turbid cultures and incubated for 62 days. At certain
intervals, samples were withdrawn and analyzed by reversed-
phase HPLC. The peak originating from the S-tripeptide 14 had
disappeared after 62 days in all three incubations, although it
diminished at different rates. We focused on sample C (Figure 1)
for all further experiments as this culture showed an HPLC-
degradation profile with just one single new peak.

More detailed HPLC investigations of the S-tripeptide degra-
dation were performed after several transfers of the enriched
cultures to new media. A medium that contained f-tripeptide 14
as the sole carbon and energy source was inoculated with
microorganisms from the enrichment mixture. Samples of this
incubation mixture were withdrawn in 24h intervals and
analyzed by reversed-phase HPLC, UV/Vis spectroscopy, and
dissolved organic carbon (DOC) measurements. As shown in
Figure 2a, the concentration of f-tripeptide 14 decreased
continuously, whereas the OD>* value increased. Interestingly,
microbial degradation of f-tripeptide 14 led to formation of a
metabolite with a concentration maximum at 200 h, at which
point 50% of 14 had been degraded. Afterwards, the concen-
tration of the metabolite also decreased, with complete
consumption of both the tripeptide and the metabolite after
an incubation time of 450 h. The OD>* values reached their
maximum after 400 h and then slightly decreased, most likely
due to the fact that the culture entered the death phase.

The metabolite formed during the course of the degradation
was isolated and purified by preparative reversed-phase HPLC.
Analyses by mass spectrometry, '"HNMR spectroscopy, and
analytical HPLC, as well as comparison with an authentic sample,
showed that this metabolite was S-dipeptide H-5-HAla-5-HLeu-
OH (10). The DOC levels measured, along with the concentration
of B-tripeptide 14 and the optical density, correspond to a steady
conversion of the starting material into biomass (and presum-
ably CO,; Figure 2b). The DOC measurements correlate well with
the concentrations of di- and tripeptides 10 and 14 as DOC levels
decreased more slowly than the tripeptide concentration owing
to intermediate formation of dipeptide 10. Based on the
formation of dipeptide 10, it is evident that the first degradation
step takes place by cleavage of the $-HVal residue (by a hitherto
unknown mechanism).

Next, degradation of 3-dipeptide 10 was investigated. The
growth of microorganisms proceeded much faster than with
tripeptide 14 and led to complete consumption of the starting
material within 240 h (Figure 3; compare with 450 h in the case
of tripeptide 14). In accordance with the results obtained in the
course of the degradation of tripeptide 14 (Figure 2a), dipeptide
10 was degraded in such a way that we could not detect any
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Figure 1. Degradation of a B-tripeptide under environmental conditions: HPLC profiles of culture media with the strongest growth of microorganisms (A, B, and C; see
the Experimental Section for details). The [3-peptide 14 was offered as the sole energy and carbon source.
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Figure 2. Degradation of B-tripeptide 14 and formation of B-dipeptide 10,
monitored by concentration (HPLC integration; (a)), OD (a, b), and DOC (b)
measurements.
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Figure 3. Degradation of B-dipeptide 10 monitored by concentration (HPLC
integration) and OD measurements.

metabolites giving rise to biomass (and CO,). Neither of the two
p-amino acids H-5-HAla-OH (1) and H-5-HVal-OH (2) were
detected in any of the degradation experiments.

Additional growth experiments with the free $-amino acids
1-3 showed that the enriched microorganism consortium was
able to degrade the single amino acids quite easily (Figure 4).
Amino acids 2 and 3 were consumed completely within 150 h,
whereas degradation of 1 was slightly slower (170 h).

More quantitative information about the microbial degrada-
tion of the §-di- and f-tripeptides 10 and 14 was gained by
determination of the growth-yield coefficients Y,, (for defini-
tion, see the Experimental Section) of both compounds since
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Figure 4. Degradation of the 3-amino acids 2 (a), 1 (b), and 3 (c), monitored by
concentration (HPLC integration) and OD measurements.

these values represent the energy converted by microorganisms
with 10 and 14 as carbon sources (Table 1). Samples of growing
and grown (stationary phase) cultures were withdrawn, the
concentration of the remaining peptides was determined, and
the dry weight of biomass was measured by filtration of a
defined volume of the samples. The average growth-yield

coefficients Y, for the degradation of 10 and 14 both had a
value of 0.45. This value is in the range of that for the Y, of
glucose (0.50).'"" Hence, the S-dipetide 10 and the S-tripeptide
14 are equally well suited to the role of carbon and energy
source for the consortium and can be utilized as efficiently as
glucose.

Interestingly, the degradation process improved over time
during the enrichment experiments so that complete degrada-
tion of the S-tripeptide 14 was achieved within 20 - 25 days after
six enrichment cycles. However, attempts to isolate the micro-
organisms responsible for degradation have not yet been
successful. Colonies that were formed upon incubation on agar
plates with 14 as the substrate were isolated and tested
separately in degradation experiments that used tripeptide 14
in liquid cultures. No degradation was observed. Furthermore,
combination of isolated colonies did not lead to degradation
either.

To test the specificity of the -peptide-degrading consortium,
a-peptide 15 and a 1:1 mixture of the S-tripeptide 14 and the a-
peptide 15 were incubated under the same conditions (Fig-
ure 5). Growth of microorganisms on a-tripeptide 15 proceeded
faster than in the corresponding experiment with j-tripeptide
14. Maximal OD>% values were obtained after 150 h with 15, as
compared to approximately 400 h with 14 (see Figure 2a).
Likewise, the concentration curve of a-tripeptide 15 shows that
the a-peptide is degraded entirely within 150 h (Figure 5a).
Furthermore, the maximal optical density was twice as high as
with S-peptide 14, that is, more biomass was produced.
Interestingly, OD>** curves of both degradation experiments
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Table 1. Growth-yield coefficients (Y,.) of B-peptides 10 and 14.

[-Peptide 10 14

t[h] 120 168 216 312 360 408
c14)[gL]™ - - - 050 031 0.7
c(10) [gL~"]®@ 0.54 0.18 0.04 0.12 0.09 0.06
amount of peptide consumed [gL~"] 0.61 097 1.11 109 131 148
OD (546 nm) 0.79 1.09 114 105 1.12 1.18
dry weight of biomass [mgmL~"] 030 043 046 055 057 0.60
OD/dry weight 264 255 249 191 197 197
Yus 049 044 042 050 044 041
[a] Peptide concentrations in the culture solutions were taken from the
experiments presented in Figure 2 and 3.
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Figure 5. Degradation of o-tripeptide 15 (a) and of a 1:1 mixture of 3-peptide 14
and a-peptide 15 (b), monitored by concentration (HPLC integration) and OD
measurements.
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with a-tripeptide 15 (pure 15 and a 1:1 mixture of 14 and 15)
show similar shapes, but the curve obtained with the mixture
reaches only 50% of the OD’% that was observed in the
degradation experiment with a-tripeptide 15 alone. In agree-
ment with these results, concentration curves of both compo-
nents of the 1:1 mixture indicate that a-peptide 15 is entirely
degraded in 150 h, whereas f5-peptide 14 is not degraded at all
within the time range of the experiment. Thus, the S-peptide-
degrading consortium seems to prefer the a-peptide as a
growth substrate.

Conclusion

The experiments presented in this study demonstrate for the
first time the complete microbial degradation of S-tripeptides, -
dipeptides, and -amino acids. A microbial consortium enriched
with the -tripeptide 14 was able to utilize these compounds as
sole carbon and energy sources. In view of the extraordinary
stability of such peptides with regard to cleavage by isolated
proteolytic enzymes,”! this is quite a surprising finding and
probably means that mechanisms and biocatalysts different
from those seen when a-peptides are available apply. However,
this result is in agreement with our ongoing studies on the
antimicrobial activities of B-peptides,'™ in which we have
observed that growth of various eukaryotic fungi was induced
and stimulated by certain S-peptides. The failure to isolate pure
cultures of microorganisms with the ability to use -peptides as
their sole carbon and energy source leads us to suggest that in
natural environments the complete degradation of -peptides
may only occur through the synergistic activities of a consortium
of microorganisms.

Experimental Section

General: Tetrahydrofuran (THF) was freshly distilled over Na/
benzophenone under Ar before use. CHCl; for optical rotation
measurements was filtered over basic ALO; (alumina, Woelm N,
actvity I) to remove EtOH. Solvents for chromatography and workup
procedures were distilled from Sikkon (CaSO,-H,0) (hexane, pen-
tane, AcOEt, and MeOH) and P,O; (CH,Cl, and CHCI,).

Reagents and methods: Et;N was distilled from CaH, and stored
over KOH. Amino acid derivatives were purchased from Bachem,
Senn, Degussa, or Fluka. Ar was purchased from PanGas. The
following compounds were prepared according to literature proce-
dures: Boc-(S)-3*-HAla-OH, Boc-(R)-33*-HVal-OH, Boc-(S)-3*-HLeu-OH,
Boc-(S)-*-lle-OH, Boc-(S)-3*-HAla-OMe, and Boc-(S)-33-HLeu-Ome;!"!
Boc-(S)-f*-HAla-(5)-33-HAla-OMe;!'”  Boc-(R)-33-HVal-(S)-5>-HAla-(S)-
B*-HAla-OMe;"” Boc-Val-Ala-Leu-Ome.'®!, Thin layer chromatogra-
phy (TLC) analysis was performed on Merck silica gel 60 F,, plates
and results were detected with UV light. The plates were dipped into
a solution of ninhydrin (300 mg), HOAc (3mL), and 1-butanol
(100 mL) then heated with a heat gun. Flash chromatography (FC)
was carried out with Fluka silica gel 60 (40-63 mm) at RT at a
pressure of about 0.3 bar. Eluents are indicated in the text below. Mp
values were measured in open-end glass capillary tubes on a
Biichi 510 apparatus. The values reported are uncorrected. IR Spectra
were measured from 1-2% solutions in CHCI; or KBr pellets on a
Perkin — Elmer 782 spectrophotometer. '"H NMR spectra were record-
ed on a Bruker AMX 500 (500 MHz), AMX 400 (400 MHz), or ARX 300
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(300 MHz) spectrometer. *C NMR spectra were recorded on a Bruker
AMX 500 (125 MHz), AMX 400 (100 MHz), or ARX300 (75 MHz)
spectrometer. Tetramethylsilane was used as the internal standard.
Mass spectrometry was performed on a ZAB2SEQ (fast atom
bombardment (FAB), in a 3-nitrobenzylalcohol matrix), Finnigan
MAT TSQ 700 (electrospray ionisation (ESI)), or lonSpec Ultima 4.7 T
FT (ion cyclotron resonance (ICR), high-resolution, matrix-assisted
laser desorption ionization (HR-MALDI) in a 2,5-dihydroxybenzoic
acid matrix) mass spectrometer and used to measure m/z (% of basis
peak). Optical rotations ([a]f") were measured on a Perkin-EIm-
er 241 polarimeter (10cm, 1-mL cell) at RT. The solvent and the
concentration (g per 100mL) are indicated in the text below.
Elemental analyses were performed by the Microanalytical Labora-
tory of the Laboratorium fiir Organische Chemie, ETH-Zurich. UV/Vis
spectroscopy measurements were made on a UVIKON 860 spec-
trometer (Kontron). HPLC analysis was performed on a Gynkotek
HPLC system with a M480G pump, a Gina 50T autosampler, a
UVD340S photodiode array detector (Gynkotek GmbH, Germering,
Germany), and a Macherey-Nagel C;; column (Nucleosil 100-5 C,g
(250 x 4 mm)). Detection was achieved by measurement of the UV
absorption at 220 nm. Samples were centrifuged (10 min, 13000 X g)
and injected with the autosampler. A mixture of two solutions, A
(99 % triethylammonium acetate (TEAA; 2 mwm) in H,0 and 1% CH;CN)
and B (5% TEAA (2 mwm) in H,0 and 95 % CH5CN), was used as eluent.
The gradients used were 0% B for 4 min, increased to 30% B within
10 min, 30% B for 4 min, and back to 0% B within another 2 min. The
flow rate for all separations was 1 mLmin~". Preparatory HPLC was
performed on a Merck system (LaChrom, pump type L-7150, UV
detector L-7400, interface D-7000, HPLC manager D-7000) with UV-
grade TFA (>99% GC). To determine DOC levels, samples were
centrifuged (12000 x g for 15 min), acidified with HCI (pH 2), freed
from dissolved CO, by purging with N, for 10 min, and finally
analyzed in a Tocor 2 carbon analyzer (Maihak, Hamburg, Germany).
Growth yields (Y) were determined as follows: Dry weight was
measured by filtration of defined volumes of the culture broth
through tared polycarbonate filters (pore size =0.20 um). The filters
were dried at 100°C before and after the filtration. Growth yields
(grams of biomass produced (x) per gram of substrate (s) utilized)
were calculated after determination of the amount of residual
substrate and DOC.

Origin of microorganisms: Inocula for the growth and degradation
experiments were obtained from soil samples collected at two
different locations (first sample:a flower bed near our laboratory at
ETH, Zirich, Switzerland; second sample:a private garden in
Konstanz, Germany) and from a sample taken from the aeration
tank of a waste water treatment plant (Leutschenbach, Zrich,
Switzerland). M9-Buffer solution: Na,HPO, (60.2gL""), KH,PO,
(30.1gL™"), and NaCl (5.01 gL™"). Trace element solution: FeSO,-
7H,0 (2.50 gL~"), MnSO,-H,0 (0.75 gL-"), ZnSO,-7H,0 (1.30gL""),
CuS0O,-5H,0 (0.25 gL="), Co(NO,),-6H,0 (2.50 gL"), Na,MoO, - 2H,0
(0.15gL™"), NiSO,-7H,0 (0.01gL""), H;B0; (0.10gL™"), and H,SO,
(5.0mLL™")."" Vitamin mixture: pyridoxin—HCI (0.1 gL™"), biotin
(20 mgL™"), folic acid (20 mgL~"), thiamine-HCI (50 mgL-"), ribo-
flavin (50 mgL™"), nicotinic acid (50 mgL~'), Ca pantothenate
(50mgL™"), 4-aminobenzoic acid (50mgL-"), nicotinamide
(50 mgL~"), and vitamin B;, (50 mgL~").2% Mineral medium: micro-
organisms were grown on a mineral salts medium with B-amino
acids and S-di- and S-tripeptides as the sole carbon sources. The
mineral salts medium of a standard growth experiment with
0.69 mmol of peptide consisted of H,O (100 mL), M9-buffer solution
(25 mL), MgSO, solution (1m, 250 uL), CaCl, solution (0.1m, 250 pL),
(NH,),SO, solution (0.12gL-", 125pL), trace element solution
(125 pL), and vitamin mixture (250 pL).
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Synthesis of amino acids and peptides:

Boc-deprotection (general procedure (GP) 1): A method similar to a
reported procedure"® was used. The Boc-protected amino acid was
dissolved in CH,Cl, or CHCI; (0.5m) and cooled to 0°C in an ice bath.
An equal volume of TFA was added and the mixture was allowed to
warm to r.t. and then stirred for a further 1.5-2.5 h. Concentration
under reduced pressure and drying of the residue under high
vacuum (h.v.; 0.01-0.1 Torr) yielded the crude TFA salt, which was
used without further purification if not stated otherwise.

Peptide coupling with EDC (GP 2): A stirred solution of the TFA salt
(1 equiv) in THF (0.1 m) was treated with the Boc-protected fragment
(1.4 equiv, added as solid), N-methylmorpholine (NMM; 4.0-4.4 e-
quiv), and 1-hydroxy-1H-benzotriazole hydrate (HOBt; 1.7 equiv).
After cooling to 0°C (ice bath), EDC (1.4 equiv) was added and the
mixture was allowed to warm to RT. Stirring was continued for 23 h at
RT. The mixture was evaporated under reduced pressure and the
residue was dissolved in CH,Cl, then washed with 1~ HCl, saturated
aq NaHCO;, and NaCl solution. The organic phase was dried (MgSO,)
and evaporated. FC yielded the pure peptide.

Acetylation of free -amino acids (GP 3): A solution of the free -
amino acid (1 equiv) in CH,Cl, (0.4m) was treated at RT. with Et;N
(0.2 equiv). Ac,0 (1.2 equiv) was added dropwise and after stirring for
0.5h at RT, the mixture was heated under reflux for 16-21h.
Saturated ag NaHCO; was added, the organic layer was separated,
and the aqueous phase was adjusted to pH 1-2 with 6 N HCI and
extracted with AcOEt (twice). The combined AcOEt phases were
dried (MgSO,) and evaporated under reduced pressure. The resulting
oil was coevaporated with toluene (twice), CCl, (once), CHCI; (twice),
and CH,Cl, (twice), and dried under h.v. at 55-60° (oven temper-
ature).

Methyl N-[(tert-butoxy)carbonyl]-(S)-33-homoalanyl-(S)-5*-homoala-
nate (Boc-(5)-53-HAla-(S)-33-HAla-OMe): Boc-(S)-(3*-HAla-OMe (6.29 g,
29.0 mmol) was deprotected in CH,Cl, (58 mL) according to GP 1
with stirring for 1.75h to afford TFA-H-(S)-3*-HAla-OMe (9.61 g).
According to GP 2, TFA-H-(S)-3*-HAla-OMe (1.38 g, 4.16 mmol) was
dissolved in THF (37 mL) and treated with Boc-(S)-3*-HAla-OH (1.22 g,
6.00 mmol), NMM (1.85 mL, 16.8 mmol), HOBt (1.09 g, 7.20 mmol),
and EDC (1.15 g, 6.00 mmol) to yield Boc-(S)-3*-HAla-(S)-3*-HAla-OMe
(1.03 g, 82%). For analytical purposes, Boc-(5)-33-HAla-(S)-53-HAla-
OMe was purified by FC (AcOEt/petroleum ether (PE) 2:1). The
product was a white amorphous solid. Mp: 124.5-125.5°C; R;
(AcOEt/PE 2:1): 0.25; [alf' =—31.4 (c=1.0, CHCL); IR (CHCl,): 7=
3435, 3007, 2980, 1701, 1498, 1455, 1439, 1368 cm~'; 'H NMR
(400 MHz, CDCl;): 6=1.21 (d, J=6.7 Hz; Me), 1.22 (d, J=6.8 Hz;
Me), 1.43 (s; tBu), 2.33 (dd, J=14.6, 5.9 Hz, 1H; CH,), 2.38 (dd, /= 14.6,
5.1Hz, 1H; CH,), 2.48-2.57 (m; CH,), 3.69 (s; MeO), 3.91-4.01 (m;
CHN), 4.31-4.41 (m; CHN), 5.26 (brs; NH), 6.32 (d, J=7.1 Hz; NH);
3CNMR (100 MHz, CDCl,): 6 =20.0, 20.6, 28.4, 40.0, 42.0, 42.9, 44.1,
51.7,79.3, 155.4, 170.1, 172.0; MS (FAB) (%): 605 (13) [(2M+H)]*, 325
(3) [(M+Na)]*, 304 (22), 303 (100) [(M+H)]*, 247 (45), 204 (12), 203
(89); elemental analysis: calcd for C,,H,N,0O5 (302.4): C 55.61, H 8.67,
N 9.26; found: C 55.61, H 8.58, N 9.12.

Methyl N-[(tert-butoxy)carbonyl]-alanyl-(S)-#*-homoalanate (Boc-Ala-
(S)-3*-HAla-OMe): According to GP 2, TFA - H-(S)-5*-HAla-OMe (1.04 g,
3.13 mmol, see preparation of Boc-(S)-3*-HAla-(S)-33-HAla-OMe) was
dissolved in THF (28 mL) and treated with Boc-Ala-OH (0.85 g,
4.50 mmol), NMM (1.50 mL, 13.6 mmol), HOBt (0.81 g, 5.35 mmol),
and EDC (0.86 g, 4.50 mmol) to yield Boc-Ala-(S)-33*-HAla-OMe (0.96 g,
74 %). For analytical purposes, Boc-Ala-(S)-33*-HAla-OMe was purified
by FC (AcOEt/PE 2:1) to yield a colorless crystalline solid. Mp: 78.0 -
79.5°C; Ry (ACOEt/PE 2:1): 0.38; [a]¥ =—53.6 (c=1.0, CHCL); IR
(CHCI,): 7#=3431, 3008, 2980, 1724, 1675, 1495, 1454, 1368 cm~';
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"HNMR (400 MHz, CDCl): 6 =1.22 (d, J=6.8 Hz; Me), 1.34 (d, J=
7.1 Hz; Me), 1.45 (s; tBu), 2.53 (d, J=5.5 Hz; CH,), 3.69 (s; MeO), 4.05 -
4.15 (m; CHN), 4.29-4.39 (m; CHN), 5.06 (brs; NH), 6.65 (d, J=8.0 Hz;
NH); *C NMR (100 MHz, CDCl,): 6 =18.4, 20.0, 28.3, 39.8, 42.0, 50.1,
51.7, 80.0, 155.4, 171.8, 171.9; MS (ESI, positive) (%): 327 (17)
[(M+K)I*, 311 (100) [(M+Na)l*; elemental analysis: calcd. for
Ci3H,4N,05 (288.3): C 54.15, H 8.39, N 9.72; found: C 54.37, H 8.26,
N 9.54.

Benzyl N-[(tert-butoxy)carbonyl]-(S)-33*-homoalanyl-alanate (Boc-(S)-
PPHAla-Ala-OBn): A stirred solution of TosOH-H-Ala-OBn (0.45 g,
1.28 mmol; TosOH = p-toluenesulfonic acid, BN=benzyl) in CHCl,
(2.6 mL) at 0°C (ice bath) was treated with Et;N (0.54 mL, 3.87 mmol),
HOBt (0.23 g, 1.53 mmol), a solution of Boc-(S)-33*-HAla-OH (0.26 g,
1.28 mmol) in CHCl; (2.6 mL), and EDC (0.30g, 1.54 mmol). The
mixture was allowed to warm to RT and then stirred for 12h.
Subsequent dilution with CHCl; was followed by thorough washing
with 1n HC, saturated ag NaHCO;, and NaCl solution. The organic
phase was dried (MgSO,) and then concentrated in vacuo. Recrys-
tallization (AcOEt/pentane) yielded Boc-(S)-53-HAla-Ala-OBn (0.27 g,
59%), a white amorphous solid. Mp: 133.0-134.5°C; [a]f' = —18.4
(c=1.0, CHCL,); IR (CHCLy): #=3434, 3007, 2979, 1737, 1699, 1498,
1454, 1391, 1368m, 1346, 1307 cm~'; '"H NMR (400 MHz, CDCl,): 6 =
1.20 (d, J=6.7 Hz; Me), 1.41 (d, J=7.2 Hz; Me), 1.43 (s; tBu), 2.37 - 2.46
(m; CH,CO), 3.93-4.03 (m; CHN), 4.61 (quint, J=7.2 Hz; CHN), 5.18
(brs; NH); 5.15, 5.19 (AB, J,s = 12.3 Hz; CH,0), 6.42 (brs; NH); 7.31-
740 (m; 5arom. H); *CNMR (100 MHz, CDCl;): 6 =18.2, 20.6, 28.4,
42.6, 44.1, 48.1, 67.2, 79.3, 129.2, 128.5, 128.6, 135.4, 155.4, 170.5,
172.8; MS (FAB) (%): 729 (10) [(2M+H)1*, 387 (8) [(M+Na)1*, 366 (20),
365 (92) [(M+H)1*, 309 (51), 266 (16), 265 (100); elemental analysis:
calcd for C;oH,sN,0; (364.4): C 62.62, H 7.74, N 7.69; found: C 62.39, H
7.82, N 7.70.

(5)-3-Amino-butanoic acid (H-(S)-63-HAla-OH (1)): Boc-(S)-(*-HAla-OH
(10.6 g, 52.0 mmol) was treated in CH,Cl, (105 mL) according to GP 1
with stirring for 2.5 h to afford TFA-1 (11.0g). A portion of the
resulting TFA salt (6.28 g) was purified by ion-exchange chromatog-
raphy (Dowex-H* 50 x 8) and recrystallization from MeOH/hexane to
yield colorless crystals of 1 (2.04g, 66% from TFA-1). Mp: 227 -
2275°C; [a]ff =+38.6 (c= 1.1, CHCl,); IR (KBr): #=2947, 1641, 1580,
1546, 1440, 1413, 1354 cm~'; "H NMR (400 MHz, CD,0D): 6 = 1.29 (d,
J=6.7 Hz; Me), 2.33 (dd, J=16.6, 8.6 Hz, 1H; CH,), 2.43 (dd, /=16.6,
4.6 Hz, TH; CH,), 3.43-3.51 (m; CHN); "*CNMR (100 MHz, CD,0D):
0=18.9, 41.4, 46.8, 177.8; MS (ESI, positive) (%): 126 (36) [(M+Na)I*,
104 (100) [(M+H)I*; MS (ESI, negative) (%): 102 (100) [(M —H)]:
elemental analysis: caled for C,H,NO, (103.1): C 46.59, H 8.80, N
13.58; found: C 46.68, H 8.78, N 13.45.

(R)-3-Amino-4-methyl-pentanoic acid (H-(R)-33-HVal-OH (2)): Boc-(R)-
[*-HVal-OH (25.0 g, 0.10 mol) was treated in CH,Cl, (200 mL) accord-
ing to GP 1 with stirring for 1.5 h to afford TFA - 2 (28.9 g). A portion of
the resulting TFA salt (11.1g) was purified by ion-exchange
chromatography (Dowex-H* 50 x 8) and recrystallization from
MeOH/hexane to yield 2 (3.37g, 67% from TFA-2) as colorless
crystals. Mp: 210.0-211.0°C; [a]® + 55.6 (c=1.1, H,0); IR (KBr): 7=
2966, 2131, 1620, 1538, 1465, 1415, 1386, 1353, 1326 cm~"; '"H NMR
(400 MHz, D,0): 6 =1.00 (d, J=6.8 Hz; Me), 1.03 (d, J=6.9 Hz; Me),
1.84-1.95 (m; CH), 2.28 (dd, /=16.8, 10.3 Hz, 1H; CH,), 2.47 (dd, J=
16.7, 3.5 Hz, TH; CH,); 3.13-3.29 (m; CHN); *C NMR (75 MHz, D,0):
0=18.5,18.9, 31.9, 36.6, 56.4, 178.2; MS (ESI, positive) (%): 154 (80)
[(M+Na)I*, 132 (100), [(M+H)]*; MS (ESI, negative) (%): 130 (100)
[(M —H)]~; elemental analysis: calcd for CgH,sNO, (131.2): C 54.94, H
9.99, N 10.68; found: C 54.91, H 9.96, N 10.60.

(R)-3-Amino-5-methyl-hexanoic acid (H-(S)-33*-HLeu-OH (3)): Boc-(S)-
*-HLeu-OH (13.0 g, 52.9 mmol) was deprotected in CH,Cl, (105 mL)
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according to GP 1 with stirring for 1.5 h. The resulting TFA salt was
purified by ion-exchange chromatography (Dowex-H™ 50 x 8) and
recrystallization from MeOH. The mother liquid was evaporated and
recrystallized from MeOH/hexane to give the white microcrystalline
solid 3 (4869, 63%). Mp: 231.0-232.5°C; [a]f'=+29.3 (c=0.9,
H,0); IR (KBr): 7=2954, 2180, 1644, 1556, 1469, 1402, 1312cm™;
'HNMR (400 MHz, D,0): 6=0.95 (d, J=6.8Hz; Me), 0.97 (d, J—
6.9 Hz; Me), 1.47-1.51 (m; 2CH), 1.68-1.78 (m; CH), 2.28 (dd, J=
16.7,9.1 Hz, 1H; CH,CO), 2.47 (dd, J=16.7, 3.8 Hz, 1 H; CH,CO), 3.37 -
3.45 (m; CHN); '*C NMR (75 MHz, D,0): 6 =22.3, 22.8, 25.3, 39.1, 43.0,
48.9, 177.7; MS (ESI, positive) (%): 168 (96) [(M+Na)l*, 146 (100)
[(M+H)I*; MS (ESI, negative) (%): 144 (100) [(M —H)]~; elemental
analysis: calcd for C;H;sNO, (145.2): C 57.90, H 10.41, N 9.65; found:
C57.85, H10.42, N 9.54.

(35 4S)-3-Amino-4-methyl-hexanoic acid (H-(S)-3*-Hlle-OH (4)): Boc-

S)-3*-Hlle-OH (8.73 g, 35.6 mmol) was deprotected in CH,Cl, (71 mL)
according to GP 1 with stirring for 1.5 h. The resulting TFA salt was
purified by ion-exchange chromatography (Dowex-H* 50 x 8) and
recrystallization from MeOH. The mother liquid was evaporated and
recrystallized from MeOH/hexane to give 4 (4.07 g, 79 %) as colorless
crystals. Mp: 209.5-211.0°C; [a]f'=+43.3 (c=1.0, H,0); IR (KBr):
7=2968, 2926, 2135, 1624, 1542, 1459, 1415, 1401 cm~'; '"H NMR
(400 MHz, D,0): 6=0.95-0.98 (m; 2Me), 1.18-1.29 (m; CH), 1.46-
1.56 (m; CH) 1.64-1.74 (m; CH), 2.27 (dd, /=16.8, 10.5Hz, 1H;
CH,CO), 2.42 (dd, J/=16.8, 3.4 Hz, 1H; CH,CO), 3.29-3.34 (m; CHN);
3CNMR (100 MHz, D,0): 6 =11.7, 14.3, 26.6, 35.6, 38.4, 54.8, 178.2;
MS (ESI, positive) (%): 168 (100) [(M+Na)1*, 146 (92) [(M[al+H)]*; MS
(ESI, negative) (%): 144 (100) [(M — H)]~; elemental analysis: calcd for
C;H;sNO, (145.2): C 57.90, H 10.41, N 9.65; found: C 57.77, H 10.25, N
9.60.

(35)-3-[(Acetyl)amino]-butanoic acid (Ac-(S)-33*-HAla-OH (5)): Accord-
ing to GP 3, a solution of 1 (0.99 g, 9.64 mmol) in CH,Cl, (24 mL) was
treated with Et;N (0.27 mL, 1.94 mmol) and Ac,0 (1.09 mL, 11.5 mmol)
and heated for 16 h to yield a colorless oil, which was a 5:95 mixture
of compound 5 and Ac-(S)-33*-HAla-(S)-33*-HAla-OH (0.18 g, 13%), as
determined by "H NMR spectroscopy (400 MHz) and mass spectrom-
etry. [a]ff =—38.0 (c=1.3, CHCLy); IR (CHCL,): #=3435, 3007, 1713,
1661, 1517, 1448, 1374 cm~"; '"H NMR (400 MHz, CD,0D): 6 =1.18 (d,
J=6.7 Hz; Me), 1.90 (s; Ac), 2.39 (dd, J=15.5, 7.1 Hz, 1H; CH,CO), 2.51
(dd, J=15.5, 6.5Hz, 1H; CH,CO), 419-4.28 (m; CHN); 3CNMR
(100 MHz, CD;0D): 0 =20.4, 22.7, 41.5, 43.8, 172.5, 174.8; MS (ESI,
positive) (%): 168 (100) [(M+ Na)I*; MS (ESI, negative) (%): 144 (100)
[(M—H)]~; elemental analysis: calcd for C¢H;;NO; (145.2): calcd: C
49.65, H 7.64, N 9.65; found: C 49.55, H 7.64, N 9.80.

3R)-3-[(Acetyl)amino]-4-methylpentanoic acid (Ac-(R)-(*-HVal-OH
6)): According to GP 3, a solution of 2 (1.00 g, 7.60 mmol) in CH,Cl,
19mL) was treated with Et;N (0.21 mL, 1.51 mmol) and Ac,0
0.86 mL, 9.10 mmol) and heated for 21h to yield a colorless
crystalline solid, which was a 9:1 mixture of 6 and Ac-(R)-3*-HVal-
R)-33-HVal-OH (0.43 g, 25 %), as determined by 'H NMR spectroscopy
(400 MHz) and mass spectrometry. [a]ff = —46.7 (c=0.9, CHCL;); IR
(CHCI,): 7=3434, 2967, 2875, 1713, 1663, 1514, 1373 cm~"; '"H NMR
(400 MHz, CDCl;): 6 =0.93 (d, J=6.8 Hz; Me), 0.94 (d, /=6.8 Hz; Me),
1.83-1.93 (m; CH), 2.01 (s; Ac), 2.47 - 2.59 (m; CH,CO), 4.03-4.10 (m
CHN), 6.63 (d, J=9.4 Hz; NH), 10.85 (brs; OH); *H NMR (100 MHz,
CDCly): 6=18.9, 19.2, 23.1, 31.5, 36.5, 51.9, 171.1, 175.5; MS (ESI,
positive) (%): 196 (100) [(M+Na)l*; MS (ESI, negative) (%): 172 (100)
[(M —H)]~; elemental analysis: calcd for CgH,sNO; (173.2): C 55.47, H
8.73, N 8.09; found: C 55.42, H 8.70, N 8.17.

(
(
(
(

(35)-3-[(Acetyl)amino]-5-methylhexanoic acid (Ac-(S)-3*-HLeu-OH
(7)): According to GP 3, a solution of 3 (1.00 g, 6.86 mmol) in CH,Cl,
(17 mL) was treated with Et;N (0.19 mL, 1.36 mmol) and Ac,0
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(0.78 mL, 8.25 mmol) and heated for 21 h to yield a 94:6 mixture of
7 and Ac-(S)-(*-HLeu-(S)-3*-HLeu-OH (0.56 g, 44 %), as determined by
"H NMR spectroscopy (400 MHz) and mass spectrometry. Compound
7 was distilled for analytical purposes (bulb-to-bulb distillation, oven
temperature =150°C, pressure = 0.25 Torr). -(S)-33-HLeu-(S)-53-
HLeu-OH was not detected in the 'H NMR spectrum (400 MHz) or
in the mass spectra of distilled 7, a colorless highly viscous oil. [a]f =
—476 (c=1.0, CHCl,); IR (CHCLy): 7=3432, 3007, 2960, 2871, 1711,
1664, 1517, 1468, 1438, 1370m cm~"; 'TH NMR (400 MHz, CDCl,): 6 =
0.91 (d, J=6.5Hz; Me), 0.92 (d, J=6.7 Hz; Me), 1.27-1.34 (m; CH),
1.42-1.49 (m; CH), 1.55-1.67 (m; CH), 1.91 (s; Ac), 2.41 (dd, J=18.3,
6.6 Hz, 1H; CH,CO), 2.42 (dd, J=18.3, 6.6 Hz, 1H; CH,CO), 4.25-4.32
(m; CHN); H NMR (100 MHz, CDCl,): 6 =22.2, 22.7, 23.6, 26.1, 41.0,
44.6, 46.1, 172.7, 174.9; MS (ESI, positive) (%): 242 (34) [(M+2Na —
H)1t, 226 (57) [(M+K)]*, 210 (100) [(M+Na)1*; MS (ESI, negative) (%):
186 (100) [(M — H)1~; elemental analysis: calcd for CH,;,NO; (187.2): C
5773, H 9.15, N 7.48; found: C 57.77, H 9.01, N 7.49.

(35,45)-3-[(Acetyl)amino]-4-methylhexanoic acid (Ac-(S)-33-Hlle-OH
(8)): According to GP 3, a solution of 4 (0.97 g, 6.66 mmol) in CH,Cl,
(17 mL) was treated with Et;N (0.18 mL, 1.29 mmol) and Ac,0
(0.76 mL, 8.04 mmol) and heated for 21 h to yield a 91:9 mixture of
8 and Ac-(S)-(*-Hlle-(S)-(3-Hlle-OH (0.57 g, 46%), as determined by
'HNMR spectroscopy (400 MHz) and mass spectrometry. The
product was a colorless crystalline solid. M.p.: 90.5-92.5°C. [a]ff =
—41.4 (c=1.0, CDCly); IR (CDCl,): 7 =3432, 2968, 2933, 2878, 1715,
1661, 1515, 1411, 1374cm~"; 'HNMR (400 MHz, CDCl;): 6 =0.85-
0.96 (m; 2Me), 1.05-1.17 (m; CH), 1.42-1.55 (m; CH), 1.60-1.71
(m; CH), 2.01 (s; Ac), 2.50 (dd, J/=15.6, 6.8 Hz, 1H; CH,CO), 2.56 (dd,
J=15.6, 4.4 Hz, 1H; CH,CO), 4.10-4.17 (m; CHN), 6.37 (d, J=9.3 Hz;
NH), 9.48 (brs; OH); '*CNMR (100 MHz, CDCl,): 6 =11.3, 15.3, 23.2,
25.7, 36.1, 37.8, 50.7, 170.8, 175.7; MS (ESI, positive) (%): 226 (8)
[(M+K)1*, 210 (100) [(M+Na)1*, 188 (6) [(M+H)I*; MS (ESI, negative)
(%): 186 (100) [(M —H)]~; elemental analysis: calcd for CoH;;NO,
(187.2): C 57.73, H 9.15, N 7.48; found: C 57.90, H 8.99, N 7.62.

(S)-3*-Homoalanyl-(S)-3*-homoalanine (H-(S)-33*-HAla-(S)-53*-HAla-OH
(9)): In a procedure similar to that descrlbed in ref. [21], a solution of
Boc-(S)-3-HAla-(S)-33*-HAla-OMe  (0.59g, 1.96 mmol) in MeOH
(1.6mL) and THF (0.5mL) was treated with 0.75n aq NaOH
(3.13 mL, 2.35 mmol) at RT. After 23 h, CH,Cl, was added and the
mixture was extracted with saturated aq NaHCO;. The aqueous
phase was adjusted to pH 1-2 with 6N HCl and extracted with
AcOEt. The AcOEt phase was dried (MgSO,) and evaporated. A
solution of the residue in CH,Cl, (4 mL) was treated according to GP 1
for 2 h. Purification by ion-exchange chromatography (Dowex-H*
50 x 8) yielded the white amorphous solid 9 (0.26 g, 70%). Mp:
230.0-231.0°C. [a]ff =+ 6.4 (c=0.4, H,0); IR (KBr): 7 =3321, 2965,
2199, 1645, 1585, 1545, 1454, 1407, 1340 cm~'; 'TH NMR (500 MHz,
D,0): 6 =1.13 (d, J=6.6 Hz; Me), 1.29 (d, J=6.7 Hz; Me), 2.24-2.41
(m; CH,CO), 2.49-2.59 (m; CH,CO), 3.65-3.71 (m; CHN), 4.10-4.24
(m; CHN); *CNMR (125 MHz, D,0): 6 =20.2, 22.3, 41.9, 46.6, 46.6,
47.7,173.3, 182.6; MS (FAB) (%): 377 (5) [M+H)]*, 274 (31), 245 (12),
211 (7) [(M+Na)I*, 190 (12), 189 (100) [(M+1)]*, 176 (13), 167 (11),
166 (14), 165 (15); elemental analysis: calcd for CgH,¢N,O; (188.2) C
51.05, H 8.57, N 14.88; found: C 50.89, H 8.36, N 14.96.

S)-*-Homoalanyl-(S)-33*-homoleucine (H-(S)-33*-HAla-(S)-53-HLeu-OH
(10)). A solution of Boc-(S)-53- HAIa (S) -33*-HLeu-OMe (0.42 g,
1.21 mmol) in MeOH (1 mL) was treated with 0.75~n ag NaOH (2 mL,
1.50 mmol) at RT. After 2.5 h, MeOH (1 mL) and 0.75~n ag NaOH (2 mL,
1.50 mmol) were added to the mixture, then after 6.5 h, the mixture
was cooled to 0°C (ice bath), adjusted to pH 2-3 with 1~ HCl, and
extracted with AcOEt (5 x ). The organic phase was dried (MgSO,)
and evaporated and a solution of the residue in CH,Cl, (2.4 mL) was
treated according to GP 1 for 1.5 h. Purification by ion-exchange
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chromatography (Dowex-H* 50 x 8) yielded the white solid 10
(0.25g, 89%). Mp: 236.0-237.0°C. [a]f =+ 2.8 (c=0.4, MeOH); IR
(KBr): #=3250, 3094, 2957, 1644, 1571, 1472, 1451, 1399cm;
'HNMR (400 MHz, CD;0D): 6 =0.92 (d, J=6.7 Hz; Me), 0.92 (d, J=
6.5 Hz; Me), 1.28-1.35 (m; CH), 1.31 (d, J=6.7 Hz; Me), 1.40-1.48 (m;
CH), 1.57-1.67 (m; CH), 2.22 (dd, J=13.8, 8.0 Hz, 1H; CH,CO), 2.32
(dd, J=13.8, 53Hz, 1H; CH,CO), 2.44 (dd, J=15.6, 86 Hz, 1H;
CH,CO), 2.49 (dd, J=15.6, 4.8 Hz, 1H; CH,CO), 3.57-3.66 (m; CHN),
4.28-4.35 (m; CHN); >*C NMR (100 MHz, CD,0D): 6 = 19.1, 22.5, 23.6,
26.2, 40.6, 44.7, 45.3, 46.5, 47.3, 171.0, 179.8; MS (FAB) (%): 461 (18)
[@M+H)TT, 253 (19) [(M+Na)]*, 232 (14), 231 (100) [M+1]*.

Alanyl-(S)-3*-homoalanine (H-Ala-(S)-53*-HAla-OH (11)): A procedure
similar to that described in ref. [21] was used. A solution of Boc-Ala-
(S)-p*-HAla-OMe (0.59g, 2.03 mmol) in MeOH (1.7 mL) and THF
(0.5 mL) was treated with 0.75n aq NaOH (3.25 mL, 2.44 mmol) at RT.
After 24 h, CH,Cl, was added and the mixture was extracted with a
saturated aq NaHCO; solution. The aqueous phase was adjusted to
pH 1 -2 with 6 N HCl and extracted with AcOEt. The AcOEt phase was
dried (MgSO,) and evaporated. The residue was deprotected in
CH,Cl, (4 mL) according to GP 1 for 2 h. Purification by ion-exchange
chromatography (Dowex-H* 50+8) yielded 11 (0.19g, 54%) as a
white solid. Mp: 220.0-221.0°C. [a]ff =+ 7.0 (c=0.4, H,0); IR (KBr):
7 =3227,2964, 1681, 1546, 1448, 1398, 1320 cm~"; "H NMR (500 MHz,
D,0): 6 =1.15 (d, J=6.7 Hz; Me), 1.46 (d, J=7.1 Hz; Me), 2.31 (dd, J=
14.3, 6.8 Hz, 1H; CH,CO), 2.35 (dd, J=14.3, 7.2 Hz, 1H; CH,CO), 3.94
(9, J=7.1; CHN), 4.14-4.21 (m; CHN); '*CNMR (125 MHz, D,0): 6 =
19.4, 22.2, 46.6, 46.8, 51.9, 172.3, 182.3; MS (FAB) (%): 197 (5)
[(M+Na)]*, 195 (18), 190 (17), 189 (23), 180 (13), 178 (20), 177 (11),
175 (36) [(M+H)]*, 165 (50), 164 (15), 163 (15), 155 (17), 154 (48), 153
(26), 152 (63), 151 (18), 150 (18), 142 (14), 141 (22), 140 (11), 139 (35),
138 (33), 137 (87), 136 (100), 135 (21); elemental analysis: calcd for
C,H,,N,0; (174.2): C 48.26, H 8.10, N 16.08; found: C 48.28, H 7.98, N
16.09.

(S)-B*-homoalanyl-alanine (H-(S)-3*HAla-Ala-OH (12)): Boc-(S)-(*-HA-
la-Ala-OBn (0.13 g, 0.35 mmol) was dissolved in MeOH (8.6 mL) and a
catalytic amount of Pd/C (10%) was added. The apparatus was
evacuated and flushed three times with H,, and the mixture was
stirred under H, for 30 h. Subsequent filtration through Celite was
followed by concentration under reduced pressure. The residue was
Boc deprotected in CH,Cl, (0.7 mL) according to GP1 for 2h.
Purification by ion-exchange chromatography (Dowex-H * 50+-8)
yielded the white powder 12 (30 mg, 47%). Mp: >200°C (dec);
[a]fT=+6.3 (c=0.25, AcOH); IR (KBr): 7=3244, 3074, 2979, 1646,
1566, 1566, 1499, 1458, 1399 cm~'; 'TH NMR (300 MHz, CD,CO,D): 1.40
(d, J=6.9 Hz; Me), 1.47 (d, J=7.2 Hz; Me), 2.71 -2.87 (m; CH,); 3.81 -
3.90 (m; CH); 4.53-4.60 (m; CH); *C NMR (75 MHz, CD,CO,D): 17.1,
18.3, 39.3, 46.8, 49.4, 172.5; MS (ESI, positive) (%): 197 (100)
[(M+Na)]*; MS (ESI, negative) (%): 174 (100) [(M —H)]".

(R)-3*-Homovalyl-(S)-3>-Homoalanyl-(S)-33*-homoleucine  (H-(R)-53-
HVal-(S)-5*-HAla-(S)-3*-HLeu-OH (14)): Boc-(R)-3*-HVal-(S)-33*-HAla-
(S)-p*-HLeu-OH (047 g, 1.1 mmol) was deprotected in CHCl,
(2.1 mL) according to GP 1 for 1.75 h. The residue was purified by
ion-exchange chromatography (Dowex-H* 50 x 8) to yield 14 (0.27 g,
74%), a white amorphous solid. Mp: 288.5-289.5°C; [a]lff = —7.1
(c=1.0, H,0); IR (KBr): #=3263, 2968, 1725, 1655, 1555, 1485, 1429,
1386 cm~'; '"H NMR (400 MHz, D,0): 6 =0.79 (d, J=6.5 Hz; Me), 0.81
(d, J=6.6 Hz; Me), 0.90 (d, J=6.9 Hz; Me), 0.91 (d, J=6.9 Hz; Me),
1.08 (d, J=6.7 Hz; Me), 1.21-1.28 (m; CH), 1.35-1.44 (m; CH), 1.45-
1.54 (m; CH), 1.82-1.94 (m; CH), 2.30-2.59 (m; 3CH,CO), 3.34-3.38
(m; CHN), 4.09-4.21 (m; 2CHN), 799 (d, J=9.3; NH); 3CNMR
(100 MHz, D,0): 6=19.7, 19.9, 21.9, 23.6, 25.0, 27.0, 32.6, 37.1, 42.7,
447,453, 46.1, 47.7, 56.9, 173.9, 175.2, 178.5; MS (FAB) (%): 709 (10),
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688 (13), 687 (38) [(2M+H)]", 366 (38) [(M+Na)]*, 345 (34), 344 (100)
[((M+1)]*.

Valyl-alanyl-leucine hydrochloride (HCI-H-Val-Ala-Leu-OH (15)): Fol-
lowing a procedure described in ref. [21] a solution of Boc-Val-Ala-
Leu-OMe (1.30g, 3.14 mmol) in MeOH (2.62 mL) was treated with
0.75N ag NaOH (5.02 mL) at RT. After 4 h, the mixture was adjusted to
pH 2 -3 with 1N HCl and extracted with AcOEt. The organic layer was
dried (MgSO,) and evaporated. According to a procedure described
in ref. [22] the Boc-protected peptide acid was dissolved in saturated
HCl/dioxane (12.6 mL) at 0°C (ice bath). The mixture was allowed to
warm to RT and stirring was continued for 1.5 h. The solvent was
removed under reduced pressure to yield compound 15. Mp: 130.0 -
133.0°C; IR (KBr): #=3084, 2977, 2810, 1700, 1675, 1652, 1551,
1388 cm~'; 'TH NMR (400 MHz, CDCl;): 6 =0.91 (d, J= 6.5 Hz; Me), 0.96
(d, J=6.5 Hz; Me), 1.05 (d, J=7.0 Hz; Me), 1.09 (d, J=7.0 Hz; Me), 1.40
(d, J=7.1Hz; Me), 1.65 (d, J=6.6 Hz; CH,), 1.80-1.70 (m; CH), 2.25 -
2.15 (m; CH), 3.71 (d, J=5.6 Hz; CHN), 4.50-4.40 (m; 2 CHN), 8.28 (d,
J=8.1Hz; NH); *CNMR (100 MHz, CDCl;): 6=179, 18.0, 18.9, 21.8,
234, 25.9, 31.6, 41.7, 49.4, 52.0, 59.5, 169.1, 174.4, 175.8; MS (HR-
MALDI) (%): 324.1974 (36), 302.2147 (6).

Biodegradation of f-Peptides:

Enrichment experiments with tripeptide 14: For initial experiments,
5009 of solid material from each of the two soil samples were
suspended in nondistilled fresh water and stirred vigorously for
10 min. After standing for 5min at RT, samples of the turbid
supernatant liquids (5 mL) were added to a mineral medium (42 mL,
1/3 of the scale described above) that contained tripeptide 14
(79 mg, 0.23 mmol, c=5mmolL™") as the sole carbon source. A
sample was taken directly from the solution that originated from the
aeration tank without further workup. After initial growth and mixing
experiments, the suspensions A1, B1, and C1 were inoculated with
samples A, B, and C of the fastest growing microorganisms and
incubated in 250 mL Erlenmeyer flasks at RT. on a rotary shaker
(120 rpm) for 25 days. Subsequent to these initial tests, buffered
solutions of tripeptide 14 (238 mg, 0.69 mmol, c~5 mmolL~") were
inoculated with samples of the turbid mixtures from the triad of
preceding experiments A1, B1, and C1 (5vol%). These new
incubation mixtures A2, B2, and C2 were shaken in 250 mL
Erlenmayer flasks at RT for 62 days. Samples were taken out after
25, 42, and 62days and analyzed by UV/Vis spectroscopy and
reversed-phase HPLC. Microorganisms from experiment C were
chosen for further growth experiments. Inoculation of buffered
solutions of tripeptide 14 in mineral medium with samples (5 vol %)
taken from the preceding experiment C(n-1) (n=1,2,3...) and
incubation of solution C(n) at RT on a rotary shaker was repeated
continuously over a period of 6 months. Solutions C(n-1) used for
inoculation of solutions C(n) were taken from the exponential
growth phase of experiment C(n-1). Growth of microorganisms was
monitored by UV/Vis analysis of the turbidity (optical density).

Isolation of dipeptide 10 as a metabolite by the degradation of
tripeptide 14: A sample was taken of microorganisms from experi-
ment C (10 mL) in the exponential-growth phase, filtered, and
evaporated under reduced pressure to an end volume of approx-
imately 2 mL. Isolation and purification were performed by prepar-
atory reversed-phase HPLC on a Macherey-Nagel C; column/Nucle-
osil 100-7 Cg (250 x 21 mm) by using a gradient of A and B (A: 0.1%
TFA in H,0, B: MeCN; 1% B for 5 min, increased to 8% B within 5 min
then to 35% B within 25 min) at a flow rate of 4 mLmin~" with UV
detection at 220 nm. Lyophilization of the peak fractions afforded the
TFA salt of 10 (4 mg). 'H NMR and MS data were in agreement with
those of the prepared sample of compound 10.

431





BIO

Degradation experiments with S3-peptides and S-amino acids: f3-
peptides 10 and 14 and B-amino acids 1-3 were dissolved in
mineral medium (cx~5 mmolL™"), filtered through a sterile filter
(Millipore Millex-GP 0.22 pm filters) and stored in sterile glass bottles.
For degradation experiments with microorganisms from experiment
C the following scales of peptide and amino acid solution were
chosen: 14 (0.24 g, 0.69 mmol in 126 mL mineral medium; 0.12 g,
0.35mmol in 63 mL), 10 (48 mg, 0.21 mmol in 42mL), 1 (22 mg,
0.21 mmol in 42 mL), 2 (27 mg, 0.21 mmol in 42 mL) and 3 (30 mg,
0.21 mmol in 42mL). The sterile homogeneous solutions were
inoculated with a suspension of microorganisms (5vol%) and
incubated at RT on a rotary shaker (160 rpm) until turbidity reached
a maximum, which indicated complete consumption of the peptide
or amino acid. Samples were taken out regularly, analyzed by UV/Vis
spectroscopy, stored at — 18°C, and analyzed by HPLC.

Degradation experiments with S-peptide 14 and a-peptide 15: In
two parallel experiments a-peptide 15 and a 1:1 mixture of (-
peptide 14 and a-peptide 15 were dissolved in mineral medium
(overall concentration about 5 mmolL-), filtered through a sterile
filter, and stored in sterile glass bottles. The following scales of @- and
B-peptide solutions were chosen: 1) a-tripeptide 15 (0.11g,
0.32 mmol) in 63 mL mineral medium; 2) a-tripeptide 15 (53 mg,
0.16 mmol) and S-tripeptide 14 (59 mg, 0.17 mmol) in 63 mL mineral
medium. The sterile homogeneous solutions were inoculated with a
suspension of microorganisms (5 vol%) and incubated at RT on a
rotary shaker (160 rpm) until turbidity reached a maximum, which
indicated complete consumption of the peptide or amino acid.
Samples were taken out regularly, analyzed by UV/Vis spectroscopy,
stored at — 18°C and analyzed by HPLC.
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JV.S. and the Deutscher Akademischer Austauschdienst (Hoch-
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On the Biodegradation of ff-Peptides**

Jurrg. V. Schreiber, Jens Frackenpohl,®® Frank Moser,”” Thomas Fleischmann,®’
Hans-Peter E. Kohler,*™ and Dieter Seebach*!?!

A consortium of microorganisms was established that was able to
grow with the B-tripeptide H-B-HVal-3-HAla-3-HLeu-OH, with the
p-dipeptide H-B-HAla-B-HLeu-OH, and with the 3-amino acids H-[3-
HAla-OH, H-3-HVal-OH, and H-B-HLeu-OH as the sole carbon and
energy sources. This growth was achieved after several incubation-
transfer cycles with the P-tripeptide as the substrate. During
degradation of the B-tripeptide H-B-HVal-3-HAla-B-HLeu-OH, the
temporary formation of a metabolite was observed. The metabolite
was identified as the B-dipeptide H-B-HAla-B3-HLeu-OH by nuclear
magnetic resonance spectroscopy and mass spectrometry. This
result indicates that in the course of the degradation of the [3-
tripeptide, the N-terminal [3-HVal residue was cleaved off by a not
yet known mechanism. During the subsequent degradation of the
p-dipeptide, formation of additional metabolites could not be
detected. The growth - yield coefficients Y, for growth on the [3-di-

Introduction

A major characteristic of S-peptides is their ability to form stable
secondary structures with as few as four S-amino acid residues.
This is in sharp contrast to a-peptides, for which stable
secondary structures are observed only with longer sequences
of a-amino acids.” The high stability of S-peptidic helices makes
p-peptides an attractive class of compounds for drug design. It
has been demonstrated that certain S-tetrapeptides have high
affinity for a human somatostatin protein receptor.?? In addition
to structural stability, S-peptides exhibit a remarkable stability
with regard to degradation by proteolytic enzymes.B-! Extrac-
ellular enzymes from bacteria and fungi, such as pronase and
pronase E from Streptomyces griseus, proteinase K from Tritir-
achium album, and proteinase from Bacillus subtilis var. biotecus
A, degrade neither -peptides nor y-peptides. The potential for
use of B-peptides in medicinal chemistry and materials science
prompted us to investigate their biodegradability. The impor-
tance of this investigation is underlined by the fact that a lot of
commercially important compounds, such as pesticides, phar-
maceuticals, and consumer chemicals, eventually enter the
environment.® Thus, questions about their clearance from the
environment are of great concern. Interestingly, the oligo-[(R)-3-
hydroxyalkanoates] are fully biodegradable.””. These com-
pounds are structurally related to f-peptides and were the
starting point of our investigations of these peptides. As a result
of their biodegradability, industrial interests have focused on
the use of polyhydroxybutyrate as well as copolymers of
3-hydroxybutyrate and 3-hydroxyvalerate as biodegradable
plastics.®!
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and P-tripeptide both had a value of 0.45. When a 1:1 mixture of
the B-tripeptide and the corresponding o-tripeptide H-Val-Ala-Leu-
OH was added to the enrichment culture, the a-peptide was
completely utilized in six days and thereafter growth of the culture
stopped. This result indicates that even in [3-peptide enrichment
cultures, a-peptides are the preferred substrates. Our experiments
clearly show for the first time that (-peptides and [B-amino acids
are amenable to biodegradation and that a microbial consortium
was able to utilize these compounds as sole carbon and energy
sources. Furthermore, the preparation of [3-amino acids, of
derivatives thereof, and of (3-di- and p-tripeptides is described.

KEYWORDS:

biotransformations environmental

metabolism

biodegradation
chemistry - peptides -

In a preliminary communication we reported growth experi-
ments with defined strains of Pseudomonas aeruginosa (PAO1S™)
and P putida (S313, DSM 68841'%) that tested their ability to
metabolize -amino acids and to cleave 3-peptides.” The free -
amino acids 1-4, the N-acetyl-$-amino acids 5 -8, -dipeptides
9 and 10, dipeptides 11 and 12 (which consist of a - and an a-
amino acid), and for comparison, a-dipeptide 13 (see Scheme 1)
were offered to the bacteria as sole carbon and nitrogen sources.
With the exception of certain 3-aminobutanoic-acid (5-HAla)
derivatives, the bacteria did not grow on the free 3-amino acids,
on the N-acetyl-3-amino acids, or on the dipeptides. As expected
P.aeruginosa and P. putida grew on the a-dipeptide 13.

The objectives of the present study were, (1) to investigate
whether f-peptides would be biodegradable, (2) to gain infor-
mation about the pathway of a possible degradation, and (3) to
substantiate the results of preliminary growth experiments.”!
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Biodegradation of 5-Peptides

Free p-amino acids Acetylated S-amino acids
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®
A A A,
1R=Me 5R=Me
2 R = CHMe;, 6 R = CHMe,

7 R = CHoCHMe,
8 R = CHMeCH.Me

3R= CH2CHM92
4R = CHMeCH,Me

Peptides

HWLM ULW Hﬁfﬁe

Scheme 1. 3-Amino acids, derivatives thereof, and peptides used for the
degradation studies.

Results and Discussion

Preparation of f-amino acids, derivatives thereof, and
peptides

We chose f3-substituted homologues of alanine, valine, leucine,
and isoleucine as test substrates and as building blocks for the
synthesis of the di- and tripeptides (Scheme 1). The required (-
amino acids and derivatives were all prepared by the previously
described method (Arndt - Eistert homologation of a-amino acid
precursors).l'"" 2 The free $-amino acids 1-4 were derived by
trifluoroacetic acid (TFA) mediated tert-butoxycarbonyl (Boc)
deprotection of the corresponding N-protected -amino acids
and purification by ion-exchange chromatography. Acetylation
of compounds 1-4 with Ac,0 afforded the N-acetyl S-amino
acid derivatives 5-8. The peptides 9-12 and 14 were prepared
in solution by the standard procedure (3-(3-dimethylaminoprop-
yl)-1-ethylcarbodiimide (EDC)/HOBt),™ '3 with the orthogonal
protecting groups Boc and methylester and subsequent purifi-
cation by ion-exchange chromatography. a-Dipeptide 13 is
commercially available and saponification of Boc-Val-Ala-Leu-
OMe with NaOH followed by Boc deprotection with HCl in
dioxane gave compound 15.

Biodegradation experiments

In order to obtain enrichment cultures that would degrade j-
peptides, soil samples from two different locations and a sample
from the aeration tank of a sewage treatment plant were
collected. Solid materials from the soil samples were suspended
in fresh water for initial experiments. Aliquots were taken from
the supernatant liquid and from the solution from the water

ChemBioChem 2002, 3, 424-432

purification facility and were added to buffered solutions that
contained S-tripeptide 14 as the sole carbon and energy source
(for details, see the Experimental Section). To our surprise, a
significant increase of optical density at 546 nm (OD%%) indicated
the growth of microorganisms in all three cases. In order to verify
that the fS-tripeptide 14 was actually metabolized, the experi-
ments were repeated, mixing experiments were carried out, and
the culture media with the strongest growth of microorganisms
were analyzed by HPLC (Figure 1). Thus, freshly prepared media
containing the S-tripeptide 14 as substrate were inoculated with
samples of turbid cultures and incubated for 62 days. At certain
intervals, samples were withdrawn and analyzed by reversed-
phase HPLC. The peak originating from the S-tripeptide 14 had
disappeared after 62 days in all three incubations, although it
diminished at different rates. We focused on sample C (Figure 1)
for all further experiments as this culture showed an HPLC-
degradation profile with just one single new peak.

More detailed HPLC investigations of the S-tripeptide degra-
dation were performed after several transfers of the enriched
cultures to new media. A medium that contained f-tripeptide 14
as the sole carbon and energy source was inoculated with
microorganisms from the enrichment mixture. Samples of this
incubation mixture were withdrawn in 24h intervals and
analyzed by reversed-phase HPLC, UV/Vis spectroscopy, and
dissolved organic carbon (DOC) measurements. As shown in
Figure 2a, the concentration of f-tripeptide 14 decreased
continuously, whereas the OD>* value increased. Interestingly,
microbial degradation of f-tripeptide 14 led to formation of a
metabolite with a concentration maximum at 200 h, at which
point 50% of 14 had been degraded. Afterwards, the concen-
tration of the metabolite also decreased, with complete
consumption of both the tripeptide and the metabolite after
an incubation time of 450 h. The OD>* values reached their
maximum after 400 h and then slightly decreased, most likely
due to the fact that the culture entered the death phase.

The metabolite formed during the course of the degradation
was isolated and purified by preparative reversed-phase HPLC.
Analyses by mass spectrometry, '"HNMR spectroscopy, and
analytical HPLC, as well as comparison with an authentic sample,
showed that this metabolite was S-dipeptide H-5-HAla-5-HLeu-
OH (10). The DOC levels measured, along with the concentration
of B-tripeptide 14 and the optical density, correspond to a steady
conversion of the starting material into biomass (and presum-
ably CO,; Figure 2b). The DOC measurements correlate well with
the concentrations of di- and tripeptides 10 and 14 as DOC levels
decreased more slowly than the tripeptide concentration owing
to intermediate formation of dipeptide 10. Based on the
formation of dipeptide 10, it is evident that the first degradation
step takes place by cleavage of the $-HVal residue (by a hitherto
unknown mechanism).

Next, degradation of 3-dipeptide 10 was investigated. The
growth of microorganisms proceeded much faster than with
tripeptide 14 and led to complete consumption of the starting
material within 240 h (Figure 3; compare with 450 h in the case
of tripeptide 14). In accordance with the results obtained in the
course of the degradation of tripeptide 14 (Figure 2a), dipeptide
10 was degraded in such a way that we could not detect any
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Figure 1. Degradation of a B-tripeptide under environmental conditions: HPLC profiles of culture media with the strongest growth of microorganisms (A, B, and C; see
the Experimental Section for details). The [3-peptide 14 was offered as the sole energy and carbon source.
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Figure 2. Degradation of B-tripeptide 14 and formation of B-dipeptide 10,
monitored by concentration (HPLC integration; (a)), OD (a, b), and DOC (b)
measurements.

426

127 T1.2
[
091+ -m 10 e QD246 los
‘ 061 {1o0s6
c/gL? OD546
031 {103
0 y t + ¢ + 0
0 50 100 150 200 250

t'h ——

Figure 3. Degradation of B-dipeptide 10 monitored by concentration (HPLC
integration) and OD measurements.

metabolites giving rise to biomass (and CO,). Neither of the two
p-amino acids H-5-HAla-OH (1) and H-5-HVal-OH (2) were
detected in any of the degradation experiments.

Additional growth experiments with the free $-amino acids
1-3 showed that the enriched microorganism consortium was
able to degrade the single amino acids quite easily (Figure 4).
Amino acids 2 and 3 were consumed completely within 150 h,
whereas degradation of 1 was slightly slower (170 h).

More quantitative information about the microbial degrada-
tion of the §-di- and f-tripeptides 10 and 14 was gained by
determination of the growth-yield coefficients Y,, (for defini-
tion, see the Experimental Section) of both compounds since

ChemBioChem 2002, 3, 424 -432





Biodegradation of 5-Peptides

a)
08 -1

+0.8
0.6 -

+06

oD%
102

108
106
0.4

OD546
+02

120

Figure 4. Degradation of the 3-amino acids 2 (a), 1 (b), and 3 (c), monitored by
concentration (HPLC integration) and OD measurements.

these values represent the energy converted by microorganisms
with 10 and 14 as carbon sources (Table 1). Samples of growing
and grown (stationary phase) cultures were withdrawn, the
concentration of the remaining peptides was determined, and
the dry weight of biomass was measured by filtration of a
defined volume of the samples. The average growth-yield

coefficients Y, for the degradation of 10 and 14 both had a
value of 0.45. This value is in the range of that for the Y, of
glucose (0.50).'"" Hence, the S-dipetide 10 and the S-tripeptide
14 are equally well suited to the role of carbon and energy
source for the consortium and can be utilized as efficiently as
glucose.

Interestingly, the degradation process improved over time
during the enrichment experiments so that complete degrada-
tion of the S-tripeptide 14 was achieved within 20 - 25 days after
six enrichment cycles. However, attempts to isolate the micro-
organisms responsible for degradation have not yet been
successful. Colonies that were formed upon incubation on agar
plates with 14 as the substrate were isolated and tested
separately in degradation experiments that used tripeptide 14
in liquid cultures. No degradation was observed. Furthermore,
combination of isolated colonies did not lead to degradation
either.

To test the specificity of the -peptide-degrading consortium,
a-peptide 15 and a 1:1 mixture of the S-tripeptide 14 and the a-
peptide 15 were incubated under the same conditions (Fig-
ure 5). Growth of microorganisms on a-tripeptide 15 proceeded
faster than in the corresponding experiment with j-tripeptide
14. Maximal OD>% values were obtained after 150 h with 15, as
compared to approximately 400 h with 14 (see Figure 2a).
Likewise, the concentration curve of a-tripeptide 15 shows that
the a-peptide is degraded entirely within 150 h (Figure 5a).
Furthermore, the maximal optical density was twice as high as
with S-peptide 14, that is, more biomass was produced.
Interestingly, OD>** curves of both degradation experiments
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Table 1. Growth-yield coefficients (Y,.) of B-peptides 10 and 14.

[-Peptide 10 14

t[h] 120 168 216 312 360 408
c14)[gL]™ - - - 050 031 0.7
c(10) [gL~"]®@ 0.54 0.18 0.04 0.12 0.09 0.06
amount of peptide consumed [gL~"] 0.61 097 1.11 109 131 148
OD (546 nm) 0.79 1.09 114 105 1.12 1.18
dry weight of biomass [mgmL~"] 030 043 046 055 057 0.60
OD/dry weight 264 255 249 191 197 197
Yus 049 044 042 050 044 041
[a] Peptide concentrations in the culture solutions were taken from the
experiments presented in Figure 2 and 3.
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Figure 5. Degradation of o-tripeptide 15 (a) and of a 1:1 mixture of 3-peptide 14
and a-peptide 15 (b), monitored by concentration (HPLC integration) and OD
measurements.
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with a-tripeptide 15 (pure 15 and a 1:1 mixture of 14 and 15)
show similar shapes, but the curve obtained with the mixture
reaches only 50% of the OD’% that was observed in the
degradation experiment with a-tripeptide 15 alone. In agree-
ment with these results, concentration curves of both compo-
nents of the 1:1 mixture indicate that a-peptide 15 is entirely
degraded in 150 h, whereas f5-peptide 14 is not degraded at all
within the time range of the experiment. Thus, the S-peptide-
degrading consortium seems to prefer the a-peptide as a
growth substrate.

Conclusion

The experiments presented in this study demonstrate for the
first time the complete microbial degradation of S-tripeptides, -
dipeptides, and -amino acids. A microbial consortium enriched
with the -tripeptide 14 was able to utilize these compounds as
sole carbon and energy sources. In view of the extraordinary
stability of such peptides with regard to cleavage by isolated
proteolytic enzymes,”! this is quite a surprising finding and
probably means that mechanisms and biocatalysts different
from those seen when a-peptides are available apply. However,
this result is in agreement with our ongoing studies on the
antimicrobial activities of B-peptides,'™ in which we have
observed that growth of various eukaryotic fungi was induced
and stimulated by certain S-peptides. The failure to isolate pure
cultures of microorganisms with the ability to use -peptides as
their sole carbon and energy source leads us to suggest that in
natural environments the complete degradation of -peptides
may only occur through the synergistic activities of a consortium
of microorganisms.

Experimental Section

General: Tetrahydrofuran (THF) was freshly distilled over Na/
benzophenone under Ar before use. CHCl; for optical rotation
measurements was filtered over basic ALO; (alumina, Woelm N,
actvity I) to remove EtOH. Solvents for chromatography and workup
procedures were distilled from Sikkon (CaSO,-H,0) (hexane, pen-
tane, AcOEt, and MeOH) and P,O; (CH,Cl, and CHCI,).

Reagents and methods: Et;N was distilled from CaH, and stored
over KOH. Amino acid derivatives were purchased from Bachem,
Senn, Degussa, or Fluka. Ar was purchased from PanGas. The
following compounds were prepared according to literature proce-
dures: Boc-(S)-3*-HAla-OH, Boc-(R)-33*-HVal-OH, Boc-(S)-3*-HLeu-OH,
Boc-(S)-*-lle-OH, Boc-(S)-3*-HAla-OMe, and Boc-(S)-33-HLeu-Ome;!"!
Boc-(S)-f*-HAla-(5)-33-HAla-OMe;!'”  Boc-(R)-33-HVal-(S)-5>-HAla-(S)-
B*-HAla-OMe;"” Boc-Val-Ala-Leu-Ome.'®!, Thin layer chromatogra-
phy (TLC) analysis was performed on Merck silica gel 60 F,, plates
and results were detected with UV light. The plates were dipped into
a solution of ninhydrin (300 mg), HOAc (3mL), and 1-butanol
(100 mL) then heated with a heat gun. Flash chromatography (FC)
was carried out with Fluka silica gel 60 (40-63 mm) at RT at a
pressure of about 0.3 bar. Eluents are indicated in the text below. Mp
values were measured in open-end glass capillary tubes on a
Biichi 510 apparatus. The values reported are uncorrected. IR Spectra
were measured from 1-2% solutions in CHCI; or KBr pellets on a
Perkin — Elmer 782 spectrophotometer. '"H NMR spectra were record-
ed on a Bruker AMX 500 (500 MHz), AMX 400 (400 MHz), or ARX 300
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(300 MHz) spectrometer. *C NMR spectra were recorded on a Bruker
AMX 500 (125 MHz), AMX 400 (100 MHz), or ARX300 (75 MHz)
spectrometer. Tetramethylsilane was used as the internal standard.
Mass spectrometry was performed on a ZAB2SEQ (fast atom
bombardment (FAB), in a 3-nitrobenzylalcohol matrix), Finnigan
MAT TSQ 700 (electrospray ionisation (ESI)), or lonSpec Ultima 4.7 T
FT (ion cyclotron resonance (ICR), high-resolution, matrix-assisted
laser desorption ionization (HR-MALDI) in a 2,5-dihydroxybenzoic
acid matrix) mass spectrometer and used to measure m/z (% of basis
peak). Optical rotations ([a]f") were measured on a Perkin-EIm-
er 241 polarimeter (10cm, 1-mL cell) at RT. The solvent and the
concentration (g per 100mL) are indicated in the text below.
Elemental analyses were performed by the Microanalytical Labora-
tory of the Laboratorium fiir Organische Chemie, ETH-Zurich. UV/Vis
spectroscopy measurements were made on a UVIKON 860 spec-
trometer (Kontron). HPLC analysis was performed on a Gynkotek
HPLC system with a M480G pump, a Gina 50T autosampler, a
UVD340S photodiode array detector (Gynkotek GmbH, Germering,
Germany), and a Macherey-Nagel C;; column (Nucleosil 100-5 C,g
(250 x 4 mm)). Detection was achieved by measurement of the UV
absorption at 220 nm. Samples were centrifuged (10 min, 13000 X g)
and injected with the autosampler. A mixture of two solutions, A
(99 % triethylammonium acetate (TEAA; 2 mwm) in H,0 and 1% CH;CN)
and B (5% TEAA (2 mwm) in H,0 and 95 % CH5CN), was used as eluent.
The gradients used were 0% B for 4 min, increased to 30% B within
10 min, 30% B for 4 min, and back to 0% B within another 2 min. The
flow rate for all separations was 1 mLmin~". Preparatory HPLC was
performed on a Merck system (LaChrom, pump type L-7150, UV
detector L-7400, interface D-7000, HPLC manager D-7000) with UV-
grade TFA (>99% GC). To determine DOC levels, samples were
centrifuged (12000 x g for 15 min), acidified with HCI (pH 2), freed
from dissolved CO, by purging with N, for 10 min, and finally
analyzed in a Tocor 2 carbon analyzer (Maihak, Hamburg, Germany).
Growth yields (Y) were determined as follows: Dry weight was
measured by filtration of defined volumes of the culture broth
through tared polycarbonate filters (pore size =0.20 um). The filters
were dried at 100°C before and after the filtration. Growth yields
(grams of biomass produced (x) per gram of substrate (s) utilized)
were calculated after determination of the amount of residual
substrate and DOC.

Origin of microorganisms: Inocula for the growth and degradation
experiments were obtained from soil samples collected at two
different locations (first sample:a flower bed near our laboratory at
ETH, Zirich, Switzerland; second sample:a private garden in
Konstanz, Germany) and from a sample taken from the aeration
tank of a waste water treatment plant (Leutschenbach, Zrich,
Switzerland). M9-Buffer solution: Na,HPO, (60.2gL""), KH,PO,
(30.1gL™"), and NaCl (5.01 gL™"). Trace element solution: FeSO,-
7H,0 (2.50 gL~"), MnSO,-H,0 (0.75 gL-"), ZnSO,-7H,0 (1.30gL""),
CuS0O,-5H,0 (0.25 gL="), Co(NO,),-6H,0 (2.50 gL"), Na,MoO, - 2H,0
(0.15gL™"), NiSO,-7H,0 (0.01gL""), H;B0; (0.10gL™"), and H,SO,
(5.0mLL™")."" Vitamin mixture: pyridoxin—HCI (0.1 gL™"), biotin
(20 mgL™"), folic acid (20 mgL~"), thiamine-HCI (50 mgL-"), ribo-
flavin (50 mgL™"), nicotinic acid (50 mgL~'), Ca pantothenate
(50mgL™"), 4-aminobenzoic acid (50mgL-"), nicotinamide
(50 mgL~"), and vitamin B;, (50 mgL~").2% Mineral medium: micro-
organisms were grown on a mineral salts medium with B-amino
acids and S-di- and S-tripeptides as the sole carbon sources. The
mineral salts medium of a standard growth experiment with
0.69 mmol of peptide consisted of H,O (100 mL), M9-buffer solution
(25 mL), MgSO, solution (1m, 250 uL), CaCl, solution (0.1m, 250 pL),
(NH,),SO, solution (0.12gL-", 125pL), trace element solution
(125 pL), and vitamin mixture (250 pL).
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Biodegradation of 5-Peptides

Synthesis of amino acids and peptides:

Boc-deprotection (general procedure (GP) 1): A method similar to a
reported procedure"® was used. The Boc-protected amino acid was
dissolved in CH,Cl, or CHCI; (0.5m) and cooled to 0°C in an ice bath.
An equal volume of TFA was added and the mixture was allowed to
warm to r.t. and then stirred for a further 1.5-2.5 h. Concentration
under reduced pressure and drying of the residue under high
vacuum (h.v.; 0.01-0.1 Torr) yielded the crude TFA salt, which was
used without further purification if not stated otherwise.

Peptide coupling with EDC (GP 2): A stirred solution of the TFA salt
(1 equiv) in THF (0.1 m) was treated with the Boc-protected fragment
(1.4 equiv, added as solid), N-methylmorpholine (NMM; 4.0-4.4 e-
quiv), and 1-hydroxy-1H-benzotriazole hydrate (HOBt; 1.7 equiv).
After cooling to 0°C (ice bath), EDC (1.4 equiv) was added and the
mixture was allowed to warm to RT. Stirring was continued for 23 h at
RT. The mixture was evaporated under reduced pressure and the
residue was dissolved in CH,Cl, then washed with 1~ HCl, saturated
aq NaHCO;, and NaCl solution. The organic phase was dried (MgSO,)
and evaporated. FC yielded the pure peptide.

Acetylation of free -amino acids (GP 3): A solution of the free -
amino acid (1 equiv) in CH,Cl, (0.4m) was treated at RT. with Et;N
(0.2 equiv). Ac,0 (1.2 equiv) was added dropwise and after stirring for
0.5h at RT, the mixture was heated under reflux for 16-21h.
Saturated ag NaHCO; was added, the organic layer was separated,
and the aqueous phase was adjusted to pH 1-2 with 6 N HCI and
extracted with AcOEt (twice). The combined AcOEt phases were
dried (MgSO,) and evaporated under reduced pressure. The resulting
oil was coevaporated with toluene (twice), CCl, (once), CHCI; (twice),
and CH,Cl, (twice), and dried under h.v. at 55-60° (oven temper-
ature).

Methyl N-[(tert-butoxy)carbonyl]-(S)-33-homoalanyl-(S)-5*-homoala-
nate (Boc-(5)-53-HAla-(S)-33-HAla-OMe): Boc-(S)-(3*-HAla-OMe (6.29 g,
29.0 mmol) was deprotected in CH,Cl, (58 mL) according to GP 1
with stirring for 1.75h to afford TFA-H-(S)-3*-HAla-OMe (9.61 g).
According to GP 2, TFA-H-(S)-3*-HAla-OMe (1.38 g, 4.16 mmol) was
dissolved in THF (37 mL) and treated with Boc-(S)-3*-HAla-OH (1.22 g,
6.00 mmol), NMM (1.85 mL, 16.8 mmol), HOBt (1.09 g, 7.20 mmol),
and EDC (1.15 g, 6.00 mmol) to yield Boc-(S)-3*-HAla-(S)-3*-HAla-OMe
(1.03 g, 82%). For analytical purposes, Boc-(5)-33-HAla-(S)-53-HAla-
OMe was purified by FC (AcOEt/petroleum ether (PE) 2:1). The
product was a white amorphous solid. Mp: 124.5-125.5°C; R;
(AcOEt/PE 2:1): 0.25; [alf' =—31.4 (c=1.0, CHCL); IR (CHCl,): 7=
3435, 3007, 2980, 1701, 1498, 1455, 1439, 1368 cm~'; 'H NMR
(400 MHz, CDCl;): 6=1.21 (d, J=6.7 Hz; Me), 1.22 (d, J=6.8 Hz;
Me), 1.43 (s; tBu), 2.33 (dd, J=14.6, 5.9 Hz, 1H; CH,), 2.38 (dd, /= 14.6,
5.1Hz, 1H; CH,), 2.48-2.57 (m; CH,), 3.69 (s; MeO), 3.91-4.01 (m;
CHN), 4.31-4.41 (m; CHN), 5.26 (brs; NH), 6.32 (d, J=7.1 Hz; NH);
3CNMR (100 MHz, CDCl,): 6 =20.0, 20.6, 28.4, 40.0, 42.0, 42.9, 44.1,
51.7,79.3, 155.4, 170.1, 172.0; MS (FAB) (%): 605 (13) [(2M+H)]*, 325
(3) [(M+Na)]*, 304 (22), 303 (100) [(M+H)]*, 247 (45), 204 (12), 203
(89); elemental analysis: calcd for C,,H,N,0O5 (302.4): C 55.61, H 8.67,
N 9.26; found: C 55.61, H 8.58, N 9.12.

Methyl N-[(tert-butoxy)carbonyl]-alanyl-(S)-#*-homoalanate (Boc-Ala-
(S)-3*-HAla-OMe): According to GP 2, TFA - H-(S)-5*-HAla-OMe (1.04 g,
3.13 mmol, see preparation of Boc-(S)-3*-HAla-(S)-33-HAla-OMe) was
dissolved in THF (28 mL) and treated with Boc-Ala-OH (0.85 g,
4.50 mmol), NMM (1.50 mL, 13.6 mmol), HOBt (0.81 g, 5.35 mmol),
and EDC (0.86 g, 4.50 mmol) to yield Boc-Ala-(S)-33*-HAla-OMe (0.96 g,
74 %). For analytical purposes, Boc-Ala-(S)-33*-HAla-OMe was purified
by FC (AcOEt/PE 2:1) to yield a colorless crystalline solid. Mp: 78.0 -
79.5°C; Ry (ACOEt/PE 2:1): 0.38; [a]¥ =—53.6 (c=1.0, CHCL); IR
(CHCI,): 7#=3431, 3008, 2980, 1724, 1675, 1495, 1454, 1368 cm~';
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"HNMR (400 MHz, CDCl): 6 =1.22 (d, J=6.8 Hz; Me), 1.34 (d, J=
7.1 Hz; Me), 1.45 (s; tBu), 2.53 (d, J=5.5 Hz; CH,), 3.69 (s; MeO), 4.05 -
4.15 (m; CHN), 4.29-4.39 (m; CHN), 5.06 (brs; NH), 6.65 (d, J=8.0 Hz;
NH); *C NMR (100 MHz, CDCl,): 6 =18.4, 20.0, 28.3, 39.8, 42.0, 50.1,
51.7, 80.0, 155.4, 171.8, 171.9; MS (ESI, positive) (%): 327 (17)
[(M+K)I*, 311 (100) [(M+Na)l*; elemental analysis: calcd. for
Ci3H,4N,05 (288.3): C 54.15, H 8.39, N 9.72; found: C 54.37, H 8.26,
N 9.54.

Benzyl N-[(tert-butoxy)carbonyl]-(S)-33*-homoalanyl-alanate (Boc-(S)-
PPHAla-Ala-OBn): A stirred solution of TosOH-H-Ala-OBn (0.45 g,
1.28 mmol; TosOH = p-toluenesulfonic acid, BN=benzyl) in CHCl,
(2.6 mL) at 0°C (ice bath) was treated with Et;N (0.54 mL, 3.87 mmol),
HOBt (0.23 g, 1.53 mmol), a solution of Boc-(S)-33*-HAla-OH (0.26 g,
1.28 mmol) in CHCl; (2.6 mL), and EDC (0.30g, 1.54 mmol). The
mixture was allowed to warm to RT and then stirred for 12h.
Subsequent dilution with CHCl; was followed by thorough washing
with 1n HC, saturated ag NaHCO;, and NaCl solution. The organic
phase was dried (MgSO,) and then concentrated in vacuo. Recrys-
tallization (AcOEt/pentane) yielded Boc-(S)-53-HAla-Ala-OBn (0.27 g,
59%), a white amorphous solid. Mp: 133.0-134.5°C; [a]f' = —18.4
(c=1.0, CHCL,); IR (CHCLy): #=3434, 3007, 2979, 1737, 1699, 1498,
1454, 1391, 1368m, 1346, 1307 cm~'; '"H NMR (400 MHz, CDCl,): 6 =
1.20 (d, J=6.7 Hz; Me), 1.41 (d, J=7.2 Hz; Me), 1.43 (s; tBu), 2.37 - 2.46
(m; CH,CO), 3.93-4.03 (m; CHN), 4.61 (quint, J=7.2 Hz; CHN), 5.18
(brs; NH); 5.15, 5.19 (AB, J,s = 12.3 Hz; CH,0), 6.42 (brs; NH); 7.31-
740 (m; 5arom. H); *CNMR (100 MHz, CDCl;): 6 =18.2, 20.6, 28.4,
42.6, 44.1, 48.1, 67.2, 79.3, 129.2, 128.5, 128.6, 135.4, 155.4, 170.5,
172.8; MS (FAB) (%): 729 (10) [(2M+H)1*, 387 (8) [(M+Na)1*, 366 (20),
365 (92) [(M+H)1*, 309 (51), 266 (16), 265 (100); elemental analysis:
calcd for C;oH,sN,0; (364.4): C 62.62, H 7.74, N 7.69; found: C 62.39, H
7.82, N 7.70.

(5)-3-Amino-butanoic acid (H-(S)-63-HAla-OH (1)): Boc-(S)-(*-HAla-OH
(10.6 g, 52.0 mmol) was treated in CH,Cl, (105 mL) according to GP 1
with stirring for 2.5 h to afford TFA-1 (11.0g). A portion of the
resulting TFA salt (6.28 g) was purified by ion-exchange chromatog-
raphy (Dowex-H* 50 x 8) and recrystallization from MeOH/hexane to
yield colorless crystals of 1 (2.04g, 66% from TFA-1). Mp: 227 -
2275°C; [a]ff =+38.6 (c= 1.1, CHCl,); IR (KBr): #=2947, 1641, 1580,
1546, 1440, 1413, 1354 cm~'; "H NMR (400 MHz, CD,0D): 6 = 1.29 (d,
J=6.7 Hz; Me), 2.33 (dd, J=16.6, 8.6 Hz, 1H; CH,), 2.43 (dd, /=16.6,
4.6 Hz, TH; CH,), 3.43-3.51 (m; CHN); "*CNMR (100 MHz, CD,0D):
0=18.9, 41.4, 46.8, 177.8; MS (ESI, positive) (%): 126 (36) [(M+Na)I*,
104 (100) [(M+H)I*; MS (ESI, negative) (%): 102 (100) [(M —H)]:
elemental analysis: caled for C,H,NO, (103.1): C 46.59, H 8.80, N
13.58; found: C 46.68, H 8.78, N 13.45.

(R)-3-Amino-4-methyl-pentanoic acid (H-(R)-33-HVal-OH (2)): Boc-(R)-
[*-HVal-OH (25.0 g, 0.10 mol) was treated in CH,Cl, (200 mL) accord-
ing to GP 1 with stirring for 1.5 h to afford TFA - 2 (28.9 g). A portion of
the resulting TFA salt (11.1g) was purified by ion-exchange
chromatography (Dowex-H* 50 x 8) and recrystallization from
MeOH/hexane to yield 2 (3.37g, 67% from TFA-2) as colorless
crystals. Mp: 210.0-211.0°C; [a]® + 55.6 (c=1.1, H,0); IR (KBr): 7=
2966, 2131, 1620, 1538, 1465, 1415, 1386, 1353, 1326 cm~"; '"H NMR
(400 MHz, D,0): 6 =1.00 (d, J=6.8 Hz; Me), 1.03 (d, J=6.9 Hz; Me),
1.84-1.95 (m; CH), 2.28 (dd, /=16.8, 10.3 Hz, 1H; CH,), 2.47 (dd, J=
16.7, 3.5 Hz, TH; CH,); 3.13-3.29 (m; CHN); *C NMR (75 MHz, D,0):
0=18.5,18.9, 31.9, 36.6, 56.4, 178.2; MS (ESI, positive) (%): 154 (80)
[(M+Na)I*, 132 (100), [(M+H)]*; MS (ESI, negative) (%): 130 (100)
[(M —H)]~; elemental analysis: calcd for CgH,sNO, (131.2): C 54.94, H
9.99, N 10.68; found: C 54.91, H 9.96, N 10.60.

(R)-3-Amino-5-methyl-hexanoic acid (H-(S)-33*-HLeu-OH (3)): Boc-(S)-
*-HLeu-OH (13.0 g, 52.9 mmol) was deprotected in CH,Cl, (105 mL)
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according to GP 1 with stirring for 1.5 h. The resulting TFA salt was
purified by ion-exchange chromatography (Dowex-H™ 50 x 8) and
recrystallization from MeOH. The mother liquid was evaporated and
recrystallized from MeOH/hexane to give the white microcrystalline
solid 3 (4869, 63%). Mp: 231.0-232.5°C; [a]f'=+29.3 (c=0.9,
H,0); IR (KBr): 7=2954, 2180, 1644, 1556, 1469, 1402, 1312cm™;
'HNMR (400 MHz, D,0): 6=0.95 (d, J=6.8Hz; Me), 0.97 (d, J—
6.9 Hz; Me), 1.47-1.51 (m; 2CH), 1.68-1.78 (m; CH), 2.28 (dd, J=
16.7,9.1 Hz, 1H; CH,CO), 2.47 (dd, J=16.7, 3.8 Hz, 1 H; CH,CO), 3.37 -
3.45 (m; CHN); '*C NMR (75 MHz, D,0): 6 =22.3, 22.8, 25.3, 39.1, 43.0,
48.9, 177.7; MS (ESI, positive) (%): 168 (96) [(M+Na)l*, 146 (100)
[(M+H)I*; MS (ESI, negative) (%): 144 (100) [(M —H)]~; elemental
analysis: calcd for C;H;sNO, (145.2): C 57.90, H 10.41, N 9.65; found:
C57.85, H10.42, N 9.54.

(35 4S)-3-Amino-4-methyl-hexanoic acid (H-(S)-3*-Hlle-OH (4)): Boc-

S)-3*-Hlle-OH (8.73 g, 35.6 mmol) was deprotected in CH,Cl, (71 mL)
according to GP 1 with stirring for 1.5 h. The resulting TFA salt was
purified by ion-exchange chromatography (Dowex-H* 50 x 8) and
recrystallization from MeOH. The mother liquid was evaporated and
recrystallized from MeOH/hexane to give 4 (4.07 g, 79 %) as colorless
crystals. Mp: 209.5-211.0°C; [a]f'=+43.3 (c=1.0, H,0); IR (KBr):
7=2968, 2926, 2135, 1624, 1542, 1459, 1415, 1401 cm~'; '"H NMR
(400 MHz, D,0): 6=0.95-0.98 (m; 2Me), 1.18-1.29 (m; CH), 1.46-
1.56 (m; CH) 1.64-1.74 (m; CH), 2.27 (dd, /=16.8, 10.5Hz, 1H;
CH,CO), 2.42 (dd, J/=16.8, 3.4 Hz, 1H; CH,CO), 3.29-3.34 (m; CHN);
3CNMR (100 MHz, D,0): 6 =11.7, 14.3, 26.6, 35.6, 38.4, 54.8, 178.2;
MS (ESI, positive) (%): 168 (100) [(M+Na)1*, 146 (92) [(M[al+H)]*; MS
(ESI, negative) (%): 144 (100) [(M — H)]~; elemental analysis: calcd for
C;H;sNO, (145.2): C 57.90, H 10.41, N 9.65; found: C 57.77, H 10.25, N
9.60.

(35)-3-[(Acetyl)amino]-butanoic acid (Ac-(S)-33*-HAla-OH (5)): Accord-
ing to GP 3, a solution of 1 (0.99 g, 9.64 mmol) in CH,Cl, (24 mL) was
treated with Et;N (0.27 mL, 1.94 mmol) and Ac,0 (1.09 mL, 11.5 mmol)
and heated for 16 h to yield a colorless oil, which was a 5:95 mixture
of compound 5 and Ac-(S)-33*-HAla-(S)-33*-HAla-OH (0.18 g, 13%), as
determined by "H NMR spectroscopy (400 MHz) and mass spectrom-
etry. [a]ff =—38.0 (c=1.3, CHCLy); IR (CHCL,): #=3435, 3007, 1713,
1661, 1517, 1448, 1374 cm~"; '"H NMR (400 MHz, CD,0D): 6 =1.18 (d,
J=6.7 Hz; Me), 1.90 (s; Ac), 2.39 (dd, J=15.5, 7.1 Hz, 1H; CH,CO), 2.51
(dd, J=15.5, 6.5Hz, 1H; CH,CO), 419-4.28 (m; CHN); 3CNMR
(100 MHz, CD;0D): 0 =20.4, 22.7, 41.5, 43.8, 172.5, 174.8; MS (ESI,
positive) (%): 168 (100) [(M+ Na)I*; MS (ESI, negative) (%): 144 (100)
[(M—H)]~; elemental analysis: calcd for C¢H;;NO; (145.2): calcd: C
49.65, H 7.64, N 9.65; found: C 49.55, H 7.64, N 9.80.

3R)-3-[(Acetyl)amino]-4-methylpentanoic acid (Ac-(R)-(*-HVal-OH
6)): According to GP 3, a solution of 2 (1.00 g, 7.60 mmol) in CH,Cl,
19mL) was treated with Et;N (0.21 mL, 1.51 mmol) and Ac,0
0.86 mL, 9.10 mmol) and heated for 21h to yield a colorless
crystalline solid, which was a 9:1 mixture of 6 and Ac-(R)-3*-HVal-
R)-33-HVal-OH (0.43 g, 25 %), as determined by 'H NMR spectroscopy
(400 MHz) and mass spectrometry. [a]ff = —46.7 (c=0.9, CHCL;); IR
(CHCI,): 7=3434, 2967, 2875, 1713, 1663, 1514, 1373 cm~"; '"H NMR
(400 MHz, CDCl;): 6 =0.93 (d, J=6.8 Hz; Me), 0.94 (d, /=6.8 Hz; Me),
1.83-1.93 (m; CH), 2.01 (s; Ac), 2.47 - 2.59 (m; CH,CO), 4.03-4.10 (m
CHN), 6.63 (d, J=9.4 Hz; NH), 10.85 (brs; OH); *H NMR (100 MHz,
CDCly): 6=18.9, 19.2, 23.1, 31.5, 36.5, 51.9, 171.1, 175.5; MS (ESI,
positive) (%): 196 (100) [(M+Na)l*; MS (ESI, negative) (%): 172 (100)
[(M —H)]~; elemental analysis: calcd for CgH,sNO; (173.2): C 55.47, H
8.73, N 8.09; found: C 55.42, H 8.70, N 8.17.

(
(
(
(

(35)-3-[(Acetyl)amino]-5-methylhexanoic acid (Ac-(S)-3*-HLeu-OH
(7)): According to GP 3, a solution of 3 (1.00 g, 6.86 mmol) in CH,Cl,
(17 mL) was treated with Et;N (0.19 mL, 1.36 mmol) and Ac,0

430

D. Seebach et al.

(0.78 mL, 8.25 mmol) and heated for 21 h to yield a 94:6 mixture of
7 and Ac-(S)-(*-HLeu-(S)-3*-HLeu-OH (0.56 g, 44 %), as determined by
"H NMR spectroscopy (400 MHz) and mass spectrometry. Compound
7 was distilled for analytical purposes (bulb-to-bulb distillation, oven
temperature =150°C, pressure = 0.25 Torr). -(S)-33-HLeu-(S)-53-
HLeu-OH was not detected in the 'H NMR spectrum (400 MHz) or
in the mass spectra of distilled 7, a colorless highly viscous oil. [a]f =
—476 (c=1.0, CHCl,); IR (CHCLy): 7=3432, 3007, 2960, 2871, 1711,
1664, 1517, 1468, 1438, 1370m cm~"; 'TH NMR (400 MHz, CDCl,): 6 =
0.91 (d, J=6.5Hz; Me), 0.92 (d, J=6.7 Hz; Me), 1.27-1.34 (m; CH),
1.42-1.49 (m; CH), 1.55-1.67 (m; CH), 1.91 (s; Ac), 2.41 (dd, J=18.3,
6.6 Hz, 1H; CH,CO), 2.42 (dd, J=18.3, 6.6 Hz, 1H; CH,CO), 4.25-4.32
(m; CHN); H NMR (100 MHz, CDCl,): 6 =22.2, 22.7, 23.6, 26.1, 41.0,
44.6, 46.1, 172.7, 174.9; MS (ESI, positive) (%): 242 (34) [(M+2Na —
H)1t, 226 (57) [(M+K)]*, 210 (100) [(M+Na)1*; MS (ESI, negative) (%):
186 (100) [(M — H)1~; elemental analysis: calcd for CH,;,NO; (187.2): C
5773, H 9.15, N 7.48; found: C 57.77, H 9.01, N 7.49.

(35,45)-3-[(Acetyl)amino]-4-methylhexanoic acid (Ac-(S)-33-Hlle-OH
(8)): According to GP 3, a solution of 4 (0.97 g, 6.66 mmol) in CH,Cl,
(17 mL) was treated with Et;N (0.18 mL, 1.29 mmol) and Ac,0
(0.76 mL, 8.04 mmol) and heated for 21 h to yield a 91:9 mixture of
8 and Ac-(S)-(*-Hlle-(S)-(3-Hlle-OH (0.57 g, 46%), as determined by
'HNMR spectroscopy (400 MHz) and mass spectrometry. The
product was a colorless crystalline solid. M.p.: 90.5-92.5°C. [a]ff =
—41.4 (c=1.0, CDCly); IR (CDCl,): 7 =3432, 2968, 2933, 2878, 1715,
1661, 1515, 1411, 1374cm~"; 'HNMR (400 MHz, CDCl;): 6 =0.85-
0.96 (m; 2Me), 1.05-1.17 (m; CH), 1.42-1.55 (m; CH), 1.60-1.71
(m; CH), 2.01 (s; Ac), 2.50 (dd, J/=15.6, 6.8 Hz, 1H; CH,CO), 2.56 (dd,
J=15.6, 4.4 Hz, 1H; CH,CO), 4.10-4.17 (m; CHN), 6.37 (d, J=9.3 Hz;
NH), 9.48 (brs; OH); '*CNMR (100 MHz, CDCl,): 6 =11.3, 15.3, 23.2,
25.7, 36.1, 37.8, 50.7, 170.8, 175.7; MS (ESI, positive) (%): 226 (8)
[(M+K)1*, 210 (100) [(M+Na)1*, 188 (6) [(M+H)I*; MS (ESI, negative)
(%): 186 (100) [(M —H)]~; elemental analysis: calcd for CoH;;NO,
(187.2): C 57.73, H 9.15, N 7.48; found: C 57.90, H 8.99, N 7.62.

(S)-3*-Homoalanyl-(S)-3*-homoalanine (H-(S)-33*-HAla-(S)-53*-HAla-OH
(9)): In a procedure similar to that descrlbed in ref. [21], a solution of
Boc-(S)-3-HAla-(S)-33*-HAla-OMe  (0.59g, 1.96 mmol) in MeOH
(1.6mL) and THF (0.5mL) was treated with 0.75n aq NaOH
(3.13 mL, 2.35 mmol) at RT. After 23 h, CH,Cl, was added and the
mixture was extracted with saturated aq NaHCO;. The aqueous
phase was adjusted to pH 1-2 with 6N HCl and extracted with
AcOEt. The AcOEt phase was dried (MgSO,) and evaporated. A
solution of the residue in CH,Cl, (4 mL) was treated according to GP 1
for 2 h. Purification by ion-exchange chromatography (Dowex-H*
50 x 8) yielded the white amorphous solid 9 (0.26 g, 70%). Mp:
230.0-231.0°C. [a]ff =+ 6.4 (c=0.4, H,0); IR (KBr): 7 =3321, 2965,
2199, 1645, 1585, 1545, 1454, 1407, 1340 cm~'; 'TH NMR (500 MHz,
D,0): 6 =1.13 (d, J=6.6 Hz; Me), 1.29 (d, J=6.7 Hz; Me), 2.24-2.41
(m; CH,CO), 2.49-2.59 (m; CH,CO), 3.65-3.71 (m; CHN), 4.10-4.24
(m; CHN); *CNMR (125 MHz, D,0): 6 =20.2, 22.3, 41.9, 46.6, 46.6,
47.7,173.3, 182.6; MS (FAB) (%): 377 (5) [M+H)]*, 274 (31), 245 (12),
211 (7) [(M+Na)I*, 190 (12), 189 (100) [(M+1)]*, 176 (13), 167 (11),
166 (14), 165 (15); elemental analysis: calcd for CgH,¢N,O; (188.2) C
51.05, H 8.57, N 14.88; found: C 50.89, H 8.36, N 14.96.

S)-*-Homoalanyl-(S)-33*-homoleucine (H-(S)-33*-HAla-(S)-53-HLeu-OH
(10)). A solution of Boc-(S)-53- HAIa (S) -33*-HLeu-OMe (0.42 g,
1.21 mmol) in MeOH (1 mL) was treated with 0.75~n ag NaOH (2 mL,
1.50 mmol) at RT. After 2.5 h, MeOH (1 mL) and 0.75~n ag NaOH (2 mL,
1.50 mmol) were added to the mixture, then after 6.5 h, the mixture
was cooled to 0°C (ice bath), adjusted to pH 2-3 with 1~ HCl, and
extracted with AcOEt (5 x ). The organic phase was dried (MgSO,)
and evaporated and a solution of the residue in CH,Cl, (2.4 mL) was
treated according to GP 1 for 1.5 h. Purification by ion-exchange
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chromatography (Dowex-H* 50 x 8) yielded the white solid 10
(0.25g, 89%). Mp: 236.0-237.0°C. [a]f =+ 2.8 (c=0.4, MeOH); IR
(KBr): #=3250, 3094, 2957, 1644, 1571, 1472, 1451, 1399cm;
'HNMR (400 MHz, CD;0D): 6 =0.92 (d, J=6.7 Hz; Me), 0.92 (d, J=
6.5 Hz; Me), 1.28-1.35 (m; CH), 1.31 (d, J=6.7 Hz; Me), 1.40-1.48 (m;
CH), 1.57-1.67 (m; CH), 2.22 (dd, J=13.8, 8.0 Hz, 1H; CH,CO), 2.32
(dd, J=13.8, 53Hz, 1H; CH,CO), 2.44 (dd, J=15.6, 86 Hz, 1H;
CH,CO), 2.49 (dd, J=15.6, 4.8 Hz, 1H; CH,CO), 3.57-3.66 (m; CHN),
4.28-4.35 (m; CHN); >*C NMR (100 MHz, CD,0D): 6 = 19.1, 22.5, 23.6,
26.2, 40.6, 44.7, 45.3, 46.5, 47.3, 171.0, 179.8; MS (FAB) (%): 461 (18)
[@M+H)TT, 253 (19) [(M+Na)]*, 232 (14), 231 (100) [M+1]*.

Alanyl-(S)-3*-homoalanine (H-Ala-(S)-53*-HAla-OH (11)): A procedure
similar to that described in ref. [21] was used. A solution of Boc-Ala-
(S)-p*-HAla-OMe (0.59g, 2.03 mmol) in MeOH (1.7 mL) and THF
(0.5 mL) was treated with 0.75n aq NaOH (3.25 mL, 2.44 mmol) at RT.
After 24 h, CH,Cl, was added and the mixture was extracted with a
saturated aq NaHCO; solution. The aqueous phase was adjusted to
pH 1 -2 with 6 N HCl and extracted with AcOEt. The AcOEt phase was
dried (MgSO,) and evaporated. The residue was deprotected in
CH,Cl, (4 mL) according to GP 1 for 2 h. Purification by ion-exchange
chromatography (Dowex-H* 50+8) yielded 11 (0.19g, 54%) as a
white solid. Mp: 220.0-221.0°C. [a]ff =+ 7.0 (c=0.4, H,0); IR (KBr):
7 =3227,2964, 1681, 1546, 1448, 1398, 1320 cm~"; "H NMR (500 MHz,
D,0): 6 =1.15 (d, J=6.7 Hz; Me), 1.46 (d, J=7.1 Hz; Me), 2.31 (dd, J=
14.3, 6.8 Hz, 1H; CH,CO), 2.35 (dd, J=14.3, 7.2 Hz, 1H; CH,CO), 3.94
(9, J=7.1; CHN), 4.14-4.21 (m; CHN); '*CNMR (125 MHz, D,0): 6 =
19.4, 22.2, 46.6, 46.8, 51.9, 172.3, 182.3; MS (FAB) (%): 197 (5)
[(M+Na)]*, 195 (18), 190 (17), 189 (23), 180 (13), 178 (20), 177 (11),
175 (36) [(M+H)]*, 165 (50), 164 (15), 163 (15), 155 (17), 154 (48), 153
(26), 152 (63), 151 (18), 150 (18), 142 (14), 141 (22), 140 (11), 139 (35),
138 (33), 137 (87), 136 (100), 135 (21); elemental analysis: calcd for
C,H,,N,0; (174.2): C 48.26, H 8.10, N 16.08; found: C 48.28, H 7.98, N
16.09.

(S)-B*-homoalanyl-alanine (H-(S)-3*HAla-Ala-OH (12)): Boc-(S)-(*-HA-
la-Ala-OBn (0.13 g, 0.35 mmol) was dissolved in MeOH (8.6 mL) and a
catalytic amount of Pd/C (10%) was added. The apparatus was
evacuated and flushed three times with H,, and the mixture was
stirred under H, for 30 h. Subsequent filtration through Celite was
followed by concentration under reduced pressure. The residue was
Boc deprotected in CH,Cl, (0.7 mL) according to GP1 for 2h.
Purification by ion-exchange chromatography (Dowex-H * 50+-8)
yielded the white powder 12 (30 mg, 47%). Mp: >200°C (dec);
[a]fT=+6.3 (c=0.25, AcOH); IR (KBr): 7=3244, 3074, 2979, 1646,
1566, 1566, 1499, 1458, 1399 cm~'; 'TH NMR (300 MHz, CD,CO,D): 1.40
(d, J=6.9 Hz; Me), 1.47 (d, J=7.2 Hz; Me), 2.71 -2.87 (m; CH,); 3.81 -
3.90 (m; CH); 4.53-4.60 (m; CH); *C NMR (75 MHz, CD,CO,D): 17.1,
18.3, 39.3, 46.8, 49.4, 172.5; MS (ESI, positive) (%): 197 (100)
[(M+Na)]*; MS (ESI, negative) (%): 174 (100) [(M —H)]".

(R)-3*-Homovalyl-(S)-3>-Homoalanyl-(S)-33*-homoleucine  (H-(R)-53-
HVal-(S)-5*-HAla-(S)-3*-HLeu-OH (14)): Boc-(R)-3*-HVal-(S)-33*-HAla-
(S)-p*-HLeu-OH (047 g, 1.1 mmol) was deprotected in CHCl,
(2.1 mL) according to GP 1 for 1.75 h. The residue was purified by
ion-exchange chromatography (Dowex-H* 50 x 8) to yield 14 (0.27 g,
74%), a white amorphous solid. Mp: 288.5-289.5°C; [a]lff = —7.1
(c=1.0, H,0); IR (KBr): #=3263, 2968, 1725, 1655, 1555, 1485, 1429,
1386 cm~'; '"H NMR (400 MHz, D,0): 6 =0.79 (d, J=6.5 Hz; Me), 0.81
(d, J=6.6 Hz; Me), 0.90 (d, J=6.9 Hz; Me), 0.91 (d, J=6.9 Hz; Me),
1.08 (d, J=6.7 Hz; Me), 1.21-1.28 (m; CH), 1.35-1.44 (m; CH), 1.45-
1.54 (m; CH), 1.82-1.94 (m; CH), 2.30-2.59 (m; 3CH,CO), 3.34-3.38
(m; CHN), 4.09-4.21 (m; 2CHN), 799 (d, J=9.3; NH); 3CNMR
(100 MHz, D,0): 6=19.7, 19.9, 21.9, 23.6, 25.0, 27.0, 32.6, 37.1, 42.7,
447,453, 46.1, 47.7, 56.9, 173.9, 175.2, 178.5; MS (FAB) (%): 709 (10),
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688 (13), 687 (38) [(2M+H)]", 366 (38) [(M+Na)]*, 345 (34), 344 (100)
[((M+1)]*.

Valyl-alanyl-leucine hydrochloride (HCI-H-Val-Ala-Leu-OH (15)): Fol-
lowing a procedure described in ref. [21] a solution of Boc-Val-Ala-
Leu-OMe (1.30g, 3.14 mmol) in MeOH (2.62 mL) was treated with
0.75N ag NaOH (5.02 mL) at RT. After 4 h, the mixture was adjusted to
pH 2 -3 with 1N HCl and extracted with AcOEt. The organic layer was
dried (MgSO,) and evaporated. According to a procedure described
in ref. [22] the Boc-protected peptide acid was dissolved in saturated
HCl/dioxane (12.6 mL) at 0°C (ice bath). The mixture was allowed to
warm to RT and stirring was continued for 1.5 h. The solvent was
removed under reduced pressure to yield compound 15. Mp: 130.0 -
133.0°C; IR (KBr): #=3084, 2977, 2810, 1700, 1675, 1652, 1551,
1388 cm~'; 'TH NMR (400 MHz, CDCl;): 6 =0.91 (d, J= 6.5 Hz; Me), 0.96
(d, J=6.5 Hz; Me), 1.05 (d, J=7.0 Hz; Me), 1.09 (d, J=7.0 Hz; Me), 1.40
(d, J=7.1Hz; Me), 1.65 (d, J=6.6 Hz; CH,), 1.80-1.70 (m; CH), 2.25 -
2.15 (m; CH), 3.71 (d, J=5.6 Hz; CHN), 4.50-4.40 (m; 2 CHN), 8.28 (d,
J=8.1Hz; NH); *CNMR (100 MHz, CDCl;): 6=179, 18.0, 18.9, 21.8,
234, 25.9, 31.6, 41.7, 49.4, 52.0, 59.5, 169.1, 174.4, 175.8; MS (HR-
MALDI) (%): 324.1974 (36), 302.2147 (6).

Biodegradation of f-Peptides:

Enrichment experiments with tripeptide 14: For initial experiments,
5009 of solid material from each of the two soil samples were
suspended in nondistilled fresh water and stirred vigorously for
10 min. After standing for 5min at RT, samples of the turbid
supernatant liquids (5 mL) were added to a mineral medium (42 mL,
1/3 of the scale described above) that contained tripeptide 14
(79 mg, 0.23 mmol, c=5mmolL™") as the sole carbon source. A
sample was taken directly from the solution that originated from the
aeration tank without further workup. After initial growth and mixing
experiments, the suspensions A1, B1, and C1 were inoculated with
samples A, B, and C of the fastest growing microorganisms and
incubated in 250 mL Erlenmeyer flasks at RT. on a rotary shaker
(120 rpm) for 25 days. Subsequent to these initial tests, buffered
solutions of tripeptide 14 (238 mg, 0.69 mmol, c~5 mmolL~") were
inoculated with samples of the turbid mixtures from the triad of
preceding experiments A1, B1, and C1 (5vol%). These new
incubation mixtures A2, B2, and C2 were shaken in 250 mL
Erlenmayer flasks at RT for 62 days. Samples were taken out after
25, 42, and 62days and analyzed by UV/Vis spectroscopy and
reversed-phase HPLC. Microorganisms from experiment C were
chosen for further growth experiments. Inoculation of buffered
solutions of tripeptide 14 in mineral medium with samples (5 vol %)
taken from the preceding experiment C(n-1) (n=1,2,3...) and
incubation of solution C(n) at RT on a rotary shaker was repeated
continuously over a period of 6 months. Solutions C(n-1) used for
inoculation of solutions C(n) were taken from the exponential
growth phase of experiment C(n-1). Growth of microorganisms was
monitored by UV/Vis analysis of the turbidity (optical density).

Isolation of dipeptide 10 as a metabolite by the degradation of
tripeptide 14: A sample was taken of microorganisms from experi-
ment C (10 mL) in the exponential-growth phase, filtered, and
evaporated under reduced pressure to an end volume of approx-
imately 2 mL. Isolation and purification were performed by prepar-
atory reversed-phase HPLC on a Macherey-Nagel C; column/Nucle-
osil 100-7 Cg (250 x 21 mm) by using a gradient of A and B (A: 0.1%
TFA in H,0, B: MeCN; 1% B for 5 min, increased to 8% B within 5 min
then to 35% B within 25 min) at a flow rate of 4 mLmin~" with UV
detection at 220 nm. Lyophilization of the peak fractions afforded the
TFA salt of 10 (4 mg). 'H NMR and MS data were in agreement with
those of the prepared sample of compound 10.
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Degradation experiments with S3-peptides and S-amino acids: f3-
peptides 10 and 14 and B-amino acids 1-3 were dissolved in
mineral medium (cx~5 mmolL™"), filtered through a sterile filter
(Millipore Millex-GP 0.22 pm filters) and stored in sterile glass bottles.
For degradation experiments with microorganisms from experiment
C the following scales of peptide and amino acid solution were
chosen: 14 (0.24 g, 0.69 mmol in 126 mL mineral medium; 0.12 g,
0.35mmol in 63 mL), 10 (48 mg, 0.21 mmol in 42mL), 1 (22 mg,
0.21 mmol in 42 mL), 2 (27 mg, 0.21 mmol in 42 mL) and 3 (30 mg,
0.21 mmol in 42mL). The sterile homogeneous solutions were
inoculated with a suspension of microorganisms (5vol%) and
incubated at RT on a rotary shaker (160 rpm) until turbidity reached
a maximum, which indicated complete consumption of the peptide
or amino acid. Samples were taken out regularly, analyzed by UV/Vis
spectroscopy, stored at — 18°C, and analyzed by HPLC.

Degradation experiments with S-peptide 14 and a-peptide 15: In
two parallel experiments a-peptide 15 and a 1:1 mixture of (-
peptide 14 and a-peptide 15 were dissolved in mineral medium
(overall concentration about 5 mmolL-), filtered through a sterile
filter, and stored in sterile glass bottles. The following scales of @- and
B-peptide solutions were chosen: 1) a-tripeptide 15 (0.11g,
0.32 mmol) in 63 mL mineral medium; 2) a-tripeptide 15 (53 mg,
0.16 mmol) and S-tripeptide 14 (59 mg, 0.17 mmol) in 63 mL mineral
medium. The sterile homogeneous solutions were inoculated with a
suspension of microorganisms (5 vol%) and incubated at RT on a
rotary shaker (160 rpm) until turbidity reached a maximum, which
indicated complete consumption of the peptide or amino acid.
Samples were taken out regularly, analyzed by UV/Vis spectroscopy,
stored at — 18°C and analyzed by HPLC.
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New Dendrimer - Peptide Host - Guest Com-
plexes: Towards Dendrimers as Peptide Carriers

Ulrik Boas,” ® <! Serge H. M. Séntjens,? Knud J. Jensen,! Jgrn B. Christensen,'

and E. W. Meijer*]

Adamantyl urea and adamantyl thiourea modified poly(propylene
imine) dendrimers act as hosts for N-terminal tert-butoxycarbonyl
(Boc)-protected peptides and form chloroform-soluble complexes.
Investigations with NMR spectroscopy show that the peptide is
bound to the dendrimer by ionic interactions between the
dendrimer outer shell tertiary amines and the C-terminal carboxylic
acid of the peptide, and also through host-urea to peptide-amide
hydrogen bonding. The hydrogen-bonding nature of the peptide —
dendrimer interactions was further confirmed by using Fourier
transform IR spectroscopy, for which the NH- and CO-stretch
signals of the peptide amide moieties shift towards lower wave-
numbers upon complexation with the dendrimer. Spatial analysis
of the complexes with NOESY spectroscopy generally shows close
proximity of the N-terminal Boc group of the peptide to the
peripheral adamantyl groups on the dendrimer host. The influence

Introduction

High-generation dendrimers with their cascade structures serve
as interesting candidates for the formation of artificial macro-
molecular globular structures with multivalent outer shells and
surfaces. Thus, there has been an immense interest in the use of
dendrimers as hosts or carriers of a variety of guest molecules,
possible molecular vehic les in drug delivery,” 3 micelle mimics,
polyvalent catalysts,>? or molecular sensors.'> ™ In the early
examples of host — guest chemistry involving dendritic hosts, the
substrate was bound to the interior of the dendrimer (endor-
eceptor), either nonspecifically™ or by well-defined multiple
hydrogen-bonding interactions as found in the ‘dendroclefts’.'*!
However, in recent years application of the multivalent surfaces
or outer shells in host—guest chemistry (exoreceptors) has
gathered much attention, partly because the unimolecular
multivalent structure gives rise to cooperative effects between
the receptor sites and thus amplifies the function of the dendritic
receptor compared to the respective monovalent receptor
molecules.'4-16]

Recently, we reported the use of urea- and thiourea-modified
poly(propylene imine) dendrimers (DAB-dendr-(NHCONHAd)g, ;
DAB = diaminobutane) as multivalent hosts for guest molecules
that contain a urea-glycine 'tail’ unit (Scheme 1a). The guest
interacts with the dendrimer host through urea-urea or urea-
thiourea hydrogen bonding as well as through ionic interactions
between the outer shell tertiary amines of the dendrimer and the
carboxylic terminus of the guest."” '® Instead of being limited to

ChemBioChem 2002, 3, 433-439 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

of side-chain motif on interactions with the host is analyzed by
using seven different N-Boc-protected tripeptides as guests for the
dendrimer. Downfield shifts of up to 1.3 ppm were observed for the
guest amide NH-proton signals. These shifts decreased with
increasing ‘bulkiness’ of the amino acid side chains. Despite this,
the dendrimer was capable of making multiple peptide — dendrimer
complexes when presented with a library of seven peptides. The
different peptides were all present in the host, which did not show
specific preferences, and could be released under mild acidic
conditions. These results show the general nature of the peptide —
dendrimer interactions in the formation of either single- or
multiple-peptide — dendrimer complexes.

KEYWORDS:

dendrimers -
peptides

host—guest systems -

hydrogen bonding -

the use of the urea-glycine 'tail’, we investigate herein the
possibility of using urea- or thiourea-modified dendrimers as
multivalent carriers of tripeptides (Scheme 1b).

In addition to the use of dendrimers as potential carriers for
peptides in chloroform, we are eager to study the influence of
steric repulsion between peptide side chains and the dendritic
host on the ability to form stable complexes between the
peptide and the dendrimer. We can thus investigate the general
nature of tripeptide binding and the ability of the dendrimer
host to interact with peptide guests that have 'bulky’ side chains.
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Scheme 1. a) Proposed scheme for the complexation of a dendrimer host with a urea - glycine modified guest molecule;
b) proposed scheme for the complexation of a dendrimer host with an N-terminal Boc-protected tripeptide. X=0, S

Results and Discussion
Formation of peptide - dendrimer complexes

In this first study, chloroform was used as solvent because polar
interactions are greatly stabilized by the hydrophobicity of this
solvent, which thereby enhances the binding in this host — guest
system. N-terminal tert-butoxycarbonyl (Boc)-protected tripep-
tide substrates were chosen as good guest candidates, rather
than the N-acetyl- and N-benzyloxycarbonyl(Z)-protected pep-
tides, because the more bulky Boc group decreases the ability of
the peptide substrates to form insoluble aggregates, which is
especially a problem in apolar solvents.' A soluble complex was
formed when a suspension of the respective peptides in
chloroform was exposed to the dendrimer.

IR spectroscopy was used to investigate the extent of
hydrogen bonding between peptide and dendrimer. A shift
towards lower wavenumbers was observed both in the NH-
stretch region (Figure 1a; approximately 100 cm~') and the CO-
stretch region (Figure 1b; approximately 20cm~") for the
complexed peptide compared to the free peptide (as the
peptide-tri-n-octyl ammonium salt).?” This indicates that hydro-
gen bonding takes place between the dendrimer host and the
peptide. The red shift of the peptide CO-stretch vibrations
becomes more clear when compared with the dendrimer
thiourea CS-stretch vibration, which does not contribute to
signals in this region (Figure 1b). For the urea-modified poly-
(propylene imine) dendrimer, similar tendencies were ob-
served.2!

Upon complex formation between N-Boc-Gly-Gly-Gly-OH and
the urea dendrimer, strong line-broadening in the 'HNMR
spectrum of the peptide as observed, indicative of increased
rigidity of the peptide as it becomes part of a larger complex. In
addition, we observed a downfield shift of the signals from the
amide NH protons of the peptide of about 1.3 ppm compared to
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the free peptide (Figure 2).22
These large downfield shifts
indicate that pronounced hy-
drogen bonding between the
dendrimer host and the encap-
sulated peptide is taking place.
The relatively small changes
observed for urea NH shifts of
the dendrimer can be ex-
plained by the fact that the
dendrimer ureas already form
an intramolecular hydrogen-
bond network in the uncom-
plexed state, which is not al-
tered significantly by uptake of
the peptide guests; this agrees
well with earlier work.['” 18
When the thiourea-modified
poly(propylene imine) den-
drimer was used as host, similar
behavior for the guest mole-
cule NH shift was observed,
with a slightly smaller change
in amide NH shifts for the peptide guest (Ad ~ 1.1 ppm). In the
thiourea host, a downfield shift of Ad ~0.12 ppm was observed
for both thiourea NH-proton signals, which indicates a slight

a) 0.7

abs —»

3350 3300 3250 3200

<« i/cm-!

3400

abs —>»

1750 1700

<« A/lem-!

1650 1600

Figure 1. Partial IR spectra of (a) the NH-stretch region and (b) the CO-stretch
region for: (—) DAB-dendr-(NHCSNHAd),/Boc-Gly-Gly-Gly-OH complex, (seee)
Boc-Gly-Gly-Gly-OH as a tri-n-octyl ammonium salt, and (- - - -) DAB-dendr-
(NHCSNHAd),.
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Figure 2. Full and partial "H NMR spectra in CDCl; (25 °C) of: a) DAB-dendr-
(NHCONHAd),,/Boc-Gly-Gly-Gly-OH; b) Boc-Gly-Gly-Gly-OH as a tri-n-octyl am-
monium salt; ¢) DAB-dendr-(NHCONHAd)g,.

increase in hydrogen bonding upon uptake of the peptide guest.
This agrees well with the fact that the thiourea dendrimer has
less pronounced intramolecular hydrogen bonding compared to
the urea dendrimer host."® In the aliphatic region, an additional
signal was observed at approximately 6 = 2.9. This was assigned
to the dendrimer outer shell CH,N protons, which were shifted
downfield because of protonation of the tertiary amines by the
bound peptides, which creates multiple ionic interactions
(Figure 2a).

We determined the AJ(NH amide) between the free and
complexed peptide for the seven peptides and observed that
the A of the amide NH protons (that is, hydrogen bonding)
decreased with increasing bulkiness of the amino acid side
chains. This indicates that the steric repulsion between the
dendrimer and the peptide side chains decreases the hydrogen
bonding of the peptide backbone with the dendrimer. Further-
more, bulkiness of the C-terminal amino acid is rather important
in dendrimer - peptide hydrogen-bond formation (Figure 3).23 A
C-terminal glycine will make the peptide less sterically demand-
ing, and thereby more able to get close to the dendrimer host to
give denser packing around the dendrimer ‘sphere’.

Spin - lattice relaxation (T1) and spin-spin relaxation (T2)
measurements were carried out to see whether the mobility of
the peptide guest was altered by complexation with the
dendrimer host. The a-CH protons in the peptide backbone
were chosen as the ‘'measuring point’. The host-guest com-
plexes where formed in CDCl; (at a complex concentration of
0.4 mm). The peptide-tri-n-octyl ammonium salt was dissolved in
CDCl; as a reference. The general tendency was that, upon
complexation, the T1 values of the backbone a-protons
increased compared to those of the unbound state. This is an
indication of restricted motion in the complexed state, in
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A\

Increasing bulkiness

Figure 3. Change in peptide NH 'H NMR shifts (CDCl;, 25°C) as a function of

bulkiness of the peptide. 1: Boc-Gly-Gly-Gly-OH; 2: Boc-Ala-Gly-Gly-OH; 3: Boc-
Gly-Gly-Ala-OH; 4: Boc-Phe-Phe-Gly-OH; 5: Boc-Ala-Ala-Ala-OH; 6: Boc-Gly-Val-
Val-OH; 7: Boc-Phe-Phe-Phe-OH.

agreement with both the line broadening observed in the one-
dimensional spectra of the complexes and observations made
on previously studied guest systems.'”? We found no direct
correlation between T1 relaxation times and the ability to form
stable complexes between the peptide and dendrimer.?¥

Spatial interactions between the peptide guest and the
dendrimer host in the complexes were investigated by NOESY
spectroscopy. To avoid artifacts caused by spin diffusion (fast
relaxation), NOESY experiments were carried out with a range of
mixing times (100, 250, 400, and 800 ms). The 100 ms mixing
time was appropriate in the rigid system. In the NOESY spectrum
of Boc-Gly-Gly-Gly-OH with the urea dendrimer host, NOE
interactions were observed between the N-terminal Boc groups
(tert-butyl protons) on the peptide and the peripheral adamantyl
groups of the dendrimer, which indicates close proximity
between these groups (Figure 4). At the 100 ms mixing time,
no NOE interactions were observed between a protons in the
protein backbone and the methylene protons of the dendrimer.
However, phenylalanine-containing peptides showed NOE in-
teractions between the side-chain phenyl protons of the peptide
and the adamantyl protons of the dendrimer.

Release of the peptides from the dendrimer host

To determine the combination of peptides that bound to the
dendrimer host when it was presented to a mixture of the seven
peptides, we searched for a mild method to release the bound
peptides from the host without cleavage of the acid-sensitive
Boc group. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) has been
used as a mild acidic cleavage reagent for preparation of acid-
sensitive Boc-peptides on the solid phase.? HFIP has, in
addition to its mild acidity, a low boiling point (58 °C),?% which
facilitates its removal by evaporation. Methanol was used as
solvent because its hydrogen-bonding properties mean that it
breaks down the host-guest hydrogen bonding. In model
experiments with Boc-Gly-Gly-Gly-OH and a methanol/HFIP (9:1)
cleavage mixture, "H NMR analysis showed complete recovery of
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Figure 4. Partial 'H NOESY spectrum (CDCl;, 25°C) of the DAB-dendr-(NHCON-
HAd)s,/Boc-Gly-Gly-Gly-OH complex, which shows NOE interactions between
adamantyl groups of the dendrimer (*) and the tert-butyl group of the peptide (o).

the protected peptide without cleavage of the Boc group since
the protected peptide was released in a quantitative yield from
the dendrimer.

Formation of multiple-peptide - dendrimer complexes

To investigate the ability of the dendrimer to act as a host for
peptides with different side-chain motifs, and thereby the
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generality of the formation of peptide—dendrimer complexes,
the dendrimer was mixed together with four equivalents of each
of the seven peptides (Figure 5). Biobeads filtration was used to
remove loosely bound or adhered peptides from the dendrimer.
Elution through a silica gel column with the methanol/HFIP (9:1)
cleavage mixture released the N-Boc protected peptides from
the dendrimer host. HPLC was used to analyze the amount of the
peptides present in the cleavage mixture, which was quantified
by comparison to HPLC standard curves for each peptide.
Analysis of the cleavage mixture showed that all the different
free peptides were present in 48 - 81 % isolated yield. Thus, it can
be concluded that the dendrimer host is able to bind all the
different peptides, regardless of side-chain motifs.

In contradiction to the NMR spectroscopy Ad measurements,
we observed that the more bulky peptides were present in the
dendrimer host in larger amounts than the less bulky peptides.
An explanation for this could be the greater solubility of the
more hydrophobic bulky peptides compared to the less bulky
ones in a hydrophobic solvent like chloroform. The more soluble
bulky peptides will thus be present in solution in a higher
concentration. This points towards the general problem in
comparing peptides with different side-chain motifs, namely
that the different peptides have different properties, for
example, hydrophobicity and acidity.

Conclusion

In the present paper, we show that poly(propylene imine)
dendrimers modified with adamantyl urea and thiourea end
groups can be used as hosts or carriers for a variety of N-Boc-
protected peptides in chloroform. The peptides can be released
under mild acidic conditions to yield the intact peptide, even
when the peptide is protected with an acid-labile group at the N
terminus. IR spectroscopy and various NMR spectroscopy
techniques show that the peptide is bound to the dendrimer
by hydrogen bonding as well as ionic interactions. Despite
indications of weaker hydrogen bonding between the den-

)
M
hd 4 Boc-Gly-Gly-Gly-OH

X 4 Boc-Ala-Gly-Gly-OH

4 Boc-Ala-Ala-Ala-OH
4 Boc-Phe-Phe-Gly-OH
4 Boec-Phe-Phe-Phe-OH
4 Boc-Gly-Val-Val-OH

4 Boc-Gly-Gly-Ala-OH
o *
Ao}
| |
N\_‘l/N
X

Dendrimer
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— | Bb || — | s
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Figure 5. Formation of multiple-peptide — dendrimer complexes.
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drimer carrier and peptides with bulky side chains, these
peptides were complexed to the dendrimer as well as peptides
with a less bulky sequence. Thus, this general host-guest
binding motif is promising for the development of, for example,
drug delivery containers with the ability to bind several different
peptides at once. Our first focus hereafter will be on the use of
this supramolecular approach in aqueous media.

Experimental Section

General:

The solvents and reagents were of analytical reagent grade. Chloro-
form was dried over molecular sieves (3 A) prior to use. Boc-Gly-Gly-
Gly-OH, Boc-Phe-Phe-Gly-OH, and H-Phe-Phe-Phe-OH were pur-
chased from Bachem, unprotected dipeptides from Sigma, and
N-protected amino acids and chlorotrityl resin were purchased from
Nova Biochem. All amino acids were of the L configuration. Solid-
phase syntheses were carried out manually by using polypropylene
syringes with polyethylene filters. Melting points were measured on
a Buchi B-540 apparatus and are uncorrected. IR analysis was
performed on a Perkin Elmer Spectrum One FT-IR instrument by
using a solution cell (1.0 mm, F-05NT, NaCl windows) or the
attenuated reflection (ATR) technique. All routine 'H and '*C NMR
spectroscopy measurements were recorded on a Varian Inova 500, a
Mercury Vx400, or a Gemini300 instrument unless indicated
otherwise; all chemical shifts (0) are reported in ppm downfield of
tetramethylsilane.

NMR spectroscopy experiments: Spin - lattice relaxation times (T1)
were determined with an inversion —recovery pulse sequence and
spin—spin relaxation times (T2) were determined by using the Carr—
Purcell Meiboom -Gill pulse sequence. Both T1 and T2 relaxation
experiments were evaluated by exponential fitting of the exper-
imental data with the Varian VNMR software. The NOESY experiment
was performed with a short mixing time (100 ms) to minimize
artifacts caused by spin diffusion, which were found to be prevalent
at higher mixing times.

HPLC experiments: The following solvents were used for HPLC: 0.1 %
TFA in H,O (A); 0.1% TFA in CH;CN (B). HPLC analysis was performed
on a Waters system (600E pump and 996 PDA detector) on a
Symmetry 300 C4 5 um column. Gradient: initial 100% A; at 25 min
100% B; held at 100% B until 30 min; at 31 min 100% A; held at
100 % A until 40 min. High-resolution mass spectrometry (HRMS) was
performed in the positive fast atom bombardment (FAB*) mode with
meta-nitrobenzyl alcohol (m-NBA), poly(ethylene glycol) (PEG)-600,
and PEG-700 as the matrix.

IR and NMR spectroscopy solutions:

Peptide (as the tri-n-octyl ammonium salt): The peptide (60.5 umol)
was suspended in dry chloroform (5 ml). Tri-n-octylamine (26.4 pL,
60.5 umol) was added to dissolve the peptide. The suspension was
heated gently and sonicated for 5 min to create a clear solution. The
peptide NH- and CO-stretch regions were investigated by IR
spectroscopy (3200-3500 cm~' and 1600 - 1800 cm ', respectively).
(DAB-dendr-(NHCONHAGd),,): The fifth generation adamantyl urea or
thiourea modified poly(propylene imine) dendrimer?”? (0.8 umol)
was dissolved in dry chloroform (2 ml). The dendrimer NH- and CO-
stretch regions were investigated by IR spectroscopy (3200-
3500 cm~" and 1600 - 1800 cm~", respectively).

DAB-dendr-(NHCONHAd),, — peptide  complex: The  peptide
(24.2 pmol) and fifth generation adamantyl urea or thiourea modified
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poly(propylene imine) dendrimer (0.8 umol) were suspended in dry
chloroform (2 ml). The suspension was sonicated and heated gently
until a clear solution was obtained, which indicated the formation of
the dendrimer-peptide complex. The NH- and CO-stretch regions
were investigated by IR spectroscopy (3200-3500 cm~' and 1600 —
1800 cm~', respectively).

NMR solutions: These were made in a similar way to the solutions
above with deuterated chloroform as the solvent.

Synthesis:
Boc-Phe-Phe-Phe-OH®! (1):

H-Phe-Phe-Phe-OH (0.500 g, 1.09 mmol) was suspended in tetrahy-
drofuran (THF; 17 mL) and water (5 ml). Di-tert-butyl-dicarbonate
(0.260 g, 1.14 mmol) was added followed by 1m aqueous NaOH
(1.1 mL) to create a clear solution. The mixture was stirred for 3 h at
RT. THF was removed in vacuo, water (10 mL) was added, and the
aqueous layer was acidified with 10% aqueous citric acid (8 ml). The
aqueous layer was subsequently extracted with ethyl acetate (2 x
15 ml), and the combined organic layers were dried (Na,SO,) and
evaporated invacuo. Residual di-tert-butyl-dicarbonate was re-
moved by suspension of the residue in boiling diethyl ether followed
by removal of the supernatant. Yield: 0.440g (72%); mp: 187 -
188°C; 'HNMR (300 MHz, [D¢]DMSO): 6 =1.26 (s, 9H, tBu), 2.54-
3.10 (m, 6 H, CH,-benzyl), 4.09 (brs, q, 1H, C,), 445 (g, J=5.5Hz, 1H,
C.), 459 (m, 1H, C,), 6.85 (d, J=9.23 Hz, 1H, NH-Boc), 7.16 -7.26 (m,
15H, aromatic), 791 (d, /=797 Hz, 1H, NH-amide), 837 (d, J=
714Hz, 1H, NH-amide); *CNMR (75 MHz, [D;JDMSO): 6 =283,
36.9, 37.8, 38.0, 38.5, 53.5, 53.7, 56.0, 78.3, 126.3, 126.5, 126.7, 128.2,
128.4, 129.3, 129.6, 1376, 137.7, 138.3, 155.2, 171.1, 171.5, 172.9;
HRMS (FAB*): calcd: 560.2761 [MH'] (monoisotopic); found:
560.2758.

Boc-Ala-Gly-Gly-OH™??! (2): H-Ala-Gly-Gly-OH (0.50 g, 2.46 mmol) was
treated with di-tert-butyl-dicarbonate (0.59g, 2.58 mmol) and 1m
NaOH (2.5 mL) in THF (20 mL) and water (6 mL) in a procedure
analogous to that for 1. Yield: 0.260g (35%); mp: 170-172°C;
"H NMR (400 MHz, D,0): 6 = 1.20 (d, /=70 Hz, 3H, CH; (Ala)), 1.27 (s,
9H, tBu), 3.83 (s, 2H, C, (Gly)), 3.87 (s, 2H, C, (Gly)), 3.92 (g, /=77 Hz,
1H, C, (Ala)); *CNMR (125 MHz, D,0): 6 =16.8, 27.7, 41.2, 41.4, 42.4,
43.5, 51.1, 81.9, 1578, 172.1, 173.5, 177.1; HRMS (FAB"): calcd:
304.1509 [MH]* (monoisotopic); found: 304.1509.

Boc-Ala-Ala-Ala-OHBY (3): H-Ala-Ala-OH (0.50g, 3.12 mmol) was
suspended in THF (17 mL) and water (8 mL). Boc-alanine-N-hydroxy-
succinimide-ester (Boc-Ala-Osu; 0.89g, 3.09 mmol) was added,
followed by addition of 1m aqueous NaOH (3.2 mL). The mixture
was stirred for 3 h, which slowly created a clear solution. THF was
removed invacuo. The aqueous layer was acidified with 10%
aqueous citric acid (12 mL) and extracted with ethyl acetate (2 x
20 mL). The combined organic layers were dried (Na,SO,) and
evaporated in vacuo to afford crude Boc-Ala-Ala-Ala-OH as a sticky
solid. Impurities were removed by heating the compound in boiling
ethyl acetate (15 mL) and filtration of the warm suspension. Cooling
of the filtrate on ice crystallized the product to yield 0.30 g (29%) as a
white powder. Mp: 193-194°C (Ref.[30]: 183-184°C); 'HNMR
(300 MHz, D,0): 6 =1.20 (d, J=6.6 Hz, 3H, CH; (Ala)), 1.26-1.32 (m,
15H, tBu (9H), CH, (Ala) (6H)), 3.93 (g, J=7.14 Hz, TH, C, (Ala)), 4.21
(m, 2H, C, (Ala)); *CNMR (75 MHz, D,0): 6 =16.4-16.7, 27.7, 29.8,
48.9-50.5, 81.7, 1576, 174.7, 176.0, 176.8; HRMS (FAB"): calcd:
332.1822 [MH*] (monoisotopic); found: 332.1812.

Boc-Gly-Gly-Ala-OH (4): In a syringe equipped with a filter, 2-chloro-
trityl chloride derivatized polystyrene resin (0.600g, 0.5 mmol;
loading: 0.83 mmolg~') was made to swell in dry dichloromethane
(DCM; 5 ml). 9-fluorenylmethoxycarbonyl (Fmoc)-Ala-OH (0.187 g,
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0.600 mmol) was added, followed by diisopropylethylamine (DIEA;
0.413 mL, 2.400 mmol). The suspension obtained was shaken for
90 min at RT. The supernatant was removed by suction and then a
dichloromethane/methanol/DIEA (17:2:1) mixture (2x5ml, 2Xx
15 min) was added to cap the residual chlorotrityl groups on the
resin. The resin was washed with DCM (10 volumes) and dimethyl-
formamide (DMF; 5 volumes) then shrunk by MeOH (2 volumes). The
new loading of the derivatized resin was determined by Fmoc
quantification as follows: 2.9 mg (2.4 mmol theoretical loading) were
suspended in 20 % piperidine (pip) in DMF and shaken for 15 min. UV
absorption (A,s) was measured by using 20% pip in DMF as a
reference and gave a measured loading of 0.541 mmolg~'. The
N-terminal Fmoc protecting group was removed by 20 % pip in DMF
(3 + 17 min). The resin was washed with DCM (10 volumes) and DMF
(5 volumes). The Kaiser test gave a positive result, which indicated
the presence of free primary amine.’"” Fmoc-Gly-OH (0.60 g,
2.00 mmol), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU; 0.72g, 1.9 mmol), and N-hydroxy-
benzotriazole (HOBt; 0.27 g, 2.00 mmol) were dissolved in a DMF/
DCM (1:1) mixture (5mL; DCM prevents the resin shrinking upon
addition of aromatic reactants), and DIEA (0.67 mL, 3.9 mmol) was
added. After 5 min of preactivation the mixture was added to the
resin in the filter syringe. The mixture was shaken for 1 h at RT. then
washed with DCM (10 volumes) and DMF (5 volumes). The Kaiser test
now gave a negative result. Fmoc-deprotection followed by washing
(as above) gave a positive Kaiser test result. Boc-Gly-OH (0.35 g,
2.00 mmol), HBTU (0.72 g, 1.9 mmol), and HOBt (0.27 g, 2.00 mmol)
were dissolved in a DMF/DCM (1:1) mixture (5 mL) and DIEA (0.67 mL,
3.9 mmol) was added. After 5 min of preactivation the mixture was
added to the resin in the filter syringe. The mixture was shaken for
1 h at RT. and washed with DCM (10 volumes) and DMF (5 volumes).
The Kaiser test gave a negative result. The peptide was cleaved from
the resin by using 20% HFIP in DCM followed by evaporation
invacuo and crystallization from diethyl ether’? Yield: 0.070g
(71%); mp: 97-98°C; '"HNMR (300MHz, D,0): 6 =1.26-1.28 (m,
12H, tBu (9H), CH; (3H)), 3.66 (s, 2H, C, (Gly)), 3.82 (s, 2H, C, (Gly)),
423 (q,J=72Hz, 1H, C, (Ala)); *C NMR (75 MHz, D,0): 6 = 15.8, 27.1,
41.7, 43.1, 48.4, 81.4, 157.9, 170.5, 172.8, 176.2; HRMS (FAB™): calcd:
304.1509 [MH*] (monoisotopic); found: 304.1513.

Boc-Gly-Val-Val-OH (5): H-Val-Val-OH (0.50 g, 2.3 mmol) was suspend-
ed in THF (4 mL). Aqueous NaOH (0.092 g per 4 ml) was added to
create a clear solution. N-Boc-Gly-OSu (0.61 g, 2.25 mmol) was added
and the mixture was stirred overnight at RT. KHSO, (1m, 5 mL) was
added and the polar layer was extracted with ethyl acetate (3 x
10 mL). The organic layers were washed with brine (30 mL), dried
(Na,SO,), and evaporated invacuo. The residue was triturated
3 times from diethyl ether to give the product as a white crystalline
solid. Yield: 0.760g (90%); mp: 60-62°C; 'HNMR (500MHz,
[DgIDMSO): 6 =0.84-0.90 (m, 12H, CH, (Val)), 1.37 (s, 9H, tBu), 1.94
(sept, J=6.4 Hz, 1H, CH (Val)), 2.03 (sept, J=6.8 Hz, 1H, CH (Val)), 3.55
(d, J=6.0 Hz, CH, (Gly)), 4.07 (dd, J=6.0, 2.1 Hz, C, (Val)), 4.34 (dd, J=
6.4, 2.1 Hz, C, (Val)), 701 (brt, 1H, NH (Boc)), 7.50 (d, J=9.0 Hz, NH
(amide)), 8.02 (d, J=8.1Hz, NH (amide)); CNMR (125 MHz,
[DgIDMSO): 6 =15.2, 18.9, 19.3, 20.2, 21.9, 29.3, 30.7, 32.3, 44.5, 56.1,
579, 58.5, 60.9, 79.3, 170.2, 172.3, 173.9; HRMS (FAB*): calcd:
374.2291 [MH*] (monoisotopic); found: 374.2303.

Formation and cleavage of multiple-peptide - dendrimer com-
plexes: Boc-Gly-Gly-Gly-OH (3.5 mg, 12.1 umol), Boc-Ala-Gly-Gly-Gly-
OH (3.7mg, 12.1 umol), Boc-Gly-Gly-Ala-OH (3.7 mg, 12.1 umol), Boc-
Ala-Ala-Ala-OH (4.0 mg, 12.1 umol), Boc-Gly-Val-Val-OH (4.5 mg,
12.1 umol), Boc-Phe-Phe-Gly-OH (5.7 mg, 12.1 umol), and Boc-Phe-
Phe-Phe-OH (6.8 mg, 12.1 umol) were suspended in dry chloroform
(5 mL). DAB-dendr-(NHCONHAd)g, (56.0 mg, 3.0 umol) was added
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and the suspension was allowed to stand for 16 h at RT. to form a
clear solution. The mixture was filtered through a Gelman Acro-
disc 13 (0.45 um) filter, and eluted through a biobeads S-X3 column
with two void volumes of dichloromethane. The collected fractions,
which contained the peptide - dendrimer complexes, were evapo-
rated invacuo. The residue was taken up in a small volume of
dichloromethane (2 mL) and put on a dry silica plug. The silica was
eluted with a methanol/HFIP (9:1) mixture (20 mL) and the collected
mixture of free peptides was isolated by evaporation. The residue
was dissolved in methanol (10 mL) and the composition of the
mixture was analyzed by reversed-phase HPLC, with detection at
215 nm and 254 nm. Cleavage yields of peptides from the dendrim-
er: Boc-Gly-Gly-Gly-OH, 1.97 mg (56 %); Boc-Ala-Gly-Gly-OH, 2.53 mg
(68%); Boc-Gly-Gly-Ala-OH, 2.73mg (74%); Boc-Ala-Ala-Ala-OH,
3.11 mg (78%); Boc-Gly-Val-Val-OH 3.65mg (81%); Boc-Phe-Phe-
Gly-OH 2.72 mg (48 %); Boc-Phe-Phe-Phe-OH 5.13 mg (75 %).
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Enantioselective Binding and Stable
Encapsulation of a-Amino Acids in a Helical
Poly(L-glutamic acid)-Shelled Dendrimer

in Aqueous Solutions

Nobuyuki Higashi,* Tomoyuki Koga, and Masazo Niwa*®@

A novel water-soluble peptide-shelled dendrimer containing a
poly(i-glutamic acid) segment grafted on the third-generation
poly(amido amine) dendrimer was successfully synthesized, and its
secondary structural properties and interaction with a-amino acids
(Trp, Phe, and Tyr) were revealed by spectroscopic measurements.
In the lower pH region, this peptide — dendrimer adopted an a-helix
conformation with almost 100% helicity resulting from the three-
dimensional aggregation of the segment. Interactions with o.-
amino acids proceeded with positive cooperativity on the basis of a

Introduction

We report here the first synthesis of a water-soluble poly(L-
glutamic acid)-shelled dendrimer as a model protein, along with
its conformational properties and the specific binding of a-
amino acids.

Much attention has been focused on the molecular design
and synthesis of model proteins to clarify interactions involved in
protein folding™ 2 and to develop protein-based materials.’ 4
Protein tertiary structures can be viewed as assemblies of
secondary structural elements(for example, a helices, {3 strands,
and reverse turns). This model has been the basis for the design
of artificial proteins. A recent approach to protein design is to
use a rigid template molecule.™ ® A number of artificial proteins
have been prepared in aqueous solutions by attaching peptide
blocks to templates that direct the component helices into a
protein-like packing arrangement.”’'@ We have devised a
strategy in which purely synthetic polypeptides are aligned on
two-dimensional media'" such as water and Au surfaces. Poly(L-
glutamic acid) (PLGA) has been chosen as a structural element
because of its ease of synthesis and well-defined conformational
characteristics in water. The two-dimensionally organized PLGA
assemblies were expected to offer a field on which guest
molecules could be specifically captured. In fact, it has been
reported that surface monolayers carrying oligopeptide moieties
as polar head-groups can bind guest peptides specifically.'? In
addition, enantiomeric permeations of a-amino acids were
accomplished through thick polymer films based on an a-helical
PLGA with the oligo(oxyethylene) side chain™ and a bundle
structure of helical PLGA templated with phosphazene.'¥ In
these papers, the authors emphasized the importance of the
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Hill plot, and as a result, o isomers preferentially bound to the a-
helical segments relative to L isomers. The bound a-amino acids
were not released into the water phase but were transferred into
the inner core of the dendrimer where they remained stable, even
when a conformational change of the helix segment was caused by
pH variation.

KEYWORDS:

amino acids - enantioselectivity - encapsulation - dendrimers
- poly(L-glutamic acid)

assembled structure of PLGA helices to the enantioselectivity.
We have discovered that the monolayer of an amphiphilic PLGA
can capture a-amino acids enantioselectively, while the laterally
attenuated monolayer with a PLGA segment free amphiphile
leads to less selectivity.'™ More recently, we proposed an
assembly of poly(y-benzyl-.-glutamate) on a three-dimensional
dendrimer template as a new approach to model protein
structure.'® Several groups have also described the synthesis of
peptide —dendrimers.'7-2°! These studies are important, espe-
cially in view of artificial protein technology.

Dendrimers are hyperbranched macromolecules with a very
high concentration of surface functional groups.?" A variety of
dendrimers have been developed by introducing functionalities
into these terminal groups. For instance, dendrimers terminated
with an amino acid,?® a sugar,®® and a perfluoroalkyl®? or
alkyl®! chain show encapsulation functions towards guest
molecules. In view of their biological and pharmaceutical
applications, dendrimers are highly effective agents for the
delivery of genetic materials into a variety of cell lines.? Another
structural feature of dendrimers is the high degree of control
over molecular weight and shape. The diameters of the spherical
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dendrimers range from 3-10 nm.2" Taking account of these
features in shape, the polypeptide-attached dendrimer would
become a more relevant candidate for model proteins. As a
protein model in aqueous media, amphiphilic polypeptides that
can spontaneously form assemblies in water, such as micelles
and vesicles, have been widely used.?”28 Unfortunately, the
stability of such self-assemblies may be inferior to that of
covalently assembled dendritic molecules.

The aim of the present study is, therefore, to prepare a water-
soluble polypeptide-based dendrimer that can adopt an a-
helical conformation without losing its applicability as a specific
encapsulation system for biomolecules such as a-amino acids.
For this purpose, a novel peptide-shelled dendrimer (G3-PLGA)
has been prepared, which contains the PLGA segment (n=34;
Figure 1) as the receptor moiety for a-amino acids grafted onto
the periphery of the third generation poly(amido amine)
dendrimer (G3-NH,). The segment length (n) must be long
enough to take the a-helical conformation. The conformational
properties of the peptide-shelled dendrimer were examined at
different pH values by using circular dichroism (CD) spectros-
copy. The dendrimer was found to capture a-amino acids
enantioselectively and to incorporate them stably into the
dendrimer core.

(o] H
{IIH l)
c n

O=>~0H

G3-PLGA (n = 34)

Figure 1. Spherical model of poly(i-glutamic acid)-shelled dendrimer G3-PLGA
(n=234).

Results and Discussion
Secondary structure and molecular size of G3-PLGA in water

The secondary structure of G3-PLGA in aqueous solution was
first examined by CD spectroscopy. Figure 2 A shows CD spectra
measured at various pH values. At pH 3.9, the spectrum gives a
typical pattern of right-handed helical polypeptides with two
negative peaks at 208 and 222 nm. By elevating the pH value to
8.9, the spectrum changes to that of random coil structure with a
broad positive peak at 217 nm. These spectral changes with pH
value are found to proceed through an isodichroic point at
around 204 nm. Figure 2B displays the pH-dependence of the
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Figure 2. A) CD spectra of G3-PLGA in water at various pH values. B) The pH
dependence of the helix content for G3-PLGA (e) and Pr-PLGA (o). The unit
concentration of L-glutamic acid is constant at [Glu,,,] =5 X 10~ m.

helix content that was evaluated on the basis of the molar
ellipticity per a-amino acid residue at 222 nm.??! In the lower pH
region (<5), G3-PLGA adopts an a-helical conformation with
almost 100 % helicity. The helix content decreases steeply in the
relatively narrow pH range of 6.5-7.0 as a result of the
conformational transition of PLGA segments from helix to coil.
In this figure, the data for linear Pr-PLGA, which was prepared by
propylamine-initiated polymerization of y-benzyl-L-glutamate-
N-carboxy-anhydride (BLG-NCA) and subsequent debenzylation,
is included for comparison. The helix content/pH value curve for
Pr-PLGA is apparently shifted to the lower pH side, compared
with that for G3-PLGA, and the conformational transition of Pr-
PLGA takes place in the broader pH range of 45-6.5. In
addition, it should be noted that the helix content of G3-PLGA is
much higher than that of Pr-PLGA at pH4.0. These results
strongly suggest that the apparent pK, value of the COOH group
of the PLGA segment increased due to the segment interaction
induced by attaching the segment onto the dendrimer surface;
as a result, the helical conformation of G3-PLGA would be more
stabilized than that of Pr-PLGA, which might not interact over
each other. Furthermore, such an aggregation of PLGA segments
would significantly contribute to the enhancement in helicity.

The variation in molecular size of G3-PLGA with pH value was
subsequently examined by a dynamic light scattering (DLS)
technique. Figure 3 shows the pH dependence of the G3-PLGA
particle size (diameter). The observed particle size in the lower
pH region (<6), in which G3-PLGA adopts an a-helical
conformation, is about 13 nm. This value is in agreement with
the theoretical value of 13.2 nm that was calculated by using the
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Figure 3. pH Dependence of the diameter of G3-PLGA measured in water at
20°C by means of a dynamic light scattering.

diameter of the G3-NH, core (3.0 nm) estimated by DLS and the
segment length of PLGA that was evaluated by assuming a
complete a-helix conformation; the helix length with n =34 can
be computed by using the occupied length (0.15 nm) of one a-
amino acid residue along the helix axis. With increasing pH value,
the particle size increased sigmoidally and reached a value of
about 17 nm. The steep increase observed at around pH 7 must
be assigned to the conformational transition of the PLGA
segment, since such a pH region is in fair agreement with that
observed in the pH dependence of the CD spectra. Therefore,
the larger particle size at higher pH values after transition would
be due to the extended random coil conformation of the PLGA
segment.

Enantioselective binding of #-amino acids to G3-PLGA

The helical G3-PLGA was subjected to binding experiments of a-
amino acids of tryptophan (Trp), tyrosine (Tyr), and phenyl-
alanine (Phe), all of which have an aromatic ring in the side chain.
The interactions were examined by mixing G3-PLGA (4.6 x
1072 um) with o- or L-amino acids. The amino acid concentration
was up to 2 mm on the basis of an equilibrium-binding experi-
ment described later. The pH value was adjusted to 4.0 during
the experiment because at this pH value the PLGA segment
would adopt an a-helix conformation, and at pH 8.0, where the
PLGA segment took anionic random coil structure, no binding of
a-amino acids to the G3-PLGA had been observed. After an
appropriate incubation, the solution was dialyzed to remove
unbound a-amino acids prior to spectroscopic measurements.
Figure 4 displays a typical fluorescence spectrum of the G3-
PLGA solution, mixed with bp-Trp, in the dialysis tube. The
emission of Trp is clearly observed at 330 nm. When the same
dialysis experiment was carried out in the absence of G3-PLGA,
no emission of Trp was observed in the spectrum. Furthermore,
the observed emission maximum of 330 nm markedly shifted to
a shorter wavelength (354 nm) than that for Trp in bulk water. It
has been known for the emission maximum (4., of Trp to be
considerably affected by its microenvironment. Maste et al.5
have proposed a classification for the microenvironment of Trp
in proteins: 1) Trp residues are placed at a hydrophobic site in
the protein (4., =330 nm), 2) Trp residues are placed at a site in
which they partly contact water (4.,=340nm), and 3)Trp
residues are placed at a site in which they are completely
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Figure 4. Fluorescence spectra of p-Trp, excited at 270 nm, in water at pH 4.0
(----) and in G3-PLGA aqueous solution at pH 4.0 (—).

exposed to water (A, =354 nm). We can therefore conclude
that the G3-PLGA-bound Trp would be present in a hydrophobic
environment.

The value of fluorescence depolarization (P), which is closely
related to the surrounding microviscosity of the fluorescent
molecule, for the bound b-Trp (0.19) was found to be much
larger than that of b-Trp in bulk water (0.02), which indicates
tight binding of p-Trp to G3-PLGA. The G3-PLGA-bound L-Trp
gave a similar P value of 0.17. The amounts of G3-PLGA-bound
Trp were then evaluated by using the absorbance difference of
Trp at A, in UV spectra before and after binding of Trp; these
were 4.2 mm for p-Trp and 2.1 mm for L-Trp and can be converted
into the number of bound Trp molecules, 91 and 46 per G3-
PLGA molecule, respectively. This means that o-Trp binds to G3-
PLGA by a factor of 2 times more preferentially than L-Trp. When
the same experiment was performed with G3-NH,, no binding of
Trp was observed. Thus, Trp binds to the PLGA segments at the
dendrimer surface.

The selectivity of b and L isomers is estimated as a ratio (R) of
the amount of bound b to bound L isomer and is listed in Table 1,
together with the data for Phe and Tyr. For each a-amino acid
employed, G3-PLGA is found to capture b isomers preferentially,
although the value of R varies depending on the kind of a-amino
acid. This effect on the R value is supposed to be due not only to
steric factors but also to differences in hydrophobicity of the a-
amino acid side chains. In fact, our previous work,2" in which a

Table 1. Enantioselective interaction between G3-PLGA and a-amino acids.

a-Amino  Enantiomer  [Bound a-amino acids]  R®  Hydropathy®!
acids [1m] [kJ mol-]
Phe D 9.5 30 25

L 3.2
Trp D 4.2 20 1.5

L 2.1
Tyr D 8.3 1.5 0.08

L 5.7

[a] R is the ratio of the amount of G3-PLGA-bound b isomer and that of L
isomer. [G3-PLGA] =4.6 x 10~2 um. [b] Free energy changes for the transfer
of amino acid side chains from a hydrophobic to a hydrophilic phase.
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two-dimensional assembly of a helices at the air-water inter-
face (instead of G3-PLGA) was used to examine interaction with
a-amino acids, emphasized the importance of a hydrophobic
atmosphere in enhancing the enantioselectivity. Table 1 includes
the value of hydrophathy that indicates a hydrophobicity scale
corresponding to the free energy for the transfer of the side
chain from an apolar to a polar environment.?? A larger value of
hydrophathy implies that the side-chain group is in a more
hydrophobic atmosphere. The observed R value is in the same
order as that of hydrophathy, which strongly suggests that
hydrophobic interaction plays an important role in bringing
about such selectivity.

Positive co-operativity in Trp binding to G3-PLGA

The equilibrium ligand (o-Trp) binding experiments have been
carried out at constant G3-PLGA concentration and increasing
ligand concentrations. Figure 5A shows the titration of a
constant concentration of G3-PLGA (4.6 x 102 um) with increas-
ing Trp concentrations. The titration curves show saturation
behavior at a b-Trp concentration above 2 mm, which indicates
that the G3-PLGA dendrimer provides a specific binding site. The
result was analyzed by using the Hill plot,33
according to Equation (1) where N is the
maximum number of b-Trp residues that can
bind to G3-PLGA (the number of binding
sites per G3-PLGA molecule), v is the
number of bound b-Trp residues per G3-
PLGA molecule, [L] is the free ligand (o-Trp)
concentration, K is the apparent affinity
constant, and c is the Hill coefficient as the
index of cooperativity.

A T

3601

3501

3401

Emission maximum ( Agm)
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Figure 5B shows the Hill plot. The slope of
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Figure 5. A) Binding curve of p-Trp to G3-PLGA ([G3-PLGA] =4.6 x 1072 um) at
pH 4.0. B) A Hill plot as described in Equation (1) in the text.
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this plot (c) is 1.50, a figure that suggests J é
that o-Trp binds to G3-PLGA with consid-
erable positive cooperativity. Such a coop-
erative binding is probably due to the
characteristic shape of G3-PLGA, in which
the helical rods are radially aligned on the

three-dimensional core surface.

Conformational effect of PLGA segments on dendrimer-
bound Trp

In view of the stable encapsulation of a-amino acids into G3-
PLGA, it is important to elucidate the effect of conformational
change of PLGA segments that was caused by varying the
surrounding pH value as described above. Figure 6 displays the
pH dependences of fluorescence properties (such as emission
maximum (4..,), fluorescence intensity, and fluorescence depo-
larization (P)) of the aqueous solution containing G3-PLGA-
bound p-Trp. The fluorescence data for free p-Trp residues are
also included for comparison. The free p-Trp has strong pH
dependence in 4., and fluorescence intensity, but no pH
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Figure 6. A) pH Dependence of emission maximum, B) fluorescence intensity, and C) fluorescence
depolarization of Trp in G3-PLGA aqueous solution (e) and in pure water (0).

dependence in the P value; with increasing pH values, 4.,
exhibits a marked red-shift and fluorescence intensity gives a
maximum at around pH10. This spectral behavior can be
assigned to the microenvironmental change of Trp, which
corresponds to the differences in its ionized state and quantum
yield.B4 When the pH value was lowered, these values returned
reversibly to their original ones. On the other hand, the pH
dependences of fluorescence spectra for G3-PLGA-bound b-Trp
are quite different from those for free o-Trp. Focusing on A, and
P values, they exhibit a drastic red-shift and a steep decrease,
respectively, with elevating pH values, in particular at pH6-9
where the PLGA segment of G3-PLGA has a conformational
transition from a helix to ionized coil. These variations are found
to be irreversible, that is, the values at higher pH values were
maintained and did not return to their original ones even when
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the pH value was lowered to 4.0. It is known that 4., and P value
indicate microenvironment and microviscosity of p-Trp, respec-
tively. Thus, the result suggests that the increase in pH value
makes the surrounding environment of bound b-Trp more
hydrophilic and more fluid (easier in molecular motion). In the
higher pH region, above pH 7, the side-chain COOH groups of
G3-PLGA are deprotonated and behave as anions, and p-Trp also
becomes anionic since its isoelectric point (p/) is 5.8. It is,
therefore, presumed that in such a pH region the anionic p-

Trp will be released from the ionized G3-PLGA into the bulk

phase owing to electrostatic repulsion. However, the A)

observed spectroscopic data for A, and P value (A.,=
337 nm, P=0.13 at pH12) in aqueous G3-PLGA were
considerably different from those (i.,=364nm, P=0.03
at pH 12) in the bulk. The fluorescence intensity in aqueous
G3-PLGA also exhibited a reverse trend to that in the bulk
with elevating pH value. These results strongly suggest that
p-Trp did not move into the bulk water phase, but
preferentially moved into the inner core of the dendrimer.

To prove such a transfer of o-Trp within G3-PLGA, the
fluorescence properties of o-Trp (5.0 um) were examined in
the presence of PLGA segment free G3-NH, at pH 10.
Figure 7 displays the G3-NH, concentration dependence of
Aem, fluorescence intensity and P value. At pH 10, G3-NH,
would be completely free because the pK, values for the
tertiary amine at the core and the primary amine at the
surface are 3.9 and 6.9, respectively.2'@ With increasing G3-
NH, concentration, a blue-shift of A, and an enhancement
in P value are observed, which implies that the micro-
environment of p-Trp becomes more hydrophobic and
viscous than that in bulk due to encapsulation in the inner
part of G3-NH, dendrimer. The observed decrease in
fluorescence intensity must be due to concentration effect
and/or quenching by interaction with the tertiary amine
groups of the dendrimer core.® Interestingly, the values of
both fluorescence intensity and P are very close to those for
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Figure 7. A) Fluorescence intensity and fluorescence depolarization and B) emis-
sion maximum of p-Trp in G3-NH, aqueous solutions at various concentrations.
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G3-PLGA-bound p-Trp in the higher pH region (>10). These
spectral features again support the transfer of bound p-Trp into
the inner core, induced with the conformational change of the
PLGA segment, and they allow us to propose a transfer
mechanism as follows (Figure 8). In the lower pH region (<5),
the Trp and PLGA segment interact with each other without any
electrostatic factor since their p/ and pK, values are 5.8 and
approximately 7, respectively, as described above. Increasing the

Electrostatic

PLGA segment C) repu)s_ion .

-COOH —>» -COO"

Figure 8. A possible mechanism for the shift in position of Trp within G3-PLGA, caused
by the conformational change of PLGA segments.

pH value up to 7 causes both the Trp and PLGA segment to
become anionic. It can be expected that the core side of the
PLGA segment is more hydrophobic than the water-facing side
because of the characteristic molecular shape of G3-PLGA, in
which PLGA segments are radially aligned on the core (G3-NH,)
surface. Therefore, the ionization of the PLGA segment should
commence on its water-facing side. The anionic layer thus
formed (Figure 8C) would protect the anionic Trp from release
into the water phase and would at last drive Trp into the core
side. Even when the conformation of the PLGA segment
(random coil) was again converted into an a helix by lowering
the pH value, Trp remained at the core position.

Conclusion

The present study has described the preparation of a water-
soluble helical peptide shelled dendrimer (G3-PLGA) and its
enantioselective binding and stable encapsulation of a-amino
acids. In particular: 1) G3-PLGA adopts an a-helix conformation
with over 95% helicity in acidic solutions, and at higher pH
values has a drastic conformational change to an ionized coil
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structure accompanied by an expansion in the molecular size,
2) the equilibrium ligand (a-amino acid) binding experiments
indicate that G3-PLGA possesses a specific binding site and its
process shows positive cooperativity, 3) G3-PLGA has the ability
to encapsulate p-a-amino acids preferentially and this enantio-
selectivity strongly depends on their hydrophobicity, 4) G3-
PLGA-bound amino acids are not released into the outer water
phase but are transferred into the dendrimer core by the
conformational change of the PLGA segments to an ionized coil
structure at increasing pH values.

We believe that these findings are of importance not only for a
model of higher-order protein structure, but also for a new
approach to encapsulation systems of biomolecules based on
the characteristic molecular shape of such a peptide-shelled
dendrimer.

Experimental Section

Synthesis of poly(L-glutamic acid)-shelled dendrimer: The poly(L-
glutamic acid)-shelled dendrimer (G3-PLGA) (Figure 1) was prepared
according to Scheme 1. Graft polymerization of BLG-NCA was carried
out from the primary amino groups of the third-generation
poly(amido amine) dendrimer (G3-NH,) surface. In the *C NMR
spectra of the polymerized products, no peaks corresponding to the
a and S carbons of unreacted terminal amino groups of G3-NH, were
observed, while those of G3-NH, appeared at 6 =41 and 42 ppm,
respectively. This means that graft polymerization proceeded from all
of the terminal amino groups located at the G3-NH, surface. In
addition, the degree of polymerization of the polypeptide segment
(n) was controlled by adjusting the feed-ratio of monomer (BLG-NCA)
to initiator (terminal primary amino groups). As a result, the poly-

L)

HBr/CH3COOH

G3-PLGA

(y-benzyl-L.-glutamate)-modified dendrimer (G3-PBLG, n=34; poly-
dispersity: M,/M,=1.02, which was evaluated by means of size
exclusion chromatography and matrix-assisted laser desorption/
ionization time of flight (MALDI-TOF) mass spectroscopy) was
successfully obtained. A detailed description of the synthesis of
G3-PBLG has appeared elsewhere.'® G3-PBLG (1.0 g) thus obtained
was dissolved in 5% HBr in acetic acid (50 mL), and stirred for 4 h at
45°C. The reaction mixture was then poured into a large amount of
diethyl ether, and the precipitate was washed with diethyl ether
repeatedly and dried. To remove the benzyl groups completely, the
same reaction procedure was repeated twice. The structure of G3-
PLGA was confirmed by means of 'TH NMR spectroscopy on the basis
of the disappearance of the proton signals of the benzyl groups at
0=>5.05 and 7.25 ppm.

Dynamic light scattering (DLS) measurement: Samples were
filtered through Millex-VV filters (with pore sizes of 100 nm, Millipore
Ltd.) to remove dust particles in solutions prior to the DLS
measurements. DLS measurements were performed in water at
20°C on a DLS 7000 spectrometer (Otsuka Electric Ltd., Japan)
equipped with a He—Ne laser (632.8 nm). The pH value of the sample
solution was adjusted with 1m aqueous HCl or 1m aqueous NaOH.
Scattered light from the sample was analyzed at an angle of 90° from
the incident light. The nonnegatively constrained least-squares
(NNLS) method was used for correlation analysis to obtain diameter
probability distribution functions. The correlation analysis affords
directly the diffusion coefficients, from which diameters were
calculated by using the Stokes - Einstein relationship.

Circular dichroism (CD) and fluorescence spectroscopy measure-
ments: CD spectra of G3-PLGA in water were recorded on a
J-720 spectropolarimeter (JASCO Ltd., Japan) under a nitrogen
atmosphere ([Glu unit]=5.0 x 10-°m). The pH value of sample
solutions was adjusted with 0.01m aqueous HCl or 0.01m aqueous
NaOH. Experiments were performed in a quartz cell with 10 mm path

H
O,
\/\NHZ [o)
propylamine OV@
(Pr-NH,)
BLG-NCA

1
\/\NH+TL H—H—)M—H

A

HBI/CHzCOOH

@]

-~

\/\H—éﬁ-CH—ﬁ I

Hi (6]

Pr-PLGA

Scheme 1. Synthesis of the dendrimer G3-PLGA and the corresponding linear peptide Pr-PLGA. The PLGA segment length (n) of G3-PLGA and Pr-PLGA are controlled

to be 34.
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length at room temperature. Fluorescence spectra were measured
on an FP-770 fluorescence spectrophotometer (JASCO Ltd., Japan)
equipped with polarizers, at an excitation wavelength of 270 nm.
Experiments were performed in a quartz cell with 10 mm path length
at room temperature. The fluorescence depolarization value (P) was
calculated from Equation (2) where /I, and I, are the fluorescence
intensities for the vertical and horizontal components when excited
with vertically polarized light and G is a factor for the instrumental
correction (that is, G=1l,,/l).

P=(l,, — Gl,)/(l,,+ Gl,) )

Binding experiment of ¢-amino acids: The p- or L-tryptophan (Trp),
phenylalanine (Phe), and Tyrosine (Tyr) were purchased from Wako
Pure Chemical Industries Ltd. and used without further purification.
The binding experiment of a-amino acids was carried out as follows.
The p- or L-amino acids (Trp, Phe, Tyr) (2 mm) were mixed with G3-
PLGA ([G3-PLGA] =4.6 x 102 um) in water (pH 4.0) for 5 h at 25°C.
After incubation, the solution (5mL) was dialyzed with water
(500 mL, pH4.0, 2h x 5) with a porous membrane tube (Viskase
Co., cellulose, 24 A, molecular weight cut-off (MWCO) = 12000). In
control experiments with G3-NH, instead of G3-PLGA, a cellulose
tube with MWCO =3500 was used for dialysis. The interaction
between a-amino acids and G3-PLGA was evaluated by means of UV
(Shimazu UV-2100) and fluorescence spectroscopy. The amount of
G3-PLGA-bound a-amino acid was estimated from an absorbance
difference at A, of each a-amino acid (Trp: A,,,=219nm, e¢=
33994m 'em™'; Phe: A,,,=206nm, e=8343 M 'cm; Tyr: A=
223 nm, e =8456 m~'cm™") in UV spectrum before and after binding
of a-amino acid.

This work was supported in part by the “Hybrid Nano-Structure
Materials and Their Application” project at the High Technology
Center at RCAST of Doshisha University and a grant-in-aid for
Scientific Research from the Ministry of Education, Culture, Sports,
Science, and Technology of the Japanese Government.
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A Virtual Screening Method for Prediction
of the hERG Potassium Channel Liability of

Compound Libraries

Olivier Roche, Gerhard Trube, Jochen Zuegge, Pascal Pflimlin, Alexander Alanine,

and Gisbert Schneider*!

A computer-based method has been developed for prediction of
the hERG (human ether-a-go-go related gene) K*-channel affinity
of low molecular weight compounds. hERG channel blockage is a
major concern in drug design, as such blocking agents can cause
sudden cardiac death. Various techniques were applied to finding
appropriate molecular descriptors for modeling structure — activity
relationships: substructure analysis, self-organizing maps (SOM),
principal component analysis (PCA), partial least squares fitting
(PLS), and supervised neural networks. The most accurate pre-

Introduction

The K* channel encoded by the human ether-a-go-go related
gene (hERG or KCNH2) gives rise to the rapid component of the
delayed rectifier K*-channel current, l,. The hERG K channel
plays a crucial role for normal action potential repolarization in
the heart. It has been used as a therapeutic target for class-lll
anti-arrhythmic agents, but a wide range of noncardiac drugs
also inhibit the hERG K* channel, resulting in a drug-induced
long QT syndrome (LQTS) that can cause sudden cardiac death.
This potentially lethal side effect is a major issue for the
development of any new drug, since it has been shown that
various molecules, such as antihistamines, psychoactive agents,
calcium antagonists, and antimicrobials, can inhibit the hERG
Kt channel® It is therefore important to assess the hERG
blocking potential of novel chemical structures as early as
possible during the drug discovery process. The only precise
method for determination of the compounds’ potencies in K-
channel inhibition, is patch-clamp electrophysiology, which is
time-consuming and labor-intensive. Higher-throughput meth-
ods, such as radioligand binding or detection of membrane
potential changes by fluorescent dyes, are indirect and not very
reliable. With the aid of a large set of compounds tested by patch-
clamping over several years of research, we have now developed
a fast, computer-based, virtual screening method for the pre-
diction of the hERG blocking potential of new compounds.

Results and Discussion
Data generation and compilation

The experimental data generation process has been performed
over the past three years. A standardized patch-clamp procedure

ChemBioChem 2002, 3, 455-459 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

diction system was based on an artificial neural network. In a
validation study, 93 % of the nonblocking agents and 71 % of the
hERG channel blockers were correctly classified. This virtual
screening method can be used for general compound-library
shaping and combinatorial library design.

KEYWORDS:

bioinformatics -

combinatorial chemistry -
neural network - structure —activity relationships

drug design -

was used to compile a unique homogenous data set containing
hERG K*-channel inhibition data for 472 compounds. The aim
was to establish a structure —activity relationship (SAR) model.
We grouped the data set into three classes:

Class 1: 96 compounds with 1C5, < 1 um (low 1Cg),

Class 2: 148 compounds with 1Cs, > 10 um (high 1Cs), and

Class 3: 228 compounds with 1 um <1Cs, < 10 um (medium 1C).

Class 1 included some potent hERG K*-channel blockers
known from the literature and retested in our laboratory:
cisapride, dofetilide, E-4031, haloperidole, and terfenadine.

The first approach was to consider all available information by
using all three classes of compounds for SAR modeling.
Unfortunately, this approach completely failed to produce a
useful scoring scheme. This is most probably due to the error
range of the experimental results (up to twofold), which tends to
give rise to an “ill-posed” problem; molecules with similar
features are classified into different classes (low, medium, high).
To avoid this problem, we followed the “likeness concept”, which
only uses the extremes of the data set (high and low IC;, classes);
this resulted in 244 nonredundant compounds.”
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For model validation we compiled from the literature a set of
38drugs with known hERG K'-channel IC;, values. As the
experimental conditions for measuring 1Cs, values for these
drugs can be quite diverse, possibly resulting in significant

Table 1. IC, values and prediction scores of 38 drugs.

Name 1Cs [m] Score Name 1Cs0 [m] Score
Astemizole 0.001 0.03 Loratadine 0.17 0.80
Azimilide 0.6 0.78 MdI74156 12.1 1.00
Bepridil 0.55 0.01 Mexiletine >10 0.92
Ciproflozacin 966 0.94 Mizolastine 035 0.76
Clarithromycin 720 1.00 Mk-499 0.032 1.00
Demethylastemizol 0.001 0.01 Moxifloxacin 129 0.85
Diltiazem 17 1.00 Nifedipinde > 50 1.00
Domperidone 0.16  0.05 Nitrendipine >10 1.00
Droperidol 0.032 0.03 Olanzapine 02 042
Ebastine 0.14 0.01 Ondansetron 081 0.63
Erythromycin >10 1.00 Pimozide 0.018 0.01
Gatifloxacin 130 0.88 Risperidone 0.14 0.02
Glibenclamide 74 0.93 Sertindole 0.014 0.74
Glimepiride > 500 0.82 Sildenafil 30 0.15
Grepafloxacin 44 0.79 Sparfloxacin 18 0.78
Halofantrine 02 005 Sulfamethoxazole 10000 0.91
Isradipine >10 0.96 Trimethoprim 240 0.98
Ketoconazole 49 1.00 Verapamil 08  0.02
Levofloxacin 915 0.81 Ziprasidone 015 0.22

differences in the results, these values were only used as an
independent validating set, and not for elaboration of the
prediction scheme (Table 1). An additional set of 57 compounds,
which originated from other patch-clamp experiments per-
formed at Roche, was also used for validation.

Several techniques were applied to the identification of
appropriate molecular descriptors for SAR modeling: substruc-
ture analysis, self-organizing maps (SOM), principal component
analysis (PCA), partial least squares fitting (PLS), and supervised
neural networks.

Substructure analysis

With the aid of the commercially available software tool
LeadScope (release 2RC1), we tried to identify substructures
capable of discriminating between hERG K*-channel blockers
(Class 1, low IC5,) and nonblockers (Class 2, high 1C,,). LeadScope
describes compounds in terms of approximately 27000 prede-
fined structural features and displays their distribution by means
of separate histograms. Prevalent structural elements that might
be characteristic of the data sets were manually selected from
the program output. Strikingly, we were not able to identify
individual substructures exclusively present in either one of the
extremes. Nevertheless, some weak trends were revealed: pairs
of hydrogen-bond donors separated by six bonds were present
in 57 % of the nonblocking agents and 30% of the blockers, and
benzenesulfonyl groups were found in 20% of the nonblockers
but in only 2% of the blockers. It must be stressed that 1-R-4-
alkyl-benzene moieties (where R =any atom) were also found in
49% of the blockers. This observation suggests a general
structural bias in the data rather than individual substructure
differences that are meaningful characteristic features of hERG
K*-channel blockers or nonblockers. A more extensive analysis
based on additional molecular descriptors was therefore required.
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Descriptor generation and selection

A large number of different descriptor types was generated in
order to capture relevant molecule features. We first analyzed
general properties of the data (Table 2). The only significant
difference was found for the calculated octanol/water partition
coefficient computed by the clogP routine.” Blocking molecules
(low 1Cs) tend to be more lipophilic than nonblocking agents. It
should be stressed that increasing lipophilicity usually increases
binding to protein receptors, which is a general phenomenon
not restricted to the hERG channel. This feature alone is not
sufficient for classification, so additional sets of descriptors were
computed:
@ One-dimensional (1D): 120 atom types defined by Ghose and
Crippen (GC descriptors),®®! 78 TSAR descriptors,”? and pKal®
e Two-dimensional (2D): 150 topological CATS descriptors!®
e Three-dimensional (3D): 56 VolSurf descriptors!'®
® 853 DRAGON descriptors including the BCUT, WHIM, 2D-
autocorrelation, 3D-MoRSE, and Getaway descriptors!'

Table 2. Properties of the training data.

Properties hERG K*-channel affinity
high 1C5,® low 1C5o@

molecular weight 333 (72) 345 (45)
lipophilicity (clogP)®! 2.70 (1.16) 428 (1.12)
number of hydrogen-bond donors 1.68 (1.11) 1.47 (0.75)
number of hydrogen-bond acceptors 4.96 (1.79) 3.59 (1.24)
drug-likeness score® 0.71 (0.24) 0.77 (0.20)
“frequent-hitter” score® 0.18 (0.29) 0.11 (0.19)

[a] Values in parentheses are the standard deviations.

For the three-dimensional descriptors, the molecular confor-
mations were generated and optimized with the programs
Corina and Cosmic respectively, as part of the TSAR3.21
program.” In total, 1258 descriptors were generated. The SOM
technique was applied to identify a relevant descriptor subset.
The SOM approach generates a topology-preserving nonlinear
mapping of a high-dimensional space to a low-dimensional
space.l'? In this case the 1258-dimensional descriptor space was
projected onto the plane, and the standard Matthews correla-
tion coefficient for binary data, cc, was used to estimate the
classification ability of the map [Eq. (1)].' 3

(NP) — (OU)

T J/NTONTUPTOPLU M

In Equation (1), N, P, O, and U are the numbers of true negative
(low 1Csy; Class 1 compounds), true positive (high 1Csy; Class 2
compounds), false positive, and false negative predictions,
respectively. A perfect prediction gives a correlation coefficient
of 1.

The highest classification accuracy (cc=0.70) was observed
for the VolSurf and GC descriptors (Figure1). The other
descriptors gave values of: CATS: cc=0.68, WHIM: cc=0.61,
Getaway: cc=0.57, 3D-MoRSE: cc=0.60, all 853 DRAGON de-
scriptors: cc=0.58. For reasons of simplicity and calculation
speed, the GC descriptors were kept for further study.

ChemBioChem 2002, 3, 455 -459
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Figure 1. Self-organizing map (SOM) projection of the compound distribution in
a high-dimensional space spanned by 120 GC descriptors. 10 x 10 clusters were
formed. A) Density of high ICs, compounds (white = none, black = many).

B) Binary classification of chemical space; high IC;, compounds area in black, low
ICs, compounds area in white. The map forms a torus, as illustrated by the (2 x 2)
replicas of the maps (lower row). The map does not contain empty neurons.

Linear prediction model

Having found a useful molecular representation for the given
prediction task, PCA was performed to extract a small set of
orthogonal factors describing the data distribution as defined by
the raw GC descriptors."™ From the PCA, seven outliers were
identified (six nonblockers and one blocker). After this step, a PLS
model—a multivariate linear regression technique—was elabo-
rated to obtain a first prediction scheme. The SIMCA-P software
package was used for this purpose.l'™ To estimate the stability of
these models to outliers, we compared the ranking of the
descriptors extracted with the variable influence on projection
parameters (VIP) values computed by SIMCA-P with respect to
the removal of the outliers identified by PCA. Variable ranking
was not significantly affected by outliers, a fact which suggests
that the solution may not be critically influenced by extreme raw
data values. The best linear prediction tool derived from the PLS
correctly reclassified 84% of the nonblocking compounds, but
only 77% of the blocking agents, thereby yielding a binary
Matthews correlation coefficient of ccining = 0.61. This value is
low for reclassification, which indicates that a linear model might
not be appropriate for discriminating between potent hERG
K™ blockers and nonblockers on the basis of the particular
descriptor set chosen.

Nonlinear prediction model

The next step was a nonlinear prediction method, as given by a
supervised neural network system. Three-layered supervised
neural networks were used to find a discriminating scheme
between hERG K*-channel blockers and nonblockers. Such

ChemBioChem 2002, 3, 455 - 459

systems are universal function estimators suited for quantitative
structure - activity relationship (QSAR) modeling.'"® In our case,
their architecture contained an input layer (fan-out units), one
hidden layer (sigmoidal units), and a single sigmoidal output
unit.'”? These networks were trained by an evolutionary
algorithm implementing adaptive step-size control, as detailed
elsewhere.l'¥ The mean-square error served as the objective
function that had to be minimized during the network training.
In different training runs, the number of hidden layer units and
generations was systematically varied to find an appropriate
setting. The desired output value (target value) of the neural
network was 0 for compounds with a low IC;, value (Class 1) and
1 for compounds with a high 1C5;, value (Class 2). Ten-times cross-
validation was performed with random 80% (training) and 20%
(testing) splits of the data. For further validation, a validation set,
containing 95 compounds, was classified. The “overlearning” (or
“overtraining”) effect is often a main concern during neural
network training. To avoid this effect, the process was termi-
nated when the cc value reached an optimum for both the test
set and the validation set (forced stop). In addition, the least
complex network was selected as the final prediction model.

Of the networks tested, that with two hidden neurons seemed
to be best suited. This network reached a Matthews correlation
Of CCyyaining = 0.85 (reclassification of the training set; 93 % correct)
and an average Matthews correlation of cc,.,=0.61 for the ten
random testing sets, which means that 89% of the nonblocking
compounds and 70% of the blocking agents were correctly
classified. Figure 2 shows the distribution of the raw prediction
scores for the test sets produced by this network. These results
indicate that the prediction tool is able to distinguish between
compounds with extreme properties (low and high ICs,) but is
more suited to identify nonblocking compounds.

70 1~
60 -
50 A
40 4
30 A

% of compounds —»

0 01 02 03 04 05 06 07 08 09 1

hERG score ——»

Figure 2. Distribution of the neural network output values (“hERG score”) for the
test data (ten-times cross-validation result). The target values were 1 for high ICs,
compounds (black bars), and 0 for low ICs, compounds (white bars). The y axis
gives the fractions of test compounds receiving a certain score value.

The validation set contained 72 compounds with high 1Cs,
values and only 23 compounds with low IC,, values. 93 % of the
nonblockers and 71% of the blockers were correctly predicted,
to yield a Matthews correlation of cc,,jgation = 0.66. This result
demonstrates that the prediction model is flexible enough to
make acceptable predictions for a diverse set of molecules.

To assess the limits of the prediction scheme, we analyzed the
false positives and false negatives produced for both the training
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and the validating sets. Five drugs from the validation set were
misclassified as nonblockers (Scheme 1). Other known blockers
such as dofetilide, E-4031, cisapride, astemizole, and verapamil
were correctly categorized. For virtual screening purposes, it is
particularly desirable not to miss hERG channel blocking agents.
Therefore, the misclassification of known blockers reveal some
particular deficits of our prediction model. Very probably the
molecular descriptors used here do not appropriately represent
all essential features required for perfect prediction. This also
points to a general disadvantage in the neural network method,
namely the fact that an easy understanding of the decisive
molecular features can hardly be obtained. Nevertheless, the
prediction scheme is able to identify features shared by most of
the compounds of each class, as indicated by its good overall
performance. It identifies a trend towards hERG K*-channel
blocking activity rather than accurate predictions for each
molecule. As a consequence, it shows a moderate capacity to
distinguish small structural differences.

An explanation for misclassification can also be found in the
structure of the data set. Since the data set is project-related, the
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diversity of the compounds is limited. Moreover, structural
motifs shared by many known hERG K*™-channel blocking
compounds, such as “aromatic - linker —aromatic” (where the
linker consists of 2-10 bonds, usually including a basic nitro-
gen), are underrepresented in the data set. This is because
medicinal chemists usually try to avoid synthesis of such
molecules. Moreover, the different inhibitors might bind to
different receptor sites and affect the channel through different
mechanisms. Generally speaking, the data set contains less
information about the blockers than about the nonblockers. This
is reflected by the better performance on molecules that do not
inhibit the hERG K* channel.

Two virtual combinatorial libraries were analyzed by our
prediction method to demonstrate its applicability to compound
library shaping. Scaffold 1 represents a structural motif found in

O, N R2
[, XX
R1 R2 R1 N o}

many known hERG K*-channel blockers. Scaffold 2 was
designed to be devoid of any such known motif. Virtual
libraries were enumerated by attaching the identical set of
100 generic representative building blocks to each scaffold
exit vector (R', R?), resulting in 10000 virtual products. From
the prediction results, the library based on scaffold 1
contains 58 % potential hERG K™-channel inhibitors, whereas
the library of compounds based on 2 contains only 0.1%
potential blockers. This result was expected and clearly
shows that compound libraries, scaffolds, and building block
selections can be ranked on the basis of the prediction score.
It must be stressed that although a prediction may not be
perfect for an individual compound, general trends are
accurately recognized and therefore the prediction model
qualifies for virtual library shaping.

The new prediction scheme will join the already available
suite of in silico filters for drug-likeness, frequent hitters,
cytotoxicity, bioavailability, and others."¥ It can be used as a
general filter for hERG K*™-channel liability to prioritize
compound collections from large databases and to design
new virtual libraries. The work presented in this paper should
be considered as a baseline study for assessing hERG affinity
in silico. Since new experimental results are constantly being
produced and added to the model, we are convinced that
the prediction tool can be improved further.

Experimental Section

The cell line stably expressing the hERG K+ channel was obtained
from GENION (Hamburg). The complementary DNA coding for
the human ether-a-go-go related gene product (hERG; GenBank
access no.U04270) had been cloned into the pcDNA3 vector
(Invitrogen, Carlsbad, California). Plasmids had been introduced
into CHO cells by using DMRIE-C (Gibco, Carlsbad, California) as a
transfection agent. Cells were grown in minimal essential
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medium alpha (MEM; Gibco, Carlsbad, California) supplemented with
10% (v/v) heat-inactivated fetal calf serum, 1% (v/v) penicillin/
streptomycin/glutamine solution (Gibco, Carlsbad, California), and
1 mg/ml G418 (geneticine). For electrophysiology experiments the
cells were continuously superfused by extracellular saline containing
150 mm NaCl, 10 mm KCl, 1T mm MgCl,, 3 mm CaCl,, and 10 mm HEPES.
Compounds for testing were dissolved in dimethylsulfoxide at a
concentration of 10 mm and diluted in extracellular saline to the
desired concentration (mostly 1 and 10 pw). The glass micropipettes
for whole-cell patch-clamp recording were filled with intracellular
saline containing 110 mm KCl, 4.5 mm MgCl,, 10 mm 2-[4-(2-hydrox-
yethyl)-1-piperazinyl]lethanesulfonic acid (HEPES), 10 mm 1,2-bis(2-
Aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, 4mm Na,ATP,
20 mm Na,-creatine-phosphate, and 0.2 gL~ creatine-kinase.

The whole-cell configuration of the patch-clamp technique was used
for current recording.l" Cells were clamped to a holding potential of
—80 mV, and the hERG K* channels were activated once every 10's
by a voltage pulse pattern consisting of a 1 s depolarization to 20 mV
followed by a 20 ms hyperpolarization to — 120 mV.2% The amplitude
of the transient inward current at —120 mV was used for further
analysis (Figure 3 A, B). Current responses were recorded for about
three minutes under control conditions. The test compound was
then applied to the investigated cell from a nearby capillary, usually
for another three minutes per concentration. Current amplitude
values were plotted versus time to depict the effect of the
compound (Figure3C) and calculate the percentage of channel
inhibition (y). We tried to test at least two concentrations (c), usually
differing by a factor of ten, and bracketing the 50% inhibitory
concentration (ICs,). The results obtained from at least three cells
were pooled and fitted by Equation (2) to estimate the mean values
of ICs,, the 95% confidence limits, and the Hill coefficient H.

100 %

y = 1+ -IoH(IogICSQ—Iogc) (2)

20 mV time / min —»
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Figure 3. Example of an experiment showing the effect of quinidine on the
membrane current in a Chinese hamster ovary (CHO) cell expressing the hERG
K* channel. A) Part of the voltage pulse pattern. B) Superimposed current
signals evoked by the voltage pulses before drug application (control) and in
the presence of 0.3 and 3 um quinidine. C) Plot of the peak current amplitudes
versus time. The onset of drug application (0.3 and 3 um) and its end (wash) are
indicated by the arrows.

Since the logarithms of ¢ and IC;, are used in the fitting equation, the
upper and lower confidence limits of 1Cs, are not equidistant from
the mean but must be expressed as a multiple or fraction of the
mean value. In 95% of cases, the confidence interval was narrower
than the range from half to twice the mean. The average value of H
was 0.90 (standard deviation 0.17). If the lowest (a) or highest (b)
tested concentration caused more or less than 50% inhibition,
respectively, we did not attempt a fit, but concluded that the ICs, was
below a or larger than b.
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The synthesis of nanoparticles of different chemical composi-
tions, sizes, and controlled monodispersity is an important area
of research in nanotechnology. As far as the synthesis of metal
nanoparticles (and gold in particular) is concerned, a number of
chemical methods exist in the literature." Ever-increasing
pressure to develop environmentally benign nanoparticle syn-
thesis has lead to a renewed interest in biotransformations as a
route to growth of nanoscale structures. While many biotechno-
logical applications, such as remediation of toxic metals, employ
microorganisms like bacteria? and yeast® (the detoxification
often occurring through reduction of the metal ions/formation
of metal sulfides) it is only recently that microorganisms for use
in the synthesis of nanomaterials have been viewed with
interest.*% We have just demonstrated that the fungus
Verticillium sp., when treated with an aqueous solution of
AuCl,~ or Ag" ions, resulted in the in situ reduction and
consequent intracellular formation of gold® and silver” nano-
particles of good monodispersity. However, such biotransforma-
tion-based nanoparticle synthesis strategies would have greater
commercial viability if the nanoparticles could be synthesised
extracellularly directly in the aqueous medium. Towards this
objective, we have screened a number of species of fungus
belonging to different genera and have observed the extrac-
ellular synthesis of gold nanoparticles by treatment of the
fungus Fusarium oxysporum with aqueous AuCl,~ ions. The
details of this investigation are presented below. Most probably,
the reduction of the AuCl,~ ions occurs due to reductases
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released by the fungus into solution; this opens up a novel
fungal/enzyme-based in vitro approach to nanomaterials.

The inset of Figure1 shows two conical flasks with the
Fusarium oxysporum biomass before (A) and after (B) reaction
with AuCl,~ ions for 72 h.”®! The biomass has a pale yellow colour
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Figure 1. UV/Vis spectra recorded after addition of 2 x 10-3m HAuCl, solution
(100 mL) to water (100 mL) in which Fusarium oxysporum biomass (10 g ) was
incubated for 72 h. The curves are recorded after different reaction times. The
inset shows conical flasks with Fusarium oxysporum before (A) and after (B)
exposure to AuCl,” ions for 72 h. A colour version of the inset can be seen in the
Table of Contents.

before reaction with the gold ions (A) which changes to dark
purple on completion of the reaction (B). The appearance of the
purple colour clearly indicates the formation of gold nano-
particles in the reaction mixture.” The characteristic pink-purple
colour of colloidal gold solutions is due to excitation of surface
plasmon vibrations in the nanoparticles and provides a conven-
ient spectroscopic signature of their formation.® Upon filtration,
it was observed that the biomass was still pale yellow but that
the aqueous solution contained the gold nanoparticles. This
indicates that the reduction of the AuCl,~ ions takes place
extracellularly, which is an important observation that we will
return to subsequently.

In another experiment, the biomass (10 g) was immersed in
water (100mL ) for 72 h. After immersion the solution was
filtered and exposed to 103m AuCl,” ions in the dark. It was
observed that the metal ions were slowly reduced in solution as
evidenced by a gradual and steady increase in intensity of purple
coloration in the solution. Figure T shows the UV/Vis spectra
recorded from the reaction solution after different reaction
times. The strong resonance centred at about 545 nm is clearly
seen and increases in intensity with time, after 48 h it stabilises.
Quite interestingly, the solution was extremely stable with no
evidence of flocculation of the particles even a month after
reaction. The resonance is sharp and indicates only little
aggregation of the particles in solution.

It is clear from the above that the fungus Fusarium oxysporum
releases reducing agents into solution that are responsible for
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formation of the gold nanoparticles. UV/Vis and fluorescence
measurements of the aqueous solution exposed to Fusarium
oxysporum for 72 h clearly showed the presence of proteins in
solution (data not shown). Preliminary gel electrophoresis
investigations indicate that a number of proteins are released
by the biomass. The protein extract obtained by suspending the
Fusarium oxysporum mycelial biomass for 48 h contains a
minimum of four proteins of molecular masses between
66 kDa and 10 kDa as seen on gel electrophoresis.'® This extract
was concentrated by ultrafiltration through a YM-3 ultrafiltration
membrane and then dialysed against distilled water by using a
3K cut-off dialysis bag. This process removes the low molecular
weight components in the extract such as co-factors. The protein
mixture obtained after dialysis failed to reduce AuCl,~ ions.
However, on addition of stoichiometric amounts of NADH to the
protein extract, the reduction of AuCl,™ ions occurs quite readily.
This clearly indicates the reduction of AuCl,~ ions by NADH-
dependent reductases in the extract. It may be mentioned here
that in bacteria, an NADH-dependent iron(i) reductase has been
observed in the outer membrane of Geobacter sulfurreducens™
while a periplasmic iron(i) reductase has been isolated from
Magnetospirillum magnetotacticum.'? We believe that out of
four proteins of this study, one is responsible for the reduction of
AuCl,~ ions and the subsequent formation of gold nanoparticles.
This reductase is specific to Fusarium oxysporum—prolonged
reaction of AuCl,~ ions with Fusarium moniliforme did not result
in the formation of gold nanoparticles either intra- or extracell-
ularly. It is well known that proteins could bind to gold
nanoparticles through cysteine residues as well as by linkage
through amine groups in lysine residues.! The long term
stability of the gold nanoparticles in solution may be due to
stabilisation by the proteins.

A film of the gold nanoparticle solution formed by reaction of
gold ions with extracellularly secreted reductases for 72 h was
cast on a Si (111) substrate and carbon-coated transmission
electron microscopy (TEM) grids and than analysed by Fourier
transform infrared (FTIR) spectroscopy and TEM (Figure 2 A and
2B, respectively).® The FTIR spectrum shows the presence of
three bands at 1650, 1540 and 1450 cm~". The bands at 1650 and
1540 cm~! are identified as the amide | and Il bands (labelled 1
and 2 in Figure 2A) and are due to carbonyl stretch and -N—H
stretch vibrations in the amide linkages of the proteins,
respectively.'> ¥ The positions of these bands are close to that
reported for native proteins!™ and are in excellent agreement
with that observed in gold colloid:pepsin bioconjugates.'™ The
FTIR results thus show that the secondary structure of the
proteins is not affected as a consequence of reacting with the
AuCl,~ ions or binding with the gold nanoparticles. The band at
approximately 1450 cm~' is assigned to methylene scissoring
vibrations from the proteins in the solution.

The two TEM pictures recorded from different regions of the
gold nanoparticle film are shown in Figure 2 B. In the left picture,
well-separated gold particles having spherical and triangular
morphology are seen. These particles have a size range of 20—
40 nm. The right picture shows aggregates of gold nano-
particles. Even though there is large-scale association of the
particles, individual, discrete gold nanoparticles can clearly be
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Figure 2. A) FTIR spectrum recorded from a drop-coated film of an aqueous
solution incubated with Fusarium oxysporum and treated with AuCl,~ ions for
72 h. B) TEM micrographs recorded from two different regions of a drop-coated
film of an aqueous solution incubated with Fusarium oxysporum and treated
with AuCl,~ ions for 72 h.

discerned in this micrograph. The gold nanoparticles are thus
undoubtedly stabilised by the proteins that prevent their
sintering, a result in agreement with the UV/Vis spectroscopy
measurements which showed the gold solutions to be excep-
tionally stable. Optical microscopy analysis of this picture yielded
nanoparticles of 8—40 nm. The TEM results indicate that it is
indeed possible to synthesise gold particles of nanoscale
dimensions and tolerable monodispersity by using the fungus
Fusarium oxysporum. The gold nanoparticles synthesised with
Fusarium oxysporum are much smaller and more monodisperse
than those synthesised intracellularly with bacteria.™ 3

This, to the best of our knowledge, is the first report on the
extracellular synthesis of gold nanoparticles by a eukaryotic
system such as fungi. We would like to point out that even
though gold/silver nanoparticles have been synthesised by
using prokaryotes such as bacteria® ! and with the fungus
Verticillium sp.® the nanoparticles grow intracellularly presum-
ably by reduction of the metal ions by enzymes bound to the cell
walls of the organisms. This first report will be followed up with a
more detailed study aimed at controlling the nanoparticle size,
monodispersity, etc. by varying the gold ion concentration and
reaction time. The use of specific enzymes secreted by
organisms such as fungi in the extracellular synthesis of
nanoparticles is exciting for the following reasons: the synthesis
of nanoparticles in solution would be of importance in
homogeneous catalysis, while the nanoparticles may be immo-
bilized in different matrices or in thin-film form for optoelec-
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tronic applications. Indeed, the bioconjugates of gold nano-
particles with the proteins in solution might show novel
nonlinear optical properties. We believe the biggest advantage
of this method based on fungal enzymes is the possibility of
developing a rational approach for the synthesis of nanoparticles
over a range of compositions such as oxides or nitrides, and we
are currently working towards this end.
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OmpA Membrane Domain as a Tight-
Binding Anchor for Lipid Bilayers
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Liposomes have been used extensively to analyze membrane
protein functions because they are realistic membrane substi-
tutes. In many applications liposomes are immobilized on solid
supports,? which often causes protein malfunctions.® This
problem was alleviated by suspending the lipid bilayers by long
tethers that extend from the solid support to a lipid molecule
immersed in the bilayer.® Such a lipid, however, cannot grip the
bilayer tightly enough to yield high stability. Here we report the
large-scale production of an engineered version of the small
membrane protein OmpA, which fastens the outer membrane of
Escherichia coli to the cell wall.”™ The presented OmpA derivative
attaches liposomes to streptavidin molecules wherever these are
located.

OmpA consists of an integral membrane domain (residues 1-
171) and a periplasmic peptidoglycan-binding domain (residues
172-325). A fourfold mutant (F23L/Q34K/K107Y with an addi-
tional methionine residue at the N terminus) of the membrane
domain® forms an eight-stranded 3 barrel with an aliphatic
waist bordered by two girdles of aromatic side chains (Figure 1).
This (3 barrel is tightly anchored in the membrane. We added the
mutation N26C, which introduces a cysteine residue at the tip of
one of the four long and mobile extracellular loops. The gene for
this cysteine-containing fivefold mutant “OmpAfc” was verified
by DNA sequencing. OmpAfc can be mass-produced in E. coli
inclusion bodies and (re)natured therefrom.”! Labeling Cys26
with a tethered biotin® permits a tight association of mem-
branes to streptavidin and their release by disulfide reduction.

The accessibility of Cys26 was checked photometrically by
Ellman’s reaction,” which resulted in 0.7 thiols per OmpAfc. The
disulfide exchange reaction with tethered biotin (Scheme 1)
yielded 80% “OmpAfc-biotin” as determined by photometric
detection of the leaving pyridine-2-thione. Given the length of
the spacer arm and the exposed position of Cys 26 (Figure 1), the
maximum distance between the biotin and the membrane
center amounts to about 70 A.

Solutions of OmpAfc-biotin in buffer A (20 mm tris(hydroxy-
methyl)aminomethane (Tris)-HCl (pH 8.5), 140 mm NaCl, 0.6%
(w/w) octyltetraoxyethylene (C4E,)) were tested for streptavidin
binding by titration of a fixed amount of OmpAfc - biotin with
streptavidin. Streptavidin and OmpAfc - biotin keep their overall

[a] Prof. Dr. G. E. Schulz, Dr. P. Ringler
Institut fiir Organische Chemie und Biochemie
Albertstrasse 21, 79104 Freiburg im Breisgau (Germany)
Fax: (+49)761-203-6161
E-mail: schulz@bio.chemie.uni-freiburg.de

1439-4227/02/03/05 $ 20.00+.50/0 463






tronic applications. Indeed, the bioconjugates of gold nano-
particles with the proteins in solution might show novel
nonlinear optical properties. We believe the biggest advantage
of this method based on fungal enzymes is the possibility of
developing a rational approach for the synthesis of nanoparticles
over a range of compositions such as oxides or nitrides, and we
are currently working towards this end.
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Liposomes have been used extensively to analyze membrane
protein functions because they are realistic membrane substi-
tutes. In many applications liposomes are immobilized on solid
supports,? which often causes protein malfunctions.® This
problem was alleviated by suspending the lipid bilayers by long
tethers that extend from the solid support to a lipid molecule
immersed in the bilayer.® Such a lipid, however, cannot grip the
bilayer tightly enough to yield high stability. Here we report the
large-scale production of an engineered version of the small
membrane protein OmpA, which fastens the outer membrane of
Escherichia coli to the cell wall.”™ The presented OmpA derivative
attaches liposomes to streptavidin molecules wherever these are
located.

OmpA consists of an integral membrane domain (residues 1-
171) and a periplasmic peptidoglycan-binding domain (residues
172-325). A fourfold mutant (F23L/Q34K/K107Y with an addi-
tional methionine residue at the N terminus) of the membrane
domain® forms an eight-stranded 3 barrel with an aliphatic
waist bordered by two girdles of aromatic side chains (Figure 1).
This (3 barrel is tightly anchored in the membrane. We added the
mutation N26C, which introduces a cysteine residue at the tip of
one of the four long and mobile extracellular loops. The gene for
this cysteine-containing fivefold mutant “OmpAfc” was verified
by DNA sequencing. OmpAfc can be mass-produced in E. coli
inclusion bodies and (re)natured therefrom.”! Labeling Cys26
with a tethered biotin® permits a tight association of mem-
branes to streptavidin and their release by disulfide reduction.

The accessibility of Cys26 was checked photometrically by
Ellman’s reaction,” which resulted in 0.7 thiols per OmpAfc. The
disulfide exchange reaction with tethered biotin (Scheme 1)
yielded 80% “OmpAfc-biotin” as determined by photometric
detection of the leaving pyridine-2-thione. Given the length of
the spacer arm and the exposed position of Cys 26 (Figure 1), the
maximum distance between the biotin and the membrane
center amounts to about 70 A.

Solutions of OmpAfc-biotin in buffer A (20 mm tris(hydroxy-
methyl)aminomethane (Tris)-HCl (pH 8.5), 140 mm NaCl, 0.6%
(w/w) octyltetraoxyethylene (C4E,)) were tested for streptavidin
binding by titration of a fixed amount of OmpAfc - biotin with
streptavidin. Streptavidin and OmpAfc - biotin keep their overall
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Albertstrasse 21, 79104 Freiburg im Breisgau (Germany)
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Figure 1. Model of OmpAfc with Cys 26 in one of the four mobile extracellular
loops, L1. The nonpolar moiety of the lipid bilayer faces the ribbon of aliphatic
side chains running around the waist between the two girdles of aromatic
residues.’
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Scheme 1. Reaction scheme for the production of OmpAfc - biotin from OmpAfc
and biotin - HPDP.

structure as well as their binding function in the presence of 1%
sodium dodecylsulfate (SDS) at 50°C and migrate as single
bands when polyacrylamide gel electrophoresis (PAGE) is carried
out (Figure 2). The OmpAfc-biotin band dropped as streptavi-
din concentration was increased and five new bands appeared.
At low concentrations, streptavidin is fully decorated with
OmpAfc - biotin, which gives rise to the slow-moving complex
a,P4, while higher concentrations of streptavidin resulted in
several complexes which are putatively assigned in Figure 2
according to their apparent relative molecular weight (°PPM,;
complex o,f, can form two distinct binding geometries).
Complex a,fB;, migrates faster than streptavidin itself, which is
atypical for fully denatured proteins but may happen with
partially denaturated ones. This experiment demonstrates that
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Figure 2. SDS-PAGE of streptavidin binding to OmpAfc - biotin micelles. Aliquots
of OmpAfc - biotin (150 pmol) were mixed with streptavidin (with 0, 70, 140, 210,
280, 350, and 560 pmol of biotin sites), incubated at room temperature for

10 min, and applied to lanes 2 - 8, respectively. Lane 9 contained streptavidin with
280 pmol of biotin sites without OmpAfc - biotin. The five resolved bands are
putatively assigned to the expected stoichiometries between the tetrameric
streptavidin (a,) and OmpAfc - biotin (j3). Monomeric OmpAfc (possibly biotin-
labeled) and disulfide-bridged dimeric OmpAfc bands are also present.

streptavidin can bind up to four OmpAfc - biotin molecules in
their micelles.

In a second experiment we incorporated OmpAfc - biotin into
liposomes by using the detergent dialysis method.'® Briefly,
OmpAfc-biotin solubilized in CgE, and lipid solubilized in octyl-
pB-p-glucopyranoside (3-OG) were mixed and then dialyzed
against detergent-free buffer A. Both detergents are easily
removed because they have a high critical micelle concentration
(cmc). The OmpAfc - biotin concentration in the liposomes can
be adjusted by changing the lipid-to-protein ratio.

The interaction of these proteoliposomes with streptavidin
was quantified by native PAGE at pH 8.8." Streptavidin (iso-
electric point, pl=6) migrates as a single band while proteoli-
posomes are too large to enter the gel. When streptavidin with
130 pmol biotin sites was titrated with proteoliposomes, the
streptavidin band vanished at 520 pmol OmpAfc-biotin (Fig-
ure 3). This experiment demonstrated that streptavidin was not
able to pull OmpAfc - biotin out of the lipid bilayers. Half of the
observed fourfold excess is due to random OmpAfc-biotin
orientation in the membrane, while the other half is probably
caused by proteoliposome surface occlusion on aggregation. If a
proteoliposome - streptavidin mixture was treated with S-mer-
captoethanol (3-ME), the biotin labels were removed and the
streptavidin was recovered (lane 6).

Electron microscopy investigation of negatively stained
proteoliposomes showed vesicles up to 1 um in size, the shape
and sizes of which were similar to those produced with other
membrane proteins.'? In contrast to streptavidin, membrane-
incorporated OmpAfc-biotin molecules are too small to be
visualized with a negative stain (Figure 4a). Therefore, fresh
proteoliposomes flattened on the support were exposed to a
streptavidin solution and then negatively stained, which resulted
in particles with the typical size and shape of streptavidin
(Figure 4b). This experiment confirmed that the biotin labels of
the proteoliposomes are available for binding. Moreover, the
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Figure 3. Native PAGE at pH 8.8 demonstrating streptavidin binding to OmpAfc
- biotin immersed in proteoliposomes. Streptavidin (with 130 pmol of biotin sites)
was titrated with proteoliposomes that contained 0, 65, 130, 260, and 520 pmol of
OpmAfc - biotin (lipid-to-protein ratio 5:1 (w/w)), incubated for 10 min at room
temperature and applied to lanes 1- 5, respectively. The excess streptavidin forms
the band moving toward the anode. In lane 6, the biotin labels were shaved off by
addition of 1% [-ME to the proteoliposomes that contained 260 pmol of
OmpAfc - biotin. The arrested proteoliposomes in the gel pockets are only partly
stained because material is lost in the Coomassie staining baths.

Figure 4. Electron micrographs of negatively stained proteoliposomes produced
from OmpAfc - biotin and DOPC at a lipid-to-protein ratio of about 1:1. a) A
proteoliposome (top) on carbon support (bottom). b) A proteoliposome (top) that
was washed with a streptavidin solution after deposition on the carbon support
(bottom) shows streptavidin decoration. Note that the OmpAfc - biotin molecules
are evenly dispersed in the lipid bilayer. The separation of these molecules at the
center is somewhat larger than expected from the applied lipid-to-protein ratio.
DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine.

results demonstrate that the OmpAfc-biotin molecules are
dispersed in the membrane and do not aggregate.

Next, we produced a fresh proteoliposome solution, (slightly
turbid, Figure 5a) and added a small amount of streptavidin.

Figure 5. Streptavidin-mediated reversible aggregation of proteoliposomes.

a) Slightly turbid proteoliposome solution produced from OmpAfc - biotin and
DOPC at a lipid-to-protein ratio of 5:1 (w/w). b) The same solution as in (a)
flocculates several minutes after mixing with streptavidin (0.05 mgmL~').

¢) Treatment with 1% [3-ME removes the biotin labels and the flocculate dissolves
again after several minutes.

ChemBioChem 2002, No. 5 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

Within a few minutes, this caused a visible flocculation (Fig-
ure 5b) because streptavidin had cross-linked the proteolipo-
somes through the OmpAfc-biotin anchors to yield “snap-
together vesicles”."¥ The subsequent addition of 3-ME to the
flocculate cleaved the biotin labels off and dissolved the
aggregates again (Figure 5¢). A control that used proteins other
than streptavidin did not lead to flocculation.

In conclusion, proteoliposomes containing functionalized
membrane protein anchors have been produced and used for
reversible manipulations. They can be bound to solid surfaces
that present streptavidin and can then be released by 3-ME. The
integral membrane protein OmpAfc attaches to the lipid bilayer
much more tightly than immersed lipids. Since the distance
between biotin and the bilayer center extends to 70 A, a soft
streptavidin cushion would suffice to provide a nearly native
environment for additional membrane proteins, which would
permit various membrane protein analyses such as atomic force
microscopy™ or biosensor measurements.!'”!

Experimental Section

OmpAfc production and labeling: Streptavidin and DOPC were
from Sigma (Steinheim) and N-[6-(biotinamido)hexyl]-3'-(2"-pyridyl-
dithio)propionamide (biotin-HPDP) was from Pierce (Rockford/IL/
USA). All other chemicals were the best available commercial grade.
The expression vector pET3b - OmpA derived from pET3b (Pharma-
cia, Freiburg) was mutated with the oligonucleotide primer 5'-
CCATGATACTGGTTTAATCAACTGCAATGGCCCGACCCATGAAAACC-3
and its complement (MWG, Miinchen) by using the QuikChange kit
(Stratagene, La Jolla). DNA was sequenced by SEQLAB (Gottingen).
OmpAfc was overexpressed in inclusion bodies in E. coli BL21Star
(DE3) Invitrogen, Groningen), (re)natured, and purified” to yield
about 30 mg of protein per liter of culture. Contrary to the protocol”!
B-ME (10 mm) was added to the (re)naturation buffer. Excess S-ME
was removed by repeated concentration to 1-2 mgmL~' (10000 Da
cut-off; Vivascience, Goéttingen) and dilution to 0.05mgmL~" in
buffer A. OmpAfc concentrations were established photometrically
(€280nm =46400M~"cm~"). The free thiol was determined by using
200 um Ellman’s reagent and monitoring 2-nitro-5-thio-benzoate
(€412nm = 13600M~"cm~") production. Labeled OmpAfc-biotin was
produced from desalted 1-2mgmL-' OmpAfc in buffer A, which
was incubated at room temperature for 10 min with 200 um biotin —
HPDP and pyridine-2-thione (&343,m =8080M~'cm™") release was
measured. The resulting OmpAfc-biotin was dialyzed against
200 volumes of buffer A.

Proteoliposomes: OmpAfc-biotin (0.5-2.0mgmL~") in buffer A
was mixed with DOPC in 2% [(-OG at lipid-to-protein ratios
of 0.5:1-5:1 (w/w). The mixture (50-800uL) was dialyzed
twice against detergent-free buffer A (100 volumes) for a total of
24 h.

Transmission electron microscopy: Electron microscopy was carried
out with a LEO CEM 912 transmission electron microscope operating
at 120 keV and equipped with a slow-scan CCD camera. Proteo-
liposome solutions (0.1-0.5mgmL-") were deposited onto hydro-
philized (by glow discharge in air) carbon-coated parlodion film
supported by a copper grid. The loaded film was washed three times
in water and negatively stained with 1% uranyl acetate
in water.
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The specific inhibition of N-linked glycoprotein-processing a-
mannosidases may provide a useful anticancer strategy.™ Clinical
trials have shown that swainsonine (1; Scheme 1), a natural a-
mannosidase inhibitor that contains a 4-amino-4-deoxy-manno-
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Scheme 1. Structure of swainsonine and a-mannosidase inhibitors. Bn = benzyl.

furanoside moiety,> 3 reduces solid tumor and hematological
malignancies.” In order to avoid problems that arise from co-
inhibition of lysosomal mannosidases, analogues of swainsonine
such as 2 have been prepared and shown to have interesting
properties.”! Simpler synthetic analogues are also potent a-
mannosidase inhibitors.”* ¢ We have reported that (2R,3R,45)-3,4-
dihydroxypyrrolidin-2-yl derivatives such as 3 are selective a-
mannosidase inhibitors.” 8 The search for better inhibitors
implies the multistep synthesis of a large number of analogues
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and derivatives and their individual testing. Since diamines of
type 3 have shown promising properties, we wondered whether
the corresponding imines, obtained by mixing the unprotected
diamine 4 with aldehydes, would have a-mannosidase inhibitory
activities and could eventually act as models for the correspond-
ing diamines. An efficient discovery method would thus be
realized if the imines could be generated in a few hours under
the high dilution conditions typical of the assays (<1 mm, 0.2 mL
of solution) used to detect glycosidase inhibitors. Such an assay
would allow one to evaluate a large number of imines rapidly by
using minute amounts of amines and aldehydes mixed in the
wells of multiwell plates.

One of the difficulties with this plan is that equilibrium
constants for the formation of imines might be too small.®” Thus,
in the reaction of amines with aldehydes to form imines and
water, equilibrium would have to be obtained at relatively high
amine and aldehyde concentrations. Although this method
would require larger amounts of each amine and aldehyde, it
would not be a problem if, under the pH conditions of the
enzymatic assay, dilution did not lead to fast re-equilibration
with the consequence of near disappearance of the imines.

Alternatively, if equilibria are established rapidly under dilute
conditions, the mixtures of imines that result from combinations
of amine and aldehyde sublibraries could be incubated with the

enzyme. The enzyme is expected to bind preferentially to the
imine that is the best inhibitor (the solution forms a dynamic
library!"® of imines) and thus a rapid assay of a large number of
imines should be possible. We have observed that the unpro-
tected diamine 4! reacts rapidly with all kinds of aldehydes 5
(Scheme 2) at pH8 and these reagents equilibrate with the
corresponding imines 8. For instance, a solution of 4 (5 mwm) and
benzaldehyde (5 mm) in water generates imine 8a in less than
one hour at 25°C. 'TH NMR spectroscopy showed that less than
5% of the solution consists of each of the reagents 4 and PhCHO,
which suggests a minimum equilibrium constant Kg, > 4.2 x 10°
[Eq. (D].

[imine][H,0]
Ke—e— 270 (1)
[amine][aldehyde]

Under similar conditions, a solution of diamine 9 (2 mm and
benzaldehyde (8 mm) in water equilibrates with imine 12a after
24 hours at 25°C (Scheme 3). The 'HNMR spectrum of this
solution shows less than 10% compound 9 to be present and
thus suggests a minimum equilibrium constant of K;,, > 8 x 10
In contrast, the semiprotected diamine 13 did not react with
aldehydes in solution at pH 8. For instance, a solution of 13
(5 mm) and benzaldehyde (10 mm) in D,O did not give a trace of

HO, OH Ho, OH
DVNHZ + RCHO =—= &N:CHR + H,0
y | N
H 4 o8
CHO
RCHO:/©/CHO CHO CHO X CHO
X ©i
X=H X = COOM - X § X F
a = e = e — _
b X=OH f X=iPr hX=OH K X =OH 0 Xhe X
c X=Me g X=Br X = Me I X=Me q X=H
d X=CN ! m X = OMe P X=F
n X =CFs
o o)
MeO CHO H
MeO\C[CHO MeO CHO | N (j)\CHO
OMe  HO OMe Z Z o
s OMe OMe v w X
t u
CHO Br
N
[ I cho 14 \g /Cl\\}§ CHO d m\ b\
s s N s” "CHO g~ ~CHO g~ ~CHO
y aa X = ad
z ab X=Me ae af
CHO ac X=Et
CHO CHO
O/ NN CHO )\/\/'\/\/K/CHO /\/\)\/\
ag ah a aj ak
/\/\/\
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an ao
al am

Scheme 2. Mixture of diamine 4 with a sublibrary of aldehydes 5. These aldehydes did not inhibit jack bean a-mannosidase at 1 mm concentration. Boc = tert-

butoxycarbonyl.
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Scheme 3. Interpretation of the relative rates of imine formation through autocatalysis by proximal secondary amines.

the corresponding imine after 24 h at 25°C. As expected,'" the
unprotected secondary amine f3-amino and d-amino moieties in
diamines 4 and 9, respectively, autocatalyze their addition to
aldehydes to give first a-hydroxylamines 7 and 11 and then the
products 8 and 12, respectively, by water elimination from these
intermediates (Scheme 3). We also examined the reactivity of
pyrrol-2-carbaldehyde (14) towards all kinds of primary amines
15 and found that it equilibrates with the corresponding imines
16 in D,0 at 25°C (Scheme 4). '"H NMR spectroscopy after 24 h
gave K> 2.2 x 10* for 14 and benzylamine.

A 0.25 mm solution of diamine 4 leads to 58 % inhibition of a-
mannosidase from jack beans!'? at the optimal pH value (pH =5;
0.02 UmL™" enzyme, substrate: p-nitrophenyl a-mannopyranno-
sidel™). A mixture of 4 (0.25 mm) and ethanal, propanal, butanal,
pentanal, and hexanal (0.25 mm each) was left at 25°C for 24 h
(pH 8) and then buffered (pH 5). The inhibitory activity of this
mixture (about 65 %) was not significantly better than for pure 4.
When mixtures containing aromatic aldehydes (0.25 mwm) were

H H
N N
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U 15 2 =— \/ °NR
14 16

X
X
_ f x=cl 7o
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c X=0Me h X=F
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Scheme 4. Mixture of pyrrol-2-carbaldehyde 14 and primary amines 15.
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prepared, significantly higher inhibitory activity was detected.
For the aldehydes 5 listed in Scheme 2, mixtures composed of
only one aldehyde and 4 were prepared in the wells of 96-well
plates and analyzed after 24 h as above. The activities shown in
Figure 1 were measured. These values were the same after
5 minutes or 30 minutes of incubation with the enzyme. The
highest activities were found for benzaldehyde and its substituted
derivatives. None of the aldehydes used in this work were
inhibitors of jack bean a-mannosidase at concentrations of less
than 1 mm. We repeated the same assays with mixtures that
contained diamine 9 (0.21 mm) and each of the aldehydes (0.21 mw)
listed in Scheme 2. Pure 9 showed 13% inhibition (Figure 2). The
best mixture was that with salicylaldehyde, which led to 32%
inhibition, still a much smaller inhibitory activity than that
observed for pure 4 and for mixtures of 4 with aromatic
aldehydes.

We also evaluated the inhibitory activities of a mixture of
pyrrol-2-carbaldehyde (14; 0.5 mm) and the primary amines 15
(0.5 mm) listed in Scheme 4. Significant inhibitory activ-
ities towards jack bean a-mannosidase were not found.
The highest inhibitory activity (13 %) was observed with
2-fluorobenzylamine (15h). No activity was detected
with 4-nitrobenzylamine (15e) or 2-phenylethylamine
(15n). Neither aldehyde 13 nor amine 14 was an
inhibitor of jack bean a-mannosidase at a concentration
of 1 mm .4

We had previously found that diamines 3 and 17
(Scheme 5) are competitive inhibitors of a-mannosidas-
es.”l At 1 mm concentration, 92% inhibition (inhibition
equilibrium constant K=7 pv) and 89% inhibition
(Ki=26 um) of jack bean a-mannosidase by these di-
amines was observed, respectively. These inhibitory activ-
ities seem to parallel those observed for the related imines
8a and 8aa, respectively. To test this hypothesis further,
we prepared diamines 20c and 20m from aldehyde
2301 (as shown in Scheme 5). The related imines 8¢ and
8m in equilibrium with 4, 4-methylbenzaldehyde, and
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Figure 1. Inhibitory activities toward jack bean a-mannosidase (pH 5, 25 °C) measured for imines 8a - ae

(0.25 mm) mixed with diamine 4 (0.25 mm) and aldehydes 5 (0.25 mm).
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Figure 2. Inhibitory activities toward jack bean o-mannosidase (pH 5, 25°C)

measured for imines 12 b - af (0.21 mm) mixed with diamine 9 (0.21 mm) and
aldehydes 5 (0.21 mm).
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23 3 R'=Bn

17 R’ = a-thiophenylmethyl
20c R'=4-methylbenzyl
20m R' = 3-methoxybenzy!

Scheme 5. Preparation of a-mannosidase inhibitors.

3-methoxybenzaldehyde gave high inhibitory activities (Fig-
ure 1). Both diamines 20c and 20m were assayed for their
inhibitory activities with respect to jack bean a-mannosidase
and were found to be competitive inhibitors with K;=3.0 um and
9.2 um, respectively.'? Imine 8c was also independently pre-
pared, isolated, and assayed for its inhibitory activity toward jack
bean a-mannosidase. 87 % inhibition was observed (concentra-
tion required for 50% inhibition 1C5, =130 pm, K;=29.1 um). This
experiment confirms that our method establishes a parallel

ChemBioChem 2002, No. 5 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

SHORT COMMUNICATIONS

between the activity of the imine and that of
the related diamine. Moreover, under the
concentration and pH conditions used for
the test, equilibrium is reached within the
incubation time. In order to test whether our
method of discovery of glycosidase inhib-
itors would lead us to miss potential inhib-
itors, we prepared pure imine 12a from
diamine 9 and benzaldehyde and assayed it.
At 1mm concentration, it showed 70%
inhibition of jack bean a-mannosidase
(ICso=350 um, K;=148 um, competitive).
The diamine 21 that results from the
reduction of 12a (NaBH,, MeOH, RT) also
inhibited the same enzyme (29 % inhibition
at 1Tmm concentration). Pure imines 16b,
16 f, and the corresponding diamines 22b
and 22f, were made and assayed
(Scheme 6). None of these products showed
inhibitory activity toward jack bean a-man-
nosidase at 1 mm concentration.

H H
N N
S_Z’\/Nzwph S_Z’\/NHCHZPh
HO'  “oH HO' 'OH
12a 21

H
U

@ANHR'

16b — 22b R' = 4-chlorobenzyl
16f —» 22f R' = 2-fluorobenzyl

Scheme 6. Reduction of inhibitory imine 12 a gives a diamine 21 which is also an
inhibitor of jack bean a-mannosidase. The inactive imines 16 b and 16 f give the
corresponding diamines 22b and 22 f, which show no such inhibitory activity.

We expect the method presented in this report to be
applicable to the rapid discovery of inhibitors of all kind of
enzymes. Imines can model the inhibitory activities of the
corresponding amines. If the imines are formed rapidly from
sublibraries of amines and aldehydes, minute amounts of
reagents are required in each enzymatic assay.
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Integrins are membrane-spanning heterodimeric receptors
which couple signal transduction with cell matrix adhesion.
Several integrins recognize the tripeptide sequence in RGD-
containing peptides and proteins. However, the atomic detail of
the ligand binding site is currently unknown. Starting from the
crystal structure of the extracellular domains of the integrin o.,f3;,
we develop a three-state mechanism of integrin activation based
on Ca?* displacement upon ligand binding. We present a
detailed working model of the highly important but poorly
understood mechanism of an integrin signaling event. Addi-
tionally, we describe the ligand binding site in atomic detail,
which might be a first step in future rational drug design
attempts.

In a recent pioneering work, Xiong etal. solved the crystal
structure of the extracellular domains of a,f3; (Protein Data Bank
(pdb) entry 1JV2)," which provides the possibility of looking at
integrin-activating processes at the atomic level (Figure 1A).
Currently, the consensus model for integrin activation and signal
transduction is a two-state mechanism: a low-affinity resting
state (state one) is activated by intracellular events that lead to a
high-affinity binding state (state two) after a conformational
change. This activation process involves the separation of the a,
propeller domain and the ; BA domain® (the so-called head
groups, Figure 1B). However, biochemical investigations also
support a model with multiple activation states.> ¢ Here, we
start from the crystal structure of the extracellular domains of
a,f; and use automated docking and molecular modeling to
develop a three-state mechanism involving allosteric effects
triggered by a ligand-induced shift of a Ca?* ion. We introduce
an additional step before dissociation of the head groups, which
corresponds to the crystal structure and constitutes a high-
affinity state.

In our model, the inactive state (state one, Figure 1C, left) is
locked in its position by intracellular interactions.”! Proteins
binding at intracellular domainst* & trigger a rotational move-
ment of an integrin subunit, which activates the integrin. This
activated or preconditioned state (state two, Figure 1C, middle)
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containing peptides and proteins. However, the atomic detail of
the ligand binding site is currently unknown. Starting from the
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we develop a three-state mechanism of integrin activation based
on Ca?* displacement upon ligand binding. We present a
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understood mechanism of an integrin signaling event. Addi-
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which might be a first step in future rational drug design
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structure of the extracellular domains of a,f3; (Protein Data Bank
(pdb) entry 1JV2)," which provides the possibility of looking at
integrin-activating processes at the atomic level (Figure 1A).
Currently, the consensus model for integrin activation and signal
transduction is a two-state mechanism: a low-affinity resting
state (state one) is activated by intracellular events that lead to a
high-affinity binding state (state two) after a conformational
change. This activation process involves the separation of the a,
propeller domain and the ; BA domain® (the so-called head
groups, Figure 1B). However, biochemical investigations also
support a model with multiple activation states.>® Here, we
start from the crystal structure of the extracellular domains of
a,f; and use automated docking and molecular modeling to
develop a three-state mechanism involving allosteric effects
triggered by a ligand-induced shift of a Ca?* ion. We introduce
an additional step before dissociation of the head groups, which
corresponds to the crystal structure and constitutes a high-
affinity state.

In our model, the inactive state (state one, Figure 1C, left) is
locked in its position by intracellular interactions.”! Proteins
binding at intracellular domainst* & trigger a rotational move-
ment of an integrin subunit, which activates the integrin. This
activated or preconditioned state (state two, Figure 1C, middle)

[a] Dr. H. Kessler, Dipl. Chem. K.-E. Gottschalk™!, Dr. R. Giinther!
Institut fiir Organische Chemie und Biochemie
TU Miinchen
Lichtenbergstrasse 4
85747 Garching (Germany)
Fax: (+49)89-289-13210

[*] These authors contributed equally to this work.
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Figure 1. A) Crystal structure of the extracellular domains of integrin a.f3;. The a
subunit is shown in yellow, the 3 subunit in white, and the Ca** ion bound to the
adMIDAS region in magenta. B) Docking studies were performed on the head
groups of integrin a.f3;, which comprise the 3 propeller domain of a,, and the A
domain of f3;. The MIDAS region is depicted in blue, the adMIDAS region in
orange. C) Three-state model of signal transduction in integrins. In accordance
with experimental and theoretical studies, intracellular proteins attach to a.f3;
and trigger a rotational movement of the head groups, which exposes the
extracellular ligand binding site (left). Binding of ligands at this site (middle) leads
to conformational changes in the head group region, which in turn evokes
separation of the integrin subunits (right). This separation might be a starting
point for further intracellular events.

corresponds to the published crystal structure and has a high
affinity for extracellular ligands. In contrast to the prevailing
model, the head groups are still associated in this state.
Extracellular ligand binding leads to further conformational
changes, which separate the integrin head groups (state three,
Figure 1C, right).®a This is in complete accord with recent
molecular modeling studies of the transmembrane domains,
which show that these domains can adopt three states. Two of
these transmembrane conformations, which correspond in
our model to the inactive and activated state, respectively, differ
only in the relative rotation of the transmembrane helices,
while the conformation of the third state, which has separated
head groups, also has a higher crossing angle between the
helices.!

It has been postulated that a Ca?* ion bound to the metal-ion-
dependent adhesion site (MIDAS) region of the BA domain of the
integrin subunit ; interacts with the aspartic acid of RGD
peptides and with the receptor.'® Surprisingly, the MIDAS region
of BA, in contrast to a region nearby called the adMIDAS region,
is not populated by a metal ion in the crystal structure of o,f3;.
Further studies showed that the N-terminal 3 propellers of the a
subunits are also involved in the process of binding ligands and
that the arginine of the tripeptide sequence RGD binds in this
region.""3 While the distance between the arginine and
aspartic acid in cyclic RGD peptides is about 13 A48 the
shortest distance between the Ca?* ion bound to the adMIDAS
region and the P propeller of subunit of a, is in the order of 17 A.
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Thus, it seems that the crystal structure does not constitute the
final ligand binding conformation of the receptor.
Superposition of the fA domain of the f3; subunit and of the |
domain of integrin o, reveals a high structural similarity between
these two structures (Figure 2a).l"? Analysis of the structures of
the free | domain of a, integrin and the same | domain in
complex with collagen shows that the binding of the ligand
results in movement of the Ca2* ion and the MIDAS region of the
| domain. We propose that a similar conformational change
occurs in the case of the 5 subunit, which should lead to a
displacement of the Ca?* ion. To corroborate this hypothesis we
modeled the ; MIDAS region according to the | domain of a,

B‘Iaﬁi“ N e 'R216
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D150’ f'“\ Nz1§K

i e P
Ve I s

<) 3123
N Dzte
251

Figure 2. A) Superposition of the | domain of collagen-associated integrin
subunit a,, (grey) with the SA domain of integrin subunit f3; (green). The respective
metal ions are depicted as spheres; the grey sphere represents the metal ion
bound to the MIDAS region of a,, the green sphere the ion bound to the adMIDAS
region of 3;. The backbone root-mean-square deviation of the superimposed
residues is 1.6 A despite the large difference in metal position. B) Superposition of
the metal-coordinating regions of integrin a, (grey), the crystal structure of the f3;
domain (green), and the structure of the 3; domain that was modeled with regard
to integrin a, (red). The original Ca®*-ion position is indicated by a green sphere;
the position of the shifted Ca®" ion is shown as a red sphere and is nearly identical
to the respective metal position in integrin o, (shown in grey). The surface of the
a, subunit and the position of the ()-Arg®' residue are also shown. The Ca** ion
is moved towards the a, subunit, which allows ligand interactions with both
integrin subunits. The proximity of the shifted loops to the (3)-Arg*' residue
implies an allosteric effect of ligand binding on this arginine, which in turn may
trigger dissociation of the integrin head groups. C) Binding of 1 to the head
groups of the integrin a./3; obtained by automated docking carried out by
employing the AutoDock 3.0 program.”?! Regions which are expected to be
involved in ligand binding (residues 142-151 and 172-181 in integrin a,, and
179-181 and 214-217 in the f3; subunit) are shown in red. The so-called
'specificity region’ of the [3; subunit is green. Initial docking simulations on the
whole heterodimer confirmed that the binding site is close to the MIDAS region of
the f3; subunit (data not shown). D) Most favorable binding arrangement of
ligand 1 to integrin a,f3; as determined by automated docking. Interacting
residues of the a, domain are depicted in orange, residues of the 8; domain in
grey. The Ca®* ion in the shifted MIDAS region is shown in magenta. The acidic
moiety of 1 now takes part in Ca?* coordination at the MIDAS region. The other
interacting residues have been shown to be involved in ligand binding by
experimental studies.
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(Figure 2b) and performed automated docking studies of the
a,ps-selective inhibitor 18 on this conformation associated with
the a, propeller domain (Figure 2c). Indeed, the acidic moiety of
the ligand binds to the Ca?* ion positioned in the shifted MIDAS
region, while the portion corresponding to the arginine in the
natural ligand binds in the region of the (a)-Asp™® and (a)-Tyr'”®
residues of the a, propeller domain (Figure 2d). These regions
have been shown to be crucial for ligand binding and subunit
specificity.'2" A closer investigation of the modeled receptor
conformation reveals that the adMIDAS region is no longer
capable of Ca*" binding, as the formerly calcium-complexing
residue ()-Asp'¥ is now pointing in the opposite direction
compared to its position prior to ligand binding. Furthermore,
the affinity of the MIDAS region for metal ions should increase as
the (B)-Asp?’ residue now takes part in metal complexation. The
proposed Ca?* displacement explains the influence of ion
concentration on ligand binding. Low calcium concentrations
support binding, whereas high calcium concentrations result in
inhibition of ligand binding.?*> 25! Above a critical ion concen-
tration the low-affinity MIDAS region close to the adMIDAS
region will be populated in addition to the adMIDAS region prior
to the ligand binding event, which will render the conforma-
tional changes impossible.

It has been shown that the specificity of cyclic RGD peptides
correlates with the angle between the Lys and Asp residue.? As
our model can only approximate the energies of binding due to
inaccuracies in side chain conformations and negligence of
solvent effects, we can only qualitatively show specificity effects.
Comparing the conformations with our binding model ration-
alizes the following findings.: the o,f;-specific RGD peptide
adopts a conformation that is comparable to the synthetic
ligand while the extended conformation of the a,p;-specific
RGD peptide cannot bind to a,f3; in a similar fashion (Figure 3).
Nevertheless, a structure with associated head groups is not in
accordance with electron microscopy images of ‘activated’
integrins.” 2! Therefore, it seems likely that the ligand binding
event leads to still further conformational changes of the
integrin. Two loops that are involved in Ca’* complexation are
close to the (B)-Arg?' residue, which is part of the o/p interface
and inserts into the § propeller of the a, subunit. The (3)-Arg®'
residue is surrounded by aromatic residues from this 3 propeller
domain. Thus, cation -t interactions?® between (B)-Arg?' and
neighboring residues from the a, subunit should contribute to
the a/f interface.™ A slight change in the position of the (f)-
Arg®' residue induced by allosteric rearrangement caused by
ligand binding and calcium displacement can disrupt these
cation-t interactions. Consequently, the head groups disso-
ciate, which leads to an increase of the crossing angle between
the integrin subunits as observed in experimental and theoret-
ical investigations. It has been shown in molecular modeling
studies that involve the transmembrane regions of the homol-
ogous o,,[3; integrin that high activation energy is necessary for
the transition from a small to a large crossing angle of the
transmembrane helices (unpublished results). This energy may
be provided by the ligand binding event.

In conclusion, we have developed a model of an integrin
activation mechanism in structural terms based on the obser-
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Figure 3. A) Manual superposition of 1 and the RGD conformation of a5
specific (red) and a,,5-specific (cyan) cyclic RGD peptides. While the a.3;-specific
ligand adopts a conformation similar to the nonpeptidic ligand, the a,,[3;-specific
ligand cannot occupy the binding pocket.

vation that conformational changes of the activated integrin are
a necessity for ligand binding. Our mechanism is completely
consistent with experimental data currently in the literature. The
conformational changes involve a shift in the position of a metal
ion from the recently described adMIDAS region to the MIDAS
region of the ; subunit. A Ca** ion moves towards the a
subunit, allowing ligand interactions with both subunits. The ion
shift is accompanied by rearrangements of loops surrounding
the MIDAS region, which in turn may trigger the dissociation of
the integrin head groups. Thus, we show that the crystal
structure is only a snapshot in a multistage process. Here, we
used molecular modeling to fill in the steps between the x-ray
structure and the ligand binding and activation mechanism.

Methods

The P; backbone was threaded onto the o, conformation by
employing the molecular modeling software tool MODELLER.?”
Sidechains of the affected residues were initially positioned by using
the CONFMAT program® with 20 cycles. Conversion of these
positions to the meanfield energy was achieved. Afterwards,
250 steps of conjugate gradient minimization were employed with
harmonically restrained backbone atoms. Residues that were not
affected by the loop modifications were kept fixed during minimi-
zation. The modeling software Sybyl 6.6 (Tripos Inc., St. Louis) was
used to add polar hydrogens, to assign template charges, and to
perform a geometry relaxation of the protein. The ligand was
modeled in the same way.

To identify the ligand binding site in greater detail an automated
docking of the inhibitor 1 was performed in a grid box of 38 x 40 x
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40 A centred around the MIDAS region with a grid point spacing of
0.375 A. The ligand was subjected to 50 docking runs by employing a
Lamarckian Genetic Algorithm with all relevant torsional angles
released and the various ring conformations of the inhibitor taken
into account. Each docking run was initiated with a population of
50 individuals chosen at random and iterated through 7.5 x 10°
energy evaluations. Up to 300 iterations of local search were applied
with a frequency of 0.07. Thus, approximately 2 x 10° ligand - protein
arrangements were evaluated.
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