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Aspartic Proteases Involved in Alzheimer’s

Disease

Boris Schmidt*e!

Alzheimer’s disease afflicts every tenth human aged over 65.
Despite the dramatic progress that has been made in under-
standing the disease, the exact cause of Alzheimer’s disease is still
unknown. Most gene mutations associated with Alzheimer’s
disease point at the same culprits: amyloid precursor protein and
ultimately amyloid f3. The enigmatic proteases a-,3-, and y-
secretase are the three executioners of amyloid precursor protein
processing, and disruption of their delicate balance is suspected to
result in Alzheimer’s disease. Significant progress has been made in
the selective control of these proteases, regardless of the avail-
ability of structural information. Not even the absence of a robust

“Alzheimer’s disease is a devastating illness that robs humans of
their ability to remember, to think and to understand all the
things we cherish most about being human.” (P.F. Chapman)

Alzheimer’s disease (AD) is an epidemic neurodegenerative
disorder that claims millions of victims each year. The ageing of
the world population will be accompanied be an increasing
disease toll. According to the World Health Organisation, the
prevalence of AD amongst people above 60 years of age is 5.5%,
and this figure increases for older people (clinical AD: 16% 85-
year-olds, 22% 90-year-olds)."? “The onset of Alzheimer’s
disease is usually after 65 years of age, though earlier onset is
not uncommon. As age advances, the incidence increases
rapidly (it roughly doubles every 5 years).”™ Thus, age is the
dominant risk factor and overrules even the positive impacts of
nutrition and education.®-! The socio-economic impact of AD,
the care needed for disabled and chronically wasting patients
and the consequences for patients, relatives and caretakers alike,
will be a major social and financial issue for the coming decades.
“The direct and total costs of this disorder in the United States
have been estimated to be US$ 536 million and US$ 1.75 billion,
respectively, for the year 2000."" Despite all efforts, the exact
cause of Alzheimer’s disease is still unknown, although a number
of factors have been suggested. These factors include the
metabolism and regulation of the amyloid precursor protein,
plaque-related proteins, tau proteins, and zinc, copper, and
aluminium cations.

Acetyl cholinesterase inhibitors and general therapy moderate
symptoms at the onset of the disease!® 7 and improve cognitive
function as expressed by the Alzheimer’s disease assessment
scale (ADAS-COG), but these drugs do not address the severe
mortality rate at the final stage of the disease.’® Promising results
were obtained with nonsteroidal antiinflammatory drugs
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cell-free assay for y-secretase could hamper the identification of
nonpeptidic inhibitors of this enzyme for long. Within five years,
four distinctly different structural moieties were developed and the
first drug candidates are in clinical trials. Unfortunately, selective
inhibition of amyloid 8 formation remains a crucial issue because
fundamental fragments of the y-secretase complex are important
for other signaling events. This problem makes [(-secretase
inhibition and a-secretase induction even more appealing.
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(NSAID), both in vitro and in a prospective, population-based
cohort study of 6989 patients.” ' Immunization therapies
against amyloid f peptide (Af) have high potential and are
under investigation by several companies. The most advanced
companies in this field, Elan Corp plc. and Wyeth-Ayerst
Laboratories, suffered a setback in their joint clinical develop-
ment of the drug AN-1792 in March 2002. The phase lla trials
were abandoned after observation that four patients in France
displayed clinical symptoms consistent with inflammation in the
central nervous system (aseptic meningoencephalitis). The
gloomy outlook for this therapy brightened a little when A
antibodies that address fibrillized AP instead of soluble amyloid
peptide were applied. These antibodies do not interact with
amyloid precursor protein (APP), an interaction that may result in
crucial autoimmune responses.' 12

Thus, a causal therapy is still utterly in demand as no existing
therapy effectively stops or even cures the disease. The
incidence of early-onset Alzheimer’s disease in Down syndrome
patients indicates chromosome 21 as a likely hotspot for location
of Alzheimer's-related genes. Further gene mutations linked to
early-onset Alzheimer’s disease afflicted several families in
London and Sweden and additional polymorphisms that either
cause or further AD provided some insight into the biological
pathways concerned and the involvement of APP.I'3-'6l The
genetic background of AD is quite heterogeneous and associ-
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ations have been made with genes localized on almost every
chromosome. However, replicated or confirmed associations are
few: late-onset AD is linked to the &4 allele of apolipoprotein E
(ApoE), but the presence of this allele is neither necessary nor
sufficient to cause the disease, although there is a dose-
dependent relation to the age of onset.'”? Another cluster of
mutations is located on chromosome 14 in the gene encoding
for presenilin 1.8 Mouse models expressing mutated human
APP and presenilin 1 display many symptoms of AD, although no
model represents the full range of pathologies of the human
disease. In particular, the inflammation processes in

humans and mice do not adequately relate to each

other.' 29 The observed loss of neurons is accom- B

panied by formation of plaques consisting of Ap. A
rational approach to a successful, causal therapy must
be based on a detailed understanding of Ap forma-
tion and deposition, and the inflammatory conse-
quences. Decisive functions were assigned to the
amyloid precursor protein and its degrading aspartic
proteases: -secretase (a beta-site APP-cleaving en-
zyme, BACE) and the presenilins (PS; also called -
secretase).

A simplified cartoon of APP processing is depicted in Figure 1.
APP is up to 771 amino acids long, occurs in three isoforms
(APP695, APP751, and APP771), and includes a signaling
sequence (a large extramembraneous sequence) and the crucial
membrane-spanning domain followed by a short cytoplasmic
tail. The nonpathological cleavage occurs between Lys687 and
Leu688 (K16L17, respectively, in Scheme 1) catalyzed by an a-
secretase that belongs to the ‘a disintegrin and metalloprotease’
(ADAM) family and is suspected to be TACE or ADAM10. This
dominating event leaves just 10% of the APP behind for the f3-
secretase, produces a-APP, and ultimately leads to formation of
the fragments P3 and C83 (Figure 1). The a-secretase is sensitive
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Figure 1. Processing of APP by secretases.
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Scheme 1. APP amino acid sequence close to the cleavage sites, and point mutations given
with the AB numbering.

to membrane cholesterol levels and can thus be modulated.?"
a-Secretase induction was suggested to be partially responsible
for the memory-enhancing activity of AIT-082 (7, Scheme 2),122-24
which was in phase | trials in 2001.

The most relevant point mutations for Af} formation are the
double mutation Lys670Asn,Met671Leu (Swedish) and Val717Phe
(Stockholm or Indiana), which cause familial Alzheimer’s demen-
tia (FAD). The molecular basis of these point mutations is
explained by their modulation of the secretases. The rate-
limiting p-secretase usually cleaves between the Met671 and
Asp672 residues, but prefers the preceding amino acids Asn670
and Leu671 of the Swedish mutation over Lys670Met671. The
Val717Phe mutation results in enhanced cleavage after Ala714,
which leads to the notorious AP,. The released C-terminal
fragment C57/C59 interacts in the cytoplasm with an adapter
protein, Fe65, and finally induces apoptosis in H4 cells.’? 29
However, the Fe65 interaction did not protect C57/C59 from
rapid degradation in a pulse-chase experiment, with little
contribution from endosomal/lysosomal proteolysis. Partial
migration of C59 to the nucleus was confirmed in this study.?”

The C-terminal transmembrane domain of -secretase is not
strictly required for activity, but localization of both enzyme and
substrate in the same membrane enhances kinetics and
specificity. Crucial for assay development and animal models:
BACE1 —/— knockout mice are fertile and healthy but display
reduced A levels.”®! Selectivity issues arise not only for other
aspartic proteases, but for the homologous BACE2, which
displays a less pathogenic APP cleavage pattern and a distinctly
different localization.l°-3"

Only through a subsequent proteolysis at Val711-1le712 or
Ala713-Thr714 by the intramembrane protease y-secretase is
the AP protein released, now 40-42 amino acids long, to give
AP, and AP, and the C-terminal fragment C99. Paradoxically,
despite being the first reported secretase, the identity of the -
secretase is still subject to debate and the detailed structure

ChemBioChem 2003, 4, 366 -378
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remains unknown. The relation of this process to the Notch
pathway, which is important in embryonic development, has
become less hazy over the years, whilst the importance of
cofactors is increasingly obvious. Notch 1, an integral membrane
receptor, is processed by proteases upon ligand binding. The
intramembraneous cleavage is similar to the APP cleavage and
requires PS1. The released intracellular domain migrates to the
nucleus, where it finally activates Notch target genes.? Cross-
over to the Notch pathway hampered all attempts at breeding
PS —/— knockout animals, which do not pass the embryonic
state, but embryonic stem cells may fill part of the gap.® The
intracellular trafficking of Notch in human central nervous
system (CNS) neurons is reduced by PS1 inhibitors and results in

dramatic changes in neurite morphology. It may be that Notch @

dysregulation causes the neuritic dystrophy observed in AD
brain tissue.?4

Additional proteases may be responsible for y-secretase-type
activity in the early secretory pathway.? In spite of being the
minor cleavage product, AP,, is the dominant factor in AP
deposition and plaque formation. Therefore AP formation,
deposition, and clearance are highly competitive targets for
drug development. Several companies and academic groups
have reported cell-free assays in isolated membranes or
membrane preparations for this purpose. However, most of
these assays lack the robustness necessary for reliable high-
throughput screening.6-3

To date several reviews on secretase inhibition exist.0-%%
Rapid progress in the field demands a continuous survey, and
yet, potent nonpeptidic inhibitors of -secretase have not been
published. Several peptide-based inhibitors were patented or
published immediately after J. Tang’s disclosure of BACE - inhi-
bitor complex X-ray structures® 47 (Figures2 and 3 show
fragments of the homodimeric structure) and were recently
reviewed by S. Roggo."® Nonpeptidic inhibitors of presenilin
were made known through patents by Elan/Eli Lilly, Bristol Myers
Squibb, and DuPont. A single original publication appeared for
DAPT (phase Il drug candidate, Eli Lilly) and its drug-metabolism

3 0OmMg9-2

Figure 2. BACE complexed to Glu-Val-Asn-¥(Leu-Ala)-Ala-Glu-Phe (3, OM99-2;
PDB code: TFKN).
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Figure 3. BACE complexed to Glu-Val-Asn-¥(Leu-Ala)-Ala-Glu-Phe (3, OM99-2;
PDB code: 1FKN).

pharmacokinetics outside the patent literature. However, as a
result of the commercialization of DAPT, it will turn into the
standard for other compounds to come. Peptidic presenilin
inhibitors,3% ! like Merck’s L-685,458, which is still the most
potent inhibitor known, were patented®*->? prior to publication
in scientific journals.”

The well-known beneficial influence of nonsteroidal antiin-
flammatory drugs on the progress of Alzheimer’s disease has
been confirmed for some NSAID subtypes. Work carried out by
Weggen etal. indicates potential for COX1 inhibitors (for
example, diclofenac, sulindac, indomethacin, ibuprofen, but
not the most prominent inhibitor: aspirin) in PS inhibition.”!
Reports on nicastrin, which is a protein linked to familial
dementia in the italian town Nicastro, and its co-precipitation
with presenilin by presenilin-specific antibodies® stimulated
the ongoing debate about y-secretase/PS identity. C. Haass
suggests mature nicastrin plays a crucial role in PS1 trafficking
from the endoplasmic reticulum to the plasma membrane.”

[B-Secretase (BACE) was established as an aspartic protease by
molecular biology®™® despite the initial lack of selective inhib-
itors. This enzyme bears all the hallmarks of a typical aspartic
protease, which include the flexible flap region that is crucial for
substrate docking. The two states of the enzyme, open and
closed, contribute to its selectivity and activity."”? BACE1 is
anchored to the membrane by its transmembrane domain
(Residues 455 —480). The catalytic domain is stabilized by three
cystine residues in analogy to other aspartic proteases. However,
the fully active BACE1 used by Tang for cocrystallization lacks the
transmembrane and intracellular domains, and some flexible
N-terminal regions were not resolved. The inhibitor is placed in
the active site as intended by design (Figure 3); the transition
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state analogue hydroxyethylene is coordinated through four
hydrogen bonds to the two catalytic aspartate moieties. A
further 10 hydrogen bonds are established between the inhib-
itor, the binding pockets, and the flap region. Despite the
analogies between BACE1 and other aspartic proteases, there
are significant differences in side-chain preferences. The sub-
strate residues required in the S4 and S3’ positions are hydro-
philic and readily accessible by water. The hydrophilic S4’
residue, a phenylalanine, is located at the surface and contrib-
utes less to binding, therefore shortened peptidomimetics 4-6
(Scheme 2) retain activity. The S1’ position offers space for more
than just an alanine residue, as found in the cocrystallized
inhibitor 3; this fact was deduced from the results of ethyl
substitution of the hydroxyurea 5. The importance of the flap
region for structural reorganization and activity modulation was
concluded from the kinetics of statine-based peptides (hydroxy-
ethylenes), which revealed a two-state mechanism.® A detailed
analysis of BACE distribution, structure, species variation, and
properties was published recently.*® BACE2 is highly similar to
BACE1 but leads to additional hydrolysis close to Phe20
(Scheme 1).

Aspartic proteases hydrolyze the amide bond through a
concerted effort by an aspartic acid residue and an aspartate
moiety. The aspartic acid residue protonates and activates the
amide towards nucleophilic attack, while the aspartate species is
required to coordinate and deprotonate water in order to supply
a nucleophilic hydroxy anion (Scheme 3). Accordingly, hydroxy-
ethylene isosters of peptidic substrates, which are known to
inhibit aspartic proteases, were adapted to the specific require-
ments of the (-secretase’s active site. The peculiarities of the
hydrolysis and the stabilization of the tetrahedral transition state
by a hydroxyethylene group results in a stable intermediate
complex.

Formation of the high-affinity complex of Glu-Val-Asn-¥(Leu-
Ala)-Ala-Glu-Phe (3, OM99-2) and -secretase results in complete
inhibition of B-secretase activity and allows crystallization and
structure determination at 1.9-A resolution (Figure 2 and Fig-
ure 3).14:5% 60 The subsite specificity was established by meas-
urement of cleavage rates of combinatorial substrate mixtures,
which resulted in production of Glu-Leu-Asp-¥(Leu-Ala)-Val-Glu-
Phe (OMO00-3, Figure 3), found to be the most potent known
inhibitor (inhibition constant, K;=0.31 nm) of [(3-secretase. The
second member of the BACE family, BACE2 (also called
memapsin 1), causes additional cleavages reminiscent of -
secretase activity.B0 61

A second BACE-inhibitor complex structure was
revealed by J. Tang (Protein Data Bank (PDB) code:
1M4H) in 2002.%7 The inhibitor OM00-3 was taken from
the previous BACE subsite specificity study. The im-
proved binding of this inhibitor, in particular between
P2'-P4" and the S'2-S'4 pockets, resulted in a more
linear, extended conformation, which shifts the phenyl-
alanine residue exposed on the surface of the enzyme
further out into the solvent (Figure 4). The replacement
of the P2’ alanine residue by a valine residue facilitates
binding and leads to the reorientation of the P3'
glutamine and P4’ phenylalanine residues.

ASP
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Scheme 3. Mechanism of hydrolysis of an amide bond by aspartic proteases.
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Figure 4. Overlay of the BACE X-ray structures of the BACE inhibitors OM99-2 and OMO00-3.

The pharmacological evidence compiled for vy-secretase
indicates that it has the activity of an aspartic protease that
requires at least one additional cofactor.%? The localization of the
active site within the membrane and the occurrance of the
cleavage within the membrane anchor of C99 makes y-secretase
quite unique. Currently, there is only one known related enzyme:
the signal peptide peptidase, which shares a number of the
features and problems described for y-secretase, but is inserted
into the membrane by seven transmembrane helices.’®3 Un-
fortunately, it will not be easy to isolate and purify the
intramembrane protease while retaining its activity. Therefore,
this protease has so far escaped crystallization and X-ray
structure determination. However, mutation analysis of the
two conserved aspartate residues of all presenilins supports their
key role in y-secretase activity, at least for an autoproteolytic
mechanism that sheds the exon E9. A proposal for the arrange-
ment of the transmembrane helices has been made, but it does
not yet explain the observed cleavage pattern.® A rudimentary
configuration for the eight membrane-spanning domains!®! is
depicted in Figure 5.

E9

PS1-NTF

PS1-CTF (20 kD)

Figure 5. Schematic representation of presenilin 1 membrane localization.

f-Secretase Inhibitors

Several inhibitors of 3-secretase have been identified in cellular
assays but, more often than not, the true nature of the inhibition
mechanism was not reported. Broad-spectrum protease inhib-
itors such as pepstatin (1), known aspartic protease inhibitors

ChemBioChem 2003, 4, 366-378  www.chembiochem.org

from renin, and HIV protease programs, as well as cocktails
thereof, have little inhibitory effect and gave misleading results.
The consequent utilization of the Swedish mutation and the
structure —activity relationships of early compounds made by
Bristol-Myers Squibb® (structure 2) resulted in the development
of OM99-2 (3) and its successful cocrystallization with BACE.
Activities have been reported for Leu-Ala hydroxyethylene
isosters such as 4, which provide insight into the binding mode.
However, these compounds do not really invite drug develop-
ment because the obstacles for Alzheimer therapy are even
higher in comparison to those for the inhibition of renin and HIV
protease.® ¢ Significant efforts were made to reduce the
molecular weight and the flexibility of the lead structure.
Inclusion of a valine instead of an alanine residue improved
binding to the pocket S2'. This replacement and the omission of
the small contributions from P4-Glu- and P4’-Phe-binding were
first steps taken on a bumpy road towards optimization. The Elan
compounds (5, 6) have lost a good part of their peptidic
heritage, which is mandatory to obtain sufficient oral absorption
and blood - brain barrier penetration./”-6%

Despite all efforts made by pharmaceutical companies and
academic groups, nonpeptidic lead structures for BACE inhib-
ition are very scarce. Takeda reported the tetraline 8 (Scheme 4),
which is not an obvious scaffold for protease inhibition and is
likely to originate from high-throughput screening efforts.”® The
activity is poor (ICs,=1 um) and the mode of action is insecure.
Latifolin (9), isolated from the heartwood of Dalbergia sissoo, was
found to inhibit AP synthesis with an ICs, value of 180 um, again a
rather weak and insecure activity.”"! However, steady assay

!
OMe ) OH
O SRS
8 OH 4
Scheme 4. Nonpeptidic BACE inhibitors.
© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 371
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development will provide further nonpep-
tidic leads. For example, protease-cleavable
luciferases, which can be used in protease
determination and screening for protease
inhibitors, were suggested for use with the
BACE sequence,? but the reported meth-
od needs improvement. j\

v-Secretase Inhibitors

The active site of y-secretase is still subject
to debate, but replacement of both Asp257

10MG132 7.
N

12 Merryl Dow WO 9509838
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ments in PS2) inhibits y-secretase activi-
ty.’> 74 However, single replacement of
Asp257 or formation of a deletion con-
struct that lacks the Asp257-containing
transmembrane domain allows the protein
to retain some activity, which sheds a little
doubt on the classical model of the tran-
sition state.” Furthermore, these Asp257
modifications significantly inhibit the
Notch pathway.

Several peptidic aldehydes have been
reported as inhibitors of either y-secretase
or -secretase, or both. These were taken
from previous protease programmes or
resulted from combinatorial chemistry ex-
periments. Common to both series are
lipophilic di- and tripeptides with bulky
N-terminal protection groups, for example,
Z-LLL-CHO (10, MG132; Scheme 5), Z-YIL-
CHO, Boc-GVV-CHO. However, the general
lack of specificity of these aldehydes and

proteases makes the data interpretation
rather cumbersome. Indirect mechanisms
that occur through general protease inhib-
ition result in complex concentration -ac-
tivity relationships. In fact, Z-LLL-CHO (10,
MG132) blocks the maturation of the
amyloid precursor protein.”® Improved N termini for the peptide
aldehydes were identified by Scios researchers, who reported a
range of substituted cinnamic acid amides (for example, 11,
ICso=10 um).7”" Some of the drawbacks of peptide aldehydes
were avoided by using difluoroketones (12), initially pioneered
by Merryl Dow,”® whose weak inhibitory activity highlighted the
promiscuous nature of the enzyme. Accordingly and somewhat
later, M.S. Wolfe reported the small impact of amino acid
variation in derivatives of MW167 (13-15).7%897 Clearly, this
structural motif serves only as a tool for assay development and
labeling.®'-89! Difluoroketones were used to block endoproteol-
ysis of PS1 and to distinguish y-secretase and the Notch receptor,
which share a cleavage site in the transmembrane region and
several other features.?® %81 The low impact of different
difluoroketones on the AP40/42 ratio supports the point

their inhibition of serine and cysteine o} )
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Scheme 5. y-Secretase inhibitors. Z= benzyloxycarbonyl; Boc = tert-butoxycarbonyl.

mutation analysis and confirms the results of the phenylalanine
scan of the transmembrane region of APP carried out by K.
Beyreuther et al.®¥ The observed pattern of these phenylalanine
introductions and their outcome in terms of AP40/42 ratio
strongly support an a-helical presentation of the C99 fragment
to the y-secretase. If confirmed, this result will make the y-
secretase quite unique amongst the aspartic proteases as there
is only one report of a proteolysis with such an a-helical
substrate. First reports® of a-helix induction by incorporation of
a-aminoisobutyric acid (Aib) are not at all convincing. An
extended C99 fragment will bring y-secretase back in line with
all other aspartic proteases, which prefer nonhelical orientations
or unfold their substrate into an extended geometry prior to
proteolysis.®® Accordingly, a-helix mimetics of the scission site
lack activity.’®

ChemBioChem 2003, 4, 366 -378
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A giant leap forward was obtained by the serendipitous
identification of Merck’s L-685,458 (16). This compound was
taken from a previous protease programme that included its
diastereomeric hydroxyethylene, the corresponding ketone, and
the parent tetrapeptide, the latter of which was readily cleaved
in the assay. The all-lipophilic sequence with three phenylalanine
residues was somewhat anticipated, as several studies®* 7”79
had indicated the presence of large lipophilic binding pockets
(P2, P1, P1’, P2, and even P4 and P7’) in proximity to the
cleavage site. Inversion of the hydroxyethylene moiety reduces
the inhibition 270-fold. This result established the (- and y-
secretase preferences for hydroxyethylene isosters and allows
their differentiation by control of the absolute stereochemistry.
Labeling studies were conducted with different nonradioactive
probes by linking biotin and photoreactive fragments N- or
C-terminally to the core structure to give
L-852,505 (18) and L-852,646 (19). The biotin was
introduced to facilitate the isolation and identi-
fication of the irreversibly labeled adducts
through their streptavidin-enzyme-linked conju-
gates. Both photoreactive benzophenone attach-
ments allowed the compound (L-852,646 (19),
L-852,505 (18)) to retain potent inhibition activity
(ICsp< 1 nm for vy-secretase). Photolysis in the
presence of solubilized y-secretase provided a
protein of 20kD (from L-852,505 (18)) after
isolation on a biotin-specific streptavidin —agar-
ose gel, followed by partial digestion. This 20-kD
fragment was shown to be the C-terminal frag-
ment of presenilin 1 (PS1-CTF) by identification
with specific PS1-CTF antibodies. Binding to wild-
type PS1 was not observed in a control experi-
ment, yet binding to the deletion construct
PSTAE9, which lacks the cytosolic E9 loop (Fig-
ure 5), did occur.® Additional experiments sup-
ported the idea that PS1AE9 is part of the
catalytically active complex but lacks activity on
its own. It is still questionable whether L-685,458 N
competes with C99 for the active site or inhibits
the assembly of the active y-secretase at an earlier
stage, for example, the endoproteolytic®" proc-
essing of PS1. Useful information resulted from the
photolysis of L-852,646 in the presence of solubi-
lized y-secretase, which leads to isolation of a 34-
kD fragment, assigned as an N-terminal fragment.
A similar transition-state motif, the hydroxyethy-
lureal® was utilized for an activity-based affinity
purification. Immobilization of 11I-31-C (17, I1C,, <
300 nm) on affi-gel 102 by exchange of the methyl
ester for a hydrophilic amide linkage allowed
isolation and identification of PS1-CTF, PS1-NTF,
and nicastrin from solubilized y-secretase prepa-
rations.”®! Disappointingly, all strategies to free
active y-secretase from the affinity gel failed. This
problem is partially due to the good binding
affinity of the I1I-31-C core to the target protein
complex and partially due to the deep and narrow

F
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binding site, both of which demand strong denaturing con-
ditions to break up the binding interactions. The co-precipitation
of the inhibited y-secretase with its substrates C83 and C99 gave
rise to speculations about additional binding sites where the
substrate is recognized prior to transfer to the active site. These
speculations are in accordance with the observed promiscuous
nature of the cleavage as they assign the specific recognition to
other complex domains.

In comparison to the [3-secretase, for which detailed structural
information and the enzyme kinetics are at hand, very little is
known about the more complex y-secretase. The diversity of
selective, nonpeptidic y-secretase inhibitors is once again in
favor of high-throughput screening over de novo design. Elan’s
development of DAPT (23; Scheme 6) originated from an N-
dichlorophenylalanine ester 22, which displayed an ICs, greater
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Scheme 6. Further y-secretase inhibitors.
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than 30 um in a cellular screen. After several rounds of refinement
and hundreds of compounds, activity peaked for the dipeptide
mimetic DAPT (23) featuring the nonnatural amino acid phenyl-
glycine, which is crucial for activity: in human embryonic kidney
cells, 1C5o=20nm. Another key contribution stems from the
difluorophenylacetic acid, whose presence results in a very
strong structure - activity relationship.***? A broad variation of
the difluorophenyl moiety confirmed the demand for small
electron-withdrawing substituents. Branched esters displayed
similar activity, and despite speculations about the labile nature
of tertiary butyl ester, which may be cleaved at the low pH value
of the gut, DAPT is not a prodrug. Replacements of the ester by
amides are somewhat tolerated, but reduction to primary
alcohols results in a drop of activity by a factor of 1027
Subcutaneous application of DAPT to mice at a dose of
100 mgkg™" resulted in a 50% reduction of cortical AP levels
after 3h. A 40% AP reduction was observed at a dosage of
100 mgkg~' given orally, again after 3 h, but no brain levels of
DAPT were reported for the latter study. Interestingly, there were
no signs of in vivo toxicity, although at higher levels (100-
1000 times higher) DAPT does effect the Notch pathway.*®
Inhibition of Notch signaling by DAPT was reported for
drosophila and zebra fish embryos.” Further development of
the compound under the auspices of Eli Lilly included stereo-
selective placement of the hydroxy group and locking of the
spatial arrangement of two phenyl rings in a caprolactam
conformation to result in 25 (LY411575, IC5, < 1 nm in HEK cells),
which is still the gold standard in the field. This compound
halved plasma and cortical AP levels in young mice even at an
oral dosage of 1 mgkg~". A commercial derivative that lacks the
hydroxy group of the difluoromandelic acid is very potent but
still interferes with Notch in drosophila and zebra fish.l'% 19 The
fully decorated 25 may be void of Notch signaling and any direct
toxicity, but indicative long-term studies have not yet been
reported 92 and the community eagerly awaits the outcome of
early clinical trials. Curiously, the AP lowering abilities of DAPT-
like compounds are not affected by their sometimes poor
blood - brain barrier (BBB) penetration. Thus inhibition of APP
processing in the periphery or enhanced clearance of peripheral
AP by neprelysint'®-1%1 and other degrading enzymes!'® may
hold a key for causal treatment. The trafficking of AP over the
BBB, or more precisely, through the endothelial layer, was ruled
out from blood to brain, but not vice versa.'”-'%! Monoclonal
antibodies directed specifically at peripheral Af} affect the AP
equilibrium between the CNS and plasma. This initially unrelated
observation may ease the problems associated with blood -
brain barrier penetration of the drugs to come.

After several failures with peptidic structures such as 2, which
all caused toxicity problems in development, Bristol Myers
Squibb and Merck!"® published close to 1000 derivatives of
4-chloro-N-(2,5-difluorophenyl)-benzenesulfonamides 21. 500 of
these compounds were reported to be very good inhibitors of -
secretase activity. One of the activity clusters centres around the
core structure 21, with wide variation of the substituent R to
modulate bioavailability. Less active sulfonamides (20, IC;,=
2 umol) that feature similar bicycloalkane skeletons were
reported by Amgen and Merck & Co. These compounds share
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the arylsulfonamide moiety with 21 but lack the crucial N-alkyl
extension. 1M

DuPont’s hybrid structure 24> 3! pears the signatures of a
dipeptide-based structure —activity relationship for activity on -
secretase and is reminiscent of its lead, which was taken from a
matrix metalloproteinase programme. Removal of the central
amide bond of the parent dipeptide, replacement of the
hydroxamic acid by an amide, and introduction of a caprolactam
provided good activity and removed some of the problems
associated with dipeptide lead structures. The potent com-
pounds (ICs,: 20-90 nm) are related to DAPT-like compounds
and are hybrids of the two series. The difluorophenacyl
caprolactam derivative 30, which stems from a Scios/DuPont
cooperation, proved to be the most potent compound (ICs, =
0.3 nm)."3! “Hot” labeling by photoactivation of '*-benzophe-
none specifically cross-linked the inhibitor to three cell-mem-
brane proteins, which include the N-terminal fragment (NTF) and
CTF of PS1.

The membranes of PS1 knockout embryos lacked these
proteins in a gene-dose-related manner. DuPont Pharmaceut-
icals, which was taken over by Bristol-Myers Squibb, went on to
elaborate the caprolactam motif and described a large number
of derivatives in a patent family. Some effort was dedicated to
modifying the N terminus in order to avoid patent infringement
of Elan patents and resulted in the oxazolylsulfonamide 27.4 1131
Another straightforward attempt to bypass Elan claims is
obvious in a recent Merck series, which is generalized as
compound 26. Moreover, this series is claimed to be inactive
with respect to Notch signaling.'® Several other compounds
exist or are claimed to have been made that are hybrid structures
of 23 and 24; a common feature is an aza-caprolactam, which
places the phenyl groups in a defined, twisted arrangement.
Additional residues can be attached to the lactam amide and the
glycine residue is commonly exchanged for small spirocyclic
amino acids or amide excision peptidomimetics. Unfortunately,
activities for these compounds have not been reported yet. The
claimed activity” "8 of the chloroisocoumarin 29 for Notch
signaling and y-secretase inhibition stimulated several groups to
look at this dubious activity in more detail. The poor selectivity,
combined with the inherent general protease properties of this
chemically labile compound rendered it to be an indirect
inhibitor of y-secretase.'"! A benzodiazepine core serves as a
scaffold and allows wide variation, as seen in the 2,4-dichlori-
nated compound 31 (IC5,=33 nm), which resulted from Merck
Sharp & Dohme's whole-cell y-secretase screening effort.['2% 121
The structure —activity relationship of the dihydrocinnamic acid’s
halogen substitution pattern was reported recently.'?2 Activity is
somewhat improved for the 2,3- and 3,4-dichlorinated isomers
(ICs=22 nm and 12 nw, respectively). Stereoselective synthesis
provided compounds 32 (IC;,=1.9nwm) and 33 (IC5, =500 nm)
and insight into the stereochemical preferences. Unfortunately,
the activity on Notch signaling has not been reported yet.

Outlook

Despite the tremendous progress in the field, a robust cell-free v-
secretase assay is still in demand. Substrate optimization helps to
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enhance the kinetics and feasibility of protease assays. Such
optimization was recently reported for (3-secretase,'? but is still
lacking for y-secretase. Unfortunately, this process will not be
trivial because of the specificities of the intramembrane location
of the rather promiscuous enzyme vy-secretase. Alternative
approaches may be based on the cofactors of the presenilin
complex or a-secretase modulation, as an enhanced cleavage by
a-secretase may result in reduced AP production. Cholesterol-
lowering drugs of the statine class!'?* were shown to reduce
Alzheimer’s disease dementia. This effect may be explained by
the sensitivity of a-secretase for cholesterol levels in the
membrane.'? 129 Promising immunotherapy with A suffered
from a severe setback due to the negative outcome of clinical
trials.'”?”! Metal chelators have frequently been investigated to
reduce copper levels in brain tissue, which is thought to be
partially responsible for AP toxicity. However, in most in vitro
studies, the copper concentrations required to observe an effect
were orders of magnitude higher than those found in vivo.
Recent studies in 20 patients with clioquinol (28), a metal
chelator that crosses the blood -brain barrier readily and has
good affinity for zinc and copper ions, indicated interesting
results. However, the lack of a control group in the study leaves
ample room for other explanations, for example, inflammation
stimulus.l'8 1291 Considering the multitude of approaches and
the tremendous efforts underway, the chances of finding a cure
within the lifetime of the author and readers are high.

Markers for AD

Several genes and small molecules have previously been linked
to the age of onset and the severity of Alzheimer’s disease.[30 131!
Genetic factors are well established and reviewed, for example,
the ApoE &4 allele, which is a risk factor but not a deterministic
gene.'32 Currently, all these genes and their derived products
(for example, inflammatory proteins¥) lack the features
required for robust diagnosis or medical imaging. Yet new
candidates emerge at a steady pace: the concentration of the
iron transport protein p97 is increased in the serum of AD
patients, but the underlying mechanism of the correlation is
unknown.!'3* 1331 Unfortunately, most of the promising small
molecules require sampling of cerebrospinal fluid,""*® which will
be a major obstacle in clinical trials.*”-'>" Levels of the a7
nicotinic acetylcholine receptor (a7-nAChR) correlate!™ to
Alzheimer’s disease, but the reliable sampling of indicative cells
(for example, olfactory neuroblasts) remains an issue.

Congo red (Scheme 7, 34), which has been known to stain
amyloid deposits for several decades,!>>'5% still stimulates the
ongoing search for small biomarkers of AP levels, although the
detailed mechanism of Congo red binding is still subject of
investigations.['>6-1%3 Specifically designed compounds address
the issue of improved brain penetration and radioactive com-
pounds have been explored for noninvasive imaging, that is,
positron emission tomography and single-photon computed
tomography. A bipyridyl technetium complex was reported by
P.T. Lansbury as early as 1996, but the baton was not taken up by
other groups.l'* Chrysamine-G (35)!'%6-1%8 164 gvercomes some
of the drawbacks of Congo red, particularly in terms of
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o
Nen CO,H
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36 X=H: X-34
37 X=Br: BSB

Scheme 7. Amyloid markers.

BBB penetration. Furthermore, it shows a promising inhibition of
AP derived toxicity. X-34 (36)!'¢>'%”) and its derivative BSB
(37)11%8-1711 were radio labeled and profiled in transgenic
Caenorhabditis elegans and relevant rodent models. Their
pharmacokinetic properties and their indicative value justify a
second general abbreviation, recently assigned as BSB: beta
sheet breakers. Finally, a very promising and assayable candidate
was identified recently: the plasma homocysteine level.'’?

B.S. thanks the Fonds der Chemischen Industrie and the Deutsche
Forschungsgemeinschaft (Grant no. DFG 1012/3 - 1) for support of
this work.
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Signaling Effects of Demethylasterriquinone B1,
a Selective Insulin Receptor Modulator
Nicholas J. G. Webster,*™ Kaapjoo Park,® and Michael C. Pirrung™®!

A possible breakthrough in the treatment of diabetes was made
with the discovery that a fungal natural product, demethylasterri-
quinone B1 (DAQ B1), is an orally active, small-molecule mimic of
insulin. Subsequent work has shown that the glucose-lowering
effects of DAQ B1 are not accompanied by enhanced vascular
proliferation, which is a side effect of chronic insulin administration
that can lead to arteriosclerosis. Our recent short and modular
total synthesis of DAQ B1 could be readily modified to create
congeners and afforded ample supplies of the natural product,
which permitted intracellular signal transduction of DAQ B1 to be
examined. The activities of DAQ B1 and over a dozen related
structures were studied for insulin receptor (IR) and insulin receptor
substrate-1 phosphorylation. Examination of the effect of DAQ B1

Introduction

A long-sought goal in the growth factor receptor field,"
attainment of small molecule agonists, was realized with the
discovery of demethylasterriquinone B1 (DAQ B1), an insulin
receptor (IR) activator.? Oral administration of DAQ B1 causes

IR -‘— :I:::I:‘H. insulin
LSRR EEERRRRE SRS ESRSEES
E_EIE_EEE B2 5_.5

.HO.

\Va

— = p110/PI3K

IRS-1

GSK-3

Figure 1. Insulin signal transduction begins with the binding of insulin to the
extracellular domain of the dimeric receptor formed from the smaller a chain and
the extracellular domain of the 5 chain. Phosphorylation of tyrosine residues in
the intracellular domain of the 5 chains occurs, which permits phosphorylation of
insulin receptor substrates such as IRS-1. It is believed that DAQ B1 directly
promotes phosphorylation of the intracellular tyrosine kinase domain of the IR.
The phosphotyrosine residues in the IR or IRS-1 can recruit phosphatidylinositol-3-
kinase (PI3K) to the cell membrane through adapter protein interactions with SH2
domains. Production of phosphatidylinositol-3,4,5-tris-phosphate activates Akt
for phosphorylation of GLUT4 for glucose transport and GSK-3 for glycogen
synthesis. Phosphatases such as PTEN inhibit some insulin (and other prolifer-
ative) actions by dephosphorylating lipid phosphate groups. Protein tyrosine
phosphatase 1B (PTP1B) can inhibit some insulin actions by dephosphorylating IR
and IRS-1. Bad = pro-apoptotic BCL-2 family member.

ChemBioChem 2003, 4, 379-385 DOI: 10.1002/cbic.200200468

on kinases downstream of the IR in insulin signal transduction
showed selective activation of Akt kinase (a metabolic effect) but
not of extracellular-regulated kinase (a proliferative effect). The
influence of DAQ B1 on gene expression (determined by a
microarray study) was also divergent from that of insulin, which
activates both proliferative and metabolic pathways. The action of
DAQ B1 as a selective insulin receptor modulator can be accounted
for by its ability to selectively activate one kinase among the many
emanating from insulin receptor autophosphorylation and its
reduced effects on gene expression.

KEYWORDS:

gene expression - insulin kinases -

natural products

microarray

lowering of glucose levels in diabetic mice without causing
proliferation of vascular smooth muscle,”®! and thus may qualify
as the first selective insulin receptor modulator (SIRM). In other
animal models, DAQ B1 lowers glucose levels only in the
presence of low levels of insulin. >

The initial stages of transmembrane signaling that lead to
insulin’s metabolic effects are shown in Figure 1. A key control
molecule is Akt, which supervises glucose transport by GLUT4 as
well as glycogen synthase by glycogen synthase kinase-3 (GSK-
3). Insulin also affects other signal-transduction molecules,
including the Ras proliferative pathways.

We recently completed a brief, modular total synthesis of the
natural product DAQ B1.©! In order to better understand the in
vivo actions of this molecule, its metabolic and transcriptional
effects were studied in cellular models. In rat fibroblasts that
over-express human IR, DAQ B1 shows similar activation of the
extracellular-regulated kinase (ERK) from the MAP kinase family
to that achieved by insulin, but enhanced activation of the Akt

[a] Prof. N.J. G. Webster

Department of Medicine 0673

University of California-San Diego, 9500 Gilman Drive

La Jolla, California 92093 (USA)

and

San Diego Veterans Healthcare System, CA 92161 (USA)

Fax: (1) 858534-6653

E-mail: nwebster@ucsd.edu

K. Park, Prof. M. C. Pirrung

Department of Chemistry

Levine Science Research Center

Duke University, Durham, North Carolina 27708 (USA)

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

=

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 379





BIO

kinase. In adipocytes, DAQ B1 promotes glucose transport. In
hepatoma cells, insulin induces expression of cell-cycle genes,
while DAQ B1 up-regulates metabolic gene expression. The SIRM
properties of DAQ B1 may thus be attributed to its enhancement
of Akt phosphorylation relative to ERK, and its failure to induce
proliferative gene expression.

Results and Discussion

A first-generation, modular total synthesis of DAQ B1 (Scheme 1)
was achieved in three steps and 41 % overall yield by adaptation
of a synthesis of symmetrical bis-indolylquinones” to produce
the known modules 2-isoprenylindole (1) and 7-prenylindole (3).
This synthesis provides the ability to prepare targets bearing two
different indoles, an improvement on earlier synthetic methods
for bis-indoloquinones. This feature is attractive because unsym-
metrical bis-indoloquinone congeners of DAQ B1 can be more
structurally diverse than symmetrical ones, and it is unsym-
metrical asterriquinones which act upon the IR (see below).

Br Br
A A\
+0 0 + N e
N H -
H “
Br Br
1 2 3

Demethylasterriquinone B1
(DAQ B1, L-783,281)

KP-271-1

Scheme 1. Modular synthesis of demethylasterriquinone B1.

The action of synthetic DAQ B1 on insulin signal transduction
was studied in hIRcB rat fibroblasts expressing approximately
3 x 10° human insulin receptors (Figure 2).®! Insulin causes a
dose-dependent increase in tyrosine phosphorylation of the IR
[ subunit, as well as of the endogenous substrates IRS-1 and the
three isoforms of the Src homology and collagen protein (Shc;
p44, p52, and p66). DAQ B1 also causes an increase in tyrosine
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Figure 2. Stimulation of the insulin receptor by DAQ-B1. hIRcB cells were serum
starved for 72 h in 12-well plates, then stimulated with vehicle and insulin (10 or
50 ngmL~") or asterriquinone DAQ-B1, DAQ-A1, or KP-271 (3, 10, and 30 um) for
5min at 37°C. Whole cell lysates were immunoblotted with an anti-phospho-
tyrosine antibody (RC20H). Phosphorylated proteins were visualized by enhanced
chemiluminescent detection.

phosphorylation at a concentration of 30 um equivalent to that
observed at an insulin concentration of 10 ng mL~", which shows
that the synthetic compound has an activity concordant with
that reported for the natural product. In CHO.IR cells,!" the EC,
value for natural DAQ B1 was reported to be 3 um. DAQ B1
stimulation of phosphorylation of IRS-1 was also observed. Two
symmetrical asterriquinone analogues (KP-271-1 and DAQ A1)
have no effect on IR or IRS-1 phosphorylation in this assay; the
symmetrical DAQ B4 was earlier reported to be inactive.! We
also examined 14 mono-indolylquinones.”> None of these are
able to stimulate the IR tyrosine kinase.

All three bis-indolylquinones, DAQ B1, DAQ A1, and KP-271-1,
were examined at 30 pm in a glioma cell line that over-expresses
insulin-like growth factor| receptors (IGF-l R) to test for
activation of this highly homologous kinase domain. None were
able to activate the IGF-I R (data not shown), a result in
agreement with the proposal that the asterriquinones are
specific insulin receptor activators. DAQ B1 also activated two
kinases downstream in the insulin signal transduction pathway
in hIRcB cells (Figure 3A). Insulin activated the IR, PI-3 Kinase,
Akt, and ERK1 and 2 with similar potencies (Figure 3B; ECs,=2-
3ngmL-") but DAQ B1 was a more potent activator of Akt than
of IR, PI-3 Kinase, or ERK1 or 2 (Figure 3C; EC5o=6 um, 20 pm,
20 um, and 11 pm, respectively). Hence, DAQ B1 is a more
selective agonist for the PI-3 Kinase/Akt pathway than insulin.

The action of synthetic DAQ B1 in promoting the metabolic
effect of glucose transport was examined in 3T3L1 adipocytes in
culture. DAQ B1 caused a dose-dependent increase in glucose
transport (Figure 4). The maximal effect, however, was only 50 %
that of insulin. DAQ B1 does not inhibit insulin-stimulated
transport at the dose required for maximal effect, which rules out
both direct competition for transport and an inhibitory effect of
the compound on signaling.

To determine whether insulin and DAQ B1 stimulation lead to
different cellular phenotypes, we examined the transcriptional
effects of insulin versus DAQ B1 in the human HepG2 hepatoma
cell line.'” Gene expression in DAQ B1 or insulin-treated cells
compared to basal cells was analyzed in duplicate by using HG-
U95A microarrays (> 12000 genes) and the results were analyzed
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Figure 3. The effect of DAQ on signaling compared to that of insulin. Serum-
starved hIRcB cells were stimulated with increasing concentrations of insulin (1,
10, or 50 ngmL~") or DAQ-BT (3, 10, 30, or 100 um) for 10 min. Panel A: whole cell
lysates were immunoblotted with anti-phospho-Tyr1162/Tyr1163 IR (top panel),
anti-phospho-Ser473 Akt (second panel), anti-phospho-Thr202/Tyr204 ERK (third
panel), or anti-ERK1/2 antibodies (bottom panel). Panel B: insulin-stimulated
phosphorylation was quantified by densitometry of autoradiographs. The graph
shows the mean change in normalized signal intensity (+ SEM) of three
experiments and data is expressed as percent maximal phosphorylation. Panel C:
DAQ-stimulated phosphorylation was quantified by densitometry of autoradio-
graphs. The graph shows the mean + SEM of five experiments and data is
expressed as percent maximal phosphorylation. Asterisks indicate statistical
significance (Probability of wrongly rejecting the null hypothesis, P < 0.05) of
phosphorylation of Akt versus that of the insulin receptor.

withthe GeneSpring Software (Ver. 4.0.4). Of the 12000 genes
represented on the array, 2328 were present on at least two
chips. Of these genes, the expression of 309 was more than
doubled and that of 215 decreased by more than half either by
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Figure 4. Effect of DAQ-B1 on glucose transport compared to that of insulin. 3T3L1
adipocytes were stimulated with increasing concentrations of insulin (1, 10, or
50ngmL~") or DAQ-B1 (30 or 100 um) or both for 30 min. Glucose transport was
measured by monitoring *H-2-deoxyglucose (*H-2-DOG) levels for 10 min.

insulin or by DAQ B1 treatment. Of the 309 genes that were up-
regulated, the expression of 76 genes was increased by both
insulin and DAQ B1, that of 37 genes was increased by DAQ B1
alone, and expression of 196 genes was increased by insulin
alone. Of the 215 repressed genes, expression of 17 genes was
decreased by both insulin and DAQ B1, that of 157 genes was
decreased by DAQ B1 alone, and 41 genes showed decreased
expression in the presence of insulin alone. Transcript levels
varying by more than twofold from basal levels are summarized
in tables in the Supporting Information. The expression of
28 genes (22 known, 6 unknown) was altered more than 10-fold
by treatment with DAQ B1. The expression of 31genes
(21 known, 10 unknown) was altered by more than 10-fold by
insulin. Known genes from these groups whose expression was
significantly altered are listed in Table 1. The mean change in
normalized signal intensity is listed as well as the fold change.
The validity of the DNA array approach can be seen by
examining known insulin-regulated genes. IGFBP-1 and G6PT
expression decreased 4.8- and 9.3-fold, respectively. The imme-
diate early gene CL100 and the PAI-1 gene are induced 3.6-fold
and more than 100-fold, respectively.

The identification of a set of genes that are regulated by DAQ
B1 but not insulin confirms that DAQ B1 has effects on cells that
are not IR-mediated. This result might be expected as DAQ B1
has cytotoxic effects on cells that are not shared with insulin.
Whether these genes are activated in response to chemical stress
caused by DAQ B1 is not known, but the induction of the gene
for the heat shock transcription factor Hsf4 strongly suggests this
is the case. The identification of a set of genes that was regulated
by insulin but not altered by DAQ B1 is more significant and
suggests that activation of the IR by the two agonists is not
equivalent. As all insulin effects at this concentration are
mediated by the insulin receptor, activation of the receptor by
insulin must engage different signaling pathways than activation
by DAQ B1. Interestingly, DAQ B1 fails to induce the Id1, c-myc,
and Bcl-X genes. These genes encode proteins that are tran-
scriptional regulators of the cell cycle and inhibitors of apoptosis.
We can speculate that the lack of proliferation and cytotoxicity of
DAQ B1 is due to failure to express these or similar genes. The
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Table 1. Effects of IR activators on gene expression in Hep2G cells./”!

Gene Accession Mean A intensity  SEM ~ P<0.05®)  Mean A intensity ~ SEM P<0.05 Fold induction  Fold induction
number with DAQ with insulin with DAQY with insulint
Genes whose expression was increased by both insulin and DAQ-B1
PM1 X51804 1.19 026 * 1.29 0.21 * > 100 >100
SUR1 L78207 1.22 024 * 1.19 0.15 * > 100 > 100
ISOT U47927 1.16 0.42 * 0.92 0.04 * 6.92 5.72
Cl100 X68277 1.02 036 * 0.85 0.15 * 4.14 3.60
MTVR AF052151 0.66 0.05 * 1.19 0.13 * 2.96 4.55
PSMD9 Al347155 0.67 004 * 1.19 0.13 * 2.99 4.55
RCCP1 X99720 0.57 017 * 2.04 0.31 * 241 6.10
FEN1 AC004770 0.30 0.05 * 0.73 0.13 * 1.42 2.04
Genes whose expression was decreased by both insulin and DAQ-B1
ABC14 AF070598 —1.98 034 * —232 0.55 * 0.15 <0.01
HSTF1 M64673 —222 050 ¥ —-1.50 0.71 * 0.18 0.45
USF2 Y07661 —-1.99 066 * —-1.59 0.38 * 0.25 0.40
SURF1 735093 —0.91 0.07 * —-0.97 0.05 * 0.52 0.48
B4-2 U03105 —0.91 030 * —1.40 0.40 * 0.50 0.22
IGFBP1 M74587 —0.38 0.01 * -1.10 0.03 * 0.72 0.21
IGFBP4 M62403 —0.93 002 * —0.39 0.61 * 0.48 0.78
HNPCC6 D50683 —0.94 0.07 * —0.83 0.10 * 0.48 0.54
PBP 133243 —1.49 004 * —-1.36 0.14 * 037 0.42
Genes whose expression was decreased by DAQ-B1 but increased by insulin
SC35 X75755 —0.99 022 * 1.21 0.12 * <0.01 222
SRF Jo3161 —0.56 000 * 0.70 0.15 * 0.45 1.70
FAS U29344 —0.40 013 * 0.92 0.05 * 0.61 1.92
PP2A R65 J02902 —0.40 004 * 0.43 0.08 * 0.60 143
Genes whose expression was increased by insulin alone
RPA39 AF008442 0.00 0.00 5.98 0.84 * n/a¥ > 100
PAI 1 J03764 1.72 1.71 223 0.54 * >100 > 100
GADD45 M60974 0.00 0.00 5.60 1.29 * n/a¥ > 100
clk3 L2921 0.00 0.00 1.48 0.29 * n/a¥ > 100
Ets2 J04102 0.34 0.34 1.39 0.22 * > 100 > 100
Bclx 723115 0.00 0.00 26.70 8.37 * n/a¥ > 100
PDK1 AF017995 0.00 0.00 1.27 0.01 * n/a¥ > 100
TNFR2 —RP  L04270 0.35 0.35 1.79 0.13 * > 100 > 100
1d1 X77956 0.00 0.00 9.78 1.90 * n/a¥ > 100
RCC1 X12654 0.00 0.00 253 0.53 * n/a¥ > 100
EIF4F D12686 0.00 0.00 239 0.35 * n/a¥ > 100
RHOH6 M12174 0.71 0.71 4.44 0.94 * > 100 > 100
LIS1 L13385 0.75 0.74 1.26 0.13 * > 100 > 100
BET 3 AJ224335 0.00 0.00 1.66 0.38 * n/a¥ > 100
TRBP2 U08998 n 0.57 1.45 0.07 * 25.67 33.22
SREBP1 U00968 —0.20 0.31 250 0.16 * 0.61 5.90
IEX1 S81914 —0.09 0.24 3.50 0.75 * 0.90 4.93
TCTA L41143 —0.1 0.50 225 0.58 * 0.82 4.69
FLRG U76702 —0.64 0.64 2.02 0.43 * <0.01 4.15
PE-2 U15655 —0.55 0.55 1.47 0.50 * <0.01 3.66
MYC V00568 0.06 0.33 1.97 0.38 * 1.08 3.59
FBX-1 736714 —0.20 0.33 1.15 0.34 * 0.62 3.16
ETR101 M62831 0.02 0.12 1.70 0.43 * 1.02 3.02
NOP120 X55504 —0.61 0.35 1.71 0.55 * 037 2.78
elF3 U78525 0.08 0.38 0.99 0.22 * 1.1 241
G19P1 J03075 0.32 0.23 0.77 0.04 * 1.51 2.25
VEGFA AF024710 —0.67 0.32 1.18 0.15 * 0.32 2.20
beta 2 X02344 0.17 0.17 0.77 0.26 * 1.23 2.06
Genes whose expression was decreased by insulin alone
G6PT uo1120 —0.06 0.08 —1.28 0.42 * 0.95 <0.01
DEPP AB022718 —0.35 0.22 —1.54 0.51 * 0.77 <0.01
CLIC4 AL080061 —2.15 0.82 —238 0.59 * 0.28 0.20
HSPATL M11717 0.97 1.22 —0.97 0.24 * 1.77 0.23
MEK1 L11284 —-1.32 1.46 - 157 0.53 * 0.43 0.32
RIG J02984 0.10 0.14 —0.73 0.02 * 1.08 0.39
A6RP Y17169 —048 0.28 —0.92 0.16 * 0.71 0.45
Genes whose expression was increased by DAQ-B1 alone
CDC34 L22005 0.78 009 * 1.63 1.62 >100 >100
Hsf4 D87673 1.82 027 * 0.00 0.00 >100 n/al
SPO U39573 2.54 002 * 0.00 0.00 >100 n/al
382 www.chembiochem.org  © 2003 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim  ChemBioChem 2003, 4, 379385
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Table 1. (Continued)

Gene Accession Mean A intensity ~ SEM P<0.05®  Mean A intensity  SEM P<0.05 Fold induction  Fold induction
number with DAQ with insulin with DAQY with insulin@

BCSG1 AF044311 150.50 4930 * 0.00 0.00 > 100 n/al

HSP86 X15183 1.27 020 * 0.57 0.56 > 100 >100

NCAM M22092 0.22 0.21 * 0.88 0.88 > 100 >100

c-fos V01512 1.45 0.16 * 0.92 0.57 8.84 5.95

SAP18 U96915 1.30 040 * 0.83 0.37 5.80 4.06

kifé AF001461 1.20 0.19 * —0.33 0.32 4.69 <0.01

ANG M11567 1.50 034 * 0.39 0.25 3.46 1.64

PCK1 L12760 0.85 030 * 0.58 0.47 2.75 2.19

PAP39 D61391 0.90 0.30 * 0.45 0.37 2.38 1.68

Genes whose expression was decreased by DAQ-B1 alone

PRK1 U33053 —1.15 0.1 * 0.01 0.19 <0.01 1.00

ERK3 X80692 —1.71 0.09 * —0.80 0.91 <0.01 0.54

DDAHII AJ012008 —1.18 0.18 * —0.26 0.17 0.14 0.81

CDH14 U59325 —0.86 0.18 * 1.08 0.52 0.17 2.04

AMP Y00486 —0.87 0.02 * —0.25 0.26 0.38 0.82

CHES1 U68723 —0.84 0.01 * —0.79 0.69 043 0.47

Rac-alpha  M63167 —0.84 028 * —0.99 0.56 0.46 0.36

ERRalpha 138487 —0.52 005 * 0.26 0.13 0.48 1.26

PP4 X70218 —0.63 003 * —0.23 0.11 0.49 0.81

[a] Data are presented as change in normalized signal intensity from mean basal value (mean + SEM). [b] Asterisks indicate that the mean change in normalized

signal intensity is statistically different from zero (P < 0.05). [c] The fold induction for genes not expressed in the basal state is arbitrarily set at more than 100.

The fold induction for genes not expressed in the stimulated state but expressed in the basal state is set as less than 0.01. [d] n/a indicates that the gene was not

expressed in either basal or stimulated state.

microarray experiment also offers a potential explanation for the
enhanced Akt activation seen with DAQ-B1. Akt is dephosphory-
lated by the phosphatase PP2A.""! The R65 subunit of PP2A is up-
regulated by insulin but down-regulated by DAQ B1. The up-
regulation by insulin may be part of a negative feedback loop
that serves to terminate Akt signaling, so down-regulation by
DAQ B1 may enhance and prolong Akt activation.

The cellular effects of DAQ B1 on gene expression and Akt/ERK
phosphorylation may provide a clue to its selective action on
vascular smooth muscle, where it is known to have metabolic
but not proliferative effects. Another known property of the
asterriquinones may provide a mechanism for this differential
action. A number of asterriquinone derivatives antagonize the
interaction of phosphorylated epidermal growth factor receptor
with its adaptor protein, Grb2, and thereby inhibit cellular
proliferation.'>™ Likewise, DAQ B1 may prevent coupling of
Grb2 to the insulin mitogenic pathway while simultaneously
allowing the IR to promote glucose transport. This antagonism
provides a molecular explanation for the action of the first
selective insulin receptor modulator.

Conclusion

This work establishes the ability of a small molecule that already
has very interesting and powerful effects on insulin signal
transduction to act with specificity on multiple elements of a
very complex intracellular signal transduction process. The
results pose the further puzzle of how closely related molecules
can inhibit phosphorylation-based signaling in one instance and
enhance it in another. The ability to simultaneously up-regulate
one segment and down-regulate another segment of a signal
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transduction cascade may have real value in modifying bio-
logical response functions, a feature that might even be
contained within a single molecule such as DAQ B1. This work
also adds to the quite sparse data on the transcriptional effects
of insulin.'é

Methods

Immunoblotting: Anti-phosphoSer473  Akt, anti-phosphoERK
Thr202/Tyr204, and ERK1/2 antibodies were obtained from Cell
Signaling Technologies (Beverly, MA), catalogue nos. 9271, 9101, and
9102. Anti-phospholR (Y1162/63) antibodies were from BioSource
(Camarillo, CA) catalogue nos.44-2804. Anti-IRS-1 antibodies were
from Upstate (Lake placid, NY), catalogue nos.06-248. Anti-phos-
photyrosine antibodies RC20H are from Transduction Labs (Lexing-
ton, KY), catalogue no.E120H. hIRcB cells were grown in DME/F12
medium supplemented with fetal calf serum (FCS; 10%), glucose
(25 mm), glutamax (2 mwm), and gentamicin at 37°C in a 10% CO,
environment. Cells were serum starved for 72 h in 12-well plates then
stimulated by treatment with increasing concentrations of insulin or
asterriquinones DAQ A1, KP-271-1, or DAQ B1 in KRP-HEPES for 5 or
10 min at 37°C. The cells were washed with ice-cold phosphate-
buffered saline and solubilized in 2 x sodium dodecyl sulfate (SDS)-
sample buffer containing sodium orthovanadate (2 mwm) and sodium
fluoride (200 mm). The proteins were denatured by boiling for 5 min,
then separated by electrophoresis on 7.5 % SDS-PAGE and transferred
to polyvinylidine fluoride membranes. The filter was blocked with
bovine serum albumin (BSA; 3%) in Tris-buffered saline containing
0.1% Tween 20 (T-TBS) for 30 min and incubated with the anti-
phosphotyrosine Fab-HRP conjugate RC20H, anti-phospho-
Tyr1162/Tyr1163-IR, anti-phospho-Ser473-Akt, anti-phospho-Thr202/
Tyr204-ERK, or anti-ERK1/2 antibodies at a dilution of 1:1000 in
blocking buffer for 2 h. The filters were washed with T-TBS for 30 min
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and incubated with horseradish-peroxidase-conjugated secondary
antibodies. Enhanced chemiluminescent detection was used to
visualize the tyrosine-phosphorylated proteins. The percentage
activation and errors in these measurements are summarized in
Table 2.

Evaluation of IRS-1-associated PI-3 kinase activity: In vitro phos-
phorylation of phosphatidylinositol was carried out in IRS-1 immu-
noprecipitates. hIRcB fibroblasts were serum starved for 72 h then
incubated in the presence of increasing doses of insulin or DAQ-B1 in
KRP-HEPES (Krebs-Ringer phosphate 2-[4-(2-hydroxyethyl)-1-pipera-
zinyllethanesulfonic acid) for 10 min. After lysis in HEPES (50 mm),
NaCl (150 mm), ethylenediaminetetraacetate (10 mm), Triton X-100
(1%), sodium fluoride (200 mm), glycerol (10%), orthovanadate
(4 mm), aprotinin (800 KIUmL™"), and benzamidine (15 mw), cells
were subjected to immunoprecipitation by treatment with an anti-
IRS-1 antibody overnight at 4°C. Immune complexes were precipi-
tated from the supernatant with protein A-Sepharose and washed
extensively in lysis buffer. Complexes were incubated with phos-
phatidylinositol and [y**P] adenosine triphosphate (3000 Cimmol~")
for 10 min at room temperature. Reactions were stopped by
treatment with HCl (20 uL, 8n) and CHCl;: methanol (1:1, 160 uL)
and centrifuged. The lower organic phase was removed and applied
to potassium oxalate (1.3 %) coated silica gel TLC plates (Merck). Lipid
products were resolved by ascending chromatography in CHCly/
MeOH/NH,OH/H,0 (120:94:4:22.6). The TLC plates were air dried and
the labeled phosphatidylinositol visualized by autoradiography and
quantified by densitometry.

Evaluation of glucose transport in adipocytes: Merck originally
reported that the compound DAQ B1 stimulated glucose transport in
primary adipocytes and intact mouse soleus muscle. We tested
whether synthetic DAQ B1 could stimulate transport in 3T3L1
adipocytes. 3T3L1 cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) with glucose (25 mwm), penicillin (50 uni-
tsmL™"), streptomycin (50 uggmL~'), and 10% FCS in a 10% CO,
environment. Cells were then differentiated 2 days post confluence
by the addition of complete medium containing isobutylmethylxan-
thine (500 pwv), dexamethasone (25 uwv), and insulin (4 ug mL="). After
2 days, cells were grown in media containing only insulin for a further
3 days. Differentiated adipocytes were re-plated into appropriate
dishes. The medium was then changed to regular DMEM glucose
with 10% FCS and replaced every 2 days until the cells were well
differentiated (day 10) with many lipid droplets. Cells in 12-well
plates were rinsed three times with phosphate-buffered saline at
23°C and preincubated with KRP-HEPES buffer (0.5 mL) containing
0.5 % fatty-acid-free BSA in the presence of increasing concentrations
of insulin or DAQ B1 (30 uvm) at 37°C for 30 min. The transport
reaction was initiated by adding KRP-HEPES buffer (50 pL) containing
2-deoxyglucose (1.1 mm; 50um final) with [*H]2-deoxyglucose
(0.2 uCi/well). After a 10-min incubation period, cells were washed
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three times with ice-cold phosphate-buffered saline containing
phloretin (100 mwm), solubilized in 1% SDS, 0.1% NaOH, neutralized,
and counted. Nonspecific uptake was measured in the presence of
cytochalasin B (25 um).

Gene expression profiling in HepG2 hepatoma cells: To investigate
whether DAQ activates the IR in exactly the same manner as insulin
we undertook gene expression profiling studies. We chose HepG2
cells as insulin has major transcriptional effects in the liver that
repress gluconeogenic genes and stimulate glycolysis and fatty acid
synthesis. In vivo studies have shown that the effect of insulin on the
liver can be seen between 90 min and 4 h after administration, so we
chose 4 h as a single time point. Cells were plated in duplicate 10-cm
dishes and starved of serum for 48 h prior to stimulation with insulin
(10ngmL~") or DAQ B1 (30 um) for 4 h. These concentrations of
agonists were chosen as they gave equivalent activation of the IR in
hIRcB cells. Total RNA was harvested and purified on RNeasy spin
columns (Qiagen, Valencia, CA). The mRNA was quantified and its
integrity checked by agarose gel electrophoresis. mRNA (10 pg) from
basal cells, or cells treated with insulin or DAQ B1 was given to the
UCSD Genechip Core facility for analysis on Affymetrix human U95A
gene chips. Duplicates were run with independently isolated RNA for
each set of conditions. Data was analyzed by using the Affymetrix
Microarray Suite and Silicon Genetics GeneSpring Ver.4 software
programs. Genes were considered expressed if they were scored as
present on two of the six chips. Hybridization to the chips was
normalized both between chips and within each chip to eliminate
local variations in hybridization. The duplicates were then averaged
with the GeneSpring program and the three groups of results
compared.

Supplementary information: Procedures for preparation of KP-

271 -1, structures of indoloquinones studied, and tables of gene
expression effects.
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Indolocarbazole Glycosides in Inactive

Conformations

Michaél Facompré, Carolina Carrasco,”® Hervé Vezin,®! John D. Chisholm,@
Joshua C. Yoburn,!¥ David L. Van Vranken,” and Christian Bailly*

Indolocarbazole glycosides related to rebeccamycin represent a
promising category of antitumor agents targeting DNA and
topoisomerase |. These drugs prefer to adopt a closed conforma-
tion with an intramolecular hydrogen bond between the indole NH
group and the pyranose oxygen atom. Three pairs of indolocarba-
zole monoglycosides bearing an NH or an N-methyl indole moiety
were synthesized and their biological properties investigated at the
molecular and cellular level. Replacing the indole NH proton with a
methyl group reduces DNA interaction and abolishes activity
against DNA topoisomerase I. Surface plasmon resonance studies
performed with a pair of water-soluble indolocarbazole glycosides
and two hairpin oligonucleotides containing an [AT], or a [CG],
sequence indicate that both the NH and the N-methyl derivative
maintain a relatively high affinity for DNA (K,,=2-6 x 10°m™~") but
the incorporation of the methyl group restricts access to the DNA.
The number of ligand binding sites (n) on the oligonucleotides is
about twice as high for the NH compound compared to its N-

Introduction

There are two broad classes of indolocarbazole glycoside natural
products, represented by rebeccamycin and staurosporine.l In
general, rebeccamycin and related compounds possessing a
single glycosidic bond have been shown to inhibit the DNA
cleavage and/or the kinase activities of topoisomerase I. Indo-
locarbazole glycosides related to rebeccamycin are currently
involved in a number of phasell clinical trials targeting, for
example, breast cancer, refractory neuroblastoma, non-Hodg-
kin's lymphoma, hepatobiliary carcinoma, and renal cell carci-
noma. Staurosporine and related compounds, for which the
indolocarbazole aromatic ring system is rigidly joined to the
pyranose ring by two bonds (an N-glycosidic bond and an N,O-
ketal), generally show no effect on topoisomerasel but are
potent inhibitors of protein kinases such as protein kinases C
(PKCs). In this series, the staurosporine derivatives UCN-01 and
PKC-412, both currently in clinical development, show great
promise as antitumor agents.*

With just a single N-glycosidic bond, rebeccamycin favors a
single conformation in which the pyranose oxygen atom grips
the indole NH group through an intramolecular hydrogen
bond.®™ The preference for this hydrogen-bonded conformation
is shared by rebeccamycin and the clinical candidate J-107088,
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methyl analogue. Modeling and 'H NMR studies demonstrate that
addition of the N-methyl group drives a radical change in
conformation in which the orientation of the aglycone relative to
the (3-glucoside is reversed. The loss of the closed conformation by
the N-methyl derivatives perturbs thir ability to access DNA binding
sites and prevents the drug from inhibiting topoisomerase I. As a
consequence, the NH compounds exhibit potent cytotoxicity
against CEM leukemia cells with an 1C,, value in the 1 um range,
whereas the N-methyl analogues are 10 to 100 times less cytotoxic.
These studies offer circumstantial evidence supporting the impor-
tance of the closed conformation in the interaction of indolocar-
bazole glycosides with their molecular targets, DNA and top-
oisomerase |.

KEYWORDS:

anticancer agents -

DNA binding : molecular modeling -
NMR spectroscopy - topoisomerase |

even in solvents like dimethylsulfoxide (DMSO) that form strong
hydrogen bonds.®® Rebeccamycin has few degrees of freedom,
so the forces that favor the closed conformation in solution are
likely to favor the closed conformation when it is bound to its
biological target.

Indole N-methyl derivatives of indolocarbazole ribosides,
xylosides, arabinosides, galactosides, and lactosides have pre-
viously been prepared and shown to exhibit some growth
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Conformations of Indolocarbazole Glycosides

inhibitory activity against a human ovarian carcinoma cell line.”!
However, direct comparison shows that alkylation of the indole
nitrogen atom of indolocarbazole glycosides leads to a sub-
stantial decrease in biological activity.®? For example, the
indolocarbazole glycoside A inhibits topoisomerasel and is

active against a variety of bacterial and tumor cell lines
(Table 1).7 In contrast, when the indole NH proton is replaced
with an N-methyl group, as in derivative B, the biological activity
is severely compromised in all cases tested. Introduction of the
indole N-methyl group reduces activity against topoisomerase |
activity by at least a factor of 30 (Scheme 1).!

Replacing the indole NH proton of indolocarbazole glycosides
with an N-methyl group is certain to prevent intramolecular

Table 1. Biological activity of the indolocarbazole glycosides A and B.

A B
topoisomerase 1 0.6 >19
Bacillus cereus™ 1.6 >19
P388 leukemial™ 0.7 >19
B16 melanoma™ 1.1 8

[a] Minimal inhibitory concentration (MIC) [um]. [b] ICs, [um].

hydrogen bonding. The f-glycosidic linkage of the sugar in
rebeccamycin is essential for the DNA binding of rebeccamycin
and its activity against topoisomerase ¥ Thus, the pernicious
effect of N-methylation on biological activity could result from a
radical change in conformation. We set out to test this idea by
investigating the effect of indole N-methylation on conformation
using a combination of modeling and spectroscopic studies.

Results
Synthesis of the N-methyl derivative 3

The indole nitrogen atom of indolocarbazole glucoside 1 was N-
methylated as shown in Scheme 1. As expected, the yield of the
persilylation in the first step was poor'® but with some
modifications the per-O-silylated derivative 2a could be ob-
tained in 33 % yield. The remainder of the material was a mixture
of two tris-silylated glycosides, which were inseparable. Alkyla-
tion of the indole nitrogen atom and deprotection of the silyl
groups provided the modified indolocarbazole glycoside 3.

ChemBioChem 2003, 4, 386-395  www.chembiochem.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Me
a4  TBDMSO g-N o
TBDMSO
TBDMSO
TBDMSO
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b) ( 2p R = CHs
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HO

Scheme 1. Synthesis of the methyl-indole derivative 3. Experimental conditions:
a) TBDMSOTF, Et;N, DMAP, CH,Cl,, 22 h, 33 %; b) NaH, Mel, THF, 94 %; c) HCl,
MeOH/CHCl;, 72 %. TBDMSOTY, tert-butyldimethylsilyltriflate; DMAPF, 4-dimethy-
laminopyridine; THF, tetrahydrofuran.

Solution conformations in dimethylsulfoxide

In 'H NMR studies the N-methyl analogue 3 gave a single set of
signals in DMSO-d.;. Double pulsed field gradient spin echo
(DPFGSE) NOE experiments were used to assess the solution
conformation of the two indolocarbazoles 1 and 3 (Scheme 2).

HO

HO O

HO -
HHOI 7%
8 H

Me”

3

Scheme 2. Solution data support the conformations shown. DPFGSE-NOEs
(t.x= 1.0 sec) define the conformation of indolocarbazole glycosides 1 and 3 in
DMSO-dy. Perceptage values refer to steady-state NOE enhancements.

Irradiation of the methine proton at the anomeric position of 1
provided the expected 1,3-cross-ring enhancements plus a
diagnostic NOE to H11 of the aromatic ring of the indolocarba-
zole. Irradiation of the corresponding methine proton at the
anomeric position of 3 also led to the expected 1,3-cross-ring
enhancements, but no enhancement of H11 was observed.
Instead, an enhancement was observed at the indole N-methyl
group. Thus, both of the indolocarbazole glucosides 1 and 3
adopt defined conformations but, while the parent glucosides
adopt a closed conformation, the N-methyl derivative 3 adopts
an open conformation. Presumably, modifications to the male-
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imide ring, far from the sugar moiety, do not perturb this
conformational preference.

Conformational and molecular orbital analyses

Molecular modeling was used to compare the conformation and
electronic properties of compounds 1 (NH) and 3 (N-Me).
Conformational analyses were performed on both structures by
carrying out a Monte Carlo search with the MMF94 Force Field to
find the global energy minima. The global minima were fully
optimized by using Hartree-Fock theory with a 6 - 31G* basis set.
As shown in Figure 1, the orientation of the carbohydrate residue
differs significantly for the two molecules. The 5-OH group on
the sugar moiety of 1 is close to the indole NH proton, within
hydrogen-bonding distance (1.96 A). The same 5'-OH group in 3
projects from the opposite face of the molecule, far from the
indolocarbazole chromophore. As a result, the dipole moments
of the drugs were found to be very different: ©x=6.57 and
3.34 Debye for 1 and 3, respectively. These modeling results are
in total agreement with the experimental NMR data showing
that the orientation of the sugar residue is profoundly affected
by substitution of the indole NH proton with a methyl group.

The molecular orbital analysis shows the spatial distribution of
the highest occupied (Eyomo, Figure 1A) and lowest unoccupied
molecular orbital (E yyo, Figure 1B) throughout the molecules, as
calculated by quantum mechanical methods at the ab initio 6 -
31G* level. The distribution of HOMO and LUMO energy is
relatively similar for the two molecules, however, there is a slight
difference for the band gap energy Ae=FE.omo — ELumo: — 9.22
and — 9.66 eV for 1 and 3, respectively. The indole NH group of 1
appears as a zone of the molecule where electronic interaction is
most likely to occur. This NH group may serve as an electron-
withdrawing group. The electrostatic potential maps of the two
molecules were also relatively similar (Figures 1C and 2d), but
the closed, hydrogen-bonded structure exhibited significantly
more negative charge in the aromatic ; system than the open
conformation of the N-methyl derivative. This polarization could
enhance m-stacking interactions with electron-deficient rings. In
both conformations, a high electrostatic density was observed
for the sugar moiety and for the two carbonyl functions on the
imide E-ring, which suggests that these groups probably
participate in interactions with electron-poor regions of DNA
bases and/or topoisomerase I.

Synthesis of water-soluble analogues

Assuming the controlling effect of the indole N-methyl group,
we set out to convert the N-methyl imides into analogues with
better water solubility. We chose to append a diethylaminoethyl
group to produce a structure analogous to the rebeccamycin
derivative NSC655649. This compound, also known as
BMS 181176, exhibits a broad antitumor activity in vitro against
pediatric solid tumors!™ and has been evaluated in phasel
clinical trials in both adult and pedriatric patients.'> '3l The
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Figure 1. Conformation and molecular orbital analysis for the most stable
calculated configurations of 1 and 3. a) HOMO and b) LUMO distribution;
¢) electrostatic potential map and d) electron density of the most stable
calculated configurations of 1 and 3.

compound is currently undergoing phase Il clinical trials for the
treatment of ovarian and hepatobiliary cancers.'"¥ Initially, an
attempt was made to form the diethylaminoethyl derivative of 1
through direct exchange by heating in neat N,N-diethylaminoe-
thylamine, but after extensive heating only about half of the
starting material had been converted. Alternatively, indolocar-
bazole glycoside 1 was first converted to the anhydride and then
condensed with N,N-diethylaminoethylamine to form the de-
sired imide in 54% overall yield (Scheme 3).'! Overall, this three
step anhydride method was not significantly better than the
one-step exchange method. The free amine of 4 was converted
to the hydrochloride salt with methanolic HCI. The
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Scheme 3. N-imide substitution. Experimental conditions: a) 1) KOH, aq. EtOH
reflux, 2) conc. HCl, 3) Et,NCH,CH,NH,, DMF, 80°C (yield 54 % over 3 steps),; b) HCl,
MeOH/CHCl;; ¢) neat Et,NCH,CH,NH,, 110°C (yield 55%); d) NH,NH, - H,0, 60°C
(vield 8: 62%, 9: 33%).

N-diethylaminoethyl derivative 6 was formed directly through an
imide exchange reaction with neat N,N-diethylaminoethylamine
at 110°C. As before, the free base was converted to the
ammonium salt by using methanolic HCl. We next turned to
formation of the N-amino imide derivatives by direct exchange.
The corresponding N-methyl imides 1 and 3 were condensed
with neat hydrazine hydrate to afford the desired N-amino
imides 8 and 9, respectively.'®

DNA binding

Various spectrophotometric and biochemical techniques were
employed to compare the DNA binding and topoisomerase |
inhibition properties of the NH compounds 1, 5 and 8 with those
of the N-Me compounds 3, 7 and 9. First, DNA binding affinities
were estimated by means of melting temperature experiments
performed with poly(dAT), in bis-phosphate ethylenediaminete-
traacetate (BPE) buffer (16 mm Na' ions) at a drug/DNA-
phosphate (D/P) ratio of 0.5. The AT, values (AT, = Tomplex —
TONA) collated in Table 2 indicate that in all three cases, the NH
compounds stabilize the polynucleotide duplex much more
strongly than the corresponding N-Me compounds. Compounds
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Table 2. DNA binding and cytotoxicity.

Compound AT, [°C@ 1Cso [um]®!
poly(dAT), [AT],

1 7.1 7.6 1.83

3 0 0 65.4

5 33.2 34.6 0.75

7 24.5 27 86.3

8 8 6.6 1.1

9 0 0 10.8

[a] Variation in melting temperature (AT, =TgmPlex — TONAY T measure-
ments were performed in BPE buffer (6 mm Na,HPO,, 2 mm NaH,PO,, 1 mm
EDTA; pH7.1) with 10 um drug and 20 um DNA, either the alternating
polymer poly(dAT), or the hairpin oligomer containing the sequence [AT],,
at 260 nm with a heating rate of 1°Cmin~". [b] Drug concentration (um) that
inhibits the growth of leukemia CEM cells by 50 % after incubation in liquid
medium for 72 h.

1 and 8 markedly increased the melting temperature of the DNA,
whereas 3 and 9 showed absolutely no effects. Compounds 5
and 7 both bear a cationic side chain that serves to anchor the
drug on DNA; nevertheless, the stabilizing effect is considerably
more

pronounced with the NH derivative 5 than with the N-Me
analogue 7.

Additional T,, measurements were carried out with two
hairpin oligonucleotides containing the duplex sequences
[AT], and [CG],. Biotinylated forms of these two oligomers
were also used in the surface plasmon resonance (SPR) experi-
ments described below. In BPE buffer the T, of [AT], and
[CG], are 34.7°C and 84.8°C, respectively. Therefore, only the
AT sequence can be used to investigate drug binding. The
AT, values (Table 1) obtained with the AT oligomer are
almost identical to those obtained with the long polymer
poly(dAT), and fully confirm that the methylation of the indole
nitrogen considerably reduces the drug-DNA interaction
process.

Compounds 1-3, 8, and 9 are sparingly soluble in water, in
contrast to 5-7 for which concentrated stock solutions can be
prepared in aqueous buffer without precipitation problems. As a
result, these two cationic compounds were used in SPR studies
to quantify more precisely their DNA binding strength. Two 5'-
biotin-labeled hairpin oligomers containing an [AT], or a [CG],
sequence were immobilized on the surface of a streptavidin-
coated sensor chip and a blank flow cell was used as a control. To
provide a signal directly proportional to the amount of bound
compound, the reference response of this blank cell was
substracted from the response in the DNA channel. Representa-
tive SPR sensorgrams at different concentrations of 5 and 7
binding to the AT and GC duplexes are shown in Figure 2. For
both drugs the sensorgram results were fit in the steady-state
region to calculate the binding constants. Direct binding plots
(RU versus C..) and the corresponding Scatchard plots (r/C..
versus r) are shown in Figure 3. The quantitative analyses gave
the equilibrium binding constants (K,,) listed in Table 3. The two
compounds exhibit a roughly equal affinity for DNA, with
binding constants of about 5-6 x 10° and 1-2 x 10°m~" for the
[AT], and [CG], sequences, respectively. The binding constants -
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160 & 5 80y 7 are relatively high. For example,
under strictly identical condi-
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= RU s} ru 9} NB-506 was found to bind about
< eight times more weakly
wl 20F r"""“""""‘*-—w-{ than 5 and 7 to the AT and GC
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. . . . : . . . . i T. data reported above.
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Figure 2. SPR sensorgrams for binding of 5 and 7 to the [AT], and [CG], DNA hairpin oligomers in HBS-EP buffer. In each

case, the concentration of the unbound ligand in the flow solution varies from 0 to 5 um (top curve). RU=relative

instrument response.
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Figure 3. Direct binding plots (RU versus Cy,,) and Scatchard plots (r/Cy,, versus
r) used to determine the affinity constants for compounds 5 (e) and 7 (o)
complexed with the [AT], duplex. To construct these plots, RU values from the
steady-state region of the SPR sensorgrams presented in Figure 2 were converted
to r (moles drug bound/mole DNA hairpin) and plotted versus the concentration
of unbound drug (Cg..).
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and their shape, 5 being more
compact whereas 7 presents a
more extended and bulky con-
figuration that limits its access to
DNA intercalation sites.

Table 3. SPR binding parameters.

Compound Koq [x 10°m~ 1] nt!
5 [AT], 6.62 5-6
[CG], 1.36 5-6
7 [AT], 5.19 3
[CG], 2.08 1

The DNA sequences show one strand of the duplex stem of the hairpin used
in the BlAcore SPR experiments. Values determined for binding to the
indicated DNA sequences in HBS buffer at 25°C. [a] Equilibrium binding
constant. [b] Number of compound binding sites on the DNA duplex.

Topoisomerase | inhibition

A conventional DNA relaxation assay with supercoiled plasmid
DNA was used to evaluate the effects of the compounds on the
catalytic activity of human topoisomerase | (Figure 4). The two
compounds 5 and 7 bearing a diethylaminoethyl side chain do
not stimulate DNA cleavage by topoisomerasel, essentially
because their tight interaction with DNA (which reduces the
electrophoretic mobility of supercoiled DNA) must restrict
binding of the enzyme to its substrate. In contrast, the other
compounds that bind more weakly to DNA showed a more or
less pronounced effect on topoisomerase-l-mediated DNA
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cleavage. The NH compounds 1 and 8 inhibit topoisomerase |
but not the corresponding N-methyl analogues 3 and 9.
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Figure 4. Effect of the drugs on the relaxation of plasmid DNA by human
topoisomerase I. In panel A, the drugs were tested at 10 and 50 um. In panels B
and C, compounds 8 and 9 were tested at increasing concentration from 1 to
50 um, respectively. Native supercoiled pKMp27 DNA (0.5 ug; lane DNA) was
incubated with 4 units topoisomerase | in the absence (lane Topol) or presence of
drug at the indicated concentration (um). Reactions were stopped by treatment
with sodium dodecylsulfate and proteinase K. DNA samples were separated by
electrophoresis on a 1% agarose gel. Camptothecin (CPT) was used at 50 um. The
gels were stained with ethidium bromide (1 ugmL~") and then photographed
under UV light. Nck, nicked; Rel, relaxed; Sc, supercoiled.

Compound 8 turned out to be a potent poison for the enzyme.
This is shown in gel A in Figure 4 by a marked increase in the
intensity of the band corresponding to nicked DNA molecules in
the presence of 8 but not 9. The effect of 8 is even more
pronounced than that of the reference topoisomerase inhibitor
camptothecin. A concentration-dependent analysis is shown in
gelsB and C (Figure 4). There is no doubt that 8 efficiently
stabilizes topoisomerase |-DNA complexes in a concentration-
dependent manner, whereas very little effect was seen with 9.

To investigate the effect of the compounds on the sequence-
specific cleavage of DNA by topoisomerase |, we employed two
DNA restriction fragments of 117-bp and 72-bp, both uniquely
labeled with 32P at the 3’-end. In both cases, the radiolabeled
DNA species were incubated with 8 and 9 in the presence of the
enzyme and the resulting cleavage products were resolved on
sequencing gels (Figure5). A number of drug-induced top-
oisomerase | cleavage sites (arrows in Figure 5) were identified
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with 8 whereas, as with the plasmid DNA, no effect was observed
with the methylated compound 9. The cutting sites can be
grouped into two categories: those which are common to the
camptothecin derivative SN38 (the active metabolite of the

- h.__-.i. e
> ;-l- B L
= = { B -
j -
L - .
- -
H P
-» - - .
- - -

Figure 5. Cleavage of the 117-mer (A) and the 72-mer DNA fragments (B) by
human topoisomerase | in the presence of the indolocarbazoles 8 and 9. In both
cases, the 3'-end labeled fragment (DNA) was incubated in the absence (lane
Topol) or presence of the test drug at the indicated um concentration.
Camptothecin (CPT) was used at 50 um. Topoisomerase | cleavage reactions were
analyzed on an 8% denaturing polyacrylamide gel. Numbers at the side of the
gels show the nucleotide positions, determined with reference to the guanine
tracks labeled G. The nucleotide positions and sequences of the cleavage sites are
indicated.

clinically used irinotecan) and correspond mainly to TG steps,
and those specific to the indolocarbazole, which correspond to
CG steps. The cleavage profiles seen with 8 are reminiscent of
those previously obtained with related glycosyl indolocarba-
zoles.'® ™ This second set of data fully confirms that the
incorporation of a methyl group on the indole nitrogen
abolishes the capacity of the drug to stabilize topoisomera-
se |-DNA complexes.

Cytotoxicity

A tetrazolium-based assay was applied to determine the drug
concentration required to inhibit the growth of CEM human
leukemia cells by 50 % after incubation in the culture medium for
72 h (Table 1). The results are clear. The three NH compounds are
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strongly cytotoxic with IC, values in the low micromolar range
whereas the N-Me derivatives are at least ten times less
cytotoxic. In fact, 3 and 7 must be considered inactive with
IC5, value above 50 pm. This result is therefore a solid indication
that the indole N-methyl group is highly detrimental to
cytotoxicity, a result consistent with previous biological studies
with related analogues.!®

Discussion

We have synthesized indole N-methyl derivatives of indolocar-
bazole glycosides. Normally, bioactive indolocarbazole glyco-
sides possess a closed conformation with a hydrogen bond
between the indole NH proton and the pyranose oxygen atom.
The N11-methyl group of the derivative excludes this interaction
and destabilizes the closed rotamer by bumping into the
pyranose oxygen atom. Spectroscopic studies in DMSO, a
solvent that forms strong hydrogen bonds, show that the indole
N-methyl group causes the aglycone to flip into a conformation
that places the methyl group below rather than above the plane
of the pyranose ring. The conformational changes induced by
the N11 methyl group, and visualized in the modeling studies,
are mirrored in the biological activity. Interestingly, the N-
methylation does not reduce DNA binding affinity but affects the
accessibility of the binding sites. The reduced number of binding
sites on both the [AT], and [CG], oligomers observed with the N-
methyl derivative 7 compared to its NH analogue 5 is without a
doubt a direct consequence of the conformational change. The
specific conformation of the N-methyl derivatives restricts access
to DNA but also prevents inhibition of topoisomerase I. Unlike
the NH compounds, the N-methyl analogues are no longer
capable of stabilizing DNA - topoisomerase | covalent complexes
and this probably explains their reduced cytotoxicity. Previous
studies with different series of indolocarbazole glycosides have
shown that topoisomerase | inhibition is generally an essential
(but not unique) contributor to the antitumor activity of these
drugs.”” 2% 21 |n terms of drug design, it seems clear that a closed
conformation, that is an unsubstituted NH, must be considered if
one wants to develop toposiomerase-lI-targeted antitumor
indolocarbazoles. Conversely, substitution of the NH group
appears to be a simple and efficient strategy to eliminate
topoisomerase | inhibition. The indole nitrogen atom thus
acts as a molecular switch for the specific trapping of top-
oisomerase I.

An alternative strategy to modify the conformation of the
glycoside residue with respect to the indolocarbazole chromo-
phore involves conversion of the configuration of the N-
glycosidic bond.”? Previous studies have shown that an «
anomer with an axial N-glycosidic linkage exhibits a drastically
reduced affinity for DNA and fails to inhibit topoisomerase I. On
the contrary, the corresponding -anomer with an equatorial N-
glycosidic linkage freely intercalates into DNA and potently
stimulates DNA cleavage by topoisomerase I8! The configura-
tion at the C1’ of the carbohydrate residue appears to control the
insertion of the drug between base pairs. The structural effect of
the introduced indole N-methyl group is more subtle because,
by preventing the formation of the closed conformation, it
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restricts access to certain binding sites but does not diminish the
strength of the interaction. The binding of rebeccamycin-type
compounds to DNA can be modulated in different manners
depending on the nature of the structural changes introduced at
the drug level. In other words, one can tune the conformation of
the indolocarbazole glycoside substrate to specifically modulate
its interaction with the DNA receptor. The demonstration that
the closed conformation is an essential structural element for the
interaction of indolocarbazole glycosides with their molecular
targets DNA and topoisomerase| is highly valuable for the
rational design of antitumor drugs in this series.

In conclusion, the present study, which combines structural
and biochemical approaches, provides a solid molecular basis
to explain the different activity of NH and N-methyl indolo
carbazole glycosides. Substitution of the indole NH proton
with a methyl group leads to a radical change in confor-
mation and prevents the formation of an H-bond-stabilized
closed conformation which is essential for the ability of teh
compound to access DNA binding sites and inhibit topoisomer-
asel.

Experimental Section

Chemistry: The synthesis of indolocarbazole glycoside 1 along with
general procedures have been previously described.”

6-Methyl-12-[2,3,4,6-tetra-O-tert-butyldimethylsilyl-3-p-glucopyr-
anosyllindolo[2,3-alpyrrolo[3,4-clcarbazole-5,7-dione (2a): Indo-
locarbazole glucoside 1 (140 mg, 0.279 mmol), triethyl amine (1 mL,
8.6 mmol), and DMAP (2 mg, 0.016 mmol) were suspended in CH,Cl,
(2 mL). TBDMSOTf (0.5 mL, 1.64 mmol) was then added. After 24 h,
thin layer chromatography indicated incomplete reaction so more
TBDMSOT( (0.5 mL, 1.64 mmol) was added. After 48 h the reaction
mixture was poured into ethyl acetate, washed with 0.1n HCI (3-x.),
dried over Na,SO,, and concentrated. Purification by silica gel
chromatography (hexane/ethyl acetate, 95:5) provided 2a (87 mg,
33%) as a yellow solid. M.p.: 248—-250°C; [alp: +72.5 (¢=0.9, THF);
R:=.0.44 (hexane/ethyl acetate, 90:10); IR (KBr): 7.=3374, 3058, 2934,
2892, 2859, 1755, 1704, 1579 cm~"; 'TH NMR (CDCl;, 500 MHz): 6=
10.16 (s, 1H), 9.30 (t, 2H, J=8.6 Hz), 7.50—7.58 (m, 4H), 742 (t, 1H, J=
8.0Hz), 738 (t, 1H, J=8.0H2), 6.70 (d, 1H, /=89 H2), 4.41-4.46 (m,
3H), 425 (t, 1H, J=9.5Hz), 4.18 (brd, 1H, J=3.0 Hz), 4.07 (dd, 1H,
J=29.2,5.5Hz), 3.33 (s, 3H), 1.10 (s, 9H), 1.02 (s, 9H), 0.92 (s, 9H), 0.89
(s, 3H), 0.50 (s, 9H), 0.30 (s, 3H), 0.27 (s, 3H), 0.25 (s, 3H), 0.15 (s, 3H),
0.11 (s, 3H), 0.10 (s, 3H), 0.89 (s, 3H), —0.43 (s, 3H), —1.34 (s,
3H) ppm; *CNMR (CDCl;, 125 MHz): 6=170.4, 170.2, 141.9, 140.3,
129.3, 1274, 126.9, 126.8, 125.6, 125.5, 122.3, 122.1, 121.2, 120.8,
120.7, 119.3, 119.0, 118.1, 111.1, 110.2, 86.1, 82.2, 80.9, 77.8, 69.9, 63.2,
26.2, 25.9, 25.8, 25.3, 23.8, 184, 183, 179, 173, —3.7, —4.4, —4.5,
—48,—5.2, —5.3, — 6.5 ppm; MS (FAB*): m/z: 957; HRMS (FAB™): m/z
calcd for Cg,Hg,N;0,Si,: 958.5073 [M+H]*; found: 958.5069; elemen-
tal analysis calcd (%) for Cs,Hg,N30,Si,: C 64.22, H 8.39, N 4.32; found:
C 63.95, H 8.31, N 4.39.
6,13-Dimethyl-12-[2,3,4,6-tetra-O-tert-butyldimethylsilyl-3-b-glu-
copyranosyllindolo[2,3-a]pyrrolo[3,4-clcarbazole-5,7-dione (2b):
Protected indolocarbazole glucoside 2a (87 mg, 0.09 mmol) and
sodium hydride (60 % dispersion, 92 mg, 2.3 mmol) were suspended
in THF (2 mL). lodomethane (100 pL, 1 mmol) was then added. After
1 h the reaction was cooled to 0°C and quenched with sat. ag. NH,Cl
(1 mL). The reaction mixture was then taken up in ethyl acetate and
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washed with brine (3-x.), dried over Na,SO, and concentrated.
Purification by silica gel chromatography (hexane/ethyl acetate,
95:5) provided 2b (83 mg, 94%) as a yellow solid. M.p.: 270.-.272°C;
[alp: —70.6 (c=0.8, THF); R:=.0.44 (hexane/ethyl acetate, 90:10); IR
(KBr): #=2952, 2892, 1757, 1703, 1581 cm~'; 'HNMR (CDCl;,
500 MHz): 6=9.27 (d, 1H, J=78Hz), 9.24 (d, 1H, J=78Hz), 795
(d, 1H, J=79 Hz), 762 (t, 1 H, J=7.1 Hz), 7.48-.7.50 (m, 2 H), 741-7.45
(m, 2H), 6.50 (d, 1H, J=75Hz), 449 (d, 1H, J=75Hz), 439 (d, 1H,
J=6.8Hz), 4.22 (s, 3H), 4.20-4.22 (m, 1H), 4.07 (t, 1H, J=9.7 Hz),
401 (dd, 1H, J=9.5, 6.1 Hz), 3.90-3.91 (m, 1H), 3.32 (s, 3H), 1.53 (s,
9H), 1.08 (s, 9H), 0.98 (s, 18H), 0.22 (s, 3H), 0.19 (s, 3H), 0.13 (s, 3H),
0.12 (s, 3H), 0.10 (s, 3H), 0.07 (s, 3H), —0.50 (s, 3H), —1.37 (s,
3H) ppm; *CNMR (CDCl;, 125 MHz): 6=170.1, 170.0, 146.0, 140.8,
1335, 131.7, 1276, 126.6, 125.9, 1256, 124.6, 123.2, 122.2, 1215,
120.9, 120.4, 120.0, 119.9, 114.9, 110.5, 87.2, 83.9, 78.0, 73.5, 69.0, 64.4,
35.5, 26.0, 25.9, 25.8, 24.8, 23.8, 18.4, 18.1, 18.0, 16.9, —3.6, —4.2,
—44,—46,—49,—50,—5.1, — 73 ppm; MS (FAB*): m/z: 972; HRMS
(FAB*): m/z calcd for Cs3HgsN3;O,Si,: 9725229 [M+H]*; found:
972.5242; elemental analysis calcd (%) for Cs3Hg;N;O;Si,: C 64.52, H
848, N 4.26; found: C 64.23, H 8.42, N 4.37.

6,13-Dimethyl-12-[-pb-glucopyranosyllindolo[2,3-alpyrrolo[3,4-c]-
carbazole-5,7-dione (3): Acetyl chloride (170 pL, 2.39 mmol) was
added to MeOH (3 mL) to generate a solution of methanolic HCI. This
solution was added to protected indolocarbazole glucoside 2b
(230 mg, 0.239 mmol) in CHCl; (1 mL). After 20 h the reaction was
quenched with triethyl amine (0.5 mL), adsorbed on silica gel and
purified by silica gel chromatography (ethyl acetate/MeOH, 90:10) to

provide 3 (89 mg, 72%) as a yellow solid. M.p.: 340-.344°C; [al,=
+57.7 (¢=0.35, DMSO); R:=0.24 (CHCl;/MeOH, 90:10); IR (KBr): 7=

3448, 2931, 2882, 1750, 1691, 1577 cm~"; 'HNMR ([DJDMSO,
500 MHz): 6.=9.10 (d, 1H, J=8.3 Hz), 9.08 (d, 1H, J=8.2 Hz), 791
(d, 1H, J=8.2 Hz), 776 (d, 1H, J=8.2 Hz), 7.66 (t, 1H, J=7.8 Hz), 7.58
(t, 1H, J=7.6 Hz), 740—7.45 (m, 2H), 5.68 (d, 1H, J=8.7 Hz), 5.16 (d,
1H, J=5.2 Hz), 5.02 (d, 1H, J=5.3 Hz), 487 (t, 1H, J=5.9 Hz), 4.46 (d,
1H, J=5.8 Hz), 4.20 (s, 3H), 3.91 (dd, 1H, J=11.2, 5.5 Hz), 3.80 (q, 1H,
J=28.6 Hz), 3.69-3.74 (m, 1 H), 3.64—-3.67 (m, 1H), 3.37—-3.41 (m, 2H),
3.16 (s, 3H) ppm; *CNMR ([DJDMSO, 125 MHz): 6=170.2, 170.1,
145.4, 142.6, 133.1, 133.0, 128.5, 1276, 125.7, 125.2, 125.1, 122.8,
122.6,121.9, 120.9, 119.8, 119.6, 116.3, 112.0, 89.3, 80.7, 78.3, 70.7, 70.6,
62.0, 35.2, 24.6 ppm; MS (FAB*): m/z: 516; HRMS (FAB*): m/z calcd for
C,sH,5N;0,: 515.1692; found: 515.1699

6-[N,N-Diethylaminoethyl]-12-[f3-b-glucopyranosyllindolo[2,3-a]-

pyrrolo[3,4-clcarbazole-5,7-dione (4): A suspension of indolocarba-
zole glucoside 1 (100 mg, 0.199 mmol) in KOH (2m, 3 mL) and ethanol
(3 mL) was heated at reflux for 30 min and then cooled to room
temperature. The reaction mixture was acidified with conc. HCl and
extracted with ethyl acetate. The organic layer was washed with
brine (3-x.), dried over Na,SO,, and concentrated in vacuo. The crude
anhydride was taken up in 2 mL DMF and N,N-diethylaminoethyl-
amine (100 mL, 710 mmol) was added. The mixture was heated at
80°C for 20 h and then allowed to cool to room temperature. The
reaction mixture was taken up in ethyl acetate, washed with sat.
sodium bicarbonate (3-x-), dried over Na,SO,, and concentrated in
vacuo. The imide was purified by silica gel chromatography (MeOH/
conc. aq. NH,OH/ethyl acetate, 10:1:89) to provide of imide 4 (64 mg,
54 %) as a yellow solid. M.p.: 335 °C (decomp.); R=0.30 (MeOH/conc.
aqg. NH,OH/ethyl acetate, 10:1:89); IR (KBr): #=3420, 3314, 2931,
1747, 1694, 1575 cm~'; 'TH NMR ([DJDMSO, 500 MHz): 6=-11.68 (s,

1H), 9.18 (d, 1H, J/=8.0Hz), 9.10 (d, 1H, J=8.0Hz) 798 (d, 1H, /=

8.5Hz), 7.69 (d, 1H, J=8.1 Hz), 7.56-7.61 (m, 2H), 7.35-7.40 (m, 2H),
6.29 (d, 1H, J=9.0 Hz), 6.03 (brs, 1H), 5.41 (d, 1H, J=5.0 Hz), 5.16 (d,
1H, J=5.0 Hz), 4.93 (d, 1H, J=5.0 Hz), 4.08 (dd, 1H, J/=10.7, 3.0 Hz),
3.94-4.03 (m, 2H) 3.81--3.83 (m, 3H), 3.50-3.63 (m, 2H), 2.76 (brs,
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2H), 2.54 (brs, 2H), 2.09 (brs, 4H), 0.96 (brs, 6H) ppm; *C NMR
(IDJDMSO, 125 MHz): 6-=169.6, 169.5, 142.2, 140.9, 129.6, 1283,
127.1, 1270, 124.4 (2 signals), 121.4, 121.0, 120.7, 120.5, 120.0, 118.5,
1183, 117.1, 1122, 111.9, 845, 78.6, 76.6, 73.1, 676, 58.3, 49.9, 46.7,
35.6, 11.9 ppm; LRMS (ESI TOF): m/z: 587; HRMS (ESI TOF): m/z calcd
for Ca,HssN,05 : 587.2506; found: 587.2485.

6-[N,N-Diethylaminoethyl]-12-[f-p-glucopyranosyl]-13-methyl-in-

dolo[2,3-alpyrrolo[3,4-c]carbazole-5,7-dione (6): A neat solution of
3 (58 mg, 0.113 mmol) in N,N-diethylaminoethylamine (3 mL) was
heated at 110°C for 19 h. The solvent was removed in vacuo and the
residue was pre-adsorbed on silica gel prior to silica gel chromatog-
raphy (MeOH/conc. ag. NH,OH/ethyl acetate, 10:1:89) to give of 6
(38mg, 58%) as a yellow solid. M.p.: 340°C (decomp.); R-=0.26
(MeOH/conc. aq. NH,OH/ethyl acetate, 10:1:89); IR (KBr): #.=3379,
3069, 2963, 1746, 1689, 1579 cm~'; 'HNMR ([DJDMSO, 500 MHz):
0=9.10 (t, 2H, J=8.0Hz), 791 (d, 1H, J=8.0Hz), 777 (d, 1H, J=
77 Hz), 767 (t, 1TH, J=8.0Hz), 759 (t, 1H, J=8.0 Hz), 741-.7.46 (m,
2H), 5.69 (d, 1H, J=8.8 Hz), 5.19 (brs, 1H) 5.03 (brs, 1H), 4.90 (brs,
1H) 4.48 (brs, 1H), 3.94 (d, 1H, J=-11.2 Hz), 3.66—3.82 (m, 5H), 3.30—
3.45 (m, 5H), 2.73, (t, 1H, J=6.4 Hz), 2.49-2.57 (m, 5H), 0.95 (t, 6H,
J=1.9Hz) ppm; *CNMR ([DJDMSO, 125MHz): 4=169.5, 169.4,
144.9,142.1,132.6, 128.1,127.1, 125.2, 124.7, 124.6, 122.3, 122.1, 121.6,
120.7, 119.3, 119.1, 119.0, 115.8, 111.6, 88.8, 80.2, 77.7, 70.2, 70.0, 61.4,
50.2, 47.0, 35.9, 12.2, 31.0 ppm; LRMS (ESI TOF): m/z: 601; HRMS (ESI
TOF): m/z calcd for C33H;;,N,07 : 601.2662; found: 601.2663.

6-[N-amino]-12-[$-p-glucopyranosyllindolo[2,3-a]pyrrolo[3,4-c]-
carbazole-5,7-dione (8): N-methyl imide 1 (40 mg, 0.080 mmol) was
dissolved in hydrazine hydrate (0.5 mL, 16.0 mmol) and the solution
was warmed to 60°C for 90 minutes. Upon cooling to room
temperature, the reaction was diluted with water and extracted
into ethyl acetate. The organic layers were pooled, washed with
water, and then dried over Na,SO,. Concentration in vacuo provided
an orange oil, which was adsorbed on silica gel (1g) with ethyl
acetate and MeOH. Silica gel chromatography (MeOH/acetate, 0:100
to 15:85) provided 25 mg (62.4 %) of N-amino imide 8 as an orange
solid. N-amino imide 8: M.p.: 296.—299 °C; R.=0.33 (ethyl acetate/
MeOH, 90:10); IR (KBr): -=3321, 2928, 2239, 1738, 1681, 1571, 1452,
1386, 1329, 1229, 1076, 1005, 743, 638 cm~'; 'H NMR ([D;IDMSO,
500 MHz, 294 K): 6=-11.66 (s, 1H), 9.19 (d, 1H, J=10.0 Hz), 9.11 (d,
1H, J=5.0Hz), 798 (d, 1H, /=10.0 Hz), 7.69 (d, 1H, J=5.0 Hz), 7.58
(m, 3H), 7.38 (dd, 2H, J=14.4, 7.3 Hz), 6.28 (d, 1H, J=5.0 Hz), 6.04 (t,
1H, J=5.0Hz), 5.44 (d, 1H, J=5.0H2), 5.17 (d, 1H, J=5.3 Hz), 5.00
(brs, 2H), 494 (d, 1H, J=5.2 Hz), 4.07 (dd, 1H, J=11.0, 3.8 Hz), 3.95—-
4.01 (m, 2H), 3.82 (dd, 1H, J=73, 2.9 Hz), 3.52-3.60 (m, 2H) ppm;
13CNMR ([Dg]DMSO, 125 MHz, 298 K): 3.=169.5, 169.3, 142.9, 141.6,
130.3, 128.9, 127.8, 127.6, 125.0, 122.1, 121.7, 121.3, 121.1, 119.1, 118.9,
177, 117.2, 112.9, 112.5, 85.1, 79.3, 77.3, 73.8, 68.2, 68.0, 59.0 ppm;
LRMS (ESI TOF): m/z: 525.

6-[N-amino]-12-[f-p-glucopyranosyll-13-methyl-indolo[2,3-alpyr-

rolo[3,4-c]carbazole-5,7-dione (9): N-methyl imide 3 (15mg,
0.030 mmol) was dissolved in hydrazine hydrate (0.5 mL, 16.0 mmol)
and the solution was warmed to 60°C for 60 minutes. Upon cooling
to room temperature, the reaction was diluted with water and
extracted into ethyl acetate. The organic layers were pooled, washed
with water, and then dried over Na,SO,. Concentration in vacuo
provided a yellow oil which was adsorbed on silica gel (1 g) by using
ethyl acetate and MeOH. Silica gel chromatography (10g, ethyl
acetate/MeOH, 100:0 to 20:80) provided N-amino imide 9 (5 mg,
33.3%) as a yellow solid. N-amino imide 9: M.p.: 333-335°C; R;=
0.26 (ethyl acetate/MeOH, 90:10); IR (KBr): ¥=3416, 2919, 1752,
1700, 1643, 1571, 1462, 1386, 1324, 1205, 1029, 748, 443 cm~;
H NMR ([DZIDMSO, 500 MHz, 298 K): 6=9.15 (dd, 2H, J=7.5, 7.5 Hz,
7.95 (d, 1H, J=8.2Hz), 780 (d, 1H, /=83 Hz), 772 (dd, 1H, J=7.2,
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7.2 Hz), 764 (dd, 1H, J=8.2, 8.2 Hz), 749 (ddd, 2H, J=70, 7.2, 3.6 Hz),
5.72(d, 1H, J=8.7 Hz),5.21 (d, 1H, J=5.2 Hz), 5.05 (d, 1H, J=5.4 Hz),
5.01 (brs, 2H), 4.90 (t, 1H, J=5.8 Hz), 451 (d, 1H, J=5.8 Hz), 4.23 (s,
3H), 3.95 (dd, 1H, J=11.3, 6.3 Hz), 3.83 (m, 1H), 3.66—3.78 (m, 3H);

LRMS (ESI TOF): m/z: 539; ESI MS: m/z calcd for C,;Hy,N,O,Na [M-+-

Na]*: 539.1543, found: 539.1527.

Computational chemistry: All calculations were performed on a NT
workstation (PIlI-650MHz processor) with the Spartan ProV 1.0.1
software package. A conformational analysis was performed for 1
and 3 on all rotatable bonds by using the Monte Carlo procedure
implemented in the Spartan package. The resulting structures were
minimized with a MMF94 force field and fully optimized at the ab
initio RHF/6 —31G* level.

Drugs, chemicals, and biochemicals: Camptothecin was purchased
from Sigma. It was first dissolved in DMSO at 5 mm and then further
diluted with water. In the cleavage reactions the final DMSO
concentration never exceeded 0.3% (v/v). Under these conditions
DMSO which is also used in the controls, does not affect the
topoisomerase activity. The stock solutions of drugs were kept at
—20°C and freshly diluted to the desired concentration immediately
prior to use. All other chemicals were analytical grade reagents.
Restriction endonucleases and AMV reverse transcriptase were
purchased from Roche and used according to the supplier’s
recommended protocol in the activity buffer provided. The dou-
ble-stranded polynucleotide poly(dAT), was purchased from Phar-
macia. All solutions were prepared with double deionised, Millipore
filtered water.

Melting temperature studies: Melting curves were measured on an
Uvikon 943 spectrophotometer coupled to a Neslab RTE111 cryostat.
For each series of T,, measurements, 12 samples were placed in a
thermostatically controlled cell holder, and the quartz cuvettes (10-
mm pathlength) were heated by circulating water. The measure-
ments were performed in BPE buffer (6 mm Na,HPO,, 2 mm NaH,PO,,
1mm EDTA; pH7.1). The temperature inside the cuvette was
measured with a platinum probe; the temperature was increased
over the range 20-100°C with a heating rate of 1°Cmin-". The
“melting” temperature T, was taken as the mid-point of the
hyperchromic transition.

Surface plasmon resonance (SPR): Two 5'-biotin labeled DNA
hairpins (Eurogentec, PAGE purified) were used in surface plasmon
resonance studies (hairpin loop underlined): d(biotin-CATATA-
TATCCCCATATATATG) and  d(biotin-CGCGCGCGTTTTCGCGCGCG).
Samples of hairpin DNA oligomers in HBS-EP buffer at 25nm
concentration were applied to flow cells in streptavidin derivatized
sensor chips (BIAcore SA-chips) by direct flow at 2 uL min~" in a four-
channel Biacore 3000 optical biosensor system. The sensor chips
were conditioned with three consecutive 1-min injections of 1 m NaCl
in 50 mm NaOH, followed by extensive washing with buffer. Nearly
the same amount of all oligomers were immobilized on the surface
by non covalent capture, with one of the flow cells left blank as a
control. Manual injection was used with a flow rate of 2 uL min—' to
achieve long contact times with the surface and to control the
amount of the DNA bound to the surface. All procedures for binding
studies were automated as methods that use repetitive cycles of
sample injection and regeneration. Steady-state binding analysis was
performed with multiple injections of different compound concen-
trations over the immobilized DNA surfaces for a 10-min period at a
flow rate of 20 pL min=" and at 4 or 25 °C. Drug solutions with known
concentrations were prepared in filtered and degassed buffer by
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serial dilutions from stock solutions and were injected from 7 -mm
plastic vials with pierceable plastic crimp caps (Biacore Inc.).

The instrument response (RU) in the steady-state region is propor-
tional to the amount of bound drug and was determined by linear
averaging over an 80-s time span. The predicted maximum response
per bound compound in the steady-state region (RU,.,,) is deter-
mined from the DNA molecular weight, the amount of DNA on the
flow cell, the compound molecular weight, and the refractive index
gradient ratio of the compound and DNA.?! In the present case, the
observed RU values at high concentrations are greater than RU,,,,
which points to the existence of several binding sites in these DNA
sequences. The number of binding sites (n) was determined from
Scatchard plots derived from plots of RU/concentration versus RU,
plot by using a linear regression analysis (data not shown). The RU,,..
value is required to convert the observed response (RU) to the
standard binding parameter, r (moles drug bound/moles DNA
hairpin) by using the equation:

RU

r = ——

RUmax

Average fitting of the sensorgrams at the steady-state level was
performed with the BlAevaluation 3.0 program. To obtain the affinity
constants, the results from the steady-state region were fitted with a
multiple-equivalent-site model by using the Kaleidagraph program
for nonlinear least squares optimization of the binding parameters
with the following equation:

N X K X Cpee
(1 + K x Cfree)

where K, the macroscopic binding constant, is one variable to fit, r
represents the moles of bound compound per mole of DNA hairpin
duplex,?¥ C.. is the concentration of the compound in equilibrium
with the complex and is fixed by the concentration in the flow
solution, n is the number of compound binding sites on the DNA
duplex and is the second variable to fit. The r values are calculated
from the ratio RU/RU,,.,, where RU is the steady-state response at
each concentration and RU,,,, is the predicted RU for binding of a
single compound to the DNA on a flow cell.

DNA relaxation experiments: Supercoiled pKMp27 DNA (0.5 ug)
was incubated with human topoisomerase | (4 units, TopoGen Inc.) at
37°C for 1 h in relaxation buffer (50 mm Tris pH 7.8, 50 mm KCl, 10 mm
MgCl,, 1 mm dithiothreitol, 1 mm EDTA) in the presence of varying
concentrations of the drug under study. Reactions were terminated
by adding SDS to 0.25% and proteinase K to 250 ugmL~". DNA
samples were then added to the electrophoresis dye mixture (3 pL)
and electrophoresed in a 1% agarose gel at room temperature for
2 h at 120 V. Gels contained ethidium bromide (1 pgmL-") and were
washed with water prior to being photographed under UV light.?!

Purification and radiolabeling of DNA restriction fragments: The
117- and 72-bp DNA fragments were prepared by 3’-[*?Pl-end
labeling of the EcoRI-Pvull double digest of the plasmid pBS by using
y-[3?P]-dATP (3000 CimMol~") and AMV reverse transcriptase. The
same procedure was applied for the 174-mer EcoRI-Pvull fragment
from plasmid pKS. In each case, the digestion products were
separated on a 6% polyacrylamide gel under native conditions in
TBE buffered solution (89 mm Tris-borate pH 8.3, 1 mm EDTA). After
autoradiography, the band of DNA was excised, crushed, and soaked
in water overnight at 37 °C. This suspension was filtered through a
Millipore 0.22-um filter and the DNA was precipitated with ethanol.
Following washing with 70% ethanol and vacuum drying of the
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precipitate, the labeled DNA was resuspended in 10-mm Tris buffer
adjusted to pH 7.0 and containing 10 mm NaCl.

Sequencing of topoisomerase-l-mediated DNA cleavage sites:
Each reaction mixture contained 3'-[*?P]-end-labeled DNA (2 pL,
~1 ), water (5pL), 10X topoisomerase | buffer (2 pL), and drug
solution at the desired concentration (10 pL, 1-50 uwm). After 10-min
incubation to ensure equilibration, the reaction was initiated by
addition of topoisomerase | (2 uL, 4 units; Life Technologies). Sam-
ples were incubated for 45 min at 37 °C prior to addition of SDS to
0.25% and proteinase K to 250 pgmL~" to dissociate the drug-DNA-
topoisomerase | cleavable complexes. The DNA was precipitated
with ethanol and then resuspended in formamide-TBE loading buffer
(5 pL), denatured at 90 °C for 4 min, then chilled in ice for 4 min prior
to loading on to the sequencing gel. DNA cleavage products were
resolved by polyacrylamide gel electrophoresis under denaturating
conditions (0.3 mm thick, 8% acrylamide containing 8wm urea). After
electrophoresis (about 2.5h at 60 W, 1600V in Tris-Borate-EDTA
buffered solution), gels were soaked in 10% acetic acid for 10 min,
transferred to Whatman 3MM paper, and dried under vacuum at
80°C. A Molecular Dynamics 425E Phosphorlmager was used to
collect data from the storage screens exposed to dried gels
overnight at room temperature. Base line-corrected scans were
analyzed by integrating all the densities between two selected
boundaries with ImageQuant version 3.3 software. Each resolved
band was assigned to a particular bond within the DNA fragments by
comparison of its position relative to sequencing standards gen-
erated by treatment of the DNA with dimethylsulphate followed by
piperidine-induced cleavage at the modified guanine bases in this
DNA (G-track).

Cell cultures and survival assay: Human CEM leukemia cells were
obtained from the American Tissue Culture Collection (ATCC
number: CCL-119). Cells were grown at 37°C in a humidified
atmosphere containing 5% CO, in RPMI 1640 medium, supplement-
ed with 10% fetal bovine serum, L-glutamine (2 mm), sodium
bicarbonate (1.5gL™"), glucose (4.5gL™"), HEPES (10 mm), sodium
pyruvate (1 mm), penicillin  (100IlUmL""), and streptomycin
(100 ug mL="). The cytotoxicity of the test compounds was assessed
by using a cell proliferation assay developed by Promega (CellTiter 96
AQ,.0us ONe solution cell proliferation assay). Briefly, 3 x 10* expo-
nentially growing cells were seeded in 96-well microculture plates
with various drug concentrations in a volume of 100 pL. After 72 h
incubation at 37°C, tetrazolium dye (20 pL) was added to each well
and the samples were incubated for a further 2 h at 37 °C. Plates were
analyzed on a Labsystems Multiskan MS (type 352) reader at 492 nm.
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Monitoring the Cellular Surface Display of
Recombinant Proteins by Cysteine Labeling and

Flow Cytometry

Joachim Jose* and Steffen Handel®

Dedicated to Herbert H. Jose on the occasion of his 70th birthday.

A general method is described that allows one to follow the surface
display of recombinant proteins in Escherichia coli without having
to use specific antibodies or enzymatic reactions. The method is
based on cysteine-specific labeling through Michael addition to the
double bond of maleimide and its derivatives, and takes advantage
of the fact that naturally occurring surface proteins in E. coli
contain no accessible cysteine residues. The method is easy to
perform and could be simply applied to different analytic
procedures including Western blot, spectral photometry, and flow
cytometry. By using this new labeling method, single cells bearing a

Introduction

The display of a protein with a distinct function in large numbers
on the surface of a living cell is a challenging exercise with
increasing impact in many areas of biochemistry and biotech-
nology."" By displaying enzymes, whole-cell biofactories are
obtained that can be accessed by substrates without restriction
and that, in most cases, are easier to handle, immobilize, and
stabilize in industrial processes than the free enzyme molecule.”?!
Moreover, a pure biocatalyst can be maintained by a simple
centrifugation step.? The application of cellular surface display
has another significant advantage when used for creating and
screening peptide or protein libraries in order to perform
directed molecular evolution. By selecting the correct structure
expressed at the surface, the cell with the corresponding gene,
which serves as an intrinsic label, is co-selected and can be used
in further studies and applications. More recently, cellular surface
display has led to promising progress in the fields of oral
vaccines®™ and in the development of environmental bioadsorb-
ents.

From this perspective it is clear that systems for the surface
display of a broad spectrum of molecules are needed, along with
tools that allow the analysis and evaluation of these systems in
terms of efficiency. As far as possible, these techniques must be
compatible with automation processes in order to obtain high
throughput. In all cases up to now, however, the detection of
surface display has depended on a certain quality of the
molecule to be displayed, either an affinity to an antibody, as in

396 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

distinct protein at the surface could be selected by fluorescence-
activated cell sorting. The data were obtained by using autodisplay,
an efficient surface display system established for E. coli, but the
method presented here represents rather a general solution for
analyzing the surface display of recombinant proteins, independ-
ent of the cellular system used.

KEYWORDS:

autodisplay - fluorescence - maleimide - Michael addition -
protein engineering

most cases, or a specific catalytic function. This fact has limited
the promising strategy of cellular surface display to a restricted
number of candidate molecules.

Here, we present for the first time a general method that
allows verification and quantification of cellular surface display,
independent of the displayed molecule’s antigenic or catalytic
properties. This strategy takes advantage of two properties. First,
natural cell envelope proteins in Escherichia coli contain practi-
cally no cysteine residues accessible at the surface.”” Second,
there is a specific labeling procedure for cysteine residues based
on Michael addition to the double bond of maleimide and its
derivatives.® ¥ In the present study, an artificially introduced
cysteine and natural cysteine residues occurring in recombinant
proteins displayed at the surface of E. coli could be used for
labeling. The labeling allowed monitoring of the surface display
with different methods, such as flow cytometry. Moreover, single
cells with cysteine-containing proteins at the surface could be
selected by fluorescence-activated cell sorting (FACS). The

[a] J. Jose, S. Handel
Pharmazeutische und Medizinische Chemie
Naturwissenschaftlich-Technische Fakultdt Il
Universitdt des Saarlandes, PO. Box 151150
66041 Saarbriicken (Germany)
Fax: (+49) 681-302-4386
E-mail: j.jose@mx.uni-saarland.de

DOI: 10.1002/cbic.200200530 ChemBioChem 2003, 4, 396 — 405





Cysteine-Specific Protein Labeling

solution presented here represents a substantial improvement in
the application of cellular surface display, for instance for use in
automation processes.

Results

Construction of a passenger protein with a single cysteine
residue

The surface display of a recombinant protein, a so-called
passenger by autodisplay (an established surface display system
in E. coli® " based on the autotransporter secretion pathway!'?)

requires its integration into a polyprotein precursor of a defined
structure (Figure 1 A). For this purpose, an artificial gene has to
be constructed by PCR that encodes an N-terminal signal
peptide (SP), the passenger, a so-called linker peptide, and the
C-terminal 3 core. With the aid of the SP the precursor is
transported across the inner membrane, and outer-membrane
translocation is facilitated by the 3 core, which forms a porin-like
structure. To obtain full surface exposure of the passenger
protein an additional linker peptide is necessary (Figure 1A).
Details of this unique surface display system have been
described elsewhere by Maurer etal."” and Jose et al.'"! In the
present study, we started with plasmid pJM1013"3 to construct

mRNA Cytoplasm
B constitutive inducible
Pk T7/ac
Sp P Linker B barrel promoter promoter
pIM1013 pET-SH3
BglII\ . .
Linker FP epitope 51 kDa
Ndel Xbal |—>
| L (FP-ET)
CTATCTTCACCATATGCACATGGAACACCTTCTAGATCTCCTGAATATTTCARAGGTCCACCTTCTCCACGATCTCTTAAT
LSSAYAHGTPSRSPEYPFPKG?PDPSPRSLIHN
epitope
signalpeptidase pitop
pSH4 pET-SH4
NdeT Xbal Xhol BglIL Linker FP cystope 51.6 kDa
| | ! -
CTATCTTCAGCATATGCACATGGAACACCTTCTAGACT CGAGAGATCTTGCCCTGAATATT TCARAGGTCCACCTTCTCCACGATCTCTTAAT (FP-CT)

L §SAYAHGT?PSRILET RS PEYFXGPPSPRSLN
epitope

signalpeptidase

Figure 1. A) Secretion mechanism of the autotransporter family of proteins. By using a typical signal peptide, a precursor protein is transported across the inner
membrane. Once it arrives at the periplasm, the C-terminal part of the precursor folds as a porin-like structure, a so-called [ barrel, within the outer membrane and the
passenger is transmitted to the cell surface. For autodisplay, the signal peptide of the cholera toxin 3 subunit and the [ barrel as well as the linker region of the E. coli
adhesin AIDA-I?®! are used as described by Maurer et al."” SP = signal peptide; IM = inner membrane; PP = periplasm; OM = outer membrane. B) Structure of the
autotransporter fusion proteins encoded by different plasmids used in this study. The environments of the passenger insertion site necessary to obtain surface
translocation are given as sequences. Restriction endonuclease cleavage sites are underlined. The signal peptidase cleavage site is marked by an arrow. The site-specific
cleavage site for IgA1 protease in the resulting fusion protein is written in italics and the linear epitope for a mouse monoclonal antibody (Dii142), which was used as an
internal control, is written in bold. The single cysteine residue used for labeling and detection is indicated by a black box. p = plasmid, FP = fusion protein; ET= epitope-
containing, CT = cysteine-containing “cystope”; FP-CT contains four amino acids in addition to those in FP-ET, therefore the molecular weight is slightly increased. The
Cpol restriction site (not shown) used for cloning purposes is located 155 bp downstream of the underlined Bglll restriction site. P = passenger.
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the gene for a passenger protein with a single cysteine residue.
In our earlier studies we showed that pJM1013 encodes a
precursor protein that facilitates efficient surface display of an
epitope for the mouse monoclonal antibody Dii142 under the
control of the constitutive promoter Py.'¥ The codon for a
single cysteine residue and an Xhol restriction site were inserted
by using PCR mutagenesis, which resulted in plasmid pSH4
(Figure 1B). As a result of these insertions, the proteins encoded
by pJM1013 (epitope-containing fusion protein, FP-ET) and pSH4
(cysteine- and epitope-containing fusion protein, FP-CT) differ
slightly in size. Both plasmids were transformed into E. coli JK321,
a well-adapted strain for the autodisplay of foreign passenger
proteins,'" and transport to the cell surface was analyzed.

Probing the surface display of the proteins FP-ET (expressed
from plasmid pJM1013) and FP-CT (expressed from plasmid
pSH4)

In previous experiments, differential cell fractionation was an
adequate tool to find out whether a passenger is transported to
the cell surface.?3 %" As can be seen in Figure2A, it was
possible to detect a protein of the correct size in the outer-
membrane fraction of E. coli JK321, which contains plasmid

A B
& . < AR ASE S0
LEME T e R 2
& eV € ¢ ¢4
trypsin + - #+ - + - +
67— : |
- e - e
45- e ree |
40OmpF/C
29 — 1 Y :
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trypsin added to whole cells clearly indicates its surface
accessibility. As can be seen in Figure 2 A and Figure 2 B, external
trypsin addition resulted in the degradation of FP-CT (lane 2) and
FP-ET (lane 4). Integrity of the outer membrane was indicated by
detection of an unaltered OmpA protein. OmpA has a C-terminal
periplasmic extension, which is digested by trypsin when the
outer membrane is leaky.'™ In Coomassie-stained sodium
dodecyl sulfate (SDS) gels (Figure 2A), an additional protein
band was detectable that corresponds to the membrane-
embedded and thereby trypsin-resistant 3 core. An identical
membrane-embedded trypsin-resistant core has already been
described for other passenger proteins used in autodisplay.'® ™
In summary, our results indicate that the passenger domains are
transported to the cell surface of E. coli by both fusion proteins,
FP-CT and FP-ET, and that these domains are freely accessible. As
FP-CT contains a single cysteine residue, we developed a
detection method based on maleimide coupling. After SDS-
PAGE, protein bands were transferred onto a poly(vinylidene
difluoride) (PVDF) membrane filter in the same manner as
described before for Western blot experiments. Instead of using
an antibody for detection, biotin-coupled maleimide was added
(Table 1, for details see the Experimental Section). The idea was
that maleimide would be covalently linked to the cysteine
residue through Michael addi-
tion and after addition of strep-
tavidin—-alkaline  phosphatase
conjugate and a chromogenic
substrate (X-phosphate) detect-
able staining would result. As
can be seen in Figure 2C, FP-CT
was indeed stained by this pro-
cedure, whereas FP-ET was not.
This result indicates the feasibil-
ity of this new cysteine-depend-

Figure 2. Surface translocation and accessibility of FP-ET and FP-CT. Outer membranes were prepared from E. coli JK321
pJM1013 (FP-ET) and JK321 pSH4 (FP-CT) and subjected to SDS gel electrophoresis on a 12.5% PA gel followed by
Coomassie brilliant blue staining (A). After being transferred onto a PVDF filter membrane, proteins were detected by the
epitope-specific monoclonal mouse antibody Dii142 (B) or by biotin maleimide coupling followed by the addition of
streptavidin - alkaline phosphatase conjugate (C) as described in the Experimental Section. Molecular weights of marker

ent, antibody-independent filter
detection assay. The fact that no
other protein band was labeled
supports the view that outer-

proteins are given in kDa on the left. Trypsin +/— : whole cells were/were not treated with trypsin before outer
membranes were prepared. Natural outer membrane proteins OmpF/C and OmpA are marked by arrows. T= trypsin-

resistant membrane-embedded autotransporter core.

pSH4, as well as in JK321 with plasmid pJM1013. In both cases
expression was almost as high as for the natural outer-
membrane proteins OmpA and OmpF/C. A similar protein was
neither detectable in the cytoplasm fraction nor in the inner
membrane fraction (not shown). In a Western blot analysis that
used the monoclonal antibody Du142 for detection, both
protein bands yielded a signal (Figure 2 B), which identifies them
as FP-CT (lane 1) and FP-ET (lane 3), respectively.

The next step was to show that the passenger domains of FP-
CT and FP-ET are indeed exposed at the cell surface. For this
purpose whole cells expressing pJM1013 and pSH4 were treated
with trypsin before outer-membrane fractions were prepared.
Trypsin is too large a molecule to pass through the outer
membrane. Therefore, degradation of the passenger domain by
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membrane proteins in E. coli
generally contain no cysteine
residues, as was reported previ-
ously.”!

Photometric analysis of cells bearing a single cysteine residue

For this purpose, identical amounts (10° cells) of E. coli JK321
pSH4, which expresses FP-CT with a single cysteine residue, and
control E. coli JK321 pJM1013, which expresses FP-ET without
any cysteine residues, were incubated for 25 min with 500 um
biotin maleimide (for details, see the Experimental Section). After
the addition of streptavidin - -galactosidase conjugate, both
cell samples were incubated for 5 min with o-nitrophenyl-3-p-
galactoside, a chromogenic substrate for -galactosidase. The
release of 2-nitrophenol as a result of enzymatic activity was
determined by the absorption observed at 405nm. Cells
expressing FP-CT with a single cysteine residue exhibited f-
galactosidase activity of 153 Miller units,!™ whereas control cells

ChemBioChem 2003, 4, 396 - 405
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Table 1. Maleimide coupling of cysteine at the cell surface and detection methods applied in this study.

H
O N
Y CH,—CH,;—CH, —CH,— COOH
N
d
H S
HO
Biotin Fluorescein
Target Coupling Enzyme linking Method of
detection
o}
SH group / N—R; R, =Biotin streptavidin - 5-galactosidase photometry
(o}
[¢]
SH group , N—R; R, =Biotin streptavidin - alkaline phosphatase Western blot
(e}
O
SH group / N—R, R, = Fluorescein none flow cytometry
(o}

expressing FP-ET without cysteine yielded an activity of 23 Miller
units (both results are the mean value of three independent
experiments). This means that cells expressing FP-CT have (-
galactosidase activity of 130 Miller units, when the results are
adjusted according to the values obtained from control cells.
This difference in activity is due to specific labeling of cysteine by
biotin maleimide. The difference indicates that the labeling of a
single cysteine residue expressed at the cell surface by autodis-
play is sufficient for the analysis of such a low number of
bacterial cells (10°) by photometry. This result opens the door to
the use of the method described in online monitoring of protein
production, for example, for monitoring of cells within an
industrial process. The technique can be applied in cases where
the protein itself is the product of a process, for example, in
order to obtain pure enzymes, and in cases where cells
expressing high numbers of an enzyme or another functional
protein are needed before they are submitted to synthetic
purposes.

Inducible surface expression of a passenger protein with a
single cysteine residue

In many industrial or synthetic applications it is a striking
advantage to be able to control the expression of the
recombinant protein of interest at the level of transcription.

ChemBioChem 2003, 4, 396-405  www.chembiochem.org
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For example, this allows one to produce a high number of cells
before starting the expression of the recombinant protein by the
addition of a specific inducer. To obtain an inducible autodisplay
system and to employ our cysteine-specific labeling method in
monitoring the controlled induction of protein expression,
fusion proteins FP-CT and FP-ET were expressed from an
inducible T7/Lac promoter. For this purpose, the artificial
precursor gene encoding the autotransporter domains with a
passenger containing a single cysteine residue (FP-CT) was
inserted into vector pET11d. This plasmid vector, which is
commercially available, is specified for inducible protein ex-
pression. The new plasmid obtained by this strategy was named
pPET-SH4 (Figure 1B). This plasmid allowed inducible expression
of FP-CT from the T7/lac-promoter, which was pET11d derived.
The gene encoding FP-ET was treated similarly, to give plasmid
pET-SH3 (Figure 1B), which was used as a control. Both plasmids
were transformed into E. coli BL21 (DE3), a strain commercially
available and commonly used for the T7/lac promoter-mediated
induction of expression. Protein expression was subsequently
analyzed. As shown in Figure 3, a huge amount of FP-CT could be
detected in the outer-membrane fraction of BL21(DE3) pET-SH4
cells after induction with isopropyl-S-p-thiogalactopyranoside
(IPTG). The expression rate of FP-CT was even higher than that of
the natural outer-membrane proteins OmpA and OmpF/C. The
protein could be detected in Coomassie-stained SDS-gels
(Figure 3A), as well as by Western blotting with antibody
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Figure 3. Inducible surface display and detection by cysteine-specific labeling
with biotin maleimide. Outer membranes were prepared from E. coli BL21 (DE3)
pLysS pET-SH4 before (—), and 30 min after induction with IPTG (+) and were
subjected to SDS gel electrophoresis on a 12.5% PA gel with subsequent
Coomassie brilliant blue staining (A). After being transferred onto a PVDF
membrane filter, proteins were detected either by the epitope-specific mouse
monoclonal antibody Dii142 (B) or by biotin maleimide coupling followed by the
addition of streptavidin - alkaline phosphatase conjugate (C) as described in the
Experimental Section. Molecular weights of the marker proteins are indicated in
kDa on the left. Natural outer membrane proteins OmpF/C and OmpA are
marked by arrows.

Du142 (Figure 3B). After induction, a protein band correspond-
ing to FP-CT that was not detectable in noninduced cells could
also be detected by the cysteine-specific maleimide coupling
method (Figure 3C). This result was in accordance with those
obtained by Western blot and Coomassie staining of SDS-gels
and indicates that T7/lac promoter-controlled expression of FP-
CT was not leaky.

Flow cytometric analysis of cells bearing a protein with a
single cysteine residue

Cells of E. coli BL21(DE3) pET-SH4 expressing FP-CT were labeled
with fluorescein maleimide (Table 1). For this purpose, samples
of a cell suspension with an optical density at 578 nm (ODs,s) of
1.0 were incubated with 500 um fluorescein maleimide for 15 min
at room temperature, after induction by treatment for 30 min
with IPTG. The reaction was stopped and excess labeling reagent
removed by repeated washing with buffer, then cells were
diluted to a final ODs,, of 0.05 and subjected to flow cytometry
on a FACSCalibur flow cytome-

J. Jose and S. Handel

The next step was to see whether this specific and sensitive
labeling allows one to monitor the time course of expression of
recombinant proteins on the surface of E. coli after induction. For
this purpose, IPTG was added to samples of E. coli BL21(DE3)
pET-SH4 cells to start expression of FP-CT, and after different
periods of time samples were taken. These samples were labeled
with fluorescein maleimide as described above and subsequent-
ly analyzed by flow cytometry. As can be seen in Figure 5, the
mean value of fluorescence of 10000 cells analyzed for each
sample increased continuously over a period of 90 min, whereas
the mean fluorescence of control cells expressing FP-ET only
slightly shifted. This result reflects the cumulative number of FP-
CT molecules appearing on the surface of E. coli because of the
induction of expression by IPTG. In summary, these results
indicate that cysteine labeling by Michael addition to derivatives
of maleimide is a valid and efficient method to monitor the
appearance of recombinant proteins on the cell surface after
induction of expression and is applicable in high-throughput
methods such as flow cytometry.

Flow cytometric sorting of single cells bearing a cysteine-
residue-containing protein at the surface

Cells of E. coli BL21(DE3) pET-SH4 expressing FP-CT (with a single
cysteine residue) and E. coli BL21(DE3) pET-SH3 expressing FP-ET
(without cysteine) were mixed in the ratio 1:1, labeled with
fluorescein maleimide, and analyzed by flow cytometry. As can
be seen in Figure 6 C, this resulted in two cell populations that
could be discriminated by fluorescence intensity within one
sample. The relative fluorescence intensities of both were
identical to those obtained when cells of BL21(DE3) pET-SH3
(FP-ET) and pET-SH4 (FP-CT) were labeled and analyzed sepa-
rately (Figure 6 A and Figure 6 B, respectively). A sorting gate was
defined within the mixed sample (Figure 6 C) so that cells with a
fluorescence corresponding to that of FP-CT-positive cells
(Figure 6 B) were selected by the sort module of the FACSCalibur
cytometer. These cells were collected and immediately subjected
to flow cytometry again, after an aliquot of cells was removed for

ter. E. coli BL21(DE3) pET-SH3 100
cells expressing FP-ET (no cys- T A
teine) were treated similarly pri- 80

or to flow cytometry analysis and number

were used as a control. Figure 4 of 60
. cells

shows that the fluorescence in- 20

tensity of BL21(DE3) expressing
FP-CT (Figure4B) was clearly 20
distinguishable from the intrinsic
background signal of control
E.coli expressing FP-ET (Fig-
ure 4A). This result indicates that
maleimide coupling of a single
cysteine residue within a protein
displayed on the E. coli surface is
a valid labeling procedure for
flow cytometry analysis.
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Figure 4. Flow cytometric analysis of whole E. coli cells expressing FP-ET (A) and FP-CT (B). E. coli BL21(DE3) pLysS
containing pET-SH3 (FP-ET), and BL21(DE3) pLysS containing pET-SH4 (FP-CT) were labeled with fluorescein maleimide
30 min after induction with IPTG and subjected to flow cytometry as described in the Experimental Section. For each
sample, 10000 cells were analyzed and cellular fluorescence is described as a histogram plot, 30 min after induction with
IPTG. The mean value of relative fluorescence of E. coli expressing FP-CT (328, B) is almost 11 times higher than that of
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pass through the flow cytometer

before 10000 cells, the fixed
number of cells for each experi-
ment, were analyzed for fluores-
cence. This fact resulted in the
appearance of a peak with low
fluorescence (Figure 6D) that
did not contain any growing
cells and is therefore assumed
to consist of buffer impurities.

Cysteine labeling of bovine
adrenodoxin displayed at the
E. coli surface

To see whether naturally occur-
ring cysteine residues within
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Figure 5. Time course of induced surface display monitored by fluorescein maleimide labeling and flow cytometry. Cells
expressing FP-CT (E. coli BL21(DE3) pLysS pET-SH4, black squares) and cells expressing FP-ET (E. coli BL21(DE3) pLysS pET-
SH3; open circles) were induced with IPTG. At the indicated time points, samples were taken and labeled with fluorescein
maleimide as described in the Experimental Section. For every sample the mean value of fluorescence was determined for
10000 cells by flow cytometry and plotted versus time after induction. The experiment was repeated three times

independently with similar results.

growth and subsequent DNA analysis. Figure 6D shows the
cellular fluorescence distribution of the sorted sample. As can be
seen, after only one round of cell sorting, a population with high
fluorescence corresponding to FP-CT cells was obtained from the
mixture of positive and negative cells. To verify the identity of
cells that were sorted by this procedure, the aliquot of removed
cells (see above) was diluted and adequate dilutions were grown
on agar plates to obtain single colonies. The number of single-
cell clones obtained by this procedure was identical to that
determined by flow cytometry, which indicates that cells
survived the labeling and sorting protocol without loss. From
ten single-cell clones obtained, plasmid DNA was prepared and
subjected to restriction analysis. In this analysis we took
advantage of the fact that pET-SH4 contains an Xhol restriction
site which is absent in pET-SH3 (Figure 1). All single-cell clones
contained plasmid pET-SH4. These results indicate that labeling
of a single cysteine residue expressed within a protein at the cell
surface allows selection of corresponding cells from a mixed
population by fluorescence-activated cell sorting. The method
enables a rapid and high-throughput selection of cells express-
ing a protein, for example, an enzyme of interest, from a mixture
with nonexpressing cells in order to obtain an optimized cell
population before application to an industrial or synthetic
process.

For cell sorting 270000 cells of the mixture were analyzed and
a total of 86000 cells were sorted out. As a result of the sorting
procedure, the selected cells were considerably diluted. As a
consequence, a much larger volume of this cell solution had to

ChemBioChem 2003, 4, 396-405  www.chembiochem.org
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passenger proteins displayed
on the E. coli surface can be used
for labeling, the ferredoxin from
bovine adrenal cortex, adreno-
doxin (Adx) was investigated.
Adx contains five cysteine resi-
dues and an iron —sulfur cluster
as the prosthetic group. Four of
the five cysteine residues are
involved in  binding the
[2Fe—2S] group. It has been
shown in earlier studies that
apo-Adx is efficiently transported to the E. coli cell surface by
the autotransporter pathway.? The prosthetic group can be
inserted after transport to yield active, electron-transferring
holo-Adx.™ For the present study we confined ourselves to the
investigation of surface-displayed apo-Adx. For this purpose, the
coding region of Adx was inserted into vector pET-SH3 and
surface translocation was verified as described before. Cells of an
overnight culture were used to inoculate fresh medium that was
incubated until exponential cell growth was obtained. Adx
expression was induced by treatment with IPTG for 30 min; cells
were then harvested, adjusted to an OD,; value of 1.0, and
labeled with fluorescein maleimide as described above. Fig-
ure 7B shows that this treatment resulted in a significantly
increased fluorescence of cells in comparison to control pET-SH3
cells (Figure 7A). This result indicates that the labeling and
detection methods presented here can be used for monitoring
the expression of passenger proteins that contain inherent
cysteine residues.

80 100

Discussion

In the presented study, we describe a new method for the
specific labeling of recombinant proteins expressed at the
surface of E. coli cells. The method is useful in monitoring the
appearance of recombinant proteins at the cell surface and as a
tool for flow-cytometer-based high-throughput analytical and
selection purposes. Natural proteins of the cell envelope were
clearly not labeled by this method. The method is based on the
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Figure 6. Fluorescence-activated cell sorting (FACS) of E. coli cells expressing FP-CT after labeling with fluorescein maleimide. A) Mean fluorescence of cells expressing
FP-ET (E. coli BL21(DE3) pLysS pET-SH3) labeled with fluorescein maleimide. B) Mean fluorescence of cells expressing FP-CT (E. coli BL21(DE3) pLysS pET-SH4) labeled with
fluorescein maleimide. C) Mean fluorescence of a 1:1 mixture of cells expressing FP-ET and cells expressing FP-CT after labeling with fluorescein maleimide. The sortgate
used for selection of highly fluorescent cells is indicated by a black bar. D) Mean fluorescence of cells after FACS by the sortgate described in (C). For each measurement,
10000 cells were analyzed.

100 100 derivatives,”” and could be per-

T A T B formed in a similar manner. The
80 80 maleimide reaction with sulf-
number number hydryl groups has been success-
Cgﬁs Cé’ﬁs fully used previously in macro-
40 40 molecular prodrug concepts,'®

in prolonging the in vivo half-

20 20 life of therapeutic antibody frag-

o ] o § ments,!'”! and in investigations

10° 10! 102 10° 104 100 10! 10? 10° 104 of the structure of bacterial

relative fluorescence ——» relative fluorescence ——» receptors.”'® In our experi-

ments, two forms of maleimide
Figure 7. Flow cytometric analysis of the surface display of bovine adrenodoxine (Adx), a naturally cysteine-containing

derivatives were applied. Biotin
protein. E. coli BL 21(DE3) cells containing plasmid pET-SH3 with the Adx-encoding DNA inserted by the Xbal/Bgl/l L PP
restriction sites were labeled with fluorescein maleimide and analyzed by flow cytometry (B). The mean fluorescence of maleimide was used for photo-
these cells (271) was significantly increased in comparison to the mean value of fluorescence of cells expressing FP-ET (39; metric detection and filter de-
E. coli BL 21(DE3) pET-SH3), which were applied as a control (A). tection after Western blotting.

Fluorescein maleimide was the

label for fluorescence-activated
Michael addition of cysteine to the double bond of different  cell sorting and flow cytometer analysis. A single cysteine residue
maleimide derivatives. Other specific labeling reactions for the  within the protein displayed at the cell surface was sufficient to
sulfhydryl group of cysteine are known, for example, alkylation  obtain efficient and detectable labeling by both maleimide
by holoacetyl derivatives or treatment with pyridyl disulfide  derivatives. In addition to the single cysteine residue that was
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inserted especially for this study within a linker region (Fig-
ure 1B), passenger-inherent cysteine residues could also be used
for labeling, as shown for bovine adrenodoxin (Adx, Figure 7).

A third possible strategy for monitoring the surface expression
of a recombinant protein with autodisplay is to insert the coding
region of a passenger protein without any cysteine residues, for
example, into plasmid pET-SH4 at the Xbal, Xhol, or Bglll
restriction site (Figure 1B). This insertion will result in co-
secretion of the cysteine residue derived from pET-SH4, and
surface translocation of the recombinant passenger can be
detected by the co-secreted single cysteine residue. This process
has been performed to analyze the surface display of bacterial
esterase, for which a specific antibody was not available.
Transport and surface accessibility were verified by cysteine
labeling and subsequent Western-blot-like experiments.!'”!

The study presented here is based on the idea that surface
proteins of E. coli either contain no cysteine residues or none
accessible to other molecules for reaction. Our results clearly
support this previously reported hypothesis.”? Control cells of
E. coli expressing passenger proteins without cysteine were
always negative regardless of the detection method applied
(Figures 2C, 5, 6 A); E. coli cells without any plasmid were likewise
negative (not shown). Since the periplasm of E. coli contains a
number of proteins with freely accessible and reactive cysteine
residues,? 21 this result also indicates that the maleimide
derivatives used in this study were not able to penetrate the
outer membrane barrier. Clearly, the derivatives were neither
hydrophobic enough to pass through the asymmetric lipid
bilayer nor small enough to pass through the hydrophilic pores
provided by the porins. This finding is important because it
permits the use of the maleimide-dependent labeling and
detection method to distinguish surface exposure from, for
instance, periplasmic location of a protein containing one or
several cysteine residues.

The advantages of the labeling and detection method
described here are obvious. Only minimal amounts of cells are
needed and these cells can be labeled within less than 1 h. In
addition, flow cytometric analysis of labeled cells is performed
within seconds and can be automated. The content of a
recombinant protein within a small sample can therefore be
determined quickly and automatically, if desired. The strategy
can be useful in, for example, the online monitoring of whole-cell
protein expression at the surface during industrial processes.

It is clear that the labeling method described here can be used
for protein purification or purification of cells expressing a
certain protein. Labeling with biotin maleimide allows whole
cells expressing a single cysteine residue at the surface to be
coupled to streptavidin-coated beads, streptavidin—agarose, or
any other streptavidin-modified matrix, for example, within
liquid chromatography columns. In this strategy, cells expressing
a distinct protein with one or several cysteine residues at the
surface could be enriched from a mixture of cells that do not
express the protein. Moreover, cells expressing an enzyme,
antibody, or other functional protein at the surface can be
immobilized for use in continuous reactions. Similar methods
would allow cells to be fixed onto membranes for use, for
example, in surface plasmon resonance experiments. If the
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recombinant passenger protein with one or several cysteine
residues is released into the supernatant by a site-specific
protease, for example, the passenger protein can be purified in a
single step by taking advantage of its affinity for streptavidin. For
this purpose, a specific IgA1 protease cleavage site was inserted
during vector construction (Figure 1B). External added protease
will release the passenger protein with the attached cysteine
residue into the supernatant when vectors pJM1013, pSH4, pET-
SH3, or pET-SH4 are used. There the protein could be bound to
streptavidin immobilized on a matrix (for example, a column). If a
second cleavage site for a site-specific protease, for example,
factor X, were inserted in N-terminal orientation to the reporter
cysteine residue, this site could be used to remove the passenger
without cysteine from the streptavidin-coated column. The
feasibility of this cysteine-based one-step protein purification
strategy is currently under investigation.

The striking advantage of the labeling and detection/purifi-
cation procedure described here is the fact that a single amino
acid (a single cysteine residue) is sufficient. Inherent cysteine
residues can be used for labeling and purification or, if the
protein is devoid of cysteine, a single cysteine residue can be
added. The latter option appears to interfere less with the
protein’s natural structure and folding behavior than the
minimum 8 amino acids necessary in the “epitope tagging”
strategy,”?? or the 4 - 6 amino acids required for the “His tagging”
strategy.” In both strategies, the linear epitope of a monoclonal
antibody is connected to the passenger protein and surface
translocation can be followed with the aid of the monoclonal
antibody in Western blots, indirect immunofluorescence, or
ELISA-like experiments.!s 22

In summary, the labeling method described here is a
substantial improvement in the detection of recombinant
proteins at the surface of E. coli. It can also be helpful in high-
throughput analysis and rapid purification of cells expressing a
certain protein, as well as in the purification of the recombinant
protein itself. The data presented here were obtained with
autodisplay, a surface display system based on the autotrans-
porter secretion mechanism.'® " The method may also be
applied in other surface display systems. 23-231

Experimental Section

Bacterial strains, plasmids, and culture conditions: E. coli strain
JK321 (AompT proC leu-6 trpE38 entA zih12:Tn10 dsbA:kan) which
was used for constitutive expression of fusion proteins in autodis-
play, has been described elsewhere.'"¥ E. coli strain BL21(DE3) pLysS
(F~ ompT hsdSg (r;~ mg™) gal dem)(DE3)pLysS(CmR®), which was used
for the inducible expression, was obtained from Stratagene (La Jolla,
USA). The vector used for inducible expression was pET11d
(Novagen, Madison, USA). E.coli TOP10 (F~ mcrA A(mrr-hsdRMS-
mcrBC)¢p80lacZAM15 AlacX74 deoR recA1 araD139 Alara-leu) 7697
galU galK rpsL (Strf) endA1 nupG) and the vector pCR2.1-TOPO, which
were used for cloning of PCR products, were obtained from
Invitrogen (Groningen, the Netherlands). Bacteria were routinely
grown at 37°C in Luria-Bertani (LB) broth containing ampicillin
(100 mg per liter). For expression studies, ethylenediaminetetraace-
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tate (EDTA) was added to a final concentration of 10 um and (-
mercaptoethanol was added to a final concentration of 10 mm.

Recombinant DNA techniques: Plasmid pJM1013 has been descri-
bed and characterized in former studies." This plasmid directs the
epitope (PEYFK) of a mouse monoclonal antibody to the cell surface,
where it can be released by a specific IgA1 protease cleavage site
when the protease is externally added to the cells (Figure1).
Expression of the autotransporter fusion protein in pJM1013 is under
the control of the strong constitutive promotor P.'% Construction
of pSH4 containing a single cysteine residue was achieved by
amplifying the autotransporter domains genes by PCR from plasmid
pJM1013 by using the oligonucleotide primers sh017 (5'-tct aga ctc
gag aga tct tgc cct gaa tat ttc aaa gg-3') and sh002 (5'-cac cac cag
acg gtc cgt aag tg-3'). Primer sh017 adds the codon for a single
cysteine residue (written in bold) and includes an Xhol restriction cut
site that could be used for control digestions. The fragment obtained
by PCR was inserted into vector pCR2.1-TOPO and recleaved with
Xbal and Cpol. Plasmid pJM1013 was also digested with Xbal and
Cpol, and the Xbal/Cpol fragment obtained by PCR was inserted. This
process resulted in plasmid pSH4, as shown in Figure 1B. The Xhol
cut site introduced by PCR could be used to differentiate between
pJM1013 and pSH4.

For inducible expression, the commercially available pET11d vector
backbone from Novagen (Madison, USA) was used. It was vital for
subsequent cloning purposes to delete any Xbal and Bglll restriction
sites of the vector in a first construction step. For this purpose, PCR
was performed with oligonucleotide primers sh023 (5'-cct agg ggg
gaa ttg tta tcc gc-3') and sh024 (5'-tga tca cga tcc cgc gaa att aat acg-
3’), and plasmid pET11d as a template. The PCR product was inserted
into vector pCR2.1-TOPO, recleaved with Avrll and Bcll, and ligated
into the Xbal and Bglll restricted vector pET11d to give pET11-SH2.
Bcll cutting results in sticky ends compatible with those generated by
BamH|. The new vector, best described as completely lacking Xbal
and Bglll restriction sites, was cleaved with Ncol and BamH|. The
autotransporter domains, which include the signal peptide, linear
epitope, linker region, and f barrel encoding regions were amplified
by PCR with pJM1013 as a template and oligonucleotides sh015 (5'-
cca tgg tta aat taa aat ttg gtg ttt ttt tta cag-3') and sh016 (5’-tga tca
tta tca gaa gct gta ttt tat ccc c-3) as primers. The PCR fragment
obtained was ligated into pCR2.1 TOPO. After cleavage with Ncol and
Bcll, the fragment was inserted into vector pET11-SH22. This process
resulted in plasmid pET-SH3, which allows the expression of the
identical autotransporter fusion protein as that described for
pJM1013; however, in this case the expression is under the control
of an inducible T7/Lac promoter. Plasmid pET-SH4 was obtained by
replacing the 200-bp Ndel/Cpol fragment in pET-SH3 by the
corresponding fragment containing the single cysteine residue
obtained by cleavage of pSH4 with Ndel and Cpol.

Outer membrane preparation: E. coli cells were grown overnight
and the culture (1 mL) was used to inoculate LB medium (20 mL).
Cells were cultured at 37°C with vigorous shaking (200 rpm) for
about 5 h until an ODs;,4 value of 0.7 was reached. After harvesting
and washing with phosphate-buffered saline (PBS), outer mem-
branes were prepared according to the rapid isolation method
reported by Hantke.’?s!

For whole-cell protease treatment, E.coli cells were harvested,
washed, and resuspended in PBS (5 mL). Trypsin was added to a final
concentration of 50 mgL~" and cells were incubated for 5min at
37°C. Digestion was stopped by washing the cells three times with
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PBS containing fetal calf serum (FCS, 10%) and outer membranes
were prepared as described above.

For inducible expression, the strain BL21(DE3) pLysS, which harbors
one of the described plasmids (pET-SH3 or pET-SH4), was grown
overnight in LB medium containing ampicillin (50 pgmL~") and
chloramphenicol (34 pg mL~"). Chloramphenicol is needed to main-
tain the plysS function to obtain more stringent control. A 1-mL
aliquot of this overnight culture was used to inoculate LB medium
(20 mL). Cells were cultured at 37 °C with vigorous shaking (200 rpm)
for about 3 h until an ODs,; value of 0.6 was reached. IPTG (1 mm,
Roth, Karlsruhe, Germany) was added for induction. After 30 min
(unless stated otherwise) cells were harvested and outer membranes
were prepared as described above.

SDS-PAGE and Western blot analysis: Outer membrane prepara-
tions were diluted (1:2) with sample buffer (100 mm Tris-HCI (pH 6.8;
Tris = tris(hydroxymethyl)laminomethane) containing SDS (4 %), bro-
mophenol blue (0.2 %), and glycerol (20%)). The samples were boiled
for 10 min at 95 °C and analyzed on an SDS-PA gel (12.5%). Proteins
were visualized by Coomassie brilliant blue staining. Prestained
molecular weight markers (Bio-Rad Laboratories, Hercules, USA)
were used to calculate the apparent molecular weight of the outer-
membrane proteins. For Western blot analysis, gels were electro-
blotted onto PVDF membranes with a Mini Trans-Blot apparatus
from Bio-Rad laboratories (Munich, FRG), and blotted membranes
were blocked in Tris-buffered saline (TBS) with FCS (3 %) overnight.

Biotin maleimide labeling of whole cells prior to outer membrane
preparation and Western blotting: After harvesting, whole cells
were washed three times with ice-cold phosphate-buffered saline
(PBS, 1 mL; sodium phosphate (10 mm), NaCl (0.9%), MgCl, (0.9%),
pH 74), incubated with S-mercaptoethanol (2%) for 30 min, and
washed five times with ice-cold PBS. Cells were collected by
centrifugation and the pellet was resuspended in biotin maleimide
(5 mL, 100 pm; Sigma - Aldrich, Steinheim, Germany) in PBS contain-
ing dimethylformamide (1%).”? Cells were incubated for 15 min at
room temperature then washed three times with PBS as described
before. Cells labeled by this protocol were disrupted for outer
membrane preparation and subsequent Western blotting. After
blotting, the membranes were blocked in PBS with FCS (3 %) for 1 h,
then incubated with streptavidin-alkaline phosphatase conjugate
(Gibco BRL, Gaithersburg, USA) diluted 1:10000 in PBS with FCS (3 %)
for 45 min, and washed four times with PBS.?”) A color reaction was
obtained by adding incubation buffer (10 mL; NaCl (100 mm), MgCl,
(5 mm), Tris-HCl (100 mm), pH 9.5) containing nitrobluetetrazolium-
chloride (66 pL, 50 mgmL~" in 70% dimethylformamide) and 5-bro-
mo-4-chloro-3-indolylphosphate-disodium salt (33 pL, 20 mgmL~"in
H,0).

Immunodetection of the linear peptide epitope PEYFK used as a
control: For immunodetection, membranes were incubated for 3 h
with anti-PEYFK antibody Dii142""3 diluted 1:35 in TBS with FCS (3 %).
Prior to addition of the secondary antibody, immunoblots were
rinsed three times with TBS containing Tween 20 (0.1%). Antigen -
antibody conjugates were visualized by reaction with alkaline
phosphatase linked goat antimouse IgG secondary antibody (KPL,
Gaithersburg, USA) diluted 1:10000 in TBS containing FCS (3%). A
color reaction was achieved by adding incubation buffer (10 mL;
NacCl (100 mm), MgCl, (5 mm), Tris-HCl (100 mm), pH 9.5) containing
nitrobluetetrazoliumchloride (66 puL, 50 mgmL=" in 70% dimethyl-
formamide) and 5-bromo-4-chloro-3-indolylphosphate-disodium
salt (33 pL, 20 mgmL~" in H,0).

Biotin maleimide labeling of whole cells and photometric
analysis: A 1-mL aliquot of an overnight culture was added to LB
medium (20 mL) containing ampicillin (100 pg mL="). Cells were
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cultured at 37 °C with shaking at 200 rpm until an ODs,, value of 3
was reached. Cells (1 x 10°) were harvested by centrifugation at
14000g for 2min at 4°C. All steps were performed in 2-mL
Eppendorf reaction tubes. Cells were washed three times with ice-
cold PBS (1 mL, pH 7.4) then incubated in PBS (1 mL) containing 2%
B-mercaptoethanol for 30 min at room temperature followed by five
washing steps with ice-cold PBS (1 mL). Cells were incubated for
25 min at 30°C in biotin maleimide (1 mL, 500 um; Sigma Chemical
Co, St. Louis, MO) dissolved in PBS containing dimethylsulfoxide
(1%).7" After three washes with ice-cold PBS containing BSA (3%),
cells were incubated in PBS (1 mL) containing BSA (3%) for 1h at
room temperature, followed by centrifugation. Cells were then
resuspended in streptavidin - 3-galactosidase solution (6.5 pgmL~"
in PBS with 2% BSA) and incubated for 45 min at room temperature,
followed by four washing steps with ice-cold PBS. Finally, cells were
resuspended in sodium phosphate buffer (2 mL, 0.1m) and the ODs;,
was determined. A 1-mL aliquot of this solution was added to o-
nitrophenyl-$-b-galactoside (200 pL, 4 mgmL~") in PBS (pH 7.0) and
incubated at 28°C for 5 min. After addition of Na,CO; (500 pL, 1m),
cells were pelleted by centrifugation (10 min, 50009, 4°C) and the
absorption of the supernatant was determined at 405nm. fj-
Galactosidase activity corresponding to cysteine molecules acces-
sible at the surface was calculated in Miller units according to
Giacomini’s method.'™ The reaction time (5 min) and the reaction
volume (1 mL) were kept constant throughout the entire measure-
ment process.

Fluorescein maleimide labeling of whole cells and flow cytometric
analysis: An overnight culture (1 mL) was added to LB medium
(20 mL) containing ampicillin (100 pgmL-"). Cells were cultured at
37 °C with shaking at 200 rpm until an OD,,4 value of 3 was reached.
Cells (1 x 10°) were harvested by centrifugation at 14000g for 2 min
at 4°C. All steps were performed in 2-mL Eppendorf reaction tubes.
Cells were washed three times with ice-cold, sterile filtered PBS,
suspended in fluorescein maleimide (1 mL, 10 pum; Molecular Probes
Europe, Leiden, The Netherlands) dissolved in PBS containing
dimethylformamide (1%), and incubated in darkness at 30°C for
10 min. The reaction was then stopped by addition of dithiothreitol
(20 mm). The surplus fluorescein maleimide was removed by washing
the cells with PBS (5 x 1 mL). Cells were resuspended in PBS (1 mL)
and diluted to a final ODs,; value of 0.05 for subsequent FACS
analysis. Fluorescence was determined in a flow cytometer (FACS-
Calibur, Becton Dickinson, Heidelberg, Germany) at an excitation

wavelength of 488 nm and an emission wavelength of 530 nm. Each
figure reported represents the mean value of fluorescence of
10000 cells measured.
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Large-Scale In Vivo Synthesis of the Carbohy-
drate Moieties of Gangliosides GM1 and GM2 by
Metabolically Engineered Escherichia coli

Tatiana Antoine, Bernard Priem,® Alain Heyraud,™ Lionel Greffe,?!
Michel Gilbert,™ Warren W. Wakarchuk,™ Joseph S. Lam,” and Eric Samain*

Two metabolically engineered Escherichia coli strains have been
constructed to produce the carbohydrate moieties of gangliosides
GM?2 (GalNAc-4(NeuAca-3)GalB-4Glc; Gal = galactose, Glc = glu-
cose, Ac=acetyl) and GM1 (GalB-3GalNAcp-4(NeuAca-3)Galf3-
4Glc. The GM?2 oligosaccharide-producing strain TAO2 was devoid
of both B-galactosidase and sialic acid aldolase activities and
overexpressed the genes for CMP-NeuAc synthase (CMP = cytidine
monophosphate), a-2,3-sialyltransferase, UDP-GIcNAc (UDP = uri-
dine diphosphate) C4 epimerase, and [3-1,4-GalNAc transferase.
When this strain was cultivated on glycerol, exogenously added
lactose and sialic acid were shown to be actively internalized into

1. Introduction

Gangliosides are sialic acid containing glycosphingolipids that
are present in all vertebrate cells. They are involved in a number
of carbohydrate-dependent events in adhesion/recognition and
signal transduction.'-? Gangliosides are notably abundant in
brain tissues, where the majority of gangliosides are of the
gangliotetraose (GalpB-3GalNAcS-4GalB-4Glc;  Gal = galactose,
Glc=glucose, Ac =acetyl) family with one (GM1) or more sialic
acid residues (GD1a, GT1b). Neuronal gangliosides play an
important role in the maintenance of myelin stability and in the
control of nerve regeneration. The terminal epitope NeuAca3-
GalB3GalNAc (Neu=neuraminic acid) of GD1a and GT1b is a
specific ligand for the myelin-associated glycoprotein (MAG) that
acts as an inhibitor of nerve regeneration.® The monosialic acid
ganglioside GM1 fails to support any MAG-mediated adhesion
but promotes neuronal growth and potentiates the action of
Nerve Growth Factor and other neurotrophins.™

Several ganglioside carbohydrate antigens (GM2, GD2, GD3,
fucosyl-GM1) are overexpressed in various types of cancer.”
Neoconjugates of these tumor antigens to a protein carrier
(keyhole limpet hemocyanin) have been shown to elicit antibody
responses that might have a positive impact on the chance of
survival.!

In spite of their biological significance and great potential for
new drug development, ganglioside oligosaccharides are not
readily available for fundamental or clinical research. The
difficulty of chemical synthesis of complex carbohydrates means
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the cytoplasm and converted into GM2 oligosaccharide. The in vivo
synthesis of GM1 oligosaccharide was achieved by taking a similar
approach but using strain TAO5, which additionally overexpressed
the gene for [3-1,3-galactosyltransferase. In high-cell-density cul-
tures, the production yields for the GM2 and GM1 oligosaccharides
were 1.25gL~" and 0.89 gL, respectively.

KEYWORDS:

biosynthesis -
ases - metabolic engineering

gangliosides - glycolipids - glycosyltransfer-

that ganglioside oligosaccharides are usually prepared from
bovine brains.”! There is thus huge interest in developing new
reliable methods to synthesize appreciable amounts of various
ganglioside carbohydrates.

Recently, new approaches for oligosaccharide synthesis that
use genetically engineered bacteria have emerged.® Sialyllac-
tose (NeuAca-3GalS-4Glc), the carbohydrate moiety of GM3, and
the common trisaccharide core of all gangliosides have been
produced in high yield either through bacterial coupling® or by
living bacteria." In the latter process, sialyllactose was directly
produced by growing cells of metabolically engineered Escher-

[a] Dr. E. Samain, T. Antoine, Dr. B. Priem, Dr. A. Heyraud, Dr. L. Greffe
Centre de Recherches
sur les Macromolécules Végétales
601 rue de la Chimie, BP 53X
38041 Grenoble, cedex 09 (France)
Fax: (4 33)4765-47203
E-mail: samain@cermav.cnrs.fr

Dr. M. Gilbert, Dr. W. W. Wakarchuk

Institute for Biological Sciences

National Research Council of Canada, Ottawa

Ontario K1A OR6 (Canada)

Prof. J.S. Lam

Department of Microbiology

University of Guelph, Guelph

Ontario N1G 2W1 (Canada)

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

=

[c

in

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/cbic.200200540 ChemBioChem 2003, 4, 406412





In Vivo Synthesis of Ganglioside Carbohydrates

ichia coli strains that overexpress the Neisseria meningitidis genes
for a-2,3-sialyltransferase and CMP-NeuAc synthase (CMP =cy-
tidine monophosphate). The bacteria were grown to high cell
density with glycerol as the carbon and energy source, while
exogenous lactose and NeuAc were supplied as precursors for
sialyllactose synthesis. Lactose and NeuAc were actively inter-
nalized by the E. coli f-galactoside and NeuAc permeases during
growth of the bacteria. To prevent catabolism of lactose and
NeuAc, a mutant strain devoid of -galactosidase and NeuAc
aldolase activity was used. Lactose and NeuAc accumulated in
the cytoplasm, where NeuAc was converted into CMP-NeuAc to
be transferred onto lactose and form sialyllactose.

The recent identification of the glycosyltranferase genes
involved in the biosynthesis of ganglioside mimics in the
lipooligosaccharide core of Campylobacter jejuni™ has provided
us with a unique opportunity to extend our process of
sialyllactose microbial production to the synthesis of more
complex ganglioside carbohydrates. However, these structures
contain an N-acetylgalactosamine residue (GalNAc) and their in
vivo synthesis thus requires an endogenous UDP-GalNAc
(UDP =uridine diphosphate) supply from the E. coli bacterial
cell. In mammalians, UDP-GalNAc comes from the epimerization
of UDP-GIcNAc and the reaction is catalyzed by UDP-Gal C-4
epimerase, which is active against both UDP-Glc and UDP-
GIcNAc. By contrast, the E. coli C-4 epimerase GalE has been
shown to act only on UDP-GIc.'"? In fact, most bacteria do not
need to synthesize UDP-GalNAc since it is not a basic (or
housekeeping) constituent of the bacterial cell. GalNAc is only
found in some specific carbohydrate antigens produced by a few
bacteria that seem to have evolved specialized genes for UDP-
GIcNAc C-4 epimerase. Two of these genes, wbpP and gne, have
recently been identified in Pseudomonas aeruginosa O6"*! and
E. coli O55:H7" respectively.

In this work, we report that the carbohydrate moiety of
gangliosides GM2 and GM1, along with their respective asialo-
derivatives, aGM2 and aGM1 (Scheme 1, Table 1), can be
efficiently produced by high-cell-density cultivation of an E. coli
strain that overexpresses the genes for the appropriate glyco-
syltransferases and sugar-nucleotide synthases.

2. Results
Production of I13>-¢-Neu5Ac-Gg,

The strategy for the in vivo production of 11>-a-Neu5Ac-Gg; from
exogenous lactose and NeuAc is described in Figure 1. The host
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Scheme 1. Structures of the ganglioside carbohydrates synthesized in this study:
Gg3 (1); Gg4 (2); IP-0-Neu5Ac-Gg; (3); IP-a-Neu5Ac-Gg, (4).

strain TAOT is a derivative of E. coli K12 strain JM107, and was
constructed by introducing a chromosomal deletion into the
nanA gene, which resulted in the inactivation of NeuAc aldolase
activity. The I1-a-Neu5Ac-Gg; producing strain TAO2 was
constructed by transforming the host strain TAO1 with the
three compatible plasmids: pBS-nsyt, which was a pBluescript
derivative carrying the Neisseria meningitidis gene for CMP-
NeuAc synthase and a2,3 sialyltransferase; pACT3cgtA, which
is a pACT3M™! derivative carrying the C jejuni cgtA gene for
B1,4-GalNAc transferase;®! and pBBRwbpP, which was a pBBR1
MCS-21'% derivative carrying the P aeruginosa wbpP gene for
UDP-GIcNAc C4 epimerase.l'! The introduction of the wbpP gene
was thought necessary because of the inability of E. coli K12
strains to produce UDP-GalNAc.[4

Carbohydrate portion®

Table 1. Structures of the carbohydrate portion of gangliosides referred to in this study.

Ganglioside

Structure Abbreviation used in the text IUPAC abbreviation Svennerholm abbreviation
GalNAcS-4GalS-4Glc Gg; Gg,Cer aGM2
Galp-3GalNAcS-4Galp-4Glc Gg, Gg,Cer aGM1

NeuAca-3GalS-4Glc sialyllactose IB-a-Neu5Ac-Gg,Cer GM3
GalNAcf-4(NeuAca-3)GalB-4Glc IB-a-Neu5Ac-Gg, IB-a-Neu5Ac-Gg,Cer GM2
Galp-3GalNAcS-4(NeuAca-3)GalB-4Glc IB-a-Neu5Ac-Gg, 1B-0-Neu5Ac-Gg,Cer GM1

[a] See Scheme 1 for a graphical representation of the structures.
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Figure 1. Metabolically engineered pathway of IP-a-Neu5Ac-Gg; (3) and IP-a-
Neu5Ac-Gg, (4) biosynthesis in Escherichia coli K12. Lactose and NeuAc, which
are internalized by the specific permeases LacY and NanT, cannot be degraded
because of B-galactosidase (LacZ) and aldolase (NanA) inactivation. NeuAc is
converted into a nucleotide-activated form (CMP-NeuAc) by CMP-NeuAc synthase
and then transferred onto lactose by a.2,3-sialyltransferase (encoded by Lst), to
form sialyllactose. Use of the endogenous pool of UDP-GalNAc produced by the
recombinant UDP-GIcNAc C4 epimerase (WbpP) allows [(31,4-GalNAc transferase
(CgtA) to catalyze the glycosylation of sialyllactose to form IP-a-Neu5Ac-Gg;. This
compound serves as an acceptor for (31,3-galactosyltransferase (CgtB) and reacts
to yield IP-a-Neu5Ac-Gg,. CTP, cytidine triphosphate; Ppi, inorganic pyrophos-
phate.

The strain TAO2 was cultivated to medium cell density (final
absorbance at 540 nm, As,, = 34) with glycerol as the carbon and
energy source (Figure 2). Lactose (2.9 mm) and NeuAc (0.70 mwm)
were added at the beginning of the fed-batch phase at the same
time as the inducer (isopropyl-f-p-thiogalactopyranoside, IPTG)
of lacY and of the four recombinant I1*-a-Neu5Ac-Gg, biosyn-
thetic genes, which were all under the control of the Lac
repressor. A continuous increase in soluble acid-hydrolyzable
hexosamine concentration was observed following induction
and throughout the remaining time of culture growth. The level
of acid-hydrolyzable hexosamine production was distinctly
lower in the control cultures of strain TA03 (without pACT3cgtA)
and strain TA04 (without pBBRwbpP), which suggests that strain
TAO2 had effectively produced II*-a-Neu5Ac-Ggs. Analysis of the
intracellular fraction of strain TAO2 by TLC showed the appear-
ance of a new compound that was not present in the extract of
control strain TAO3 and was later identified as I13-a-Neu5Ac-Ggs.
Unexpectedly, strain TAO4 produced a small amount of a
compound that comigrated with I3-a-Neu5Ac-Gg; on a TLC
plate but was later identified as GalB-4(NeuAca-3)GalS-4Glc.

At the end of the fermentation time course, the accumulation
of approximately 0.4 mm I13-a-Neu5Ac-Gg; was detected by high
performance anion exchange chromatography (HPAEC) in the
intracellular fraction (Figure 2). A small amount of I13-a-Neu5Ac-
Gg; (0.1 mm) was also detected in the culture supernatant.
Transient accumulation of lactose and sialyllactose during I*-a-
Neu5Ac-Gg; synthesis was detected. Lactose, which had been
added in large excess, was still present at the end of the culture.
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Figure 2. Production of oligosaccharide in a medium-cell-density culture of
strain TAO2. e cell growth; A, intracellular lactose; m acid-hydrolyzable hexos-
amine; o, extracellular NeuAc; A, sialyllactose; X, IP-a-Neu5Ac-Ggs; o, sum of the
concentrations of sialyllactose and IP-a-Neu5Ac-Ggs. The arrow indicates the
start of the induction and the addition of lactose (2.9 mm) and NeuAc (0.7 mwm).
Concentrations are given in mm.

Surprisingly, a sharp transient decrease in intracellular lactose
concentration was observed after the first phase of rapid lactose
internalization. The analysis of extracellular lactose concentra-
tion indicates this decline, which correlates with a slowdown of
the lactose internalization rate. Whether or not this slowdown
was due to an inhibition of lactose permease activity remains to
be investigated.

An intracellular maximal accumulation of sialyllactose of
around 0.4 mm was rapidly reached after 2 h of induction (Figure 2).
The rate of sialyllactose synthesis then seemed to correlate with
the rate of sialyllactose conversion into I1*-a-Neu5Ac-Ggs for 6 h.
Subsequent to that reaction, and likely a result of a shortage of
NeuAc, the intracellular sialyllactose concentration decreased to
almost complete exhaustion while 113-a-Neu5Ac-Gg; continued
to be slowly produced. However, during this last phase, the
amount of I3-a-Neu5Ac-Gg, being produced did not match the
amount of sialyllactose consumed. This observation was partly
explained by the presence of low concentrations of sialyllactose
(0.23 mm) and 113-a-Neu5Ac-Gg; (0.1 mm) that had leaked out of
the cells in the extracellular medium.

Production of I*-¢-Neu5Ac-Gg,

We previously reported that the capacity of E. coli to regenerate
UDP-Gal was high enough to allow production of galactose-

ChemBioChem 2003, 4, 406412
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containing heterologous oligosaccharides without the need to
overexpress or induce the gene for UDP-Gal biosynthesis.® '8 A
B1,3-Gal transferase was thus the only additional enzyme that
was necessary for the production of the carbohydrate moiety of
GM?1 (Figure 1). Therefore, we subcloned the C. jejuni cgtB gene
for 1,3-Gal transferase in the pACT3cgtA plasmid to yield the
plasmid pACT3cgtAB, in which the two genes cgtA and cgtB
were both under the control of the strong tac promoter, with
cgtB inserted downstream of cgtA. The II>-a-Neu5Ac-Gg, pro-
ducing strain TAO5 was then constructed by transforming strain
TAO1 with the three plasmids pBS-nsty, pACT3cgtAB, and
PBBRwbpP.

Strain TAO5 was cultivated to medium cell density (final As,, =
34) under the same conditions as were used for the IP-a-
Neu5Ac-Gg; producing strain TA02. The kinetics of sialyllactose
and acid-hydrolyzable hexosamine production were similar for
the two cultures (Figure 3). In contrast, the kinetics of lactose
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Figure 3. Production of oligosaccharide in a medium-cell-density culture of
strain TAO5. e, cell growth; A, intracellular lactose; m, acid-hydrolyzable
hexosamine; <, extracellular NeuAc; 2, sialyllactose; X, IP-a-Neu5Ac-Ggs; +, IP-
a-Neu5Ac-Gg,; o, sum of sialyllactose, IP-a-Neu5Ac-Gg;, and IF-a-Neu5Ac-Gg,
concentrations. The arrow indicates the start of the induction and the addition of
lactose (2.9 mm) and NeuAc (0.7 mm). Concentrations are given in mm

internalization were quite different; strain TAO5 did not exhibit
the phenomenon of biphasic lactose accumulation. HPAE
chromatography was used to search for the presence of I*-a-
Neu5Ac-Gg, in the intracellular fraction. A new product with a
shorter retention time than I*-a-Neu5Ac-Gg; was identified. This
compound was not present in the culture of strain TA02 and its
identification as I1>-a-Neu5Ac-Gg, was later confirmed by mass
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spectrometry and NMR spectroscopy. Maximal production of I13-
a-Neu5Ac-Gg, (0.28 mm) was achieved after 12 h of induction. At
the end of the fermentation time course, significant amounts of
both sialyllactose (0.08 mm) and IP-a-Neu5Ac-Gg; (0.1 mm)
intermediates were still present in the intracellular fraction.
Sialyllactose (0.17 mm) and I13-a-Neu5Ac-Gg; (0.07 mm) were
detected in the extracellular medium, whereas I13>-a-Neu5Ac-
Gg, could barely be detected.

Purification and characterization of oligosaccharides
produced by E. coli strain TA02 and strain TAO5

To obtain larger quantities of both I1>-a-Neu5Ac-Gg; and IP-a-
Neu5Ac-Gg,, strains TA02 and TAO5 were cultivated to high cell
density and the concentration of added lactose and sialyllactose
were proportionally increased to 8.7 mm and 2.1 mm, respective-
ly. As a result, production of II>-a-Neu5Ac-Gg; by strain TA02
reached 1.5 mmol per liter culture medium. Similarly, production
of 13-a-Neu5Ac-Gg; and IB-a-Neu5Ac-Gg, by strain TAO5 in-
creased to 0.5 mm and 0.9 mwm, respectively. After purification by
charcoal adsorption and anion exchange chromatography on
Dowex 1X4-400 (HCO; form), the final yields of the acidic
oligosaccharide fraction obtained from cellular extracts of one-
liter cultures of strains TAO2 and TAO5 were 560 and 720 mg,
respectively.

Results from HPAE chromatography (Figure 4) indicate that
the acidic oligosaccharide fraction of strain TAO2 consists almost
exclusively of the compound that had been tentatively identified
as IP-a-Neu5Ac-Gg; in the cell extracts. This identification was
confirmed by mass spectrometry analysis. The mass spectrum
exhibited two peaks at m/z=2837 and 875 that correspond to the
quasimolecular ions [M+H]* and [M+K]™ derived from IB3-a-
Neu5Ac-Gg;. Size exclusion chromatography on BiogelP2
showed the neutral oligosaccharide fraction of strain TA02 to
contain, in addition to lactose, a small amount of an oligosac-
charide with the retention time of a trisaccharide. Mass
spectrometry data for the purified compound revealed the
presence of two quasimolecular ions, [M+H]" at m/z=546 and
[M+Na]* at m/z=568, which suggests that the neutral oligo-
saccharide can be identified as Ggs, the asialylated form of I3-a-
Neu5Ac-Ggs.

HPAEC chromatography analysis showed that 11*-a-Neu5Ac-
Gg, represented 67 % (w/w) of the acidic fraction of strain TAO5
oligosaccharide and that the remaining part consisted of II*-a-
Neu5Ac-Gg; and sialyllactose (18 and 15% (w/w), respectively).
Complete purification of II*-a-Neu5Ac-Gg, was achieved by
paper chromatography with a 30% yield. The identity of II*-a-
Neu5Ac-Gg, was confirmed by its mass spectrum, which
indicated the presence of three quasimolecular ions, [M+H]"
at m/z=999, [M+Nal" at m/z=1021, and [M+K]* at m/z=1037.
A tetrasaccharide was purified from the neutral oligosaccharide
fraction of strain TAO5 by chromatography on Biogel P2. This
compound was identified as Gg, by its mass spectral data, which
show three peaks corresponding to the quasimolecular ions
[M-+H]*, [M+Na]*, and [M+K]* at m/z=708, 730, and 746,
respectively.
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the same rate as I*-0-Neu5Ac-Ggs; on a TLC plate
revealed the presence of three quasimolecular
ions: [M+H]* at m/z=796, [M+Nal* at m/z=2818,

[M+K]* at 834 m/z=818. These results

compound was further analyzed by 300 MHz
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"H NMR spectroscopy. Signals were assigned by
comparison with the 'H chemical shifts of sialyl-
lactose and I13-a-Neu5Ac-Gg; as references. The
signals formed a pattern that is highly character-
istic of a compound constituted of a galactose unit
p-linked to C4 of the galactose residue of a

sialyllactose. The structure GalS-4(NeuAca-3)Galf-
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Figure 4. Purification of IP-a-Neu5Ac-Gg; produced by strain TA02. HPAEC chromatograms at
the different stages of the purification process: a) crude cellular fraction, b) after purification by
charcoal adsorption, c) acidic oligosaccharide fraction separated on a Dowex 1x4—-400 column.

The structures of the oligosaccharides produced by strains
TAO2 and TAO5 were also elucidated by C and 'HNMR
spectroscopy. The data (see supplementary material) confirmed
the identification of I3-a-Neu5Ac-Ggs and I1*-a-Neu5Ac-Gg,, Gg,
and Gg,. The 3C spectrum of I3-a-Neu5Ac-Gg, was compared
with the previously reported data and was in good agreement
with the assignments given by Sabesan etal."? In addition,
comparison of the *C spectrum of I3-a-Neu5Ac-Gg, with that of
I3-a-Neu5Ac-Gg; showed that the chemical shift for C3 of the
GalNAc residue was shifted downfield from 6 =71.57 ppm (II*-a-
Neu5Ac-Gg,) to 6 =80.53 ppm, which confirms that galactosy-
lation occurs at this position. Comparison of the Gg4 and II*-a-
Neu5Ac-Gg, spectra also confirmed that sialylation occurs at
position 3 of the first Gal unit from the reducing end of the
molecule (the C3 signal shows a downfield shift from ¢ =72.83
for Gg4 to & =77.0 ppm for I13-a-Neu5Ac-Gg,). The 'H spectrum
was also in accordance with previously published data (see the
Supporting Information).

Purification and characterization of oligosaccharides
produced by strain TA04

The acidic oligosaccharide fraction produced by the control
strain TAO4, which does not possess the wbpP gene for UDP-
GIcNAc C4 epimerase, was purified by paper chromatography.
The mass spectrometry data of the compound that migrated at

410

www.chembiochem.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These results clearly show that ganglioside oligo-
saccharides can be produced in high yields by
metabolically engineered bacteria. The maximal
yields of IB-a-Neu5Ac-Gg; and IP-a-Neu5Ac-Gg,
are both around 1gL~". We anticipate that this
yield can be further increased by optimizing the
expression of the recombinant genes and the
culture conditions. However, the unexplained
transient shortage of intracellular lactose observed during
culturing of strain TAO2 could limit a further improvement in
I3-a-Neu5Ac-Ggs; production.

High quantities of sialylated oligosaccharide were easily
purified by using anion exchange chromatography to take
advantage of their negative charge. However, the separation of
individual sialylated oligosaccharides from one another is
relatively difficult. In particular, the negative charge of the
molecules limits the use of exclusion size chromatography such
as Biogel P2 or P4, which has been proved very efficient for the
separation of neutral oligosaccharides. An elegant way to
facilitate the purification of sialylated oligosaccharide is to
conduct the cultivation in such a way that only one single
sialylated oligosaccharide is present when the cells are harvest-
ed. In the case of the I13-a-Neu5Ac-Gg; producing strain TA02,
such cultivation was achieved by limiting the NeuAc supply to
prevent excessive synthesis of sialyllactose. In contrast, it was not
possible to produce I3-a-Neu5Ac-Gg, as the only end product of
a strain TAO5 culture. This problem probably resulted from
insufficient activity of the 51,3-Gal transferase at the end of the
culture period. Improvement of cgtB expression would thus be
useful to both increase the 113-a-Neu5Ac-Gg, yield and facilitate
its purification.

Synthesis of the asialylated trisaccharide Gg; confirmed
previous results showing that the cgtA gene, which encodes
B1,4-GalNAc transferase in C. jejuni strain OH4384, also encodes
weak activity against lactose.?” Although the in vitro activity of
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CgtA represented less than 1% of that measured with sialyllac-
tose as the acceptor, this “side activity” of CgtA was high enough
to allow the in vivo synthesis of a significant amount of Gg;. It is
noteworthy that CgtA proteins from other C. jejuni strains have
different acceptor preferences: some are totally inactive against
lactose and are able to use both mono- and disialylated
acceptors, while others are only active against lactose. Utilization
of the latter type of 51,4-GalNAc transferase would be interesting
as a possible way to produce large quantities of Gg; and Gg,,
which have been shown to act as receptors for pathogens.?'-2

The production of a small amount of GalS-4(NeuAca-3)Galgs-
4Glc by strain TA04, which did not produce UDP-GIcNAc
epimerase, showed that the [31,4-GalNAc transferase from
C. jejuni strain OH4384 has low activity against UDP-Gal. The
same behavior has been observed for other GalNAc transferases,
such as the human blood group A glycosyltransferase.?*!

In conclusion, large-scale production of GM2 and GM1
oligosaccharides opens the way for the synthesis of other
GalNAc-containing structures of biological interest, such as the
blood group A epitope and the carbohydrate moiety of globo-
side.

4. Experimental section

Bacterial strains, plasmids, and cloning procedures: A summary of
plasmids and strains used is presented in the Supporting Informa-
tion. The chromosomal deletion in the nanA gene of strain TAO1 was
introduced by homologous recombination using an appropriate
suicide vector derived from plasmid pMAK705.24 Deletion mutants
nanA- were screened for their inability to grow on M9 medium with
N-acetylneuraminic acid as the sole carbon and energy source. To
obtain the plasmid pBS-nsyt, the Xbal-Xbal fragment containing the
CMP-NeuAc synthase gene was excised from the plasmid pNSY-0123
and cloned into the Xbal site of plasmid pNST012% upstream from
the a-2,3-sialyltransferase gene. The plasmid pBBRwbpP was con-
structed by inserting the Xbal-EcoRl fragment from pFV617 - 26a,!"”)
which contains the UDP-GIcNAc-4-epimerase gene, into the Xbal-
EcoRl sites of pBBR1MCS-2. To construct the pACT3cgtA plasmid, the
cgtA sequence was first amplified by PCR from the plasmid pCJL-09,
which carries the cgtA gene from C. jejuni strain OH4384 fused with
malE. A ribosome binding site (RBS) sequence was inserted into the
forward primer upstream of the original start codon of cgtA. The PCR
product was cloned in pCR2.1-TOPO after amplification with the Taq
polymerase from Promega. The 1.1-kb fragment containing the cgtA
sequence was then cloned into Kpnl-Sall sites in pACT3 to yield
pPACT3cgtA.

To construct pACT3cgtAB, the cgtB sequence was amplified by PCR
from the plasmid pCJL-04, which carries the cgtB gene from C. jejuni
strain NCTC 11168 fused with malE. A Pstl site and a RBS sequence
were inserted into the forward primer upstream of the original start
codon of cgtB. The PCR product was cloned in pCR4BLUNT-TOPO
after amplification with the proof-start polymerase, purchased from
QIAGEN. The 1-kb fragment containing the cgtB sequence was then
excised from pCR4BLUNT-TOPO by Pstl digestion and cloned into the
Pstl site of pACT3cgtA to yield pACT3cgtAB.

Medium- and high-cell-density cultivation: Cultivation was carried
out in 2-litre reactors containing one litre of mineral culture medium
as previously described.?”? Antibiotics were added in both preculture
and culture at the following concentrations: ampicillin (50 mgL"),
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tetracycline (15 mgL~"), chloramphenicol (20 mgL~"). The temper-
ature was maintained at 34 °C and the pH regulated to 6.8. The high-
cell-density cultivation strategy included three phases: an initial
exponential growth phase which started with the inoculation of the
fermentor and lasted until exhaustion of the carbon substrate
(glucose or glycerol) initially added to the medium at a concentration
of 17.5 gL~"; a 5-h fed-batch phase with a high substrate feeding rate
of 45gL~"h="; a 10-20-h fed-batch phase with the lower feeding
rate of 2.7 gL~"h~". As a result of the relatively high cost of NeuAc,
the first cultures were carried out at medium cell density with only
one third of the normal glycerol supply. Lactose (2.9 mm) and sialic
acid (0.7 mm) were added at the beginning of the first fed-batch
phase (indicated by an arrow in Figures 2 and 3) at the same time as
the inducer (IPTG, 50 mgL™") of the $-galactoside permease and of
the recombinant genes that were under the control of the Lac
repressor.

Quantification of oligosaccharides: Culture samples (3 mL) were
centrifuged in microfuge tubes (5 min, 12000 x g) immediately after
collection. The supernatants were saved for quantification of
extracellular oligosaccharides. The pellets were resuspended in
distilled water (1 mL), boiled for 30 min, and centrifuged as described
above. The second supernatant was kept for quantification of the
intracellular oligosaccharides. TLC plate analysis was carried out on
silica gel and the oligosaccharides were eluted with butanol/acetic
acid/water (2:1:1, two runs). Sugars were detected by dipping the
plate in orcinol sulfuric reagent and heating it. After acid hydrolysis,
the hexosamine content was quantified colorometrically by using
Ehrlich reagent. Lactose concentration was quantified with a Kit
purchased from Roche Diagnostic for the enzymatic determination
of lactose and galactose. Sialic acid was quantified colorometrically
by using diphenylamine. Sialyllactose, I*-a-Neu5Ac-Ggs, and II*-a-
Neu5Ac-Gg, were quantified by high-performance anion-exchange
chromatography with a DECADE detector equipped with a Carbopac
PA10 column (Dionex). The temperature was kept at 30°C. The
elution program consisted of a linear gradient of sodium acetate
from 0 to 20 mm in 20 min with an isocratic background of sodium
hydroxide (167 mm). The flow rate was 0.6 mLh-".

Purification of oligosaccharides: At the end of the fermentation
time course the bacterial cells were recovered by centrifugation
(20 min at 7000 x g). The pellets were suspended in a volume of
distilled water equal to that of the original culture medium and the
cells were permeabilized by autoclaving at 100°C for 50 min. The
solution was again centrifuged (20 min at 7000 X g), the cell debris
was discarded and the supernatant was mixed with activated
charcoal. After filtration and thorough washing with distilled water,
the oligosaccharides were eluted with aqueous ethanol 50% (v/v) as
previously described.?!

Negatively charged oligosaccharides were separated from neutral
oligosaccharides by fixing on Dowex 1X4-400 (HCO5~ form) resin.
Sialylated oligosaccharides were then eluted with a linear NaHCO,
gradient (10-50 mwm). Sodium bicarbonate was then eliminated by
treatment with Dowex 50X4-400 (H* form) resin. The neutral
oligosaccharides were purified by size exclusion chromatography on
a Biogel P2 column (1.5 x 200 cm) at 60 °C, with distilled water as the
mobile phase. The flow rate was 3.5 mLh~". The acid oligosacchar-
ides were separated by paper chromatography on Whatman No. 3
paper in ethyl acetate/pyridine/acetate/water (5:5:1:3 v/v).

Carbohydrate structural analysis: The 1D NMR spectra of IP-a-
Neu5Ac-Gg;, Ggs, and Gg, were recorded on a Bruker AVANCE 300
spectrometer by using the Bruker standard pulse sequences. '"H NMR
spectra were recorded at 303 K, with acetone (0 =2.225) as the
standard. *CNMR experiments were carried out on the same
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spectrometer and on the same sample at 303 K (internal acetone *C
(CH;) 6 =31.5 relative to tetramethylsilane (TMS)). The 1D spectra of
IB3-a-Neu5Ac-Gg, were recorded on a Bruker AVANCE 400 ('H,
frequency: 400.132 MHz; 3C, frequency: 100.613 MHz) by using the
Bruker standard pulse sequences. '"H NMR spectra were recorded at
278K, with HOD (0=4.99) as the internal standard. *CNMR
experiments were carried out on the same spectrometer and on
the same sample at 303 K (internal acetone '*C (CH,) d = 31.5 relative
to TMS). Low-resolution FAB mass spectra were recorded in the
positive mode of an R1010C quadripolar mass spectrometer (model
2000, Nermag, Reuil-Malmaison, France) equipped with an M Scan
Wallis-type gun (8kV, 20 mA). The samples were dissolved in a
glycerol matrix and submitted to Xe (9 kV) bombardment.

We thank C. Bosso of CERMAV for performing the mass spectrom-
etry measurements and Dr. S.D. Kushner of the University of
Georgia for kindly providing the pMAK705 suicide vector.
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Comparison of the Chemical Properties of Iron
and Cobalt Porphyrins and Corrins

Kasper P. Jensen and Ulf Ryde*®!

Density functional calculations have been used to compare various
geometric, electronic and functional properties of iron and cobalt
porphyrin (Por) and corrin (Cor) species. The investigation is
focussed on octahedral M"" complexes (where M is the metal) with
two axial imidazole ligands (as a model of b and c type
cytochromes) or with one imidazole and one methyl ligand (as a
model of methylcobalamin). However, we have also studied some
five-coordinate M" complexes with an imidazole ligand and four-
coordinate M"" complexes without any axial ligands as models of
other intermediates in the reaction cycle of coenzyme B;,. The
central cavity of the corrin ring is smaller than that of porphine. We
show that the cavity of corrin is close to ideal for low-spin Co", Co",
and Co' with the axial ligands encountered in biology, whereas the
cavity in porphine is better suited for intermediate-spin states.

Introduction

Two of the most remarkable chemical
entities of living matter are the por-
phine and corrin rings. These two
systems are vital for a tremendous
amount of biochemical reactions,
which range from oxygen transport,
electron transfer and oxidative metab-
olism in the case of porphyrin,™ to
alkyl migration and methylation reac-
tions in the case of corrin.2# In spite
of their differing functions, their struc-
tures are quite similar. The porphine
ring has D, symmetry, with four
pyrrole rings connected by methine
bridges. As can be seen in Figure 1, the
only two things that distinguish the two ring systems are the
absence of one of the four methine bridges in corrin, a feature
that lowers symmetry to C,,, and ten saturated carbon atoms
at the periphery of the corrin ring, which destroys the
conjugation of the outer part of the ring and lowers the
symmetry to C,.

Nature seems to have a clear preference for iron as the central
metal ion in porphyrin cofactors, whereas cobalt is normally
found only in corrins. Among the first-row transition metals,
cobalt has the lowest abundance in sea water together with
scandium,” but still it is present in the ubiquitous coenzyme B,,.
Cobalt resides between iron and nickel in the first row of the d
block. It has common oxidation states of +u and +1, as does
iron, but cobalt may even be reduced to a formal oxidation

o
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Figure 1. The porphyrin (left) and corrin (right) ring systems.

Therefore, the low-spin state of Co is strongly favoured in
complexes with corrins, whereas there is a small energy difference
between the various spin states in iron porphyrin species. There are
no clear differences for the reduction potentials of the octahedral
complexes, but [Co'Cor] is more easily formed (by at least
40 kJmole~") than [Fe'Por]. Cobalt and corrin form a strong Co—C
bond that is more stable against hydrolysis than iron and porphine.
Finally, Fe"" gives a much lower reorganisation energy than Co"";
this is owing to the occupied d,. orbital in Co". Altogether, these
results give some clues about how nature has chosen the
tetrapyrrole rings and their central metal ion.

KEYWORDS:

cobalamin - density functional calculations - haem -

porphyrin

number of +1in vivo, a property that iron does not possess.! On
the other hand, iron porphyrin complexes are well-known for
their accessible high-valency states (formally Fe" and FeV), which
play an important role in the function of haem oxidases.”

The corrins exist in nature in the form of cobalamins. The
B,, coenzymes contain a corrin ring with a d® low-spin Co" ion in
their octahedral resting states. In most cobalamin-dependent
enzymes, the imidazole side chain of a histidine residue

[a] Dr. U. Ryde, K. P. Jensen
Department of Theoretical Chemistry
Lund University, Chemical Centre
P.O. Box 124, 22100 Lund (Sweden)
Fax: (+46) 46 2224543
E-mail: UIf.Ryde@teokem.lu.se
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coordinates to the cobalt ion. In another group of enzymes,
cobalt binds to the pendant dimethylbenzimidazole group of
the coenzyme, the properties of which is quite similar to those of
an imidazole ligand.® The second axial site is occupied by a
methyl or 5'-deoxyadenosyl group; these form an organometal-
lic Co—C bond. This bond is broken during the catalytic cycle to
form either a five-coordinate Co" intermediate and an adenosyl
radical, or a four-coordinate Co' ion, where the imidazole ligand
has dissociated and the methyl group has been transferred to a
nucleophilic substrate.? %

Haem enzymes show a larger variation in their axial ligands
(His, Cys, Met, Tyr, Glu, Asp, amino terminal, or exogenous
ligands), depending on the function.”” The haem group can be
either five-coordinate with an open coordination site where a
substrate binds, or six-coordinate with one or two ligands from
the protein. However, the most common ligand is a histidine
imidazole group, as is present, for example, in myoglobin,
haemoglobin, peroxidases, haem oxygenase and most types of
cytochromes.!'”

The aim of this paper is to study how the chemical properties
of cobalt and iron, as well as porphyrin and corrin, differ. In
particular, we want to understand why cobalt is associated with
corrins and iron with porphyrins in nature. We have concen-
trated our study on one typical reaction for each of the two
coenzymes, namely, the breakage of the Co—C bond as a typical
reaction example of coenzyme B;, metabolism, and electron
transfer as a typical reaction example for the haem-containing
cytochromes.

Several authors have addressed similar questions."™ It has
been suggested that corrin was selected to fit the smaller Co"
ion." 13191 Williams has proposed that low-spin Co" is unique
among the available first-row transition metal ions to provide a
stable and directed one-electron radical.'”? On the other hand,
Pratt has attributed the choice of cobalt to the low 3d to 4s/4p
promotion energy of Co', which gives strong Co—C bonds,
because the 3d orbitals are too small to form strong covalent
bonds with carbon.'" ' Moreover, he argues that corrin was
chosen because it forms dimers with an appropriate Co—Co
distance. Others have emphasised the flexibility of the corrin ring
as an important factor in the labilisation of the Co—C bond.l'* '3
Specifically, the mechanochemical trigger mechanism has been a
major argument in favour of a specialised function of corrin
systems, based on release of strain energy during catalysis.
However, recent experimental®-?2 and theoretical®®* 24 results
have indicated that such a conformational change is unlikely to
drive a catalytic reaction within corrins. Finally, Rovira et al. have
compared the geometric and electronic structure of four-
coordinate cobalt complexes with corrin and porphine by using
theoretical calculations.'™ They show that the excitation energy
associated with d,._. occupation is much higher in corrins than
in porphyrins.

Our investigation is based on similar density functional
calculations. During recent years, such methods have success-
fully been applied to the study of both iron porphyrin
species®3 and coenzyme B;, models.' 24 38-421 Theoretical
methods have the advantage of being cheap and fast while
giving ‘pure’ results (well-defined reactions in vacuum). On the
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other hand, solvation effects and free energies are hard to
describe in a consistent way, and the accuracy is limited. In this
paper, we study how the geometry, thermodynamic stability,
spin energies, electronic structure, reduction potential, reorgan-
isation energy and Co—C bond dissociation energy differ for iron
and cobalt porphyrin and corrin species. The results are
discussed in relation to the earlier suggestions.

Results and Discussion
Spin-splitting energies

Several authors have suggested that porphine and corrin ligands
were selected to make low-spin (LS) states available for iron and
cobalt, because the natural amino acid ligands provide too weak
a ligand field to drive iron or cobalt ions into the LS state.'> 17431
This is probably most important for Co", for which the vast
majority of ligands give rise to a high-spin (HS) state.l's]
Moreover, it has been suggested that porphyrin was selected
to keep iron centres close to the crossover point between the LS,
intermediate-spin (IS) and HS states.['”!

In order to check these suggestions and to compare the
relative strength of the porphine and corrin ligand fields and the
intrinsic preferences of iron and cobalt, we have studied the
energy differences between the LS, IS and HS states of the
octahedral imidazole/methyl (Im/Me) complexes (both M" and
M") and the square-pyramidal Im complexes (only M"), with all
four combinations of Fe/Co and Por/Cor. All structures were fully
geometry optimised. It should be noted that the calculated spin-
splitting energies are appreciably less accurate than other
estimates in this paper because they are calculated as differences
between different spin states, which means that errors in the
correlation energy are less likely to cancel out. Yet, differences in
spin-splitting energies between Fe and Co or Por and Cor should
be reliable.

Unfortunately, it turned out that only one octahedral Im/Me
complex was stable in the HS state, [Fe'"PorimMe]. All the other
complexes lost the imidazole ligand during the optimisation. The
same applies also to the IS [Co'"CorimMe] complex. (Note that
Co" has seven d electrons and therefore does not have a sextet
state comparable to the HS quintet state of Fe".) Therefore, only
the energy difference between the LS and IS states is presented
in Table 1.

For these octahedral Im/Me complexes, all combinations of
metals and ring systems give rise to an LS ground state, in
accordance with experimental results for cobalt corrin species.*
The IS states are 46-139 kJmole~" higher in energy for the M"
complexes. The difference is ~~40 k) mole~" larger for Co than for

Table 1. The energy difference [kJmol~'] between the low-spin and inter-
mediate-spin states of the [MCor/PorlmMe] complexes.

Fell COII Felll COIII
porphyrin 39 78 46 82
corrin 35 -l 92 139

[a] No stable octahedral minimum for the quartet state.
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Fe and also ~50kJmol~" larger for Cor than for Por. The
difference is slightly smaller for the M" complexes, with a similar
difference between Co and Fe. Thus, our calculations confirm
that both Cor and Por give rise to strong ligand fields and that Fe
and Por give complexes quite close to the spin-crossover point.

The spin-splitting energies of the five-coordinate Im com-
plexes are even more interesting, because for these we expect to
find a difference in the preferred ground state. Experimentally,
cob(i)alamin is LS whereas five-coordinate Fe' haem is normally
HS, for example, in deoxymyoglobin.”! The results in Table 2

Table 2. The energy difference [kJmol~'] between the various spin states of
the five-coordinate [M"Cor/Porlm] complexes and the four-coordinate [M'Cor/
Por] complexes.

Spin state LS IS HS
[Fe"Porlm] 28 0 4
[Fe'"Corim] 21 0 29
[Co"Porim] 0 21
[Co"Corlm] 0 58
[Fe'Por] 0 13 28
[Fe'Cor] 0 31 12
[Co'Por] 0 (—18%) 4
[Co'Cor] 0 (—49) 75

[a] Open-shell singlet state.

partly confirm this observation: The two cobalt complexes have
LS ground states, with an energy difference of 21 (porphine) and
58 kimol~" (corrin) to the IS states. However, for [Fe"Porim] the
calculations indicate that IS is actually 4 kimol~" more stable
than the HS state. This amount of energy is so small that it may
be caused by deficiencies in the method or by the neglect of
environmental effects. Similar results have been obtained in
earlier calculations.?> Clearly, the results confirm the shift of the
ground state from LS.

Similar results are also obtained for the four-coordinate M!
complexes. All these are most stable in the LS state. However, for
the iron porphine complexes, the IS and sometimes also the HS
states are low-lying. Interestingly, the cobalt complexes are most
stable in the open-shell singlet state, formed by antiferromag-
netical coupling between Co" and a ring radical. This has not
been observed before,!"® but for Co'Cor the energy difference to
the closed-shell LS state is only 4 kJmol~', that is, within the
uncertainty of the method.

In conclusion, the spin-splitting energies indicate that cobalt
and corrin favour the LS state, whereas Fe and Por give a small
splitting between the various states. In the rest of this article we
will study only model complexes in their electronic ground
states.

Thermodynamic stability

Considering the in vivo abundance of iron porphyrins and cobalt
corrins, it is natural to address the relative thermodynamic
stability of these complexes. Stability considerations may explain
why iron forms biological complexes with porphyrin rather than
corrin and why the opposite is the case for cobalt. With
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theoretical means, we can calculate the reaction energy of the
hypothetical isodesmic reaction from Equation (1), where X
represents various sets of axial ligands and all metals are in the
same oxidation state, M!, M" or M",

CoCorX -+ FePorX —CoPorX + FeCorX (1)

This reaction energy quantifies the change in energy obtained
by replacing Co in the corrin ring with Fe from the porphine, and
vice versa. The energy obtained for this reaction with various
axial ligands and oxidation states of the metals is shown in
Table 3. It can be seen that the reaction energies are quite small
(8-22kImol™") as are the solvation effects, 0-4 kJmol~". In all
except one case, the reaction energies are positive; this indicates
that the native combination of ions and ring systems is more

Table 3. Thermodynamic stabilities [Eq. (1)] of complexes with various axial
ligands and oxidation states, calculated at different values of the dielectric
constant (g).
Axial ligands Oxidation state e=1 e=4 £=80
Im, +1 122 107 26
+ 11 7.8 8.0 8.1
Im/Me +11 —13.2 —125 —-11.4
+ 11 16.8 17.0 171
Im/OH + 11 18.6 159 14.1
Im +11 14.2 14.3 14.4
- +1 19.5 20.8 211
- +11 214 226 239

stable than the alternative. However, for the Im/Me complexes
with M" ions, the reaction energy is negative, which indicates
that the nonnative combination is more stable. This may be an
effect of the differing electronic states for Co" in these complexes
(see below).

These energies include all chemical differences between the
two ions and the two ring systems, for example, ionic radii,
chemical softness and effective charge. However, they do not
give any indication about which of these properties may be
important for the selection. Moreover, we expect that besides
these thermodynamic preferences, there should also be some
functional reason for the selection of ions and ring systems. This
will be investigated in the forthcoming sections.

Geometries and the size of the ring cavities

Next, we examine the geometries of the various complexes. In
particular, we will discuss the size of the central cavities of the
ring systems and compare them to the size of the ions, because
it has been suggested that Cor was selected because of its
smaller cavity, which would fit Co" properly.l' 31241 The
geometries of the optimised FePor and CoCor species are
shown in Figure 2 (the corresponding CoPor and FeCor com-
plexes are closely similar).

The metal - ligand distances of the optimised Im/Me and Im,
models are collected in Tables 4 and 5, respectively. The M—C
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Table 4. Metal-ligand bond distances [pm] of
the optimised [MCor/PorimMe] complexes in
their low-spin ground states.

Structure M-C  M-N,, M—Ng,,

[Fe'"PorimMe]~ 200.5 2228 201.5
[Fe'"CorimMe]° 201.0 226.0 192.1
[Co"PorimMe]~"  195.2 2204 202.0
[Co'CorlmMe]® 1959 2252 192.8
[Fe"PorimMe]° 1989 2249 201.8
[Fe"CorlmMe]* 199.6 229.0 193.3
[Co"PorimMe]°  195.7 221.2 200.6
[Co"CorimMe]*  196.6 225.0 192.0

Table 5. Metal-ligand bond distances [pm] of
the optimised [MCor/Porlm,] complexes in their
low-spin ground states.

Structure M=Nip;  M—Npp,  M—Negay

[Fe"Porlm,]~ 2024 204.5 204.5
[Fe'"Corlm,]° 206.0 209.1 193.5
[Co"Porim,]~"  240.0 240.1 201.2
[Co"Corlm,]°  247.3 251.0 192.1
[Fe"Porlm,]° 201.2 202.6 202.6
[Fe"Corlm,]*  204.7 204.8 193.5
[Co"Porlm,]° 197.9 198.1 200.6
[Co"Corlm,]*  199.5 201.6 192.5

bond lengths are longer for iron (199 -
201 pm) than for the cobalt complexes
(195-197 pm), but there is no signifi-
cant difference between the Cor and
Por rings.

The M—N,, distances vary more,
which reflects the fact that this bond
is weaker and more flexible.?* For the
Im/Me complexes, the M—N,,, bonds
are rather long, 217 -229 pm. They are
longer for Fe than for Co and longer for
Por than for Cor. For the Im, complexes,
the two M—N,, distances are quite
similar in length and shorter (198-
209 pm) than in the Im/Me complexes.
This is, of course, caused by the neg-
ative charge of the methyl ligand,
which elongates the bonds of the other
ligands, especially for the flexible Im
ligand. However, in the Co" complexes,
the M—N,,, bonds are very long (240 -
251 pm). The reason for this is that low-
spin Co" is a d’ ion, with an electron in
the d, orbital, which is directed to-
wards the axial ligands, thereby desta-
bilising these interactions.

However, the most systematic differ-
ences are found for the equatorial
M—N,, distances: Porphine always has
M-N,, bonds that are ~9pm longer

Fe'Por

Col'Corlm Fe''Porlm

Co"Corlm Fe'"Porlm

CollCorMelm FellPorMelm

Figure 2. Optimised structures of the studied cobalt corrin and iron porphyrin complexes.
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Col'"CorMelm

\

Col'Corlm,

Co'CorlmOH
Figure 2. (Continued)
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(201-207 pm) than corrin  (192-
193 pm). On the other hand, these
bonds show no clear trends with respect
to the metal ion or oxidation states.
This indicates that the M—N,, distances
are mainly determined by the inherent
size of the central cavity of the rings and
can only barely be modified by the
metal.

To test this, we calculated the trans
Neq—Ngq distance in free dianionic por-
phine. It is 417 pm after geometry
optimisation. The corresponding dis-
tance in free anionic corrin is 395 pm
(on average; the ring is distinctly non-
planar with trans N.,—N., distances of
377 pm and 413 pm). Thus, the cavity is
22 pm smaller in corrin than in porphyr-
in, owing to the missing methine bridge;
this is in good accordance with the 9 pm
difference found for the M—N,, bonds.

Thus, the differing cavity size can be
an important factor in the selection of
ions for the two ring systems. However,
this alone cannot explain why cobalt is
found in corrins and iron in porphyrins.
On the contrary, the ionic radii for low-
spin octahedral Fe" and Co" are equal
(55 pm), whereas the ionic radius of Co"
(65 pm) is actually slightly larger than
that of Fe" (61 pm).* Instead, it seems
likely that the porphyrin ring was se-
lected to allow spin states other than
low spin; high-spin octahedral Fe'" and
Fe'" have ionic radii of 78 and 65 pm,
respectively.*4

In order to test such a suggestion, we
need to know the ideal bond length of
iron and cobalt in porphyrin and corrin
models with the particular ligands of
interest. This can be studied by cutting
the ring into two NH(CH);NH™ moieties,
as has been done before.B® From Fig-
ure 3, it can be seen that such a model
retains the number of carbon atoms in
the chelate ring and the hybridisation of
the ring systems, but it removes any
restraints imposed by the ring system.
Moreover, the same model is appropri-
ate for both porphyrin and corrin, ex-
cept for the additional charge in por-
phyrin compared to corrin. Therefore,
the optimum M—N,,, distances in models
with this ligand can be expected to
reflect the ideal bond length of that
metal with the same axial ligands in a
tetrapyrrole ring system.
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Figure 3. The [M(NH(CH);NH),] (left) and [M(NH(CH);NH)(NCH,(CH,),NCH,)] (right) models with removed

ring strain.

We have optimised the structure of [M(NH(CH);NH),Im,] with
Co and Fe in both oxidation states. The results in Table 6 clearly
illustrate the rigidity of the porphyrin and corrin rings. When the
rings are broken, the M—N,, distances change significantly. The
Fe'—N,, distance is 199 pm, which is 4 pm longer than in corrin
and and 6 pm shorter than in porphyrin. The Fe"—N,, bonds are
194 pm long, which is close to the bond lengths found in corrin,
but 9 pm shorter than in porphyrin. The difference between Fe'
and Fe" (5 pm) is close to the difference in ionic radii of the two
ions (6 pm), which shows that the calculations are reliable.

Table 6. Calculated metal - ligand distances [pm] for four types of complexes
with the ligand L= (NH(CH);NH), which simulates a broken ring system. The
M—N,, distances for the corresponding porphyrin and corrin complexes are
also included for comparison.

Structure M—N,; M—N, . M—Ncgay Cor Por

[Fe'L,Im,] 205.4 205.4 198.8 193.5 204.5
[Fe"L,Im,] 204.7 204.7 194.0 193.5 202.6
[Co'"L,Im,] 2504 254.6 194.5 192.1 201.2
[Co"L,Im,] 199.3 199.3 193.9 192.5 200.6
[Co"L,ImMe] 2274 195.7 193.6 192.0 200.6
[Co'"L,Im] 2285 - 195.3 192.1 200.6
[Co'L,] - - 190.4 188.6 198.8

The Co"-N,, distance is the same as for Fe'" (194 pm), in
excellent agreement with their identical ionic radii. However,
in porphyrin and corrin, Co" gives bonds that are 1-2pm
shorter than those of Fe", which indicates that Co" forms stronger
(more covalent) bonds than Fe". The Co"-N,, bonds in
[Co(NH(CH);NH),Im,] are 7 pm shorter than in porphyrin and
2 pm longer than in corrin.

Altogether, these results show that porphyrin and corrin form
rather rigid ring systems that allow for only small variations in
the M—N,, bond lengths. Interestingly, porphyrin with its double
charge seems to be more flexible (201-207 pm) than the
monoanionic corrin ring (192-194 pm). The central cavity of
porphyrin is appreciably larger (6-9 pm) than the ideal bond
length of all ions considered in this investigation. This indicates
that the cavity would be ideal for ions with a radius of 62 -67 pm
(similar results have been obtained with other methods).*” Thus,
it would be ideal for the HS (65 pm) and IS states of Fe'"' and close
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to ideal for HS Co" (61 pm)*¥ On the other
hand, it is still too small for the (octahedral)
HS states of Fe" (78 pm) and Co" (75 pm). This
lends support to the suggestion that por-
phyrin was selected to allow various spin
states of iron.

The central cavity of corrin is appreciably
smaller than that of porphyrin. It is close to
the ideal bond length of the LS state of all
ions in this investigation (within 2 pm), except
Fe', for which it is 5 pm too small. Thus, it is
proper for ions with a radius of 54-56 pm.
This means that all ions in the HS state are too
large to fit properly into the cavity. Hence, the
corrin ring, in contrast to porphyrin, selectively stabilises the LS
states of the ions. Moreover, it fits excellently both Co" and Co",
but not Fe'. Thus, corrin seems to be an ideal ligand for LS cobalt
chemistry. This is most likely a strong reason why corrin is
selected for cobalt chemistry, whereas porphyrin is employed in
iron chemistry.

To see if the cavity size of corrin is also appropriate for the
actual intermediates in the reaction cycles of coenzyme B,,, we
have compared the Co—N,, bond lengths of [Co"CorlmMe],
[Co"Corlm] and [Co'Cor] (LS states) with the corresponding
complexes with the broken-ring ligand NH(CH);NH. The results
are also included in Table6 and they show that the Co—N,
distance increases by 2 -3 pm when the corrin ring is broken in
all three complexes. Therefore, we can conclude that the corrin
ligand is close to optimal (within 3 pm) for all relevant oxidation
states and ligands of LS cobalt, especially as the method B3LYP
normally overestimates metal -ligand bond lengths by a few
pm.8l

We have also tested an alternative ring-broken model,
applicable for the corrin ring (with the correct single negative
charge), [M(NH(CH);NH)(NCH,(CH,),NCH,)] (see Figure 3). How-
ever, it turned out that this ligand was too crowded so that the
two ring fragments do not always stay in the same plane and
that the individual M—N,, bond lengths differ strongly, for
example, two bonds of 190 pm and two of 206 - 208 pm for the
[Fe"Im,] complex (for the NH(CH);NH ligand, the individual bond
lengths vary by less than 0.4 pm). Therefore, these results were
judged to be less reliable, although they give a similar average
M—N,, bond length to NH(CH);NH for most of the complexes.

Finally, we note that the present results also provide a
qualitative explanation of the spin-splitting energies discussed
above (see Tables 1 and 2). Corrin is more rigid than porphyrin
and has a cavity size close to the ionic radius of the low-spin
states of all ions, except Fe'. Therefore, the spin-splitting
energies are appreciably larger for corrin than for porphyrin for
all complexes, except Fe'.

Interestingly, porphyrin ruffling has been invoked to explain
how various metal ions may shorten the otherwise unfavourable,
long Co—N bonds,"“ which result from the large cavity size of
porphyrin.*”? However, as opposed to the ruffled ground state
observed for sterically crowded nickel porphyrin species, all
the porphyrin complexes investigated here are completely
planar, regardless of spin state, as can be seen for the FePor
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complexes in Figure 2. Thus, the differing cavity sizes of corrin
and porphyrin are basic features of the planar systems.

Figure 2 also shows the structures of all the optimised CoCor
complexes. These complexes are distinctly nonplanar, as an
effect of the missing methine linkage and the saturated atoms in
the ring system. The distortion of the corrin ring is normally
measured as the fold angle, defined as the angle between the
two average planes formed by the seven inner atoms in the
corrin ring on both sides of a line from the missing methine link
to the opposite methine atom.? It is 4-7° (lowest for the Im/Me
complexes and largest for the Im/OH complexes) in the
investigated complexes, without any systematic differences
between iron and cobalt.

Electronic structure

In order to compare the electronic structures of the various
complexes, we have calculated the Mulliken charges of various
groups and atoms. These are collected in Tables 7 and 8 for the
Im/Me and Im, complexes, respectively. They show that the
charge on the metal ion (0.54 to 0.85 e) and the axial ligands is
quite constant (0.1 to 0.3 e on imidazole and —0.01 to —0.25e
on the methyl group). Consequently, the major difference in the
charge density between the various complexes (with a total
charge ranging from — 1 to +2) is found in the ring system: The
total charge in the porphyrin ring varies between —1.39 and
—0.32e and the corrin charge varies between —0.54 and
+0.64 e.

Table 7. Mulliken charges, spin density and 3d population on some atoms
and groups of atoms in the [MCor/PorimMe] complexes.

Compound Charge on Spin M 3d

M CH, Im  Ring 4N on M population

[Fe'"PorimMe]- 0.57 —027 008 —138 —208 - 6.57
[Fe"CorimMe] 055 —024 0.10 —041 -178 - 6.62
[Co"PorimMe]~ 0.57 —0.09 0.12 —1.60 —2.18 0.00 7.42
[Co'"CorlmMe] 054 —0.08 0.13 —059 —1.87 001 746
[Fe"PorimMe] 066 —0.07 0.15 —074 —219 119 640
[Fe"CorlmMe]* 0.64 —0.05 0.16 025 —-191 116 6.44
[Co"PorlmMe] 0.56 —0.03 0.16 —069 —213 - 743
[Co"CorlimMe]* 0.54 —0.01 0.17 030 —-185 - 7.47

Table 8. Mulliken charges, spin density and 3d population on some atoms
and groups of atoms the [MCor/Porlm,] complexes.

Compound Charge on Spin M 3d

M CH; Im Ring 4Ngq on M population
[Fe"Porlm,] 067 0.15 0.15 —-0.97 —2.08 - 6.54
[Fe'Corim,]* 070 0.17 0.17 —0.04 —1.84 - 6.54
[Co"Porim,] 069 012 012 -092 -219 0.99 745

[Co'Corlm,]* 072 0.13 0.13 0.01
[Fe"Porim,]* 0.84 026 026 —0.36
[Fe"Corlm,}** 0.85 0.27 0.28 0.60
[Co"Porlm,]* 0.72 030 030 —0.32
[Co"Corlm,)** 0.73 031 0.31 0.64

—-1.97 1.00 745
—2.20 1.07 6.26
-1.96 1.02 6.28
—2.12 - 7.30
—1.87 . 7.32
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In Tables 7 and 8 we also include the spin density on the metal
ion for the various complexes. In all open-shell complexes, the
spin density is close to 1e, which indicates that almost all
unpaired spin density is located on the metal ion, although there
is also a significant spin density on the methyl groups (~ —
0.15 ). However, the two Im/Me complexes with Co" differ
radically from the other complexes: In these, there is essentially
no spin density on Co and Me. Instead, all the spin is found in the
porphine or corrin rings. Apparently, it is more favourable in
these complexes to form a Por/Cor radical and a Co" ion, which is
d® with an empty d,. orbital and therefore forms better bonds
with the strong methyl ligand, whereas with the two weaker
imidazole ligands the d’ state is more stable.

Table 9 shows the corresponding results for the four-coordi-
nate M!//M" complexes with Cor/Por. They are similar to those of
the six-coordinate complexes, with a metal charge of 0.50-
0.74 e and a variable ring charge. However, the M' complexes

Table 9. Mulliken charges, spin density and 3d population on some atoms
and groups of atoms the four-coordinate [MCor/Por] complexes.
Compound Charge on Spin M 3d

M Ring 4Ngq on M population
[Fe'Por]~ 0.59 —1.59 —237 2.02 6.54
[Fe'Cor] 0.62 —0.62 —2.10 1.94 6.58
[Co'Por]~ 0.51 —1.51 —233 0.89 7.55
[Co'Por] & 0.38 —1.38 —2.24 - 7.72
[Co'Cor] 0.50 —0.50 —205 0.63 7.64
[Co'Cor]® 0.42 —0.42 —1.98 - 7.74
[Fe'Por] 0.66 —0.66 —241 2.04 6.47
[Fe''Cor]* 0.74 0.26 —2.16 2.09 6.49
[Co"Por] 0.64 —0.64 —233 1.10 7.49
[Co'"Cor]* 0.68 0.32 —2.09 1.10 7.50
[a] Closed-shell singlet state.

show some interesting features: The Fe' complexes are doublets
with a spin population close to 2 on Fe (1.9-2.0) and with one
unpaired electron delocalised in the ring system. Thus, the iron
complexes are triplet Fe' species, antiferromagnetically coupled
to a porphine or corrin radical. Apparently, the reduction
potential of the Fe'/Fe' couple is lower than the energy needed
to form a ring radical. As we saw above, the same is true also for
the Co' complexes: Their lowest electronic states are open-shell
singlets, formed from doublet Co", antiferromagnetically cou-
pled to a ring radical. However, the closed-shell singlets are only
4-18 kJmole~" higher in energy.

Reduction potential

Another possible reason for the selection of certain combina-
tions of ions and rings is differences in the reduction potential
between the two metal ions and the two ring systems. In
aqueous solution, iron is more easily oxidised than cobalt. For
example, the Co”" potential (—0.28 V) is less negative than the
corresponding Fe®" potential (—0.44V). Similarly, the Co""
potential (+1.82V) is more positive than the Fe'"" potential
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(+0.77 V; all potentials are relative to the standard hydrogen
electrode).® Therefore, we have studied the reduction poten-
tials of the various complexes in the present investigation.

When calculating reduction potentials, solvation energies are
as important as the electronic energies. These have been
estimated by the COSMO continuum model, with three different
values of the dielectric constant (¢): 1 (vacuum), 4, and 80. The
last value is close to what is found in bulk water solution,
whereas the whole series gives an impression of what effects can
be expected inside a protein, where the effective dielectric
constant has been estimated to be 2-16.5%>¥ The results of
these calculations for the Im, and Im/Me complexes in their low-
spin ground states are shown in Table 10.

Two clear trends can be seen from these results. First, a cobalt
complex has a reduction potential that is 0.2-0.5V lower than
the corresponding iron complex. This represents the intrinsic
difference between iron and cobalt with these ligands. The sign
of the difference is somewhat unexpected, because it indicates
that Co?* is more easily oxidised than Fe?* although the contrary
is found for the ions in aqueous solution.”® However, this is an
effect of the tetrapyrrole rings; for the isolated and hydrated
ions, similar calculations indicate that iron is the most easily
oxidised ion (for example, the [M(H,0),] complexes studied with
£=280 reproduce exactly the experimental 0.99V difference
between Co"" and Fe'"M).“8 Thus, the ring systems selectively
stabilise the Co" state relative to the Fe" species.

Second, it can be seen that porphine gives rise to a lower
reduction potential than corrin does. The reason for this is that
the double negative charge of the porphine ring stabilises
(solvates) the higher charge of the oxidised state better than the
single negative charge of corrin. The same argument also
explains why the Im/Me complexes have lower reduction
potentials than the Im, complexes.

We also see that the difference in reduction potential between
porphine and corrin depends strongly on ¢, but not so much on
the metal. The reason for this is also the differing charge of the
two ring systems, which leads to different total charges of the
complexes. The solvation energy depends strongly on the total
charge of the complex (compare with the simple Born model, in
which the solvation energy is proportional to the square of the
total charge). This explains why the reduction potential of all the
complexes decreases with ¢ (the total charge increases during
oxidation) except for the [MPorimMe] complexes, in which the
total charge decreases during oxidation.

Together, the result of these two effects is that the two native
combination species FePor and CoCor have quite similar
reduction potentials (especially in water). The two other species
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have either higher (CoPor) or lower (FeCor) potentials, but the
difference is not very large in water (0.2-0.5V).

The reduction potential of the [FePorlm,] complex ranges
from —0.7 in water to +0.4V in vacuum. This is in reasonable
accordance with the measured reduction potentials of cyto-
chromes, which range between —0.4 and +0.5V.5%! The
corresponding [CoCorlm,] model has a potential that is more
sensitive to ¢ and is in general somewhat higher (—0.7 to
+3.2V). Thus, the reduction potentials give no clear reason why
cobalt or corrin are not employed for biological electron transfer.
Likewise, for the Im/Me complexes, the reduction potentials of
[CoCorMelm] and [FePorMelm] partly overlap, although that of
the former complex is in general higher.

An important reason for using corrin for heterolytic Co—C
bond cleavage may be to make the the Co' state accessible; this
state would be anticipated to be unfavourable in a porphyrin
ring, compared with species of higher oxidation state, due to
increased interelectron repulsion in the ligand field. Thus, it has
been suggested that the Co' state is not accessible in CoPor
systems,'” and it has also been observed that [FeCor] can be
oxidised to Fe!, but it cannot be methylated."" Therefore, we
have also studied the reduction potentials of the four-coordinate
M'and M" complexes without any axial ligands. These results are
also included in Table 10.

Interestingly, the reduction potentials of the four-coordinate
complexes are similar to those of the six-coordinate complexes.
Cobalt gives rise to slightly lower reduction potentials than does
iron (0-0.2V), but the difference is smaller and reversed at the
highest dielectric constant, and there are large effects of the ring
system, especially at low values of &. However, the reduction
potential of [FePor] is always lower than that of [CoCor]. The
difference is largest at low values of ¢, but even in water solution,
the difference is predicted to be 0.4V. Thus, it should be
appreciably harder to form [Fe'Por] than [Co'Cor]. The same
applies to [CoPor], which is quite similar to [FePor]; this confirms
the suggestion that the Co' state is not accessible in [CoPor].['”
Yet, the [FeCor] complex is predicted to be more easily reduced
than the native [CoCor] complex.

Reorganisation energies

We will now turn to some functional aspects of the various
combinations of ions and ring systems. We have concentrated
on one typical reaction for each of the two native combinations,
that is, the Co—C bond dissociation reaction as a typical reaction
for the CoCor species in coenzyme B,,, and electron transfer as a
typical reaction for FePor species in the cytochromes, although

Table 10. Calculated reduction potentials for the [MCor/Porlm,], [MCor/PorlmMe] and four-coordinate [MCor/Por] complexes.
MPor/Cor Axial ligands
Im, Im/Me -

e=1 e=4 =80 e=1 e=4 =80 e=1 e=4 =80
CoPor 0.08 —0.69 —1.03 —3.96 —2.84 —2.29 —3.78 —2.53 —1.84
FePor 0.39 —0.38 —0.72 —3.81 —2.65 —2.05 —3.54 —243 —1.87
CoCor 3.26 0.56 —0.72 —0.98 —1.82 —2.20 —0.31 —-1.14 —1.48
FeCor 3.53 0.84 —042 —0.52 —1.32 —1.67 —0.19 —1.11 —1.52
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we recognise that haem proteins have a number of other
functions.

Electron transfer is a special reaction, in that its only effect is to
move an electron from one site to another. According to the
semiclassical Marcus theory*” the rate of electron transfer
depends on three terms, the reduction potential (which we have
already studied), the electronic coupling element (which is
mainly a function of the distance between the donor and the
acceptor sites), and the reorganisation energy (1). The latter term
measures how much the geometry of the donor and acceptor
sites changes during the redox process. It is normally divided
into two contributions, the inner- and outer-sphere reorganisa-
tion energy (4; and 4,), depending on what atoms are relaxed.
For a metal-containing protein, the inner-sphere reorganisation
energy is associated with the structural change of the first
coordination sphere, whereas the outer-sphere reorganisation
energy involves structural changes of the remaining protein as
well as the solvent.

We have calculated the inner-sphere reorganisation energy for
the four combinations of ions and ring systems. It is calculated as
the energy difference of the reduced complex at its optimum
geometry and at the optimum geometry of the oxidised
complex (4,.q) or vice versa (1,).5" For a self-exchange reaction,
Ai=2Ared+ Aox- This approach has been successfully applied to
several proteins,®>*% in particular for cytochrome models with
various sets of axial ligands.”

The reorganisation energies of the Im, complexes (models of
several b- and c-type cytochromes) are shown in Table 11. They
show that the two iron complexes give almost the same
reorganisation energy (8-9 kJmol™"). Therefore, an iron corrin
species would form an electron-transfer site equally as excellent
as an iron porphyrin, but at higher potentials. It has been
shown®7! that the LS state of the site is essential for the low
reorganisation energy, but we have seen that corrin stabilises the
LS of iron even better than porphyrin. Therefore, the reorgan-
isation energies do not give any clue as to why nature has
selected porphyrins rather than corrins in the cytochromes.

However, for the two cobalt complexes in Table 11, the
reorganisation energies are very large (179-197 ki mol~'). The
reason for these high values is the large change in the Co—N,,
distances (owing to the occupied d,. orbital for Co"; see Table 5).
The iron systems have similar axial bond lengths (within 4 pm)
for both oxidation states, owing to the fact that the d,. and d,.
orbitals are empty in both oxidation states.

—y?

Table 11. Calculated inner-sphere reorganisation energies [kJmol~'] for the
[MCor/Porlm,] (DZpdf/6 - 31G* basis set) and [MCor/PorimMe] (TZPP basis set)
complexes.

Complex Aox Ared A
[FePorlm,] 5 4 8
[FeCorlm,] 5 4 9
[CoPorlm,] 105 74 179
[CoCorlim,] 114 82 197
[FePorlmMe] 3 1 5
[FeCorlmMe] 6 3 9
[CoPorimMe] 6 6 13
[CoCorimMe] 18 11 29
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This gives a direct explanation of why cobalt (at least the Co""
couple in octahedral geometry) has not been used for electron
transfer. A reorganisation energy of 179-197 kJmole~' is much
larger than what is obtained for native electron-transfer sites (4 -
40 kJmol~"7). We conclude that evolutionary design of tetra-
pyrrole electron transfer systems may involve either corrins or
porphyrins, but not Co'"" species.

Bond dissociation energies

As a typical reaction for the CoCor species in coenzyme B,,, we
will study the homolytic Co—C bond dissociation energy (BDE),
that is, the energy of the reaction shown in Equation (2).

[M"Cor/PorimMe] —[M"Cor/Porlm] 4 Me* (2)

The experimental BDE of methylcobalamin is 155+
12 kJmol~'56 571 The Co—C bond strengths of various cobalamin
models have been calculated with B3LYP density functional
calculations by three groups.®?* 4 %2 They obtained BDE values of
91-117 kimole~" when using the same type of model as we
used ([CoCorlimMe]), that is, far from the experimental value.
Recently, we have shown that this is a shortcoming of the B3LYP
method.*” Other density functional calculations (for example,
BP86) and second-order Mgller—-Plesset perturbation theory
(MP2) give results close to the experimental value (148-
160 kJmol~"). Therefore, we have calculated the Co—C BDE at
the BP86 level of theory in this paper.

The calculated Co—C BDE values for the four combinations of
ions and ligands are shown in Table 12. They are obtained for the
lowest spin state for all reactants, that is, the LS state for all
cobalt complexes and for the six-coordinate iron complexes, but
the IS state of the five-coordinate iron complexes (see Table 2). It
can be seen that the BDE values are quite similar, varying from
147 kJmol~" for the FePor species to 159 ki mol~" for the CoCor
model. Solvation effects are small (1-7kJmol~") and do not
change the order between the various complexes, as can also be
seen in Table 12.

Table 12. Co—C BDE values [kJmol~'] for the [MCor/PorimMe] complexes,
calculated with the DZpdf/6 - 31G(d) basis set.
Complex BDE

e=1 e=4 =80
[FePorimMe] 146.7 144.2 142.7
[FeCorlmMe] 148.0 147.5 147.6
[CoPorlmMe] 156.4 1534 151.5
[CoCorimMe] 158.6 157.7 157.5

Thus, the combination employed in nature has the highest
Co—C BDE. This may at first seem a bit strange, because the Co—C
bond is broken during the biochemical reaction. However, as
Pratt has argued, the Co—C bond must be stable against
hydrolysis."" In fact, he attributes the strong Co—C bond to the
low 3d to 4s/4p promotion energy of Co", which gives strong
covalent bonds with carbon.™
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This has led us to study the hydrolysis of the six-coordinate Im/
Me complexes, that is, the reaction shown in Equation (3).

[M"Cor/PorlmMe] + H,0 —[M"Cor/PorlmOH] + CH, (3)

The calculated reaction energies for the four combinations of
ions and ring systems (using the LS ground state for all metal
complexes) are shown in Table 13. They indicate that all the
methyl complexes are unstable towards hydrolysis by 71-
122 kJmol~'. However, the cobalt complexes are much more
stable (by 33-48 kJmol~") than the corresponding iron com-
plexes. This gives a strong reason why cobalt is selected, rather
than iron, as a methyl donor or radical carrier.

Table 13. Hydrolysis energies [kJmol~'] [Eq.(3)] for the [MCor/PorlmMe]
complexes, calculated with the DZpdf/6 — 31G(d) basis set.

Complex Energy

e=1 e=4 £=80

[FePorimMe] —121.2 -117.8 —-117.6
[FeCorlmMe] —122.2 —115.3 —1124
[CoPorimMe] —727 —754 —78.9
[CoCorimMe] —755 —-71.8 —70.7

Methyl-transfer reactions

Our results also give us the opportunity to study the other type
of cobalamin reaction, that is, the heterolytic cleavage of the
Co"—C bond, giving a four-coordinate Co' complex and formally
a CHY cation, which is transferred to a nucleophilic substrate, for
example, homocysteine. This reaction can either be studied as a
heterolytic Co—C bond dissociation as in [Eqg.(4)] or with a
substrate included, for example, CH;S~ (as a model of homo-
cysteine in a methionine-synthetase-like reaction) as shown in
(Eq. (5)].

[M"Cor/PorimMe]*”® —[M'Cor/Por]¥~ +Im + Me™* (4)

[M"Cor/PorlmMe]+° + CH;S~ —[M'Cor/Por]%~ 4 Im + CH;SCH; (5)

Both reactions give the same relative result, although the
absolute values are shifted by a large constant. The results for
the reaction in [Eq. (5)] are gathered in Table 14.

It can be seen that the reaction energy varies a great deal with
the dielectric constant, as can be expected for a reaction altering
the charges of the reactants. At a low dielectric constant, the
corrin complexes give the most negative reaction energies,

Table 14. Methyl-transfer energies [kJmol~'] [Eq. (5)] for the [MCor/PorimMe]
complexes, calculated with the DZpdf/6 - 31G(d) basis set.

Complex Energy

e=1 e=4 =80
[FePorimMe] — 1494 —748 —135.2
[FeCorimMe] —436.0 —176.0 — 1474
[CoPorimMe] — 1276 —96.6 —145.2
[CoCorimMe] —4169 —163.0 —1394
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whereas in water solution, all four complexes are predicted to
give similar reaction energies (within 12 kJ mol~"). Therefore, the
homolytic methyl-transfer reaction does not provide any clear
explanation why the cobalamins were selected in nature. On the
contrary, iron gives a 8-19 kJmol~' lower reaction energy than
cobalt.

Concluding Remarks

In this paper, we have studied how the properties of iron and
cobalt porphyrins and corrins differ in various aspects. The
results have given us several clues as to how the seemingly
similar structures of iron porphyrin and cobalt corrin give rise to
their different functions.

First, we have seen that the thermodynamic stability favours
the two native combinations of ions and ring systems by 8-
24 kJmol~" over the nonnative combinations for all complexes,
except the M" with Im/Me complexes. Thus, there is some
intrinsic thermodynamic reason to choose the native combina-
tions.

Second, and probably most importantly, the central cavity of
the corrin ring is smaller than that of the porphine ring.
Therefore, corrin favours the low-spin states of Co" and Co", and
even the four-coordinate low-spin Co' (formally) ion fits well into
the corrin ring. Thus, CoCor species are always low spin and all
reactants and intermediates in the cobalamin reaction cycles
involve small strain in the ring system. On the other hand, the
cavity in porphine is too large for the low-spin cobalt and iron
ions. Instead, it seems to be more appropriate for the
intermediate-spin states. Consequently, intermediate- and
high-spin states are available for the FePor species, and they
are important for many of the reactions of haem proteins, for
example, in the binding and activation of O,.

Third, Co" in aqueous solution is more easily reduced than
iron. However, in the tetrapyrrole rings, this tendency has been
reversed, so that cobalt consistently gives potentials that are
0.1-0.3 eV lower than those for iron. There are also pronounced
differences in the reduction potentials of the corrin and
porphine rings, in that the former gives higher potentials. These
are mainly caused by the differing charge of the ring system and
therefore strongly depend on solvation effects. As an effect of
these two opposing tendencies, the native FePor and CoCor
combinations often give quite similar reduction potentials at
high dielectric constants, but the latter has a higher potential in
most solvents. In particular, four-coordinate [Co'Cor] is more
easily formed than [Fe'Por]; this means that it is accessible in
corrin chemistry.

Fourth, the octahedral [Fe""Por/Corlm,] complexes have
much lower inner-sphere reorganisation energies (8-
9kimol™") than the corresponding Co"™ complexes (179-
197 kJmol~"). The reason for this is the occupation of the d,.
orbital in low-spin Co" (d’), which leads to a large difference in
the distances to the axial ligands in the two oxidation states.
Therefore, the Co"™ couple is useless for electron-transfer
reactions, whereas the octahedral Fe'"" complexes (d*®) form
excellent electron carriers, also in comparison to other metal
sites.B”)
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Finally, [CoCorlmMe] has the largest homolytic Co—C BDE of
the studied complexes, even if the variation is only 12 kimol~".
This is compensated by the largest resistance towards hydrolysis.
The cobalt complexes are appreciably more stable towards
hydrolysis than the iron complexes (by ~40 kJ mol~"). This may
explain why cobalamins are employed in nature for organo-
metallic reactions.

In conclusion, we have identified several good reasons for why
iron is associated with porphine in nature whereas cobalt is
associated with corrin, and also for why FePor species are used
for electron transfer and oxygen activation whereas CoCor
species are involved in organometallic Co—C reactions (methyl
transfer and radical formation).

Methods

Models: We have included the full porphine (Por) or corrin (Cor) ring
systems in our models, because this is the basic entity of the
coenzymes and loss of equatorial conjugation energy may have a
drastic effect on the electron structure. All side chains on the rings
have been replaced by hydrogen atoms in the models to allow for a
comparison of the fundamental chemistry of the corrin and porphine
rings. Earlier calibrations have shown that they have a small influence
on the structure and properties of the ring system.*® We have
studied five types of models that differ in their axial ligands: Three
are octahedral with two axial ligands, either two imidazole groups
(Im,), one Im and one methyl group (Me) or one Im and one
hydroxide ion. In addition, we studied five-coordinate complexes
with an Im ligand and four-coordinate complexes without any axial
ligands. The following oxidation states have been studied: M"and M"
(M denotes the metal, Co or Fe) for the complexes with Im, and Im/
Me, M" for the Im/OH complexes, M" for the five-coordinate
complexes and M' and M" for the four-coordinate complexes. All
systems were optimised in the lowest (ground) spin state, according
to experiments or calculations. For the Im/Me, Im, and four-
coordinate complexes, we also optimised the high- and intermedi-
ate-spin states. Some of the native combinations of ions and ring
systems ([Fe""Porlm,], [Co"CorimMe], [Fe"Porlm], [Co"Corlm],
[Fe"Por], [Co"Por], [Co'Cor]) have been studied before by theoretical
methods,""® 2442 but only for the latter three has the aim been to
compare the properties of the ions and rings.!'

Computational Details: All calculations were performed with the
Becke three-parameter hybrid functional method B3LYP, which
combines some exact Hartree —Fock exchange with the local spin-
density correlation functional of Vosko - Wilk—Nusair and the non-
local Lee-Yang-Parr correlation functionals.*® B3LYP is widely
recognised as one of the most accurate density functional methods,
in general terms, for structures, energies and frequencies.©® !
However, for the Co—C bond dissociation energy, calibration
calculations have shown that B3LYP gives very poor results.'?
Therefore, we used the density functional Becke - Perdew 86 (BP86)
method for these (single-point) energies. 4

The calculations were carried out with the TURBOMOLE program,
versions 5.3 and 5.5.1°! The geometry optimisations were run with
the 6 -31G* basis set for all atoms except the metal. This basis set
assigns one set of polarisation functions to all non-hydrogen atoms.
For cobalt and iron, we used the double-¢ basis set of Schafer et al.
(contraction scheme 14s11p6d1f/8s7p4d1f),? augmented with two
p, one d and one f functions (with exponents 0.141308, 0.043402,
0.1357 and 1.62 for Co and 0.134915, 0.41843, 0.1244 and 1.339 for
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Fe). Only the pure five d- and seven f-type functions were used. We
applied the default (m3) grid size of TURBOMOLE, and all optimi-
sations were carried out in redundant internal coordinates. Fully
unrestricted calculations were performed for the open-shell systems.
We made use of the default convergence criteria, which imply self-
consistency down to 10~ Hartree (2.6 Jmol~") for the energy and
1073 a.u. (0.053 pm or 0.057°) for the internal degrees of freedom.

After optimisation, accurate energies for most of the structures were
calculated with the large triple-¢ 6 -311 + G(2d,2p) basis set, which
includes diffuse functions on heavy atoms and polarisation functions
on all atoms. The basis sets of the metals were augmented by one s
function (with exponents 0.0145941 for Co and 0.01377232 for Fe)
and the f function was replaced by two new functions (with
exponents 2.8 and 0.8 for Co and 2.5 and 0.8 for Fe).

Solvation energies: Normal quantum chemical calculations are
performed in vacuum, whereas most reactions take place in water
solution or in proteins. In order to correct for this discrepancy, we
have calculated solvation energies for most complexes with the
continuum conductor-like screening model (COSMO),” as imple-
mented in TURBOMOLE version 5.5. In this method, the solute
molecule forms a cavity within a dielectric continuum characterised
by a dielectric constant, . The charge distribution of the solute
polarises the dielectric medium and the response of the medium is
described by the generation of screening charges on the surface of
the cavity.

These calculations were performed with default values for all
parameters (implying a water-like probe molecule) and dielectric
constants of 4 and 80, to model pure water and to get a feeling of
possible effects in a protein (where the effective dielectric constant is
normally estimated at 2 - 16)..% % For the generation of the cavity, a
set of atomic radii have to be defined. We used the optimised
COSMO radii in TURBOMOLE (H: 1.30, C: 2.00, N: 1.83, O: 1.72, Fe:
2.00, Co: 2.00 A).

Reduction potentials were estimated from these energies in a
solvent according to [Eq. (6)], where the factor of 4.43 eV represents
the potential of the standard hydrogen electrode.”

E° = E(ox)— E(red) — 4.43 (6)

This investigation has been supported by grants from the Swedish
research council (VR) and by computer resources of Lunarc at Lund
University.
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Enzymatic cleavage of prohormone neuropeptide Y (proNPY) leads
to mature neuropeptide Y (NPY), a widely distributed neuropeptide
with multiple functions both peripherally and centrally. A single
dibasic pair of amino acids, Lys*-Arg®, represents the recognition
motif for a class of hormone-processing enzymes known as
prohormone convertases (PCs). Two members of this PC family,
PC1/3 and PC2, are involved in proNPY cleavage. The aim of this
work was to establish an effective method for the generation of
full-length 69-amino acid proNPY analogues for further studies of
prohormone convertase interaction. We have chosen two ligation
sites in order to perform the semisynthesis of proNPY analogues by
expressed protein ligation (EPL). By using the intein-mediated
purification system (IMPACT) with improved conditions for intein
splicing, we were able to isolate proNPY 1-40 and proNPY 1-54

Introduction

Like many other neurotransmitters, neuropeptideY (NPY) is
derived from a precursor protein, the 69-amino acid pro-neuro-
peptide Y (proNPY). A family of mammalian proteases respon-
sible for the specific endoproteolytic processing of prohormones
and proproteins has been identified." 2 Basic residues, single or
in pairs, display the recognition motif for these subtilisin/kexin-
like prohormone convertases (PCs). The seven members so far
known include PC1/3, PC2, furin/PACE, PACE4, PC4, PC5/6 and
PC7/SPC7/LPC/PC8. Differences in their tissue distributions and
subcellular localization lead to the specific production of their
target proteins.® ProNPY undergoes cleavage at a single dibasic
site, Lys®-Arg*®, as has been shown to be carried out in vivo and
in vitro by PC1/3 and/or PC2#9 Further processing by a
carboxypeptidase-B-like enzyme and an amidating enzyme,
peptidylglycine-amidating-monooxygenase (PAM), yields C-ter-
minally amidated, mature, biologically active NPY and the
C-terminal flanking peptide of NPY (CPON), of so far unknown
function (Scheme 1)."! The 36-amino acid amide NPY is widely
distributed both peripherally and centrally, and is one of the
most abundant neuropeptides in the brain. Together with
peptide YY (PYY) and pancreatic polypeptide (PP) it composes
the so-called NPY family. A variety of physiological effects has
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fragments as C-terminal thioesters. Peptides bearing N-terminal
cysteine instead of the naturally occurring Ser’ and Thr** residues,
respectively, were generated by solid-phase peptide synthesis.
Moreover, labels (carboxyfluorescein and biotin) were inserted into
the peptide sequences. The synthesis of the [C*]JproNPY 41-69
fragment, which proved to be a difficult peptide sequence, could be
achieved by the incorporation of two pseudo-proline derivatives.
Western blot analysis revealed that all five proNPY analogues are
recognized by monoclonal antibodies directed against NPY as well
as against the C-flanking peptide of NPY (CPON).

KEYWORDS:

expressed protein ligation - fluorescence probes -

prohor-
mone neuropeptide Y - protein modifications - solid-phase

synthesis

been attributed to NPY. Stimulation of food intake, secretion of
luteinizing hormone, and release of growth hormone and insulin
suggest an important role in the pathophysiology of obesity and
diabetes.® @ Furthermore, NPY is involved in the regulation of
memory retention,!'? circadian rhythm,!"" neuronal excitability,
anxiety and depression,'? and can also act as a potent vaso-
constrictor in skeletal muscle, heart, kidney and brain.!' All these
activities of NPY in mammals are mediated by at least three NPY
receptors (designated as Y;-, Y,- and Y;-receptors), which belong
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pre-proMNPY (97 aa)

28 -1 1 NPY 36 40 CPON (&)
::qaﬂ:;ce?_ YPSKPDNPGEDAPAEDLARYYSALRHYINLITRAORY GKR 4SSPETLISDLLMRESTENVPRTRLEDPAMWY
? J/Slgnal peptidase
praNPY (69 aa)
1 —— B8
YPSKPDNPGEDAPAEDLARYYSALRHYINLITRARY -GKR ASSPETLISDLLMRESTENVPRTRLEDPAMW
\l{F‘mhﬂfmune convertase (PC)
1 36
YPSKPDNPGEDAPAEDLARYYSALRHYINLITRORY —GI(_?R
\l{Carboxypeplidase B-like enzyme
1 36
YPSKPDNPGEDAFAEDLARYYSALRHYINLITRQRY |-G
\LPeptidylgiycin&u-amidating monooxygenase (PAM)
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Scheme 1. Biosynthesis of prohormone neuropeptide Y (proNPY). After removal of a leader sequence from the 97-amino acid (aa) precursor of proNPY (pre-proNPY),
further processing of the 69-mer proNPY results in the formation of the amidated 36-amino acid NPY and CPON peptide. The dibasic cleavage site Lys**-Arg*, recognized

by the prohormone convertases, is underlined.

to the superfamily of heptahelical G-protein coupled recep-
tors.'" Specific inhibition of the conversion of biologically
inactive proNPY into active NPY could provide a novel approach
to the development of new therapeutic drug targets. Interven-
tion in the biosynthesis of NPY, however, requires knowledge of
the processing mechanisms involved. We were previously able
to show that proNPY is processed by PC1/3 and PC2,'® which are
primarily expressed in endocrine and neural cells, and accord-
ingly in neuropeptide-rich regions. In contrast, widely distrib-
uted prohormone convertases such as furin and PACE4 were not
able to cleave proNPY. So far, it still remains unclear which parts
of the proNPY sequence—in addition to the dibasic cleavage
site—are required for the complete processing by PCs, and
which might therefore represent potential targets for the
development of processing inhibitors.

The aim of this work was to synthesize modified proNPY
analogues as suitable tools for an enzymatic assay. The
analogues should include chemical modifications such as a
carboxyfluorescein (CF) or a biotin label, by which processing
could be followed easily, by spectroscopic methods for CF or by
affinity chromatography for biotin. Solid-phase peptide syn-
thesis (SPPS),"™ the method of choice for the incorporation of
chemical modifications into peptides, is associated with difficul-
ties for peptides longer than ~ 50 amino acids. The recombinant
expression of full-length 69-amino acid proNPY has been
described previously,*® but no site-specific introduction of
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these chemical modifications is yet possible. The method of
expressed protein ligation (EPL)"® circumvents these disadvan-
tages by combining recombinant methods and chemical syn-
thesis. In a chemoselective reaction, a recombinant peptide/
protein segment bearing a C-terminal thioester is joined to a
second synthetic peptide containing an N-terminal cysteine
residue to yield a native peptide bond at the site of ligation. Two
different ligation sites were chosen, because a cysteine had to be
incorporated into the sequence in place of the naturally
occurring amino acids Ser*' or Thr*. While cysteine in position 41
is located next to the dibasic cleavage site of the PCs, thus
possibly providing an inhibitory analogue, Cys® is far away from
the cleavage site.

In this paper we report the synthesis and characterization of
the first chemically modified proNPY analogues. Five proNPY
analogues—two of them containing a CF label, one a biotin label
and two without any label—were assembled by use of EPL. With
improved conditions for the intein-mediated purification system
(IMPACT, Intein-Mediated Purification with an Affinity Chitin-
binding Tag)'”? we were able to generate the thioester
intermediate by a recombinant approach and in high yield.
Solid-phase peptide synthesis of the cysteine fragment
[C*']proNPY 41-69, which proved difficult to synthesize, could
be achieved by incorporation of two pseudo-proline derivatives.
The final native chemical ligation (NCL) step yielded the desired
proNPY analogues. Western blot and dotblot analyses revealed

ChemBioChem 2003, 4, 425-433
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that all five proNPY analogues are recognized by antibodies
directed against NPY as well as against the CPON. Binding
epitopes of anti-proNPY antibodies!"® could be confirmed and
further characterized by use of proNPY segments.

Results
Strategy

In order to synthesize proNPY (Scheme 1) and its site-specifically
modified analogues for further characterization of prohormone-
convertase interaction, we employed the EPL approach for
protein semisynthesis. A schematic representation of this
strategy is illustrated in Scheme 2. Accordingly, proNPY 1-40
and proNPY 1-54 fragments have been isolated as C-terminal
thioesters in the initial step by use of 2-mercaptoethanesulfonic
acid (MESNA) for induction of the cleavage of the intein-fusion
protein. Subsequent ligation with proNPY-derived synthetic
peptides possessing an N-terminal cysteine resulted in the full-
length proteins. Derivatives of proNPY with chemical labels such

Gene of /Intein
E‘;"NPY 4 = cBD Cloning of gene into pTXB1 vector
proNPY 1-54
l Protein expression in E. cali
proNPY 1-40/1-54 —|  Intein —(CBD(

l Affinity purification

|
. ﬁil —(CBD(

l Thiok-induced cleavage of intein-fusion protein

CBD ( Chitin
HEHO-()

] ALY
Cys—x Synthetic peptide %
Ed

Intein

= ant o e -
HaN SRR LR

MNative chemical ligation

Scheme 2. Representation of the semisynthesis of proNPY analogues by EPL.
Target proteins (proNPY 1-40/1-54) were expressed in E. coli with the C-terminal
intein-CBD tag. A soluble fusion precursor was loaded on a chitin column and
thiol-mediated cleavage of the intein-fusion protein was induced. The eluted
MESNA-thioester (R= CH,CH,SO;H) underwent chemical ligation with synthetic
peptides bearing N-terminal cysteine residues.
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as carboxyfluorescein and biotin were obtained similarly. West-
ern blot analyses have confirmed the recognition of proNPY
analogues by specific antibodies against NPY and CPON
peptides.

Purification of fusion proteins

The proNPY 1-40 and proNPY 1-54 genes, amplified by PCR,
were cloned in-frame into the C-terminal vector pTXB1 upstream
of the mini-intein from the GyrA gene of Mycobacterium xenopi
(Mxe intein)'® and the chitin-binding domain (CBD) from Bacillus
circulans.? Both fragments were introduced without any addi-
tional vector-derived amino acids. We observed no significant
difference between the expression in the E. coli bacterial strains
BL21(DE3) and ER2566. In order to maximize the yield of the
fusion proteins, inductor concentrations, temperature and
expression time were varied. Whereas no fusion protein was
detected before the induction (Figure 1A, lane 1), expression
under optimized conditions led to the isolation of 200-300 mg

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Isolation of proNPY 1-40 and 1- 54 thioester, analysed by SDS-PAGE.
A) Purification of proNPY 1-40-intein-CBD fusion protein (lanes 1-3) and
isolation of proNPY 1-40 thioester (lanes 4-6). Lane M represents the protein
marker, lane 1 cells before induction, lane 2 crude extract after cell lysis, lane 3
supernatant after lysis, lane 4 second column flow-through, lane 5 the cleavage of
intein-fusion protein (after 1 day with MESNA), and lane 6 eluted MESNA-
thioester. B) Isolation of proNPY 1-54 thioester. Lane M represents the protein
marker, lane 1 supernatant after lysis, and lane 2 eluted MESNA-thioester. Soluble
fusion proteins (bands A) revealed high binding efficiency on chitin. Thiol-
mediated cleavage of the intein-fusion protein was monitored directly on the
column. Whereas intein-CBD tag (Part A, band B) remained bound to chitin beads,
generated thioesters were eluted (bands C).

of fusion precursors from one litre of bacterial culture. Soluble
fusion proteins (Figure 1A, lane 3 and Figure 1B, lane 1, bands A)
represented up to 40% of the total amount of protein in the
bacterial extract.

Generation of protein thioester

The fusion proteins showed better than 95% binding efficiency
on the chitin column (Figure 1A, lane 4). Since stringent column
washing reduced non-specific binding of other bacterial pro-
teins, the purity of the loaded protein remained very high. The
intein splicing proceeded after thiol addition and was monitored
directly on the column (Figure 1A, lane 5). The conditions for
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thioester formation were optimized with respect to the thiol
type, pH and temperature applied for the cleavage of the intein-
fusion protein. The efficiency of the cleavage showed a strong
dependency on the thiol used for processing of the fusion
proteins (Figure 2). Whereas some thiols (such as dithiothreitol,
DTT) displayed up to 85% splicing activity, thiophenol (TF) and
carboxypropyl mercaptan (SCP) did not appear to be very
efficient even after prolonged reaction times. Interestingly, we
did not achieve any differences in intein splitting either in the pH

100 +———n
a0
T &0 -
% of cleavage |
of intein- 4
fusion protein
20
7
0 i 13 t/days

Figure 2. Cleavage of the intein-fusion protein on the chitin column mediated by
different thiols and their different time dependencies. The cleavage of intein-
fusion protein was carried out at 0.1m thiol concentration at pH 8 and at room
temperature. Thiol abbreviations are as follows: dithiothreitol (DTT), 2-mercap-
toethanesulfonic acid (MESNA), 2-mercaptoethanol (MSH), thiophenol (TF),
carboxymethyl mercaptan (SCM), carboxypropyl mercaptan (SCP).

range between 6 and 8.5 or at room temperature and at 4°C.
Enhancement of the thiol concentration provoked an improve-
ment of the splicing efficiency by approximately 10% when the
concentration was doubled. We thus achieved up to 75%
cleavage of the intein-fusion protein by use of MESNA at a final
concentration of 0.25m. After elution of the generated thioester
from the chitin column, further MESNA-mediated splicing
resulted in the processing of more than 85% of the initially
loaded fusion protein. Both the eluted proNPY 1-40 and the
eluted proNPY 1-54 thioester showed up to 95% purity
(bands Cin Figure 1A, lane 6 and Figure 1B, lane 2). MALDI mass
spectrometry revealed N-terminal methionylation of both frag-
ments (up to 95 %).

Protein thioester stability

In order to prevent thioester hydrolysis and to identify optimal
storage conditions, stability tests were performed. As in previous
reports,?! the pH value significantly influenced the rate of
hydrolysis. Moreover, the thioester moiety also proved to be
critical. After cleavage of the intein-fusion protein for one day at
pH 75 at room temperature, 33% of the generated MESNA-
thioester, or 78 % of the SCP-thioester, respectively, was already
hydrolysed. However, the hydrolysis rate dropped to half the
value when the intein splicing was performed at pH 6. MESNA-
thioesters turned out to be very stable (less than 5% hydrolysis)
when a low pH and a low temperature was applied for the intein
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splicing and for further thioester storage. Finally, the thioesters
were purified by reversed-phase HPLC and their identities were
confirmed by MALDI mass spectrometry.

Solid-phase synthesis of C-terminal proNPY segment
analogues

The assembly of the N-terminal cysteine fragment [C*,K®®]pro-
NPY 41-69 by automated SPPS proved more difficult than
expected. With use of the Peptide Companion software package
(CSPS Pharmaceuticals, San Diego, USA), synthesis was predicted
to involve only easy or intermediate coupling steps. However, a
high rate of mis-couplings could be demonstrated (Figure 3 A). In
order to identify the critical coupling steps, the synthesis was
interrupted at different stages and small-scale cleavage of these
peptide fragments was performed. Analysis of the fragments
showed that the first coupling reactions (proNPY 50-69) were
yielding a peptide with >95% homogeneity, while amino-
acetylation by all the subsequent amino acids (Leu* - Cys*!) was
incomplete. These coupling steps were therefore performed by
manual attachment of the corresponding amino acids under
conditions recommended for overcoming difficult peptide
sequences.’2 ! Various  solvents  (N,N-dimethylformami-
de(DMF)/dichloromethane (DCM), DCM and dimethyl sulfoxide
(DMSO0)), different coupling reagents (N-[1H-benzotriazol-1-yl-N-
oxy-tris-(dimethylamino)methylene]-N-methyl-methanaminium
hexafluoroborate N-oxide (TBTU) and N-[1H-azabenzotriazol-1-
yl-N-oxy-tris-(dimethylamino)methylene]-N-methyl-methanami-
nium hexafluorophosphate N-oxide (HATU)), several resins
(polyethyleneglycol-Co-Wang  (PEG-Co-Wang), pyridine-Co-
Wang), coupling times and increasing numbers of coupling
replications were applied, but none of these changes were
capable of improving the synthesis significantly. In order to
change the peptide backbone properties and thus reduce
interchain association during the SPPS assembly, secondary
amino acid surrogates were introduced.?® The insertion of
Fmoc-Leu(Fmoc-Hmb)-OH (Fmoc = fluorenylmethoxycarbonyl)-
in positions 45 and 49, with its backbone amide-protecting
group 2-hydroxy-4-methoxybenzyl (Hmb),2% 25 resulted in an
increased yield of the complete sequence of [C*',K€]proNPY 41 -
69, but large amounts of side products were still obtained,
particularly because of the problematic coupling of the amino
acid immediately following Leu(Hmb) (Asp*, for example).
Further attempts to improve the synthesis yield focused on
the incorporation of oxazolidine pseudo-proline dipeptides
(¥Pro) introduced recently by Mutter etal.?® Three different
applications were compared: a) incorporation of Fmoc-lle-Ser-
(PMeMe)pro-OH in place of lle* and Ser¥, b)incorporation of
Fmoc-Ser(tBu)-Thr-(¥™eMe)pro-OH in place of Ser>* and Thr®, and
¢) incorporation of both pseudo-proline dipeptides. Whereas the
first two strategies suffered from incomplete coupling steps
(Figure 3B and Figure 3C), and the absence of the N-terminal
cysteine residue (Figure 3C), approach ¢ provided the desired
peptide in sufficient purity (60-709%) and quantity (Figure 3D).
After purification of the peptide by preparative RP-HPLC,
homogeneity of >95% was achieved.
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Figure 3. Solid-phase synthesis of the N-terminal cysteine fragment [C*,K%(Dde) JoroNPY 41 - 69. The target peptide was
analysed by RP-HPLC (top), with the eluting system 10 to 70% A (0.08 % TFA in acetonitrile) over 30 min at a flow rate of
0.6 mLmin~', and by MALDI-MS (bottom) after SPPS; A) in one single automatic run under standard Fmoc-based peptide
synthesis conditions, B) including lle-Ser(\y"*¢)pro-OH in positions 46 and 47, C) including Ser-Thr-(y"é"¢)pro-OH in

positions 54 and 55, and D) with incorporation of both pseudo-proline derivatives. Arrows indicate product according to

retention time and MS.

Automated SPPS of the shorter N-terminal cysteine fragments
[C*']proNPY 41 -49 and [C>° K*®]proNPY 55 - 69 did not raise any
synthesis problems, crude peptides of >80% homogeneity
being obtained. Furthermore, introduction of chemical labels
(CF, biotin) at Lys®® was accomplished in one coupling step.”?”)

Generation of proNPY analogues by chemical ligation

Ligations were carried out with both reactants in the millimolar
concentration range. A molar excess of peptide of up to
threefold relative to the thioester did not affect the coupling
reaction. We performed the ligation in the presence of MESNA,
which—besides the high cleavage activity of intein-fusion
protein—also possesses the attributes of a suitable cofactor
for EPL.¥ However, the ligation efficiency decreased by 5-10%
at MESNA concentrations of less than 0.1m. In order to maintain
the reducing environment necessary for the reduction of
cysteine residues, tris(2-carboxyethyl)phosphine (TCEP) was
added to the ligation mixture. It has been reported that thiol
additives such as TF can accelerate the rate of fragment
condensation.?? In our experiments, however, none of these
thiols displayed any significant effect on the ligation progress,
whereas basic conditions and higher temperature favoured the
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lyzed by SDS-PAGE (Figure 4A,
lane5-9) and their identities
were confirmed by MALDI-MS.
Western blot analysis was per-
formed by use either of strepta-
vidin or of antibodies raised
against NPY (NPY02) or the CPON
(CPONOT). Streptavidin selective-
ly identified the ligation product
containing the biotin label (Fig-
ure 4C, lane 9). Whereas NPY02
recognized both thioester fragments (Figure 4D, lanes 1 and 2)
and all ligation products (Figure 4D, lanes5-9), CPON-frag-
ments were not stained as expected (Figure 4D, lanes 3 and 4).
The cross-reactivity of CPONO1 was unexpected, because the
CPON-cysteine fragments including the 55-69 sequence sup-
posed to be labelled by CPONO1"8 were not detected by
Western blot analyses. (Figure 4E, lanes 3 and 4). We therefore
additionally performed dotblot analyses, revealing that
[C*']proNPY 41-69 and [C*]proNPY 55-69, as well as their
chemically modified analogues, are recognized by CPONO1. As
expected, CPONO1 recognized all full-length proNPY analogues
and their chemically modified counterparts (Figure 4E, lanes 6 —
9), but neither the N-terminal thioester fragments (Figure 4E,
lanes 1-2) nor the short [C*']proNPY 1-49 protein (Figure 4E,
lane 5).

Discussion

The biosynthesis of NPY, as deduced from its precursor protein
proNPY, has become of major interest in recent years.[*-6 30-33
Knowledge of the mechanisms and of possible sites for
intervention or even inhibition could provide new insights into
the physiological activities of NPY and might finally result in the
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Figure 4. Analysis of ligation fragments and products by SDS-PAGE and Western blotting. A) SDS-PAGE analysis: lane 1 proNPY 1-40 thioester, lane 2 proNPY 1-54
thioester, lane 3 synthetic [C*,K*]proNPY 41-69, lane 4 synthetic [C**,K®]proNPY 55-69, lane 5 ligated [C*'JproNPY 1-49, lane 6 [C* ,K*®]proNPY 1-69, lane 7 [C*,
K%®(CF)JproNPY 1-69, lane 8 [C>*,K%(CF)]proNPY 1-69, and lane 9 [C*,K%(biotin) JproNPY 1-69. Lane M represents a protein marker. The bands were stained with
GelCode blue reagent. B) Visualization of [C*, K(CF)]JproNPY 1-69 (lane 7) and [C*,K%(CF)]proNPY 1-69 (lane 8) on the gel by UV irradiation at 312 nm prior to gel
staining. C) Western blot analysis of ligation product [C3>,K*(biotin) JoroNPY 1- 69 by use of streptavidin labelling. D) and E) Recognition of ligation fragments (lane 1-4)
and ligation products (lane 5 - 9) by NPY02 (D) and CPONO1 (E). The sample order is identical to that in (A). NPY (band B) and proNPY (band A) were supplemented to the

protein marker. In (E), the dotblot data are also shown. F) RP-HPLC (left) and MALDI-MS (right) profile of the ligation product [C*, K%(CF) ]JproNPY 1-69.

development of novel therapeutics, similar to angiotensin
converting enzyme (ACE) inhibitors.*¥ The main interest in
proNPY processing is focused on its enzymatic cleavage by PC, as
this is the only hormone-specific cleavage step. Together with
distinct cellular expression or intracellular localization of both
substrate and enzyme, the cleavage of prohormones by PC
depends mainly on the catalytic selectivity of the enzyme,
which is strongly influenced by the surrounding amino acids at
the substrate cleavage site. Previous studies, mainly on the pro-
oxytocin/neurophysin system, showed that the dibasic cleavage
site is flanked by sequences organised in -turns or, as proposed
alternatively, in omega loops,2® which participate in enzyme
recognition.?-%% |n vitro cleavage of shortened proNPY sub-
strates showed several positions within the sequence of the
peptide to play a crucial role for interaction with the converting
enzyme."! Since it has been suggested that the length of the
substrate discriminates between PC1/3 and PC2 processing
activity, further characterization of the relevant sequence of
proNPY for the specific prohormone-enzyme interaction has to
be investigated on full-length proNPY substrates.

The IMPACT system has been used for the recombinant
synthesis of proNPY fragments (proNPY 1-40 and proNPY 1-
54). For the first time, EPL has been applied as an expression
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system for proNPY synthesis. Beside single-column affinity
purification of recombinant proteins, the IMPACT system also
allowed the isolation of target thioesters without any additional
vector-derived amino acids. The effect of the residue adjacent to
the cleavage site of Mxe intein and the effect of other conditions
(temperature, pH value) on the cleavage of intein-fusion protein
have been studied before.'” %1 Serine, the C-terminal residue of
proNPY 1-40 and proNPY 1-54, was reported not to be
compatible with thiol-inducible Mxe intein cleavage of intein-
fusion proteins.“? In contrast, we were able to detect more than
85% splicing activity mediated by MESNA. However, we have
shown a strong dependency of the cleavage of the intein-fusion
protein on the thiol applied for thioester formation. Moreover,
the thioester hydrolysis also proved to be thiol-dependent. By
use of optimized conditions for on-column intein splicing, we
were able to achieve high yields of the pure thioester product
(30-40 mg from one litre of bacterial culture). Thus, we have
demonstrated the feasibility of the IMPACT system as an efficient
expression system for the recombinant synthesis of proNPY-
derived analogues.

Automated SPPS of the N-terminal cysteine fragment
[C*,K®®]proNPY 41-69 posed more problems than estimated.
Difficult coupling steps occurred for amino acids Cys*' —Lys*,

ChemBioChem 2003, 4, 425-433





Pro-Neuropeptide Analogues

suggesting that a specific conformation of this sequence is
adjacent to the dibasic cleavage site of proNPY. This conforma-
tion will obviously be formed even if the CPON is synthesized
separately and not linked to the PC cleavage site of proNPY. The
improvement of the synthesis by incorporation of secondary
amino acid surrogates is in agreement with the presence of the
strong association phenomena, the oxazolidine pseudo-proline
dipeptide units (¥Pro) proving to be superior to the Hmb
peptide backbone protection. By kinking the conformation of
the peptide backbone, ¥Pro prevents aggregation or secondary
structure formation and increases the solubilization of the
growing peptide chain. Similarly to the synthesis of chaper-
onin 60.1 (195 - 217),3 multiple use of pseudo-proline units was
necessary because their effect is only local. The incorporation of
both pseudo-proline derivatives therefore provided the most
efficient strategy for overcoming this difficult peptide synthesis.

Chemical ligations between the recombinant C-terminal
thioester and the corresponding synthetic N-terminal cysteine
fragment of proNPY were achieved in high yields (>80%) in
millimolar concentration ranges of the two reactants and with
the addition of MESNA and TCEP at pH 8. In contrast to the
frequently applied denaturating conditions for NCL (6 m guani-
dine or urea), we performed the ligation reactions under native
conditions, which made further refolding steps superfluous. We
confirmed that MESNA in combination with the reducing agent
TCEP is an attractive alternative to the widely used TF as a
cofactor to accelerate chemical ligation reactions. While TF
caused precipitation, and particularly coprecipitation of reac-
tants and product, MESNA/TCEP kept the reducing environment
without causing precipitation. Furthermore, besides the better
handling properties (MESNA is odourless), the reaction rate was
equivalent to that of TF.

Western blot and dotblot analysis of fragments and ligation
products gave further evidence of previously reported epitopes
of the antibodies NPY02 and CPONO1. The antibody NPYO02 can
detect all expected substrates (both thioesters and all ligation
products). From earlier studies'® and from our results, the
epitope of the CPONO1 antibody can be confined to proNPY
55—69, since all segments and all 69-amino acid ligation
products containing this sequence are well bound, independ-
ently of the modification. Surprisingly, this could not be seen in
the Western blot (Figure 4) but was very clear in the dotblot.
Obviously, the small fragments are blotted through or cannot
easily be analysed by SDS-PAGE. In contrast, neither [C*']proNPY
41-49, nor [C*"]proNPY 1-49 including the first nine amino
acids of CPON, nor proNPY 1-54 thioester are recognized, either
in Western blot or in dotblot analysis. Accordingly, it can be
assumed that CPONO1 binds to an epitope in the immediate
C-terminal part of proNPY. However, Met® does not seem to be
involved in the recognition site, as this residue can easily be
exchanged by large and bulky modifications such as Lys(CF) or
Lys(biotin). The introduced changes in the sequence of proNPY
disturbed the recognition neither of the antibodies nor of
streptavidin. This indicates that neither the presence of Cys*! in
place of Ser*' nor of the chemical modifications CF and biotin at
position 68 produce dramatic changes in the conformation of
the direct partners of CPONO1 recognition.
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In conclusion, EPL proved to be an efficient method for the
semisynthesis of proNPY analogues. The possibility of varying
the sequence within the chemically synthesized fragment and of
introducing chemical modifications into the analogues makes
them valuable tools for assaying proNPY processing by PC. Other
modifications—biophysical probes, for example—should allow
us to characterise structure-function relationships further, or
introduction of statines may provide PC inhibitors.

Experimental Section

Materials: The N*-Fmoc-protected amino acids were purchased from
Alexis (Laufelfingen, Switzerland) and Novabiochem (Laufelfingen,
Switzerland). The side chain protecting groups were: tert-butyl for
Asp, Glu, Ser, Thr and Tyr; tert-butyloxycarbonyl (Boc) or 1-(4,4-
dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) for Lys, Boc for
Trp; trityl for Asn, Cys, GIn and His, and 2,2,5,7,8-pentamethylchro-
man-6-sulphonyl (Pmc) for Arg. Fmoc-Leu(Fmoc-Hmb)-OH, Fmoc-lle-
Ser(yMeMe)pro-OH, Fmoc-Ser(tBu)-Thr-(ypyMeMe)pro-OH, p-benzyloxy-
benzyl alcohol resin (Wang resin) and TBTU were obtained from
Novabiochem. PEG-Co-Wang and Pyrimidine-Co-Wang resins were
obtained from Advanced Chemtech (Louisville, US). N,N'-Diisopro-
pylcarbodiimide (DIC) was purchased from Aldrich (Buchs, Switzer-
land), and HATU from Fluka (Buchs, Switzerland). N-Hydroxybenzo-
triazole (HOBt), 4(5)-carboxyfluorescein (CF), biotin, trifluoroacetic
acid (TFA), N-ethyldiisopropylamine (DIPEA), thioanisole, ethanedi-
thiol, piperidine and tert-butanol were purchased from Fluka, and
DMF, methanol, DCM and diethyl ether from Biosolve (Valkenswaard,
Netherlands). Acetonitrile was obtained from Merck Eurolab (Bruch-
sal, Germany) and DMSO from Fluka.

DNA constructs: The DNA that encodes NPY-Gly was received
as a gift from Dr. R. Bader.* The proNPY 1-40 fragment was
created by PCR from the pUBK19/pNPY-G vector by use of the
forward 5-GGTGGTCATATGTACCCGTCTAAACCGGAC-3' and reverse
5'-GGTGGTTGCTCTTCCGCAAGAACGTTTCCCGTAACGCTGACGGGT-3'
primer (Microsynth, Switzerland). Similarly, forward 5'-GGTGGTCA-
TATGTACCCCTCCAAGCCGG-3" and reverse 5-GGTGGTTGCTCTTCC-
GCAGCTTTCTCTCATTAAGAGATCTG-3" primer (MWG-Biotech AG)
were used for the PCR amplification of proNPY 1-54 fragment from
the cDNA of rat proNPY. Primers were designed to introduce the Ndel
and Sapl sites in the forward and reverse primers, respectively. After
digestion and purification, the PCR fragments were inserted into
Ndel-Sapl-treated C-terminal fusion vector pTXB1 (New England
Biolabs, NEB). DNA sequencing was used to confirm in-frame cloning
of the proNPY 1-40 and the proNPY 1-54 gene.

Fusion protein expression in E. coli: E. coli BL21(DE3) or ER2566 cells
transformed with pTXB1/proNPY 1-40 or pTXB1/proNPY 1-54
plasmid, respectively, were grown in LB medium that contained
ampicillin (100 ug mL~") until they reached the mid-log phase and
were induced with isopropylthiogalactoside (IPTG, 0.5 mwm). Cells
were harvested by centrifugation after 6 h expression at 37 °C. Lysis
of the cells was performed over one hour at 4°C in buffer A
(tris(hydroxymethyl)aminomethane (Tris-HCl) 20 mm, ethylenediami-
netetraacetate (EDTA) 1 mwm, NaCl (500 mm), pH 8) in the presence of
Triton X-100 (0.5%), phenylmethylsulfonylfluoride (PMSF; 20 pw),
TCEP (0.7 mm) and lysozyme (15 pgmL~"). By addition of 10 pgmL~"
DNasel and MgCl, to a final 5mm concentration, followed by
incubation at room temperature (1 h), the viscosity of the lysate was
reduced. Sonication pulses (3 x 50 s) were used to complete the lysis.
The soluble protein extract was isolated by centrifugation
(12000 rpm, 30 min, 15°C). Expression and isolation of the target
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protein was monitored by SDS-PAGE (200V, 120 mA, 45 min),
GelCode blue staining reagent (Pierce) was applied for gel staining.
Modified sample buffer without DTT (NEB manual), which induces
the cleavage of intein-fusion protein, was used for gel analysis. In all
cases, N-terminal Met-extension was found as expected when
aromatic amino acids were following."”!

Purification and isolation of protein thioester: A column (Econo
Column, Bio-Rad) filled with chitin beads was equilibrated at room
temperature with buffer A (10 bed volumes). The extract containing
the fusion protein was diluted with buffer A (1:1) prior to column
loading. Loading proceeded at 4 °C at a flow rate of 0.5 mLmin~" and
the first flow-through was subsequently reloaded a second time
onto the column. Samples from the flow-through analysed by SDS-
PAGE indicated a high binding efficiency of the fusion precursor on
the chitin. Washing with solubilization buffer (three bed volumes;
Tris-HCI (20 mm), EDTA (1 mm), NaCl (500 mwm), urea (2m), Tween
(0.1%); pH 8) and buffer A (nine bed volumes) reduced nonspecific
binding of other E. coli proteins. The cleavage of intein-fusion protein
was induced by rapid flushing with buffer B (three bed volumes; Tris-
HCI (20 mm), EDTA (1 mm), NaCl (500 mwm); pH 6) that contained the
sodium salt of MESNA (0.25wm). On-column cleavage proceeded at
4°C for 48-70 h. Splicing efficiency was monitored by SDS-PAGE
analysis of induced resin slurry (100 pL) mixed with sample buffer
(30 pL). The thioester was eluted at room temperature with buffer B
in 3mL fractions and the protein content was determined by
Bradford assay. After complete thioester elution, a second MESNA-
mediated (0.2m) cleavage of intein-fusion protein was induced.
Analysis of the eluted thioester was carried out by MALDI mass
spectrometry (Voyager ll, Perseptive) and RP-HPLC on a C18 column
(Vydac, 5 um, 4.6 x 250 mm) with 0.08% TFA in acetonitrile (A) and
0.1% TFA in water (B) as eluting systems (gradient 10 to 70% A over
30 min at a flow rate of 0.6 mLmin~"). The purity exceeded 95 %.
ProNPY 1-40-MESNA thioester, MALDI-MS: m/z calcd.: 4938.6;
found: 4938.2. ProNPY 1-54-MESNA thioester, MALDI-MS: m/z
calcd.: 6511.4; found: 6512.2.

Analysis of the cleavage of intein-fusion protein: Intein splicing of
loaded resin slurry (500 pL) was induced by flushing of three bed
volumes of buffer A supplemented with various thiols (0.1m): DTT,
MESNA, 2-mercaptoethanol (MSH), thiophenol (TF), carboxymethyl
mercaptan (SCM) or carboxypropyl mercaptan (SCP). Cleavage
proceeded at room temperature, with shaking at 650 rpm. Efficiency
of intein splicing was monitored by SDS-PAGE analysis of resin slurry
after 1, 3 and 7 days. In order to examine the effect of pH, the
cleavage of the intein-fusion protein was activated by washing the
resin with buffer A (pH 6, 7, 7.5, 8 and 8.5, respectively) containing
SCP or MESNA (0.5 m). The rate of cleavage, which was carried out at
room temperature, was evaluated after 1, 3 and 7 days.

Thioester stability assay: On-column intein splicing was induced by
washing with buffer A (pH6 or 7.5) containing MESNA and SCP
(0.1m), respectively. The generated thioester was eluted after
cleavage for one day at room temperature and further stored at
4°C, 37°C or room temperature. Analysis of the spontaneous
thioester hydrolysis was performed after 3, 5, and 14 days by RP-
HPLC.

Synthesis of proNPY-derived peptides: (A) General procedure: The
peptides were synthesized by the Fmoc/tBu solid-phase strategy
with an automated multiple peptide synthesiser (Syro MultiSynTech)
on Wang resin (30 mg, resin loading 0.5 mmolg~') preloaded with
the first C-terminal amino acid. The coupling steps of the N*-Fmoc
amino acids were performed by a double coupling procedure (2 x
35 min) with a tenfold excess of amino acid, HOBt and DIC in DMF
(2 x 40 min). The Fmoc-protecting group was removed with 40%
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piperidine in DMF for 3 min, 20% piperidine for 7 min and finally
40% piperidine for 5 min. Cleavage from the resin and deprotection
of the amino acid side-chains were accomplished in one step by use
of TFA/thioanisole/1,2-ethanedithiol (90:7:3 v/v, 3 h). The peptides
were precipitated from ice-cold diethyl ether, collected by centrifu-
gation, washed five times with diethyl ether and lyophilised from
water/tert-butanol (1:3 w/w). The lyophilised peptides were purified
by preparative HPLC on a C18 column (Waters, 5 um, 25 x 300 mm)
and lyophilised again.

(B) SPPS of difficult peptide sequence: The synthesis was inter-
rupted to couple the secondary amino acid surrogates Fmoc-(Fmoc-
Hmb)Leu-OH or pseudo-proline dipeptides manually. Fmoc-(Fmoc-
Hmb)Leu-OH was introduced at positions 45 and 49 by repeating the
coupling of amino acid (two equivalents), HATU and DIPEA (four
equivalents) in DMF (0.5m) for 1 h. The same coupling procedure was
applied for the subsequent amino acids, either Thr** or Asp*. The
pseudo-proline dipeptide Fmoc-lle-Ser(yMeM¢)pro-OH was inserted in
place of lle* and Ser*, and Fmoc-Ser(tBu)-Thr-(yMM€)pro-OH in place
of Ser** and Thr*> by double coupling of a threefold excess of
dipeptide, DIC, HOBt and DIPEA in DMF (0.5m) for 2h. After
completion of the synthesis, the final N-terminal Boc-Cys(Trt)-OH
was again coupled manually by double coupling of amino acid
(5 equivalents), TBTU, HOBt and of DIPEA (10 equivalents) for 2 h.

(C) Introduction of chemical modifications: Chemical modifications
were introduced at lysine in position 68. The naturally occurring
methionine was replaced by Lys(Dde). Before cleavage of the peptide
from the resin, the Dde protecting group was selectively removed by
treatment with a 2% hydrazine solution in DMF and either CF (10
equivalents of CF, HOBt and DIC in DMF (0.5 m) for 30 min) or biotin (5
equivalents of biotin, HOBt, DIC and DIPEA in DMF (0.5wm) for 15 h)
was coupled.

(D) Analysis of proNPY-derived peptides: The purified products
were characterized by analytical RP-HPLC on a C18-column (Vydac,
5 um, 4.6 x 250 mm) with 0.08 % TFA in acetonitrile (A) and 0.1 % TFA
in water (B) as eluting system (10 to 70% A over 30 min at a flow rate
of 0.6 mLmin~"), revealing a purity >95%, and by MALDI mass
spectroscopy. A yield of 2 -3 mg of pure peptide/30 mg resin could
be obtained. [C*']proNPY 41-49, MALDI-MS: m/z calcd.: 991.2;
found: 992.4. [C*' K®]proNPY 41 - 69, MALDI-MS: m/z calcd.: 3401.9;
found: 3401.0. [C*,K%(CF)]proNPY 41-69, MALDI-MS: m/z calcd.:
3758.2; found: 3758.7. [C**K®(CF)lproNPY 55-69, MALDI-MS: m/z
calcd.: 2174.4; found: 2174.0. [C>> K%¥(biotin)]proNPY 55 - 69, MALDI-
MS: m/z calcd.: 2041.4; found: 2041.6.

Ligation of proNPY-derived analogues: Ligation reactions were
carried out with the reactants (0.3 mm) in Tris-HCI (10 mwm) at room
temperature in the presence of MESNA (0.1 m) and TCEP (20 mm). The
final pH in the ligation mixture was adjusted to 8 and the reaction
was allowed to proceed for 24 - 48 h with gentle shaking at 600 rpm.
Progress of the ligation was monitored by SDS-PAGE. A broad range
marker (Bio-Rad) was used as molecular weight standard. CF-
containing samples were directly visualized on the gel by UV
irradiation (312 nm) prior to gel staining. Ligation products were
purified by semipreparative RP-HPLC or preparative SDS-PAGE (the
purity was 80 -90%) and analysed by MALDI-MS: [C*']proNPY 1-49,
m/z calcd.: 5786.6, found: 5786.8; [C*',K*¢]proNPY 1-69, m/z calcd.:
8197.3, found: 8196.5; [C*',K%®(CF)]proNPY 1-69, m/z calcd.: 8554.6;
found: 8555.2; [C** K*(CF)]proNPY 1-69, m/z calcd.: 8542.6, found:
8564.9 (Na*); [C>>K®(biotin)]proNPY 1-69, m/z calcd.: 8409.6;
found: 8431.8 (Na*).

Analysis of ligation fragments and products by Western blotting
and dotblotting: For Western blot analyses, samples were separated
on a Tricine/SDS gel, prepared as described by Schagger and von
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Jagow."“s! Kaleidoscope prestained marker (Bio-Rad) with supple-
mented NPY (5 pug) and proNPY (5 pg) was used as molecular weight
standard. The samples were blotted 60 min (25 V, 180 mA) in a semi-
dry electrophoretic transfer cell (Bio-Rad) onto nitrocellulose mem-
brane (Schleicher & Schuell) in a transfer buffer (Tris (25 mM), glycine
(150 mM), methanol (20 %)). For dotblot analyses, ligation fragments
and products were dissolved in water and loaded onto nitrocellulose
membrane in a dotblot-cell (Consort N.V., Turnhout, Belgium). All
membranes were blocked in 1% BSA in Tris-buffered saline/
Tween 20 buffer overnight (TBS/Tween: Tris (25 mm), KCI (3 mm),
NaCl (140 mm), Tween (0.5%); pH 7.4). For Western blotting, the
membrane was first incubated with a monoclonal antibody directed
either against NPY (NPY02) or against CPON (CPONO1) at 1:1000
dilution in BSA (0.1 %) in TBS/Tween for 90 minutes. Dotblot analyses
were performed analogously with CPONO1. Anti-mouse antibody
conjugated with alkaline phosphatase was used for the second
incubation step (1:20000 dilution in BSA (0.1 %) in TBS/Tween) for 1
hour, followed by colorimetric detection with nitroblue tetrazolium
and 5-bromo-4-chloro-3-indolyl-phosphate in  Tris-HCI  buffer
(150 mm; pH 9.6).

The authors thank Regina Reppich for recording the MALDI mass
spectra. Financial support from HFSPO and the Deutsche For-
schungsgemeinschaft for SFB 610, project A1 is gratefully acknowl-
edged.
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[7-(Dialkylamino)coumarin-4-yllmethyl-Caged
Compounds as Ultrafast and Effective
Long-Wavelength Phototriggers of
8-Bromo-Substituted Cyclic Nucleotides

Volker Hagen,*a Stephan Frings™,®! Burkhard Wiesner,® Siegrun Helm,
U. Benjamin Kaupp,™® and Jirgen Bendig'

[7-(Dimethylamino)coumarin-4-ylimethyl (DMACM) and [7-(dieth-
ylamino)coumarin-4-ylimethyl (DEACM) esters of 8-bromoadeno-
sine 3',5'-cyclic monophosphate (8-Br-cAMP) and 8-bromoguano-
sine 3',5'-cyclic monophosphate (8-Br-cGMP) are described as novel
caged compounds for 8-bromo-substituted cyclic nucleotides.
Synthesis is accomplished by treatment of the free acids of the
cyclic nucleotides with the corresponding 7-(dialkylamino)-substi-
tuted 4-(diazomethyl)coumarins. Irradiation of the DMACM- and
DEACM-caged cyclic nucleotides with UV light stimulates the
release of the cyclic nucleotides within roughly a nanosecond. The
new caged compounds are resistant to hydrolysis in aqueous
buffers and exhibit long-wavelength absorption properties with

Introduction

The light-induced release of 8-bromo-substituted adenosine
3',5"-cyclic monophosphate (8-Br-cAMP, 1a) and guanosine 3',5'-
cyclic monophosphate (8-Br-cGMP, 1b) from caged compounds
is a powerful tool to generate concentration jumps of cyclic
nucleotides for studies of cyclic-nucleotide-gated (CNG) chan-
nels.!'? In contrast to cAMP and cGMP, 8-Br-cAMP and 8-Br-
c¢GMP are poorly hydrolyzed by phosphodiesterases!'® ™ and
often display a higher biological efficacy.">-'? Therefore, activa-
tion of CNG channels requires lower concentrations of the cyclic
nucleotide, that is, less-intensive light flashes, which minimizes
cell damage caused by irradiation with UV light.

Recently, we introduced the (7-methoxycoumarin-4-yl)methyl
(MCM)® and (6,7-dimethoxycoumarin-4-yl)methyl (DMCM)!3!
esters of 8-Br-cAMP and 8-Br-cGMP as novel caged compounds.
Compared to other caged compounds of the 8-bromo-substi-
tuted cyclic nucleotides™? the MCM esters show a higher
photoefficiency for irradiation with light at 337 nm (nitrogen
laser), and the DMCM esters at 364 nm (argon-ion laser).
Important properties of coumarinylmethyl esters of cyclic
nucleotides are their exceptional solvolytic stability and very
rapid photorelease.® '

Herein, we report the synthesis and characterization of new
photolabile cyclic nucleotide analogues, the [7-(dimethylami-
no)coumarin-4-yllmethyl (DMACM) and [7-(diethylamino)cou-
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maxima at 400 nm, high extinction coefficients, and high quantum
yields (0.15-0.31). Their favorable properties render these com-
pounds the most efficient and rapid phototriggers of 8-bromo-
substituted cyclic nucleotides known. The usefulness of the
compounds for physiological studies under nondamaging light
conditions was examined in HEK293 cells expressing the o subunit
of the cyclic-nucleotide-gated (CNG) channel of cone photorecep-
tors (CNGA3) and of olfactory neurons (CNGA2) by using confocal
laser scanning microscopy and the patch clamp technique.

KEYWORDS:

caged compounds - ion channels - nucleotides - photolysis -
protecting groups

marin-4-yllmethyl (DEACM) esters of 8-Br-cAMP and 8-Br-cGMP
4ab and 5ab (Scheme1). DMACM and DEACM have been
previously described as novel caging groups for caging
cAMP.' 151 We expected that the DMACM- and DEACM-caged
compounds would combine the high solvolytic stability and
rapid photorelease of the MCM and DMCM esters with long
wavelength absorption and high extinction coefficients. Long-
wavelength irradiation allows photorelease inside cells under
nondamaging light conditions.
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Long-Wavelength Phototriggers of Cyclic Nucleotides
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8-bromoadenin-9-yl 8-bromoguanin-9-yl

Scheme 1. Synthesis of the axial and equatorial isomers of 4a,b and 5a,b.
a) Acetonitrile/DMSO (4:1), 60°C, 24 h.

We demonstrate that the properties of 4a,b and 5a,b
compare favorably with those of known phototriggers for 8-Br-
cAMP and 8-Br-cGMP, and successfully apply these compounds
in studies of CNG channels with confocal laser scanning
microscopy (CLSM) and the patch clamp technique.

Results and Discussion
Synthesis and properties

4a,b and 5a,b were prepared by reaction of the free acids of the
respective cyclic nucleotides with the corresponding 7-dialkyl-
amino-substituted 4-(diazomethyl)coumarin 2 or 3 in acetoni-
trile/dimethylsulfoxide (DMSO) at 60°C (Scheme 1) by using a
procedurel's 71 adapted for the preparation of MCM-caged
cAMPU® and ¢GMP'™ Compound 2 was synthesized by SeO,
oxidation of (7-dimethylamino)-4-methylcoumarin to the corre-
sponding coumarin-4-carbaldehyde followed by triethylamine-
mediated Bamford - Stevens reaction of its tosylhydrazone by a
procedure described previously for 3.2

The diastereoisomeric mixtures of the caged compounds (for
structures see Scheme 1) were separated into the axial and
equatorial isomers by using preparative HPLC. The axial isomers
showed lower retention times compared to the equatorial
isomers. The total yields varied between 18% and 21%. The
synthesis led to the preferential formation of the equatorial
isomers, however, all isomers could be isolated in acceptable
yields. Isomeric species were assigned by 3'P NMR as reported for
the axial and equatorial isomers of known cAMP and cGMP
esters.?" 22 The 3'P NMR signals at higher field correspond to the
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Figure 1. UV/Vis spectra of the axial diastereomers of 4b, 5b, and MCM- and
DMCM-caged 8-Br-cGMP.

axial isomers, and those at lower field correspond to the
equatorial isomers. Comparison of the 'HNMR spectra of the
axial and equatorial isomers of 4a,b and 5a,b revealed a
significant downfield shift of the H-4'2% signal for the equatorial
isomers.

Like other coumarinylmethyl-caged cyclic nucleoti-
des,® 131824 the two isomers of 4ab and 5a,b are highly
resistant to spontaneous hydrolysis. HPLC monitoring of the
caged compounds in aqueous buffers at pH 7.2 during a 24 h
period revealed no measurable formation of the “free” 8-bromo-
substituted cyclic nucleotide.

The solubility of the axial isomer of 5b in 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl]lethanesulfonic acid (HEPES) buffer is rela-
tively high, whereas the solubilities of the other diastereomer of
5b and of both diastereoisomers of the other three products are
relatively low (Table 1). However, the high biological activity of
8-Br-cAMP and 8-Br-cGMP means that the lower solubility will be
sufficient for most studies.

Figure 1 shows the absorption spectra of the axial isomers of
4b and 5b compared to those of the axial isomers of MCM- and
DMCM-caged 8-Br-cGMP.® '3l The absorption spectra of the
DMACM-caged cyclic nucleotides show maxima at 386 -398 nm
with molar extinction coefficients of 16000-17000Lm~'cm™";
the absorption maxima of the DEACM-caged cyclic nucleotides
were 395 -406 nm with molar extinction coefficients of 17000 -
20000 Lm~'cm™" (Table 1). These values (absorptions caused by
the 7t - t* transition)™ are characteristic for the DMACM and the
DEACM chromophore. Caging groups with such long-wave-
length maxima and strong absorptivities are unique.

Photolysis and quantum yield

The photochemistry of the DMACM and DEACM esters 4a,b and
5ab is shown in Scheme 2. Irradiation of the axial and/or
equatorial diastereomers with 330-440 nm light in aqueous
buffer resulted in the liberation of only “free” cyclic nucleotides
and 7-dimethylamino- (DMACM-OH, 6) or 7-diethylamino-4-
(hydroxymethyl)coumarin (DEACM-OH, 7), as judged by HPLC
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Table 1. Characteristics of the DMACM and DEACM esters 4a,b and 5a,b and of 6 and 7.1

Compound max [nm] (™ [m~'cm~'])b! Depem™ APl [nm] @feh 7 [ns] 9 [um]

4a (axial) 393 (16100) 0.16 481 0.006 12

4a (equatorial) 386 (16 800) 0.15 481 0.006 6

5a (axial) 401 (20100) 0.23 485 0.007 3

5a (equatorial) 395 (19600) 0.24 487 0.006 10

4Db (axial) 398 (16 000) 0.31 48111 0.008™ <0.2 20

4b (equatorial) 386 (15800) 0.30 480! 0.007®! <0.2 10

5b (axial) 406 (16 800) 0.27 487 0.007 <0.2f 120

5b (equatorial) 396 (17300) 0.28 486 0.007 4

6 378 (17 800) 491 0.21 342

7 387 (20900) 484 0.08 335

[a] Long-wavelength absorption maximum, A%2%; extinction coefficient, €™; photochemical quantum yield, @cem, at Adexe =333 nm; fluorescence maximum,
AP; fluorescence quantum yield, ¢; fluorescence life time, 7; solubility, s. [b] In MeOH-HEPES-KCI buffer (1/4), pH 7.2. [c] In acetonitrile/HEPES-KCI buffer (5:95),
pH 7.2. [d] Error limit +0.01. [e] Error limit +0.002. [f] In MeOH/HEPES-KCl-buffer (1/1), pH 7.2.

caged 8-Br-cAMPs (4a, 5a) or caged 8-Br-cGMPs (4b, 5b)

axial or equatorial

H,0 l hov

RoN
8-Br-cAMP (1a) or 8-Br-cGMP (1b) + OH
o
6. R=Me
7. R=Et

Scheme 2. Photolysis of 4a,b and 5a,b.

measurements. At high concentrations of the caged compounds
and with extensive photolysis (>60%), the 7-dialkylamino-4-
methylcoumarins were the only byproducts formed (< 1%). The
ability of the caged compounds to fluoresce is very poor
(Table 1), which indicates that both the photochemical reaction
(ester cleavage) and the nonradiative deactivation (internal
conversion) represent main deactivation pathways of the excited
state.

The quantum yields, @ .em, for the consumption of the axial
and equatorial isomers of 4a,b and 5a,b are relatively high
(Table 1). The caged cGMP derivatives display higher quantum
yields compared to the respective caged cAMPs. Compared to
the MCM- and DMCM-caged cyclic nucleotides,’® '3 quantum

yields were increased by up to threefold. The combination of
high quantum vyields and large absorptivities (350-440 nm)
yields very high efficiencies of photocleavage under nondamag-
ing light conditions. This outcome is demonstrated by compar-
ison of the efficiencies of photocleavage of 4b and 5b with
those of other caged 8-Br-cGMPs at different wavelengths
(Table 2). The results show that 4b and 5b are efficient
phototriggers for 8-Br-cAMP and 8-Br-cGMP at excitations of
365, 405, and even 436 nm, and that the coumarinylmethyl-
caged compounds are superior to 1-(2-nitrophenyl)ethyl- (NPE)
or 4,5-dimethoxy-2-nitrobenzyl (DMNB)-caged derivatives. Fur-
thermore, the highest release efficiency for 8-Br-cGMP at 333 nm
is achieved with MCM-caged 8-Br-cGMP.

We propose that the mechanism underlying the photochem-
ical conversion involves a photo Sy1 reaction (solvent-assisted
photoheterolysis) in analogy to the conversion of MCM-caged
cyclic nucleotides.’ ' In accordance with previous results,©
no indications of a significant triplet state population were
found. Instead, the observation that hardly any hydrogen
abstraction products (<1%) are produced during photolysis
and that no appreciable phosphorescence was detected for any
of the photolabile DMACM- or DEACM-caged cyclic nucleotides
indicates the involvement of a singlet-state upon electronic
excitation.

Fluorescence properties and kinetics of the uncaging process

Fluorescence quantum yields, ¢;, of 4a,b and 5a,b as well as
those of 6 and 7 are given in Table 1. The fluorescence intensity
(at the maximum emmission wavelength, A..,) of 6 is 25-

various irradiation times at different wavelengths.

Table 2. Comparison of the efficiency (%) of the photorelease of 8-Br-cGMP from 25-um solutions of caged compounds (axial isomers) in MeOH:HEPES (1/4) with

Compound t (Aexe =333 nm) t (Adeyc =365 nm) t (Aeyc =405 nm) t (Aeye =436 NM)

6s 60s 600 s 6s 60s 600 s 6s 60s 600 s 6s 60s 600 s
NPE-caged 8-Br-cGMP <1 3 12 <1 <1 1 <1 <1 <1 <1 <1 <1
DMNB-caged 8-Br-cGMP <1 4 30 <1 3 20 <1 1 2 <1 <1 <1
MCM-caged 8-Br-cGMP 17 77 >98 4 30 96 <1 2 10 <1 <1 <1
DMCM-caged 8-Br-cGMP 10 46 97 10 60 91 1 3 19 <1 1 3
4b 4 32 93 15 64 >98 20 20 >98 7 75 98
5b 1 7 60 12 60 90 20 91 >98 12 80 >98
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35 times larger, and that of 7 about 11 times larger than those of
the corresponding DMACM- or DEACM-caged derivatives. Fig-
ure 2 illustrates the differences in emission spectra and fluo-
rescence intensities between the axial isomer of 4a and 6.

0.8 - ¢, (4a) = 1/35 x ¢, (6)
0.6

0.4+

0.24

0.0 +

T T M T
400 450 500 550 600
Alnm -

Figure 2. Fluorescence spectra of 25-um solutions of the axial isomer of 4a and
of 6 in 20 % methanol/0.01m HEPES-KOH buffer containing KCI (0.12m), at pH 7.2.
F =relative fluorescence intensity.

A linear relationship exists between the fluorescence intensity
and the extent of photolysis for the axial isomers of 4a and 5b in
MeOH-HEPES buffer (1/4), as shown in Figure3. A linear
relationship is also observed for the other isomers of the caged
compounds as well as for 4b and 5a (data not shown).
Therefore, measurement of the increase of fluorescence intensity
allows an estimate of the amount of liberated coumarinylme-
thanol and thereby the amount of liberated cyclic nucleotide.

The magnitude of the rate constants of the release process
can be obtained from time-resolved fluorescence spectrosco-
py"® of the liberated coumarinylmethanol. The rate constant is
about 10°s~! for the DMACM- and about 1.4 x 10°s~" for the
DEACM-caged compounds, that is, the cyclic nucleotides are
liberated within a nanosecond. The high rate of photorelease
also supports the proposed photolytic reaction mechanism.

CNG channel activation

To test the usefulness of the novel caged compounds we
investigated the activation of different CNG channels in HEK293
cells upon release of 8-Br-cGMP and 8-Br-cAMP by long-wave-
length illumination. CNG channels are highly permeable to Ca2*
ions.”! Cyclic-nucleotide-mediated entry of Ca?* ions into
CNGA3-expressing HEK293 cells was measured with CLSM upon
flash photolysis of 4a and 5b (4 =364 nm). Figure 4 shows the
fluorescence intensity of the Ca?* indicator Fluo-3 before and
after UV irradiation. Photolysis of both 4a and 5b evoked an
increase of the fluorescence intensity (Figure 4), which indicates
Ca%* ion influx through CNG channels. In the absence of the
caged compounds, no change in the fluorescence was observed.
Figure4 also shows that the increase of the fluorescence
intensity with 8-Br-cGMP is stronger than that with
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Figure 3. Increase in relative fluorescence intensities of 25-um solutions of the
axial isomers of 4a (A) and 5b (B) as a function of the extent of photolysis (R em)
in 20% methanol/0.01m HEPES-KOH buffer containing KCI (0.12m), at pH 7.2.
Excitation was at 333 nm, XBO 150 W. Emission wavelength: 480 nm.

8-Br-cAMP. This result is consistent with the higher sensitivity of
the CNGA3 channel for 8-Br-cGMP compared to cAMP.2%!

Figure 5 shows the increase in fluorescence intensity with time
(400s, 100images). CNGA3-transfected HEK293 cells were
loaded with 5b and illuminated with UV light (1 =364 nm) from
the 5th scan to the 40th scan. This procedure allows stepwise
photolysis of the caged compound. The stepwise photolysis of
5b (Figure 5) evoked a stepwise increase of the fluorescence
intensity.

The use of 4b and 5b for electrophysiological experiments
was tested in patch clamp experiments on HEK293 cells
expressing the CNGA3 channel (K;,=1.8+0.28 um for 8-Br-
cGMP, n =9, Hill coefficient =2.36 +0.17, V,, = — 50 mV).?¢ Long-
wavelength light flashes (405 nm) induced the photorelease of
8-Br-cGMP (Figure 6). The DMACM-caged compound 4b was
about twofold more effective than 5b, whereas no photorelease
was observed with the DMNB-caged analogue under these
conditions. Thus, the novel caged compounds are suitable for
electrophysiology experiments at excitation wavelengths great-
er than 400 nm.
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Figure 4. Fluorescence intensity of the Ca?* indicator Fluo-3 in HEK293 cells
expressing the CNGA3 channel before (left) and after (right) UV illumination
(hexe = 364 nm). The increase of the intracellular Ca** signal was induced by
photolysis of the caged compounds. The cells were preincubated with 5b (upper
panel) or 4a (lower panel).
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Figure 5. Time course of the fluorescence intensity (mean = standard deviation
(SD), n=20) of Fluo-3-loaded HEK293 cells expessing the CNGA3 channel. The
cells were preincubated with 5b. From the 5th scan (t =20 s) to the 40th scan (t=
160 s) the cells were illuminated with UV light flashes (.= 364 nm, 8,7 uW/cm?,
two scans edch) after each image was taken. The increase of the intracellular Ca®*
ion concentration was induced by photolysis of the caged compound.

Figure 7 shows that the concentration of 8-Br-cGMP released
from 4 b is roughly proportional to the duration of the light flash.
This experiment was performed with HEK293 cells expressing
the rat olfactory CNGA2 channel. About 10% of the caged
substance was liberated by a single 50-ms flash at 405 nm. By
adding the appropriate concentration of caged compound to the
pipette solution, one can determine the size of the concen-
tration step produced by a light flash. Thus, with solubilities
between 20 and 120 um for the axial isomers of the DMACM- and
DEACM-caged compounds (Table 1), concentration steps of
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5b 4b DMNB-caged
8-Br-cGMP

Figure 6. Photorelease of 8-Br-cGMP from the axial isomers of the indicated
caged compounds (20 um) by 5-ms flashes (h =405 + 20 nm). Mean quantities
released (+SD) by 30-70 flashes collected from 6 -9 cells for each compound
were 1.6 + 0.5 um® for 4b and 0.7 & 0.2 um® for 5b. No release was detectable for
the DMNB-caged compound. Concentrations were determined from the current
increment caused by each flash and the known dose - response relation of 8-Br-
¢GMP for CNGA3 channels.? c,, = concentration of liberated 1b.
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Figure 7. Photorelease of 8-Br-cGMP from 4b in HEK293 cells expressing the rat
olfactory CNGA2 channel. Cells were filled with pipette solution containing 4b
(5 um) and photolysis was induced by 405-nm flashes of the indicated duration.
Each point represents the mean (+ SD) concentration of photoreleased 8-Br-
cGMP in 6 different cells determined through activation of CNGA2 channels at
V,,=— 70 mV. V,,= membrane voltage.

2-12 um 8-Br-cGMP can be generated by a 50-ms flash of 405-
nm light under our experimental conditions.

To investigate whether the fluorescence of the photolysis
products 6 and 7 could be used to monitor photorelease in
patch clamp experiments, we filled cells with 7. However, as
reported earlier for MCM-OH,® no fluorescence signal could be
recorded from HEK293 cells loaded with 100 um 7 (Figure 8).
Apparently, the fluorescence was completely quenched by
unkown cellular constituents. Thus, the photolysis of [7-(dialkyl-
amino)coumarin-4-ylmethyl esters of cyclic nucleotides inside
cells cannot be followed by fluorescent measurements.

These studies on CNG channels confirm that the novel
coumarinylmethyl-caged 8-bromo-substituted cyclic nucleoti-
des are indeed highly efficient phototriggers for 8-Br-cAMP and
8-Br-cGMP at long-wavelength excitation. The CLSM experi-
ments demonstrate that a rapid increase in the intracellular
concentrations of 8-Br-cAMP or 8-Br-cGMP can be achieved at
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Figure 8. Increase in fluorescence intensity during loading of an HEK293 cell with
Fura-2 (100 um, upper trace), and suppression of fluorescence in another cell
during loading with 7 (100 um, lower trace). Both solutions show similar
fluorescence in cell-free solution (not shown), but only Fura-2 fluorescence
persists within cells (excitation: 380 + 5 nm, emission: > 460 nm).

A =364 nm. The investigations carried out with the patch clamp
method illustrate a very efficient photorelease of 8-Br-cGMP
from 5b at A1=405nm. Long-wavelength photorelease of
biomolecules from caged compounds inside cells has not been
described before and our studies in solution show that efficient
photorelease is possible even at A =436 nm. The fact that no
measurable release could be detected from DMNB-caged 8-Br-
cGMP at A =405 nm agrees with the results obtained in buffer
solutions.

Conclusions

Our results demonstrate that 4a,b and 5a,b represent a class of
phototriggers with favorable properties. The caged compounds
are resistant to hydrolysis, sufficiently soluble in aqueous buffer
solutions for most studies and photocleavage is very rapid and
efficient under long-wavelength excitation. Activation of the
caged compounds by light at more than 400 nm minimizes or
even prevents damage of cellular components and chromo-
phore bleaching by light.

In summary, these novel caged compounds will extend the
repertoire of tools available for the study of spatial- and time-
dependent aspects of cyclic-nucleotide-dependent cellular pro-
cesses.

Experimental Section

Materials: The free acid of 8-Br-cAMP and the sodium salt of 8-Br-
cGMP were purchased from Biolog (Germany). SeO, was obtained
from Sigma (Germany). 7-(Diethylamino)-4-methyl-coumarin, p-tol-
uensulfonyl hydrazide, and triethylamine were obtained from
Lancaster (Germany). 7-(Dimethylamino)-4-methyl-coumarin were
purchased from ICC (USA). Pluoronic F-127, Fura-2, and the
acetomethoxy ester of Fluo-3 were obtained from MoBiTec (Ger-
many). The sodium salt of 8-Br-cGMP was converted to the acid form
as described previously." 4-(Diazomethyl)-7-(diethylamino)coumarin
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(3) was prepared according to Ito et al.”” DMNB- and NPE-caged
8-Br-cGMP were synthesized by employing published procedures." 2
7-(Dimethylamino)-4-(hydroxymethyl)coumarin (6) and 7-(Diethyl-
amino)-4-(hydroxymethyl)coumarin (7) were prepared according to
published procedures.> 27! Silica gel for flash chromatography was
from J. T. Baker (The Netherlands). All solvents from J. T. Baker (USA)
were HPLC grade. All other chemicals were reagent grade. Water was
purified with a Milli Q system (Millipore, Germany).

Instrumentation: 'H and 3'P NMR spectra were recorded on a Bruker
DRX 600 spectrometer at 600 MHz and 243 MHz, respectively. 'H
chemical shifts are given in parts per million (ppm) relative to
tetramethylsilane as an internal standard. 3'P NMR chemical shifts are
reported in ppm referenced to external 85% H5PO,.

Mass spectra were measured by electrospray ionization mass
spectrometry in the positive ionization mode by using a TSQ 700
(Finnigan MAT) spectrometer. UV spectra were recorded with a
U-3410 spectrophotometer (Hitachi, Japan).

General procedure for the preparation of DMACM- or DEACM-
caged 8-Br-cAMPs and 8-Br-cGMPs (4a,b and 5a,b): A mixture of
the free acid of 8-Br-cAMP (204.5 mg, 0.5 mmol) or the free acid of
8-Br-cGMP (dihydrate, 230.1mg, 0.5mmol) and 2 (114.6 mg,
0.5 mmol) or 3 (128.65. mg, 0.5 mmol) in acetonitrile (16 mL) and
DMSO (4 mL) was stirred at 60°C in the dark for 8 h. An additional
quantity (0.5 mmol) of the respective (4-diazomethyl)-7-(dialkylami-
no)coumarin was added and the mixture was stirred at 60°C for a
further 16 h. Acetonitrile was evaporated under reduced pressure
and DMSO was removed by repeated extraction with ether/pentane.
The residue was dissolved in a small volume of chloroform/methanol
(1:1, v/v) and separated by flash chromatography on a silica gel
column. Elution with chloroform (100 %), chloroform/methanol (48:1,
v/v), chloroform/methanol (24:1, v/v), and chloroform/methanol (4:1,
v/v) gave fractions containing mixtures of the axial and and
equatorial diastereomers of the caged compounds. The fractions
were dried on a rotary evaporator. Lyophilization gave mixtures of
the two isomers of 4a (63 mg, 20.1%), 5a (68 mg, 21.2%), 4b (57 mg,
17.8%), or 5b (63 mg, 18.8%) in approximately 45:55 ratios (axial/
equatorial) as yellow solids. The axial and equatorial isomers were
separated from each other by preparative reversed phase HPLC (RP-
HPLC). The separated isomers purified by HPLC were not contami-
nated by 8-Br-cAMP or 8-Br-cGMP (< 0.05 %).

Data for axial 4a: TLC: R;=0.80 (chloroform/methanol, 5:1 v/v);
3IPNMR (DMSO-d;) heteronuclear decoupled 6= —5.03 ppm;
'HNMR (DMSO-dy): 6=3.02 (s, 6H; N(CH,),), 429-4.31 (m, 2H;
H-4" and H-5'), 4.68 (dd, J=22.0 and 4.0Hz, 1H; H-5"), 497 (t, J=
4.5Hz, 1H; H-2'), 5.42 (d, J=6.0 Hz, 2H; coumarin CH,), 5.56 (q, J=
3.0Hz, 1H; H-3), 5.89 (s, 1H; H-1'), 6.24 (s, 1H; coumarin H-3), 6.41
(m, TH; OH), 6.61 (d, J=2.1 Hz, 1H; coumarin H-8), 6.70 (dd, J=9.0
and 2.2 Hz, 1H; coumarin H-6), 7.54 (s, 2H; NH,), 7.55 (d, J/=9.0 Hz,
1H; coumarin H-5), 8.06 (s, 1H; H-2) ppm; ESI MS: 609.1 and 611.3
[M+H]*; elemental analysis calcd (%) for C,,H,,BrN4OgP x 1.5H,0
(636.36): C 41.52, H 3.96, N 13.21; found: C 41.93, H 3.81, N 12.89.

Data for equatorial 4a: TLC: R;=0.74 (chloroform/methanol, 5:1
v/v); *'P NMR (DMSO-d,) heteronuclear decoupled: 6 = —3.31 ppm;
"H NMR (DMSO-dy): 0 =3.02 (s, 6H; N(CH,),), 440 (q, J/=9.0Hz, 1H;
H-5'),4.51 (dt, J=10.0 and 6.0 Hz, 1H; H-4), 4.72-4.77 (m, 1H; H-5"),
5.06 (d, J=5.0Hz, 1H; H-2), 5.34-5.42 (m, 2H; coumarin CH,), 5.49
(dd, J=9.5 and 5.5Hz, 1H; H-3'), 591 (s, TH; H-1'), 6.15 (s, TH;
coumarin H-3), 6.40 (brs, 1H; OH), 6.61 (d, J=2.2 Hz, 1H; coumarin
H-8), 6.77 (dd, /=9.0 and 2.2 Hz, 1H; coumarin H-6), 7.52 (d, J=
9.0 Hz, 1H; coumarin H-5), 7.55 (brs, 2H; NH,), 8.21 (s, 1H; H-2) ppm;
ESI MS: 609.3 and 611.3 [M+H]"; elemental analysis calcd (%) for
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CyoHyBINGOGP x H,0 (627.35): C 42.12, H 3.86, N 13.40; found:
C 4181, H 3.81, N, 13.34.

Data for axial 5a: TLC: R,=0.74 (chloroform/methanol, 5:1 v/v);
3IPNMR (DMSO-d,) heteronuclear decoupled: 6= —5.03 ppm;
'"HNMR (DMSO-d,): 6=1.10 (t, J=70Hz, 6H; 2 x CH,), 3.43 (q, J=
70Hz, 4H; 2 x CH,), 4.29-4.31 (m, 2H; H-4" and H-5'), 4.69 (dd, J=
22.0 and 4.0 Hz, 1H; H-5"), 497 (t, J=4.5Hz, 1H; H-2'), 539 (d, J=
6.0 Hz, 2H; coumarin CH,), 5.57 (q, J=5.0Hz, 1H; H-3'), 5.89 (s, 1H;
H-1'), 6.20 (s, 1H; coumarin H-3), 6.41 (d, J=4.0 Hz, 1H; OH), 6.57 (d,
J=2.0Hz, 1H; coumarin H-8), 6.65 (dd, J/=9.0 and 2.0Hz, 1H;
coumarin H-6), 752 (s, 2H; NH,), 752 (d, J/=9.0 Hz, 1H; coumarin
H-5), 8.08 (s, 1H; H-2) ppm; ESI MS: 6373 and 639.4 [M+H]*;
elemental analysis calcd (%) for C,,H,sBrN;OsP (637.38): C 45.23,
H 4.11, N 13.13; found: C 45.44, H 3.93, N 12.99.

Data for equatorial 5a: TLC: R,=0.69 (chloroform/methanol, 5:1
v/v); 3'P NMR (DMSO-d,) heteronuclear decoupled: 6 = —3.33 ppm;
'HNMR (DMSO-d,): 6 =1.13 (t, J=70Hz, 6H; 2 x CH,), 3.44 (q, J=
70 Hz, 4H; 2 x CH,), 4.39 (g, /J=9.0 Hz, 1H; H-5'), 450-4.51 (m, TH;
H-4'),4.74-4.75 (m, 1H; H-5"), 5.06 (t, J/=4.5 Hz, 1H; H-2'), 5.34-5.36
(m, 2H; coumarin CH,), 5.49 (dd, J=9.5 and 5.5 Hz, 1H; H-3’), 5.91 (s,
1H; H-1), 6.1 (s, 1H; coumarin H-3), 6.37 (d, J/=5.0 Hz, 1H; OH), 6.56
(d, J=2.0Hz, 1H; coumarin H-8), 6.73 (dd, J=9.0 and 3.0Hz, 1H;
coumarin H-6), 749 (d, J=9.0, 1H; coumarin H-5), 7.54 (brs, 2H; NH,),
8.20 (s, 1H; H-2) ppm; ESI MS: 637.3 and 639.4 [M+H]"; elemental
analysis calcd (%) for C,,H,BrNsOgP x 0.5H,0 (646.39): C 44.60,
H 4.21, N 13.00; found: C 44.73, H 3.85, N 12.61.

Data for axial 4b: TLC: R;=0.59 (chloroform-methanol, 5:1 v/v);
3IPNMR (DMSO-d,) heteronuclear decoupled: 6= —4.93 ppm;
THNMR (DMSO-d,): =3.02 (s, 6H; N(CHs),), 4.22 (dt, J=10.0 and
5.0 Hz, 1H; H-4), 4.33 (t, J=10.0 Hz, 1H; H-5'), 4.66 (ddd, J=22.0, 9.0
and 4.0 Hz, 1H; H-5"), 4.99 (t, J=4.5, 1H; H-2'), 5.08 (dd, J=10.0 and
5.0Hz, 1H; H-3), 537 and 543 (2 xdd, /=145 and 8.0Hz, 2H,
coumarin CH,), 5.75 (s, 1TH; H-1'), 6.22 (s, 1 H; coumarin H-3), 6.35 (d,
J=46Hz, 1H; OH), 6.52 (s, 2H; NH,), 6.58 (d, J=2.1Hz, 1H;
coumarin H-8), 6.69 (dd, J/=9.0 and 2.2 Hz, 1H; coumarin H-6), 7.57
(d, J=9.0 Hz, 1 H; coumarin H-5), 10.84 (s, 1 H; NH) ppm; ESI MS 625.1
and 627.3 [M+H]*; elemental analysis calcd (%) for C,,H,,BrNgOoP x
0.5H,0 (634.34): C 41.66, H 3.65, N 13.25; found: C 41.93, H 3.28,
N 12.96.

Data for equatorial 4b: TLC: R,=0.55 (chloroform-methanol, 5:1
v/v); 3P NMR (DMSO-d,) heteronuclear decoupled: 6 = —4.15 ppm;
H NMR (DMSO-d,):  =3.02 (s, 6H; N(CH5),), 4.37 (q, J=11.0 Hz, 1H;
H-5'), 4.48 (dt, J=10.5 and 6.0 Hz, 1H; H-4'), 4.74 (q, /=6.0Hz, 1H;
H-5"), 487 (t, J=5.0Hz, 1H; H-2'), 5.34-5.37 (m, 3H; H-3' and
coumarin CH,), 5.74 (s, 1H; H-1'), 6.17 (s, 1H; coumarin H-3), 6.27 (d,
J=4.0Hz, 1H; OH), 6.61 (d, J=2.2 Hz, 1 H; coumarin H-8), 6.74 (s, 2H;
NH,), 6.76 (dd, J=9.0 and 2.2 Hz, 1H; coumarin H-6), 752 (d, J=
9.0 Hz, 1H; coumarin H-5), 10.85 (1H, s; NH) ppm; ESI MS: 625.1 and
627.1 [M+H]*; elemental analysis calcd (%) for C,,H,,BrNgOoP x
1.5H,0 (652.35): C 40.51, H 3.86, N 12.88; found: C 40.57, H 3.66,
N 12.46.

Data for axial 5b: TLC: R,=0.59 (chloroform/methanol, 5:1 v/v);
3IPNMR (DMSO-d;) heteronuclear decoupled: 6= —4.93 ppm;
'"HNMR (DMSO-d,): 0=1.10 (t, J=70Hz, 6H; 2 x CH,), 3.42 (q, J=
70Hz, 4H; 2 x CH,), 4.22 (dt, J=10.0 and 5.0 Hz, 1H; H-4'), 430 (t,
J=10.0Hz, 1H; H-5'), 4.64 (ddd, J=22.0, 9.0 and 4.0 Hz, 1H; H-5"),
4.99 (t, J=5.0Hz, 1H; H-2), 5.08 (dd, J/=10.0 and 5.0 Hz, 1H; H-3)
5.35and 5.41 (2 x dd, J=14.5 and 8.0 Hz, 2H; coumarin CH,), 5.74 (s,
1H; H-1),6.18 (s, 1 H; coumarin H-3), 6.35 (d, J=4.0 Hz, 1 H; OH), 6.55
(m, 3H; coumarin H-8 and NH,), 6.66 (dd, /=9.0 and 3.0 Hz, 1H;
coumarin H-6), 7.56 (d, J=9.0Hz, 1H; coumarin H-5), 10.85 (s, 1H;
NH) ppm; ESI MS: 653.2 and 655.1 [M+H]*; elemental analysis calcd

440

www.chembiochem.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

V. Hagen et al.

(%) for C,uHyeBrNgOGP x 1.5H,0 (680.41): C 42.37, H 430, N 12.35;
found: C 42.72, H 3.97, N 11.98.

Data for equatorial 5b: TLC: R,=0.52 (chloroform/methanol, 5:1 v/
v); 3P NMR (DMSO-d,) heteronuclear decoupled: 6 =—4.17 ppm;
"HNMR (DMSO-d,): 6=1.13 (t, J=70Hz, 6H; 2 x CH,), 3.44 (q, J=
70Hz, 4H; 2 x CH,), 437 (9, J/=10.0Hz, 1H; H-5'), 447 (dt, J=10.5
and 6.0 Hz, 1H; H-4'), 4.74 (9, J=6.0 Hz, 1H; H-5"), 4.87 (t, J=5.0 Hz,
1H; H-2), 5.32-5.37 (m, 3H; H-3" and coumarin CH,), 5.73 (s, 1H;
H-1'), 6.13 (s, 1H; coumarin H-3), 6.27 (d, J=4.0 Hz, 1H; OH), 6.57 (d,
J=2.0Hz, 1H; coumarin H-8), 6.72 (dd, J=9.0 and 2.0Hz, 1H;
coumarin H-6), 6.75 (s, 2H; NH,), 749 (d, J/=9.0 Hz, 1H; coumarin
H-5), 10.89 (s, 1H; NH)ppm; ESI MS: 653.4 and 6553 [M--H]*;
elemental analysis calcd (%) for C,,H,BrN;OoP x H,O (671.40):
C 42.93, H 4.20, N 12.52; found: C 43.16, H, 3.90, N, 11.98.

7-(Dimethylamino)-4-formylcoumarin: A stirred mixture of 7-(di-
methylamino)-4-methylcoumarin (4.06 g; 20 mmol) and selenium
dioxide (3.33 g; 30 mmol) in p-xylene (150 mL) was refluxed for 7 h.
The mixture was filtered hot to remove black selenium, and the
filtrate was concentrated under reduced pressure. Purification of the
resulting precipitate by recrystallization from ipropanol gave the
aldehyde (2.68 g, 61.9%) as yellow crystals. M.p.: 215-20°C; '"H NMR
(DMSO-dy): 6 =3.03 (5, 6 H; N(CH5),), 6.62 (d, J=2.1 Hz, 1H; H-8), 6.66
(s, TH; H-3), 6.79 (dd, J/=9.2 and 2.2 Hz, 1H; H-6), 8.22 (d, /=9.1 Hz,
1H; H-5), 10.07 (s, 1H; CHO) ppm; ESI MS: 218.02 [M+H]*; elemental
analysis calcd (%) for C,,H,,NO; (217.22): C 66.35, H 5.10, N 6.45;
found: C 66.36, H 5.16, N 6.30.

7-(Dimethylamino)-4-formylcoumarin tosylhydrazone: A mixture
of 7-(dimethylamino)-4-formylcoumarin (2.17 g; 10 mmol) and p-to-
sylhydrazine (2.05 g; 11 mmol) in ethanol/tetrahydrofuran (THF) (1:1,
v:v; 100 mL) was stirred at room temperature for 6 h. THF was
removed in vacuo and the solution was allowed to stand in a
refrigerator. The resulting precipitate was collected by filtration and
washed with ethanol to give the desired product (2.54g, 65.9%
yield) as brown-orange solid. M.p: 128-33°C; '"H NMR (DMSO-d,):
0=2.36 (s, 3H; CH,), 3.02 (s, 6H; N(CH5),), 6.17 (s, 1H; H-3), 6.53 (d,
J=2.5Hz, 1H; H-8), 6.71 (dd, J=9.1 and 2.2 Hz, 1H; H-6), 744 (d, J=
8.5Hz, 2H; H-3" and H-5'), 7.78 (d, J=73 Hz, 2H; H-2" and H-6'), 7.96
(s, TH; CH=N), 8.02 (d, J=9.7 Hz, 1H; H-5), 12.11 (s, 1H; NH) ppm; ESI
MS: 386.2 [M+H]"; elemental analysis calcd (%) for C;sH;sN;0,S
(385.44): C 59.21, H 4.97, N 10.90; found: C 59.60, H 5.01, N,10.57.

4-(Diazomethyl)-7-(dimethylamino)coumarin (2): Triethylamine
(556.5 mg; 5.5 mmol) was added to a stirred suspension of the
tosylhydrazone of 7-(dimethylamino)-4-formylcoumarin (1.93 g;
5 mmol) in THF/methanol (25 mL). The mixture was stirred at room
temperature for 3 h, THF was removed in vacuo, and the resulting
brown solid was collected by filtration and washed with methanol/
ether to give the diazo compound 2 (2.22 g, 96.8%). M.p.: >210°C
(dec.); 'THNMR (DMSO-d,): 6 =3.03 (s, 6H; N(CH,),), 548 (s, TH;
CH—N,), 6.40 (s, 1H; H-3), 6.50 (d, J=2.2 Hz, 1H; H-8), 6.68 (dd, ] =8.9
and 1.8Hz, 1H; H-6), 746 (d, /=8.8, 1H; H-5) ppm; ESI MS 230.2
[M+H]*; elemental analysis calcd (%) for C;,H,;N;0, (229.24): C 62.87,
H 4.84, N 18.33; found: C,62.56, H, 4.65, N 18.42.

Reversed-phase HPLC: Characterization of the diastereoisomers of
4a,b or 5a,b by analytical RP-HPLC was carried out on a PLRP-S
column, 250 x 4.6 mm internal diameter, 8 um (Polymer Laboratories
Ltd., UK) with a Shimadzu LC-6A system equipped with a UV detector
operating at 254 nm. The sample concentration was 20 pm, with an
injection volume of 20 pL. Runs were performed at 20°C and at an
eluent flow rate of 1 mLmin~". The 4a, 4b, and 5b isomers were
eluted by using a linear gradient of 5-45% B in 35 min (eluent A,
water; eluent B, acetonitrile). A linear gradient of 20-60% B over
60 min was used for the elution of 5a. The retention times (min) for
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each compound were determined as follows: 4a: 25.8 (axial), 27.3
(equatorial); 5a: 24.5 (axial), 28,8 (equatorial); 4b: 21.2 (axial), 27.5
(equatorial); 5b: 26.8 (axial), 32.8 (equatorial). In hydrolysis experi-
ments the fractions were eluted by using a two-step gradient of 0-
5% B in 5 min (in order to seperate HEPES buffer from 8-Br-cAMP or
8-Br-cGMP) followed by 5-95% B in 15 min (eluent A, water; eluent
B, acetonitrile).

Separation and purification of the caged 8-Br-cAMPs and 8-Br-cGMPs
were carried out by preparative HPLC on Nucleogel RP 100-10 C,g,
300 x 25 mm internal diameter, 10 um (Machery-Nagel, Germany) by
using a Shimadzu LC-8A system. Separations of the caged cyclic
nucleotides were performed at an eluent flow-rate of 10 mLmin~'
with a linear gradient of 15-45% B (4a as well as 4b and 5b) or 20 -
60% (5a) over 105 min (eluent A, water; eluent B, acetonitrile).

Photolysis and quantum yield determination: Photolysis was
carried out using a high pressure mercury lamp (HBO 500, Oriel,
U.S.A.) with controlled light intensity and metal interference filters of
333, 365, 405, and 436 nm transmission (Schott-Glaswerke, Germa-
ny). For the kinetic investigations the irradiated solutions were
analyzed by analytical HPLC. Quantum yields ¢ (Table 1) were
determined as described previously®® with the modification that
25 um solutions of the isomers of 4a,b and 5a,b in 20 or 50%
methanol /0.01 m HEPES-KOH buffer (pH 7.2) were photoirradiated in
steps of 10s.

Fluorescence measurements: The fluorescence spectra were meas-
ured on a MPF-2A fluorescence spectrometer (Hitachi-Perkin Elmer).
In the case of the highly reactive caged compounds (10 um) the
excitation intensity was very low and the registration time was very
short (10 s) to minimize photolysis. The fluorescence quantum yields
were determined at 298 K by the relative method?® with quinine
sulfate as a standard (¢;=0.545 in 0.1n H,SO,). At the excitation
wavelength used (333 nm) the absorbance values of the solutions of
the standard and the investigated compound were identical. The
different refractive indices of the solutions were considered.

Time-resolved fluorescence decay measurements (pulse sampling
method) were performed by using a nitrogen laser (1 =337 nm) as
the excitation source and a transient recorder for the decay
registration (4., =500 nm). Details of the equipment and the
deconvolution procedure of the experimental decay curve are
described elsewhere.”” The time resolution achieved was about
200 ps.

Stability measurements in H,0: Freshly prepared solutions of the
axial and the equatorial forms of the DMACM- and DEACM-caged
compounds (axial 4a: 10 um; equatorial 5a: 10 um; axial 5b: 50 um;
axial and equatorial 4b: 10 um) in 5% acetonitrile/0.01m HEPES-KOH
buffer (pH 7.2) containing KCl (0.12m) were maintained in the dark at
ambient temperature for 24 h and monitored by HPLC.

Solubility determination: The diastereoisomers of 4a,b and 5a,b
were examined for their solubilities in 5% acetonitrile/0.01 m HEPES-
KOH buffer (pH 7.2) containing KCl (0.12m), at room temperature.
After sonication to disperse solid material in the buffer solution and
subsequent centrifugation, the concentrations of the axial and the
equatorial isomers of the caged compounds were measured by
HPLC.

Optical Ca?* measurements by confocal laser scanning micro-
scopy: HEK293 cells expressing the a subunit of the CNG channel
from bovine cone photoreceptor cells (CNGA3),2” were loaded with
the Ca?* indicator Fluo-3/AM (4.4 um) in the presence of 0.01%
Pluronic F-127 for 30 min at 37°C. The cells were then incubated in
the dark for 15 min with 4a (20 pm; axial isomer) or 5b (100 um; axial
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isomer). The bath solution contained (mm): 140 NaCl, 4.6 KCl, 2 CaCl,,
10 glucose; pH 7.4 (NaOH).

Ca**-dependent changes in the fluorescence intensity of Fluo-3 were
detected with an LSM 510 invert confocal laser scanning microscope
(Carl Zeiss Jena GmbH, Germany) with an oil immersion objective
(x 63/1.4) and an argon-ion laser (488 nm) as excitation source. The
excitation wavelength was selected by a dichroic mirror (FT 490).
Fluorescence was detected at wavelengths above 505 nm by using a
cut-off filter (LP 505) in front of the detector. The experimental
chamber consisted of a culture dish (35 x 10 mm, Costar, Tecnomara
Germany GmbH, Germany) with a glass base (22 x 22 mm, thickness
0.1 mm). Fluorescence images were usually scanned and stored as a
time series. For rapid measurements of the Ca?*-induced fluores-
cence changes, regions of interest were selected. The caged
compounds were photolyzed with an argon-ion laser (Coherent,
Germany) at 4 =364 nm. The UV light was guided onto the sample
by fiber optics, as described in detail elsewhere.®

Electrophysiological experiments: Patch clamp experiments with
the axial isomers of 4b, 5b and DMNB-caged 8-Br-cGMP were
conducted as described previously." HEK293 cells were transfected
with the rat olfactory CNG channel subunit (CNGA2) or the bovine
cone CNG channel (CNGA3). Stock solutions of the caged com-
pounds in DMSO (10 mm and 1 mwm) were added to the pipette
solution, which contained (mm): 140 KCI, 5 NaCl, 1 MgCl,, 1 ethylene
glycol tetraacetic acid (EGTA), 10 HEPES; pH 7.2 (KOH). The bath
solution contained (mm): 140 NaCl, 3KCl, 50 glucose, 10 EGTA,
10 HEPES; pH 74 (NaOH). Divalent cations were omitted from the
solutions to avoid blockage of CNG channels. Light flashes were
generated by a 100-W Hg lamp (AMKO, Tornesch, Germany)
equipped with an infrared and a UV filter (transmission > 320 nm)
and an electronic shutter. For photolysis, the flash light was passed
through a bandpass filter (405 + 20 nm). The fluorescence of Fura-2
and of 7 was recorded for single cells by using an excitation filter at
3804 5 nm and an emission filter at more than 460 nm. Current and
fluorescence signals were recorded by using a patch clamp amplifier
(List, Darmstadt, Germany) and an integrating photon counter (Life
Science Resources, Cambridge, UK).
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One of the most notable macrolide sugar substituents, shared by
vastly different macrolide family members such as methymycin
(2, Scheme 1), erythromycin (3), oleandromycin (4), pikromycin

(5), and megalomicin (6), is S-p-desosamine (3,3-N,N-dimethyla-
mino-3,4,6-trideoxy-{3-b-xylo-hexopyranose).! Close analogues
of this important sugar are also found as appendages of other
unique macrolides including tylosin (7) and spiramycin (8).
Structure - activity studies support the important contribution of
this glycoside to macrolide antibacterial activity,” metabolism,!
and tissue distribution,” and it has been suggested that
methods to alter this sugar may lead to macrolide derivatives
with enhanced properties. Elegant biosynthetic studies reveal
that the attachment of desosamine requires eight enzymes
(Desl - DesVlll) and culminates in the glycosyl transfer event from
the activated pyrimidine nucleoside diphosphosugar dTDP-a-p-
desosamine (1, Scheme 1; dTDP =deoxythymidine diphos-
phate).”! Yet the synthetic inaccessibility of dTDP-desosamine
and corresponding biosynthetic intermediates has hampered in
vitro biosynthetic studies and attempts to exploit the critical
desosaminyltransferase for macrolide in vitro 'glycorandomiza-
tion'. To date, the best reported dTDP-desosamine synthesis
requires 16 chemical transformations, an enzymatic resolu-

O,

HO

Scheme 1. Natural products bearing desosamine and desosamine-related glycosides. The natural activated precursor for enzymatic desosamine attachment (dTDP-

desosamine) is shown in the box.

[a] Prof. J.S. Thorson, Dr. J. Jiang, Dr. C. Albermann
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[**] dTDP = deoxythymidine diphosphate.
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tion, and a final enzymatic N,N-dimethylation with an overall
yield of ~4% (assuming 100% conversion for both enzymatic
steps).®

Salmonella E, is an enzyme that converts a-glucose-1-phos-
phate (Glc-1-P) and deoxythymidinetriphosphate (dTTP) into
dTDP-a-p-glucose and is unique in that it displays notable
indifference toward other sugar phosphate substrates; it thereby
presents the opportunity to efficiently generate nucleoside
diphosphosugar libraries.”? To further our efforts in expanding
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Scheme 2. An overview of the key steps in the syntheses of substrate analogues for E,. Reaction Conditions: a) 1) Tf,O, pyr, 2) NaN; (88 % average overall yield, two
steps); b) 1) MeONa, 2) H,SO, (53 % average yield, two steps); c) BzCl, pyr (90 % average yield); d) TMSSEt, Znl, (82 % overall yield); e) 1) MeONa, 2) NaH, BnBr (89 %
average overall yield, two steps); f) 1) SnCl,, PhSH, Et;N, 2) H,CO, NaBH;CN, AcOH (86 % average yield, two steps); g) 1) SnCl,, PhSH, Et;N, 2) Ac,O, pyr (82 % average
overall yield, two steps); final steps (not shown): 1) phosphorylation, 2) reductive deprotection, 3) cation exchange to give the Na* salt (50 % average overall yield, three
steps). Tf = triflate = trifluoromethanesulfonyl, pyr = pyridine, TMS = trimethylsilyl, Bz = benzoyl, Bn = benzyl.

the general synthetic utility of nucleotidylyltransferases, we
report herein the application of E,,® and specific designed E,
mutants,” toward the synthesis of dTDP-desosamine analogues.
The significance of this work stems from the ability to efficiently
generate analogues applicable to the development of in vitro
glycorandomization systems!" 8% and the mechanistic study of
unique deoxysugar biosynthetic pathways. In addition, this work
provides further fundamental information regarding the sub-
strate specificity of this important class of enzyme.

None of the compounds tested as substrates for E, in this
study (9-15) were commercially available. In all cases, precur-
sors were activated through the formation of 1-ethylthio-3-o-
pyranosides (19-21, 25, 29, 33, 34) and phosphorylated by the
reaction with dibenzyl phosphate as previously described.® The
3-amino-3,6-dideoxy series (9 - 11) were derived from methyl (R)-
4,6-0-benzylidine-a-b-glucopyranoside!! by C-6 deoxygenation,
C-3 inversion (standard pyridinium chlorochromate (PCC) oxida-
tion followed by NaBH, reduction), subsequent C-3 hydroxy
group activation (as the triflate), and displacement by sodium
azide; this provided 17. Standard transformations led to
intermediate 19 from which the syntheses of 9, 10, and 11
diverged. The amino- and acetamido-substituted 9 and 10
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followed previously reported strategies from 19 and 21,
respectively.® 2 The reduction of 19 and subsequent exhaus-
tive reductive methylation? led to the dimethyl-substituted
precursor 20. Substrate 12 was derived from commercially
available 22 following similar activation and phosphorylation
strategies,’® while substrate 13 derived from the 4,6-dideoxy
glucoside 26,1'*3 generated by C-4/C-6 activation and reductive
deoxygenation in a fashion similar to a previously described
strategies.'® Finally, substrates 14 and 15 were derived from the
3-azido-3,4,6-trideoxy glucoside 30,'**! by generation of the
3-amino-3,4,6-trideoxy precursor 33 and the 3-acetamido-3,4,6-
trideoxy precursor 34, in a manner similar to previously
described strategies.®"!

To evaluate the utility of E, toward the generation of dTDP-
desosamine derivatives, E,, hexopyranosyl phosphate substrate
(9-15), TTP, and inorganic pyrophosphatase were incubated at
37°Cfor 30 min and the extent of product formation determined
by HPLC.'¥ For each assay, confirmation of the product was
based upon LC-MS and, in some cases, coelution with available
standards. In addition to testing wild-type enzyme in these
assays, mutants known to have enhanced promiscuity (L89T,
T201A, Y117F, and W224H)® were also examined. Control
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reactions in the absence of E,, hexopyranosyl phosphate, Mg*?,
or TTP showed no product formation.

The fundamental goal of this study was to assess the utility of
E, in simplifying the synthesis of nucleotide sugar pools
particularly related to dTDP-desosamine. Table 1 clearly illus-
trates that E, is advantageous for this task. Of the seven
unnatural substrates tested (9-15), four provide appreciable
amounts of product (>75%) under these conditions. A compar-
ison among the 3,6-dideoxy derivatives (9-11) reveals that C-3
amino and acetamido substitution suprisingly has no effect
upon activity while the N,N-dimethyl substitution at this position
completely abolishes activity. This is consistent with the
previously demonstrated ability of this enzyme to tolerate
6-deoxy-, 3-amino-3-deoxy-, and 3-acetamido-3-deoxy-a-p-glu-
copyranosyl phosphates as substrates.®

The lack of activity in the presence of 11 is likely to be a result

Table 1. E,-Catalyzed conversion of substrates.
Substrate TTP conversion [%]® Retention time [min]®!
HO Q
[c]
9 HN = 99 108
[ol=To R
HO Q
[d]
10 AcHN o 99 24.1
OPO3%
HO Q
_lel _lel
11 (H;0)N o
OPOz2"
OH
o}
12 0 751 266
s OH
OPO32~
o]
[c]
13 HO on 99 29.7
OPO3%~
e}
14 101 123
HzN OH
OPO3%~
e}
_le] _lel
15 AcHN on
OPO3%
[a] Percentage conversion =[AP/(AP -+ AT)] x 100, where AP =the product
peak integration and AT represents the TTP peak integration. [b] Standard
retention times: thymidinemonophosphate (TMP) 9.7 min; TDP 27.9 min;
TTP 42.8 min; TDP-Glc 26.0 min. [c] Conversion with wild-type E,. [d] Con-
version with E, T201A mutant. [e] No products observed.

of sterics and/or hydrogen-bond character/charge constraints.
The pK, value of the C-3 tertiary amine group in 11 is ~ 10,['* of
the C-3 primary amine in 9 is 29,1'%¥ and of the C-3 amide in 10 is
~0.4,1'%! 3 fact suggesting that 9 and 11 may primarily exist in a
protonated species under typical assay conditions (pH 7.5 - 8.0).
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An attempt to alleviate this possibility, by assays at higher pH
values, failed to enhance activity with 11.'? In the natural
substrate (Glc-1-P), there are clear hydrogen-bond contacts
between the C-3 hydroxy group and the side chains of Glu162,
Thr201, and the backbone amide of Gly147' Previous muta-
genesis experiments revealed slight yield enhancements with
bulky C-2 substitutions in a Thr201Ala mutant but Glu162
mutations had little effect on substrate specificity.®'”? While
hydrogen-bonding character clearly differs among this current
substrate series, modulation of the ability to donate a C-3
hydrogen bond (for example, 12, 75% conversion) does not
significantly alter product vyield. Thus, we conclude steric
constraints may be the major contributor to the lack of product
formation with 11.

Interestingly, removal of the C-4 hydroxy group from mem-
bers of this series (14 and 15), has a significant effect on activity.
The average observed yield for substrate 14 is low (10.0%) and
no turnover is observed in the presence of 15. Yet, in the absence
of substitutions at C-3, removal of the C-4 hydroxy moiety (13,
quantitative conversion) has no effect on activity. The Gly147
backbone amide makes hydrogen-bond contacts with both the
substrate C-3 and C-4 hydroxyl groups and is the only observed
C-4 contact point.”! Based upon this, one might speculate that
minimally a Gly147 to C-3 XH or C-4 XH hydrogen bond must be
sustained to conserve catalytic integrity. As one begins to
substantially perturb both contacts, such asin 15, E, is no longer
able to properly bind and/or process the substrate.

In regard to the chemoenzymatic synthesis of dTDP-desos-
amine: although the conversion of 14 by E, is low, the overall
synthetic yield of substrate 14 from 2-O-benzoyl-4,6-dideoxy-a-
p-erythro-hexopyranoside!'*! is 10.0 %. Thus, optimization of this
method, in conjunction with the final DesVI-catalyzed methyl-
ation step described by Chang and Liu,” may prove the more
efficient route to the challenging dTDP-desosamine target. More
importantly, the presented methodology provides the ability to
generate analogues of this important metabolic precusor, thus
paving the way for potential structure-activity relationships
among various bioactive secondary metabolites and/or the
corresponding enzymes involved in constructing these com-
pounds. In addition, this work provides an additional framework
to support our ability to predict the synthetic utility and
limitations of this unique nucleotidylyltransferase.
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