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Combinatorial Strategies for Targeting Protein
Families: Application to the Proteases**
Dustin J. Maly, Lily Huang, and Jonathan A. Ellman*®@

Tens of thousands of proteins have been identified as a result of
recent large scale genomic and proteomic efforts. With this large
influx of new proteins, the formidable task of elucidating their
function begins. However, this task becomes more manageable if
proteins are divided into families based upon sequence homology,
thereby allowing tools for their systematic study to be developed
based upon their common structural and mechanistic character-
istics. Combinatorial chemistry is ideally suited for the systematic
study of protein families because a large amount of diversity can be
readily displayed about a common scaffold designed to target a
given protein family. Targeted combinatorial libraries have been
particularly effective for the study of a ubiquitous family of
proteins, the proteases. Substrate-specificity profiles of many
proteases have been determined by using combinatorial libraries

1. Introduction

The initial sequencing of the human genome suggests the
presence of 30000-40000 genes."2 The number of proteins
encoded by these genes is much greater, when splice variants
and post-translational modifications are taken into considera-
tion. Furthermore, tens of thousands of additional encoded
proteins have been identified from genomic and proteomic
analysis of other organisms. For years to come, establishing the
function of these proteins will be one of the most important
goals of research in the biological sciences.

Characterization of this huge number of proteins is a
seemingly insurmountable challenge. However, this task be-
comes less daunting when we consider that a majority of the
proteins may be categorized into a much smaller collection of
protein families, based upon sequence homology and, con-
sequently, protein structure and mechanism.!" 2 Combinatorial
chemistry methods designed to exploit common structural or
mechanistic features of protein families will play a critical role in
establishing protein function, since a well-designed library
synthesis method can potentially be applied to any member of
a protein family. Targeted library methods may be designed to
aid in the identification of the physiological substrates or ligands
of members of a protein family. Targeted libraries may also be
designed to enable rapid identification of cell-permeable ligands
that selectively activate or inactivate any member of a protein
family. These ligands can serve as powerful tools to elucidate the
role of a protein in cells and in model organisms, in addition to
serving as leads for drug discovery efforts.
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of appropriately labeled peptides. This specificity information has
been utilized to identify the physiological protein substrates of
these enzymes and has facilitated inhibitor design efforts. Fur-
thermore, combinatorial libraries of small molecules prepared with
mechanism-based scaffolds have resulted in the identification of
potent, small-molecule inhibitors of numerous proteases. Cell-
permeable small-molecule inhibitors identified by these methods
have served as powerful chemical tools to study protease function
in vitro and in vivo and have served as leads for the development of
therapeutic agents.

KEYWORDS:

combinatorial inhibitors

chemistry
solid-phase synthesis - substrate specificity

proteases

This review will summarize current combinatorial strategies
designed to target one of the most important classes of proteins,
the proteases. Libraries have been designed to both establish
substrate specificity and to identify potent and selective small-
molecule inhibitors.

2. Role of Proteases in Biological Processes

A majority of biological processes are regulated by proteases,
which catalyze the hydrolysis of amide bonds in peptides and
proteins (Scheme 1) to cause activation or inactivation of key
protein targets. For example, in apoptosis, certain caspases
inactivate proteins responsible for cell maintenance and DNA
repair. In contrast, proteolytic cleavage of prohormones gen-
erates active peptide hormones that regulate many physiolog-
ical processes. The homeostasis of numerous essential functions
is tightly regulated by protease cascades. Two such processes,
blood coagulation and fibrinolysis, are required for wound
healing but have severe consequences when the body’s
machinery malfunctions, resulting in stroke and heart attacks.

[a] Prof. J.A. Ellman, D.J. Maly, L. Huang
Department of Chemistry
University of California
Berkeley, CA 94720-1460 (USA)
Fax: (+ 1) 510-642-8369
E-mail: jellman®@uclink.berkeley.edu

[**] A list of abbreviations can be found at the end of the text.
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Scheme 1. Standard nomenclature for protease substrate cleavage. P,,, P;, P,, P;,
P/, P), PJ, P, etc. designate amino acid side chains of a peptide substrate.
Cleavage occurs between the P, and P’ residues. The corresponding binding sites
in the protease active site are designated as the S,,, S;, S,, S, S/, S;, S5, S,/ etc.
subsites.P!

Proteases are also essential to bacterial, viral, and parasitic
pathogens where they can play a key role in replication,
nutrition, and host invasion.

Due to the essential biological roles of proteases, a number of
these enzymes are important therapeutic targets for a wide
variety of illnesses, which range from inflammation, neuro-
degenerative disease, cardiovascular disease, and cancer to viral,
parasitic, and bacterial infections. The therapeutic utility of
protease inhibitors has been demonstrated by the treatment of
AIDS with HIV protease inhibitors and the treatment of hyper-
tension with angiotensin-converting enzyme inhibitors.
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3. Protease Substrate Specificity

The ability of proteases to selectively act upon a small number of
targets in a myriad of potential physiological substrates is
necessary for maintaining the fidelity of most biological
functions. While substrate selection by proteases is governed
by many factors, a principal determinant is the substrate
specificity of the enzyme’s active site (Scheme 1).B! Knowledge
of a protease’s substrate specificity can greatly facilitate the
elucidation of the physiological substrates of the protease,
which is essential for defining its role in complex biological
pathways. Determination of substrate specificity also can
provide the basis for the design of potent and selective
substrates and inhibitors.

Traditionally, panels of peptides were analyzed individually as
potential substrates for a specific protease. While this process
provides valuable information, it is tedious and impractical for
the screening of a large number of potential substrates. Over the
last few years a number of elegant combinatorial approaches
have been developed to determine the substrate specificity of
proteases. All of these combinatorial methods involve the
generation of libraries of potential substrates, proteolysis of
favorable substrates, and identification of the cleaved substrate
sequences. Combinatorial substrate libraries can be divided into
two categories depending on their method of generation:
biological and synthetic. Biological library methods include the
use of substrate phage display,* > the randomization of amino
acids at physiological cleavage sites, and the use of in vitro
expression cloning of complementary DNA (cDNA) libraries to
determine physiological substrates.”? While biological combina-
torial methods are very powerful, they are complicated by the
lack of homogeneity in their presentation of potential substrates
and the fact that these methods are often time consuming and
technically demanding.

3.1. Synthetic protease substrates

Solid-phase peptide synthesis methods allow for the reproduc-
ible production of libraries of millions of potential substrates in a
defined manner. These libraries can be synthesized in parallel
arrays or by split and mix synthesis to provide discrete
compounds or defined mixtures. Once these libraries are
prepared they can then be screened against the desired
protease directly on solid support or in solution. Finally, the
analysis of protease cleavage can be monitored in a continuous
or discontinuous manner.

3.2. Synthesis and screening of fluorescence-quenched
peptide substrate libraries

Internally quenched fluorescent peptide substrates have proven
to be of great utility for the assay of protease activity.® These
substrates demonstrate long-range energy transfer between a
donor fluorophore on one end of the peptide and a suitable
acceptor on the other end. Upon cleavage of the substrate, the
efficiency of this energy transfer is diminished and an increase in
donor fluorescence of 10- to 50-fold is observed.®

CHEMBIOCHEM 2002, 3, 16-37
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Internally quenched fluorescent peptide substrates have been
utilized to develop a powerful combinatorial method for
determining protease substrate specificity (Scheme 2).”! An
essential component of this methodology is the utilization of a
solid support (for example, Tentagel, polyethylene glycol - poly-
(N,N-dimethylacrylamide) copolymer (PEGA), or superpermeable
organic combinatorial chemistry resin (SPOCC)) that allows
direct enzymatic screening of libraries of support-bound mole-
cules. An amino acid that is conjugated with a suitable
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Scheme 2. Overview of substrate-specificity profiling with fluorescence-
quenched peptide substrate libraries. D = fluorescence donor, A = fluorescence
acceptor.
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fluorescence donor is attached to the solid support. A peptide
library is then synthesized by split and mix synthesis,"® such that
a single peptide sequence is synthesized on each resin bead.
Finally, an amino acid labeled with a fluorescence acceptor is
coupled to the N terminus of each peptide. This library of
internally quenched fluorescent peptide substrates is then
partially proteolyzed by the protease of interest and the most
fluorescent beads are chosen for sequence determination.
Sequencing of the free N-terminal amino group with Edman
degradation allows determination of the substrate specificity on
the prime and nonprime sides (Schemes 1 and 2).

3.2.1. The o-aminobenzamide - 3-nitrotyrosine donor -
acceptor pair

The utility of combinatorial libraries of internally quenched
fluorescent substrates was first demonstrated by determination
of the substrate specificity of the serine protease subtilisin
Carlsberg.”! Two resins, PEGA and Kieselguhr-supported poly-
(N,N'-dimethylacrylamide), were utilized to construct the libraries
due to their excellent swelling properties in both organic and
aqueous media, which allowed library synthesis, as well as direct
enzymatic screening, on solid support. The donor-acceptor
amino acid pair o-aminobenzamide (Abz) and 3-nitrotyrosine
(Y(NO,)) was utilized to create a split and mix library of
general structure H,N-Y(NO,)-X;-X,-P-X;-X,-Xs-K(Abz)-spacer-
PEGA (Scheme 3), where X is all proteinogenic amino acids.

NH;

NO, HN™ S0
HO J
H
N
H,N x1x2Px3x4x5HJi; _O
o o}

Scheme 3. General structure of the o-aminobenzamide and 3-nitrotyrosine
fluorescence-quenched substrate library used to determine the substrate specifity
of subtilisin Carlsberg.

Placement of a fixed proline residue was used to orient the
library for cleavage between the X; and X, residues due to the
absolute specificity of subtilisin Carlsberg for proline at the P,
position. The screening results demonstrated that subtilisin
Carlsberg has a distinct preference for glutamic acid at the P’
position and a preference for leucine or phenylalanine at the P,
site. Other subsites were found to be much less stringent in
substrate specificity, with the P, subsite showing a distinct pH
dependence.

This strategy has been utilized to determine the substrate
specificities of several other proteases. In one study, a library of
the general structure H,N-Y(NO,)-X;-X,-X5-X,-(R/K)-X5-X4s-K(Abz)-
spacer-PEGA 4y, was constructed and used to gain information
about the substrate specificity of the cysteine protease cru-
zain." The substrate specificity of the cysteine protease CPB2.8
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from the protozoan parasite Leishmania mexicana was also
evaluated by synthesizing and screening a library of
general structure H,N-Y(NO,)-X;-X,-X5-X,-X5-X¢-X;-K(Abz)-spacer-
PEGA 4500-"? It was determined that the substrate specificity of
CPB2.8 is very similar to that of cruzain with a few subtle
differences. In a different study, a library of structure H,N-X;-X,-
Y(NO,)-X5-X4-Xs-Xs-K(Abz)-spacer-PEGA 4o, Was constructed and
screened against the matrix metalloprotease, MMP-9.1'¥ Several
good substrates for MMP-9 were identified by this method.
Unfortunately, for this enzyme, there was

J.A. Ellman et al.

ed of the general structure H,N-Y(NO,)-P-X;-X5-X5-X,-X5-X¢-X5-
K(Abz)-spacer-PEGA,q, With a proline residue introduced to
prevent binding of o-nitrotyrosine in the S, subsite. To prevent
the uneven distribution of papain in the solvated resin beads,
acidic amino acids were not included in this library. Screening
this second library successfully provided the P,-P," substrate
specificity of papain (Figure 1). The kinetics of the best substrates
determined by the solid-phase assay were then compared to
solution-phase donor - quencher substrates. For a number of the

not a good correlation between the effi- ELE 4
ciency of cleavage of support-bound and 30 | Pa 40 1 Pa
solution-phase substrates. S :::

This methodology has been further uti- § 20 - 25
lized to develop a series of proteolytically (TS 20
cleavable peptide linkers for bioconjugates. g 10 l l l ::
These bioconjugates were designed to 5 l 5 }l
allow selective release of radiolabeled re- o remprep Brprengrrgrmgrangrgrr B R R, ) (B _l g
agents from a targeting moiety (for exam- ACDEFGHIKLENPORSTYWY ACDEFGH IXLUNPORSTYWY
ple, an antibody) upon entering the lyso- Amino acid Amino acid
some. A library of the general structure H,N-
Y(NO,)-X;-X5-X5-X,-F-K(Abz)-spacer-PEGA 35 x
was constructed, where X is any one of nine 20 P2 P P
amino acids known to be compatible with T »
simple bioconjugate construction. This sup- ;-=>>' 20 |
port-bound library was then screened % 18 1%
against the abundant, lysosomal proteases &’ 10 1
cathepsin B and cathepsin D.'¥ This meth- I 5
odology allowed for the rapid discovery of M | BN ¢ :
efficiently cleaved peptide linkers for these ACDEFGHIKLMNPORSETYWY ACDEFGHIKLMNPORSTYWY
proteases, even with the small subset of Amino acid Amino acid
amino acids used.

A thorough study of the subsite specific-
ity of the cysteine protease papain has 30 - 30 ,
recently been published."™ This study dem- ~_ ,¢ Py 25 P2
onstrates the utility of fluorescence- &

. e > 0 o

quenched combinatorial libraries for deter- e
mining protease substrate specificity, while % 1 s
also revealing some of the potential limi- £ 19 "0
tations in applying this methodology. A 5 I I 5 I I .
library of the general structure H,N-Y(NO,)- 0 X o R A, l _——
X1-X5-X35-X4-Xs5-X¢-X;-K(Abz)-spacer-PEGA ;o00 ACDEFGHIKLUNPORRETY WY ACDEFGRIKLMKPGRST VWY
was constructed and screened against pa- . Amino acid Amino acid
pain. This library selected preferred sub-
strates with a large percentage of aspartic
and glutamic acid residues at all sites. 20 4
However, these amino acids were selected :: P :: P,
due to the ability of these acidic residues to LA 1
increase the effective local concentration of §' 12 :: |
basic papain (pl =8.75) in the solid support “g’_ ': | .
rather than because of the substrate pref- :»_’ 6 &
erence of papain. The fluorescence quench- ; l l :
er also influenced the site of cleavage of the PRE: T W 5 S— oy 0

peptide substrate, with the aromatic o-
nitrotyrosine residue preferentially binding
in the enzyme’s S, site. To overcome these
limitations, a second library was construct-
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ACDEFGH IRKLMNPOQASTYWY
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Figure 1. Substrate specificity of papain. Reproduced with permission from ref. [15]. Copyright (1999)
American Chemical Society.
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best substrates there was not a good
relative correlation of efficiency for
cleavage in solution compared to that N
on solid support. However, a number |

- N N
of efficiently cleaved substrates were N* \©\

still identified by this method.

3.2.2. The Lucifer yellow - Dabsyl
donor - acceptor amino acid
pair

Recently, fluorescence-quenched sol-
id-phase combinatorial libraries with
an alternative N-(2-aminoethyl)-4-
amino-3,6-disulfo-1,8-naphthalimide
(Lucifer yellow) and 4-dimethylami-
noazobenzene-4’-sulfonyl  (Dabsyl)
fluorescence donor-acceptor amino
acid pair (Scheme 4) have been used
to determine the substrate specific-
ities of Escherichia coli leader pepti-
dase and the human aspartyl pro-
tease, napsin A'® A small percentage of the combinatorial
library was utilized to demonstrate that the substrate specificity
for E. coli leader peptidase was consistent with previous studies,
thereby validating the use of the Lucifer yellow - Dabsyl donor -
acceptor pair. The library was then used to determine the
substrate specificity of the previously uncharacterized aspartyl
protease napsin A. These studies not only provided insight for
inhibitor design but also yielded a good synthetic substrate for
high-throughput screening of this enzyme.

3.3. Cleavage of support-bound fluorophores

An alternative strategy for the construction and screening of
combinatorial libraries on solid support has also been reported.
This method relies on capping the N terminus of the peptide
with a fluorophore, and observing the bead’s decrease in
fluorescence after the support-bound peptide is cleaved by the
protease. This methodology has been utilized to evaluate the
substrate specificities of elastase,!'”? chymotrypsin, and papain.l'dl

3.4. 7-Aminocoumarin fluorogenic substrates

The use of 7-amino-4-methylcoumarin (AMC) peptide substrates
is a well-established method for the assay of protease activity.
Cleavage of the anilide bond liberates the fluorogenic AMC
leaving group (Scheme 5) and allows the simple and continuous
determination of cleavage rates for individual substrates.
Libraries of fluorogenic AMC peptide substrates can be used to
define the nonprime substrate specificity of proteases. In
particular, positional-scanning, synthetic combinatorial libraries
(PS-SCLs) can establish protease substrate-specificity profiles
extremely rapidly, since few assays (< 100) need to be performed
and information is provided for all side chains at every position.
Finally, in contrast to the aforementioned combinatorial meth-
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Scheme 4. General structure of the Dabsyl and Lucifer yellow fluorescence-quenched peptide substrate library used
to determine the substrate specificity of napsin A.
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Scheme 5. Fluorogenic AMC peptide substrates.

ods, this library format provides information on the substrate
specificity of a protease in solution rather than in a solid-phase
format.!"”!

3.4.1. PS-SCLs of 7-amino-4-methylcoumarin peptides

The positional-scanning method was first demonstrated in
determining the substrate-specificity profiles for members of
the caspase family of proteases. The design of the library Ac-X-X-
X-D-AMC (Scheme 6) was based on the absolute specificity of
caspases for an aspartic acid residue at the P, position (Ac=
acetyl). With this PS-SCL of fluorogenic AMC substrates, the

o
o HO H
N N 0._0
XX
o) /
o
o HO H
N N 0._0
N-X—J-X
o)
o)
o HO H
N N 0._0
N=J-X-X
o) >

Scheme 6. AMC tetrapeptide positional-scanning synthetic combinatorial
library. The PS-SCL consists of three separate sublibraries of 8000 compounds
each (20 wells of 400 compounds). “X” represents an equimolar mixture of
proteinogenic amino acids (excluding cysteine and methionine) and “J”
represents a fixed amino acid residue.
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P, - P, substrate specificities of
Caenorhabditis Elegans CED-3,
nine human caspases, and
granzyme B were readily de-
termined.%

Analysis of the complete
substrate profile of the cas-
pases (Figure2) provided a
great deal of insight into the
physiological roles of these
essential enzymes. First, the
caspases could be clustered
into three distinct groups
based upon similarities in their
sequence-specificity profiles.
Second, key proteins involved
in cell maintenance and DNA
repair were found to be sub-
strates for Group |l caspases
by comparing the determined
specificity fingerprint to the
cleavage sites of proteins
known to be proteolysed dur-
ing apoptosis. Further, it was
determined that the preferred
substrate specificity of the
Group lll caspases was very
similar to the activation sites
of several Groupll proen-
zymes. This result was found
to be consistent with the hy-
pothesized role of the Group
Ill caspases as upstream com-
ponents in a proteolytic cas-
cade that amplifies the death
signal. Finally, based upon the
substrate specificity of the
Group | caspases, it was deter-
mined that this group of en-
zymes was unlikely to be in-
volved in the apoptotic proc-
ess. The information provided
by these libraries greatly en-
hanced the understanding of
the role of caspases in apop-
tosis and provided an essential
conceptual framework for
their further study.

The aforementioned Ac-X-
X-X-D-AMC PS-SCL (Scheme 6)
was also utilized in conjunc-
tion with substrate phage dis-
play to determine the extend-
ed substrate specificity of the
serine protease granzyme B.2"
The PS-SCL was used to deter-
mine the P,-P, substrate spe-
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Figure 2. Substrate specificities of the caspases. Reproduced with permission from ref. [20]. Copyright (1997) The American
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cificity of granzyme B and to direct the cleavage site for the
determination of P;, P,, and P, specificity by substrate phage
display. The use of these two methods allowed the determi-
nation of the preferred P, - P, substrate sequence of I-E-X-D-X-G.
This preferred substrate sequence was found to closely resemble
the activation sites of caspase3 and caspase?7, which is
consistent with the role of granzyme B in the activation of these
proteases during apoptosis. Further, many caspase substrates
were found to contain potential granzyme B cleavage sites,
which suggests a redundancy in function.

The AMC substrate libraries with aspartic acid at the P,
position (Scheme 6) were conveniently synthesized by linking
the carboxylic acid side chain of O-allyl-aspartic acid protected at
the N terminus with 9-fluorenylmethyloxycarbonyl (Fmoc) to the
insoluble support; this method allowed the library synthesis by
standard solid-phase methods."® 22 Unfortunately, the method
used to synthesize the library is specific for an aspartic acid at the
P, site and is of limited utility for most proteases, which either
have a different or unknown P, substrate specificity. Although it
is possible to develop strategies to link through other amino acid
side chains (for example, the d-guanido group of arginine),?*
these strategies are cumbersome and not feasible for all 20
proteinogenic amino acids. General chemical strategies to
incorporate all the proteinogenic amino acids at the P, position
of a PS-SCL have therefore been developed to provide the
extended P, - P; specificity.

In one general method, fluorogenic AMC peptide substrates
with any residue at the P, position can be prepared by using
amino acid nucleophiles with AMC attached to displace
activated tripeptides from solid supports (Scheme 7).124 251 Any
positional-scanning library can be prepared since the AMC
nucleophiles can be synthesized from any amino acid. The
extended substrate specificities of the serine proteases plasmin
and thrombin were determined by using a PS-SCL with a lysine
at the P, position that was prepared by this method. Plasmin, a
protease traditionally characterized as having a broad substrate
specificity, was shown to have a distinct preference for aromatic
amino acids at the P, position and a moderate preference for
lysine and hydrophobic amino acids at the P, site. Thrombin was
found to have a complete preference for proline at the P,
position and a moderate preference for aliphatic amino acids
at the P, site. The substrate specificities of plasmin and thrombin
were found to be consistent with the known macromolecular
substrates of these two enzymes and provided further insight
into their roles in the blood coagulation pathway. This synthesis
method has also recently been used to construct an 8800-
member array of individual tripeptides that was utilized to
determine the substrate specificity of the cysteine protease
cathepsin B.=?

[0}

The extended substrate specificity of membrane-type serine
protease 1 (MT-SP1) was determined utilizing a PS-SCL with
lysine at the P, position in combination with substrate phage
display.?”! The two methods were found to be complementary,
as the specificity information determined from the PS-SCL
proved critical for the design of a biased substrate phage library
with a preferred cleavage site. This biased substrate phage
library was then used to determine the preferred P, residues,
while it also detected an interdependency between the P; and P,
sites that the PS-SCL did not. The preferred P,-P," substrate
sequences of R/K-X-S-R-A and X-R/K-S-R-A were determined by
merging the data from these two methods. The determined
substrate consensus sequence was utilized to search for
potential macromolecular targets for MT-SP1. Protease activated
receptor 2 (PAR2) and single-chain urokinase-type plasminogen
activator (sc-uPA), two proteins that are colocalized with MT-SP1,
were identified as efficient macromolecular substrates for MT-
SP1.

3.4.2. PS-SCLs of 7-amino-4-carbamoylmethylcoumarin
peptides

Most recently, an even more efficient method has been
developed to prepare positional-scanning libraries and arrays
of fluorogenic substrates. The direct incorporation of any amino
acid at all possible positions in a peptide substrate, including the
P, position, can be accomplished by solid-phase peptide
synthesis with a bifunctional fluorophore, 7-amino-4-carboxy-
methylcoumarin, which allows straightforward attachment to a
solid support (Scheme 8).28! Highly activated coupling condi-
tions are used to couple the first amino acid residue to the
poorly nucleophilic aniline. Any unreacted aniline is then capped
with an acetyl group. Standard solid-phase synthesis methods
then provide support-bound fluorogenic substrates that are
released as peptidyl 7-amino-4-carbamoylmethylcoumarins
(ACC) upon treatment of the support with trifluoroacetic acid
(TFA).

To assess the performance of the modified fluorogenic ACC
leaving group, an ACC PS-SCL with lysine at the P, position was
compared to an AMC PS-SCL which also had lysine at that site.
The serine proteases plasmin and thrombin showed comparable
kinetic profiles and substrate specificities, which demonstrates
the equivalency of ACC to AMC as a fluorogenic leaving group.
To further validate ACC as a comparable leaving group to AMC,
single fluorogenic peptide substrates were prepared for throm-
bin and the steady-state kinetics constants were shown to be
comparable. The only major difference between the ACC and
AMC fluorogenic leaving groups is the increased fluorescence of
the ACC leaving group. This increased fluorescence allows the

Scheme 7. General method for the preparation of AMC PS-SCLs. “X” denotes any natural or nonnatural amino acid.
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Scheme 8. General method for the preparation of ACC PS-SCLs. “X” denotes any natural or nonnatural amino acid. a) Rink amine resin, DIC, HOBt; b) 1. 20 % piperidine
in DMF; 2. Fmoc-X-OH, HATU, 2,4,6-collidine; 3. AcOH, nitrotriazole, DIC; c) standard Fmoc SPPS; d) TFA/triisopropylsilane/H,0 (95:2.5:2.5).

assay of proteases at lower enzyme and peptide-substrate
concentrations.

To demonstrate the utility of the ACC substrates a P,-diverse
tetrapeptide library was created. With this library, the P,
substrate specificities of a large number of different proteases,
including the serine proteases thrombin, plasmin, factor Xa,
urokinase-type plasminogen activator, tissue plasminogen acti-
vator, granzyme B, trypsin, chymotrypsin, human neutrophil
elastase, and the cysteine proteases papain and cruzain were
determined (Figure 3). The determined P, substrate specificities
correlated well with the known P, preferences for these
enzymes. The extended P,-P, substrate specificities of the
proteases listed above were also determined with this method-
ology. As observed with the P;-diverse tetrapeptide library, the
specificity profiles determined with the PS-SCLs were consistent
with the limited substrate preference information that had been
previously determined for these proteases.

In a separate effort an ACC PS-SCL was utilized to determine
the substrate specificities of the serine proteases (I and
Bl tryptase.?”’ This fingerprint information demonstrated the
identical substrate preference for these two enzymes, which
differ by only a single glycosylation site. The consensus sequence
of P,=proline, P;=arginine/lysine, P,=X, and P, =lysine/argi-
nine was used to search protein databases (SwissPROT) to reveal
potential physiological substrates. Furthermore, the substrate
specificity was used to generate a potent and selective
chloromethyl ketone peptide inhibitor of Sl and fll tryptase.

3.5. Use of irreversible inhibitors to determine substrate
specificity

Recently, PS-SCLs of peptide vinyl sulfones, with an invariant
asparagine at the P; position, have been utilized to determine
the substrate specificity of serine proteases (Scheme 9).5% These
peptides serve as substrate mimics that covalently label the
enzyme active site through Michael addition of the active-site
nucleophile onto the vinyl sulfone. Thus, the side chains of the
peptide inhibitor interact with the protease binding pockets that
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are responsible for defining substrate specificity. Analysis of
inhibitor binding is performed with a competition assay in which
mixtures or single compounds are first incubated with a
protease. The effectiveness of the peptide vinyl sulfone as a
substrate mimic is visualized by the addition of a general
radiolabeled inhibitor that covalently modifies any remaining
active site nucleophiles of the protease. The degree of inhibition
is then quantified by separation of the protease with sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and determinination of the decrease in radioactivity compared
to a standard.

By using PS-SCLs of peptide vinyl sulfones, the substrate
specificities of individual catalytic subunits of the proteasome
were determined under a variety of physiological conditions. It
was found that the substrate specificities of the individual
subunits varied from the specificity determined for the protea-
some as a whole. Furthermore, the specificity information
determined allowed for the design of inhibitors that selectively
inactivate a single active site in the complex.

3.6. Edman degradation of peptide pools

Other combinatorial methods have been developed to analyze
pools of synthetic peptides (Scheme 10). In these strategies, a
combinatorial mixture of terminal N-acetylated peptides is
incubated with a protease.?" 32 The peptides compete as
substrates for the enzyme and those with the highest specificity
constants are cleaved. After a percentage of the peptide mixture
has been cleaved, the mixture is analyzed. Only peptides that
have been cleaved present a free a-amino group and, thus, are
susceptible to N-terminal Edman degradation. This method of
analysis provides information about the prime side of the
cleaved peptide, where the first round of sequencing provides
information about the P, position, the second round of
sequencing provides information about the P, position, and
so forth.

In a recent demonstration of this approach, proteolytic
cleavage of acetyl-capped peptide pools followed by Edman
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Chymotrypsin Trypsin degradation was applied to the
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idues at the P,’ position, whereas
meprin A does not (Figure 4).
Furthermore, these two highly
related proteases were shown to
have different substrate specificities at the P’ site. Very recently,
this strategy was used to determine the prime-side substrate
specificities of six enzymes in the MMP family.2® By utilizing the
determined prime-side specificity, information was obtained
about the nonprime-side specificity of these six proteases

Figure 3. P, substrate specificity of eight serine and cysteine proteases.

HoN 0 through the use of an oriented peptide library.
w 9 P3O o
é/NE)LN)\(N 7N g 4. Protease Inhibitor Design
P, 70 B M g
The dominant strategy for the design of protease inhibitors is to
site of inhibition utilize a mechanism-based pharmacophore as a key binding
element. A variety of pharmacophores have been developed to
Scheme 9. Peptide vinyl sulfones. target each of the four major protease classes, which are defined
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Scheme 10. Edman degradation of peptide pools.

by their mechanism of protease-catalyzed amide bond hydro-
lysis. A secondary alcohol has been utilized as a pharmacophore
when targeting aspartic acid proteases. Ketone and aldehyde
pharmacophores have been used when targeting cysteine and
serine proteases. Finally, zinc-binding groups, such as hydrox-
amic acids, thiols, and carboxylic acids, have been used when
targeting matrix metalloproteases.

The identification of cell-permeable inhibitors is a key
challenge in library design. Several factors should be considered
to achieve this goal, including low molecular weights and the
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minimization of the peptidic nature of the inhibitor
structure.® In this review we will emphasize libraries
focused on these goals.

4.1. Aspartic acid proteases

Aspartyl proteases are a ubiquitous class of enzymes that
play an important role in mammals, plants, fungi, para-
sites, and retroviruses.®® The pharmaceutical industry has
shown an intense interest in this class of enzymes since
they are targets for therapeutic intervention in many
important diseases. For example, HIV protease is involved
in the development of AIDS, renin modulates hyper-
tension, plasmepsin | and Il are implicated in malaria, and
cathepsin D and fS-secretase have been identified as
targets for the treatment of Alzheimer’s disease (AD).

The aspartyl proteases are endopeptidases that use
two aspartic acid residues to catalyze the hydrolysis of
amide bonds (Scheme 11). Potent inhibitors of the
aspartyl proteases have been developed that utilize a
secondary alcohol, which is a stable mimetic of the
tetrahedral intermediate and serves as the minimal
pharmacophore. Indeed, clinically approved HIV-1 pro-
tease inhibitors are based upon hydroxyethylamine and statine-
based inhibitors (Scheme 12).5%

4.1.1. Libraries based upon the hydroxyethylamine inhibitors

Libraries of potential hydroxyethylamine-based inhibitors 1a
and 1b have been synthesized by displaying functionality

[*1 Many properties are essential for a useful drug. These properties have been
the subject of a number of excellent reviews.?72%
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Figure 4. Substrate specificities of Meprin A and B. Reproduced with permission from ref. [35]. Copyright (2001) The American Society for Biochemistry and Molecular

Biology.
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Scheme 11. Peptide hydrolysis catalyzed by aspartyl proteases.
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Scheme 12. Peptide isosteres found in many potent aspartyl protease inhibitors.

around a minimal scaffold 2a and 2b (Scheme 13).% Diverse
functionality can be introduced at three sites on a preformed
core that is linked to solid-support through the invariant
secondary alcohol pharmacophore. Attachment at this site
allows diversity to be placed on both sides of the inhibitor
structure and protects the alcohol functionality throughout the
synthesis sequence. Both secondary alcohol diastereomers 1a
and 1b can be accessed by using either diastereomer 2a or 2b
in this sequence. In an important extension of this synthesis
method " diverse R' substituents (P, side chains) are introduced
by using Grignard reagents (Scheme 14). Either diastereomeric
intermediate 3a or 3b may be accessed from the readily
accessible support-bound amides of glyceric acid 4a or 4b,
respectively.

These solid-phase synthesis methods have been used to
prepare libraries that have resulted in the identification of potent
inhibitors to a number of different aspartyl protease targets.
Cathepsin D, which functions in protein metabolism and antigen
processing, was the first protease targeted with this synthesis
method. It has been implicated in a number of diseases,
including cancer,*? AD#3b and muscular dystrophy.*4 Initial

-9 -9 O/C)
Na-_L_ONos => HO PG — O%/OPG + RIMgX
= R! N
R s R™ R" 4a
Q
o 9/0 o
Ng._~._ONos —_— HOY\/OPG QOY\/OPG + RIMgX
Fl{l Rt R'/N\R" 4b

3b

Scheme 14. Introduction of R’ diversity.

inhibitors were identified by screening two libraries, each
containing 1000 discreet compounds. For one of the libraries,
building blocks were selected by using the modeling program
DOCK; this provides one of the first examples of integrating
combinatorial chemistry and structure-based methods."*”! Build-
ing blocks for the second library were selected by using
diversity-based methods. Low nanomolar inhibitors of cathep-
sin D were identified from both of the libraries. The synthesis and
screening of small, focused libraries then resulted in extremely
potent, small-molecule inhibitors of cathepsin D with single-digit
nanomolar to high picomolar K; values (Scheme 15). Inhibitors
were also optimized for desirable characteristics in addition to
potency, including minimal binding to serum proteins and good
calculated logP values.

The identified cathepsin D inhibitors have served as important
pharmacological tools for probing the enzyme’s effect in human
disease. For example, researchers have studied the relationship
between cathepsin D and the presence of neurofibrillary tangles,
one of the defining features of AD. Due to lysosomal dysfunc-
tion, elevated levels of cathepsin D in AD-vulnerable neurons is
observed in advance of pathology.*® Furthermore, in vitro,
cathepsin D cleaves the tau protein at neutral pH values, which
results in fragments corresponding in mass to those found in
tangles."”! This implicates cathepsin D as the protease respon-
sible for tau protein processing. To test this hypothesis, the
cathepsin D inhibitors were evaluated in a human hippocampal
cell model of neurofibrillary tangle formation.#8b At 1 um

inhibitor concentration, tau proteolysis was
inhibited by 50%, with complete suppression

oH R? o/o at higher concentrations. These results support
H | 3, 4 . . .
R4 N N. _R3 , R3C02H R4C02H N3V'\/ONOS the hypothesis that cathepsin D links lysosomal
37y X" > R2NNH; + R3S0,Cl + RiSO,Cl + : dysfunction to the etiology of AD and suggests
R? R3NCO R*NCO
‘ a new treatment approach.
la: S diastereomer 2a: S diastereomer By using the same library-synthesis methods,
X = CO, CONH, SO, . L S
J=CO, CONH, SO, single-digit nanomolar inhibitors have also
been identified against the malarial proteases
oH R O/O plasmepsin | and II. The plasmepsins have been
SALI C N . )
RA\J/N\/\/N\X/RB i chozH R:COZH Naw__~__ONoS implicated as.potentlal.t~arg.ets for the tre.at
L > R2NH, + R3SO,Cl + R%SO,Cl + I ment of malaria, a parasitic disease that afflicts
R R®NCO R*NCO R?

1b: R diastereomer
X =CO, CONH, SO,
J=CO, CONH, SO,

Scheme 13. Retrosynthesis of hydroxyethylamine-based inhibitors.
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2b: R diastereomer

300 - 500 million people worldwide, killing 1 -2
million annually.*” These inhibitors were opti-
mized for drug-like characteristics, such as
molecular weights below 600 amu, good cal-
culated logP values, minimal binding to serum
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Scheme 15. Representative cathepsin D inhibitors from combinatorial libraries.

proteins, and greater than 15-fold selec-

tivity over the most closely related human '34
aspartyl protease, cathepsinD.5% The
most promising inhibitors have single- ¢
digit micromolar to submicromolar ICs,
values against the parasite in cell culture
(Scheme 16; IC;,=the concentration at
which activity is inhibited by 50%). By
using the same library methods, inhibi-
tors have been identified towards f- N
secretase™ and Yapsin A.52 Alloc

@xﬁ*@ Bl A

J.A. Ellman et al.

o\ pound, 9, shows the opposite selectivity,
o displaying a K, of ~100 um against plas-
mepsin Il and a K; of 1.1 um against cathep-

sin D.

In a related report, a combinatorial library
with 13020 compounds was synthesized by
e using the above synthesis scheme.” Po-

tent low-nanomolar small-molecule inhib-
itors of plasmepsin | and Il were identified,
such as compound 10 (Scheme 19), which
has a K; of 50 nm against plasmepsin Il and a
K; of 320 nm against cathepsin D.

= Ki=1.0 nM

OH O

H 1 H
1 _N n N .R
,NWN\MN,R — W MN + RICHO. NaBHLCN or
N (e} N (o]

R4CO,H, HATU

H N R2
N

OH *+ NHR!

Scheme 17. Retrosynthesis of statine-based inhibitors.

4.1.2. Libraries based upon the statine
pharmacophore

In a series of reports, small-molecule
inhibitors with low micromolar K; values N
to plasmepsin Il were identified by sev-
eral library design, synthesis, and screen-
ing iterations.” By using a binary-en- o
coded tagging strategy, a statine library
of 18900 compounds containing cyclic
diamino acids was prepared through the
synthesis method outlined in Scheme 17.
This scaffold was based on a docking
exercise with the X-ray crystal structure
of a cathepsin D-pepstatin complex. Screening of this library led
to the identification of selective inhibitors for both plasmepsin Il
and cathepsinD (Scheme 18). One example of a selective
compound is 8, which has a K; of 490 nm against plasmepsin Il
and a K; of 45 um against cathepsin D. Another potent com-

OMe

NH

O Plasmepsin | Kj =~ 2 nM
Plasmepsin Il Ki = 4.3 nM
Cell Culture IC55 = 1 uM

Scheme 16. Potent plasmepsin inhibitor.
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Scheme 18. Selective inhibitors from the statine-based library.
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Scheme 19. Selective plasmepsin Il inhibitor.

4.1.3. Libraries based upon aminimide peptide isosteres

A novel aminimide transition-state analogue has been identified
and utilized as a general aspartyl protease pharmacophore.
This isostere was designed to mimic the placement of hydrogen-
bonding atoms in the aspartyl protease active site, while being
resistant to proteolysis. A library targeting HIV-1 protease was
prepared by solution-phase methods in a one-step synthesis by
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R2 R2 R2 The first class of reversible inhibitors to be
j\/ a) j\ﬁca ©) - b), c) j\ﬂ@ o \ reported was peptidyl aldehydes. However,
BocHN™ 7% BocHN N j( T RIAN N’N R the inherent reactivity of the aldehyde
OH R O OH R 0 pharmacophore to nucleophilic attack and

oxidation are considerable liabilities for

Scheme 20. Synthesis of aminimide inhibitors. a) R°CH;NH,, R*CO,Me; b) TFA; ¢) R'X. achieving good pharmacokinetics. In addi-

tion, aldehyde-based inhibitors only allow
using an ester, a hydrazine, and an epoxide (Scheme 20). display of functionality on one side of the
Compound 11 (Scheme 21) was identified as a moderate
inhibitor of HIV-1 protease, with a K; value of 137 nm. The general

. - L . e - S-Enz
applicability of the aminimide pharmacophore to the identifica- Enz-S~
tion of other aspartyl protease inhibitors remains to be é H )\ “fo H O)
demonstrated. \[or \m R 3 Nj)kR
1 o p M
Michael acceptor Carbonyl functionality

Scheme 23. Cysteine protease pharmacophores.
® § 4
BocHN Y N/\

OH 0 .
/N carbonyl. In contrast, ketone-based pharmacophores are chemi-
11 \— Ki= 137 M cally more stable, and enable the display of functionality on both
sides of the carbonyl to potentially achieve enhanced specificity
Scheme 21. HIV-1 protease inhibitor. through multiple interactions with the active site.
4.2, Cysteine proteases 4.2.1. Amidomethyl ketone based libraries

Cysteine proteases are essential to many biological processes.  Extensive efforts to develop inhibitors to cathepsin K have
These proteases are characterized by an active-site cysteine thiol  resulted in the identification of potent amidomethyl ketone
that attacks the carbonyl of an amide bond (Scheme 22).58 This  based inhibitors that are active in animal models.” Recently, a
class of proteases includes the calpains, which have been solid-phase strategy for rapidly accessing this inhibitor class was
implicated in neurodegenerative disorders, cathepsin K, which  reported (Scheme 24).°" Amino acid methyl esters are loaded
has been linked to osteoporosis,®” and the caspase family of  onto resin derivatized with the backbone amide linker (BAL)
proteases, which is involved in programed cell death.5® linker by reductive amination. A carboxylic acid is then coupled
A common feature of virtually all cysteine protease inhibitors  to the resulting secondary amine to provide a second diversity

is an electrophilic functionality, such as a carbonyl or Michael input. The methyl esters 12 are then hydrolyzed with potassium
acceptor, which is attacked by the cysteine thiol (Scheme 23).59  trimethylsilyloxide and a preformed masked ketone is then
coupled to form an amide bond with the carboxylic acid.

Reduction of the azide 14 is followed by acylation to introduce

S-E . L . .

nz the third diversity input. Acid-mediated cleavage from support
H o) Pr ; Enz-S O py and concomitant hydrolysis of the ketal protecting group affords
i j)LN)}W/ E—— g/N%NJ\H/E the desired ketone inhibitors 15. Unfortunately, the ketone

H . .
P1 o P, 0 products 15 were prepared as a mixture of diastereomers due to
approximately 20 % epimerization upon cleavage. A small library
Scheme 22. Peptide hydrolysis catalyzed by cysteine proteases. was synthesized and screened against cathepsinsK, L, and B.
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Scheme 24. Solid-phase synthesis of amidomethyl ketones. a) KOSiMe;, THF; b) EDC, NMP; c) SnCl,, PhSH, Et;N, THF; d) R;CO,H; e) TFA, Me,S, H,0.
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A representative potent inhibitor 16 towards cathepsin K that
was also selective against cathepsinsB and L is shown in
Scheme 25.
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Ki = 90 nM for cathepsin L
16 Ki> 1000 nM for cathepsin B

Scheme 25. Potent and selective amidomethyl ketone inhibitor of cathepsin K.

A related synthesis method has recently
been reported to access cyclic alkoxy ketones
structures. This class of inhibitors has also been
identified to inhibit cathepsinK, as well as
other cysteine proteases.’? In this method, an

o}

" o NN o o

J.A. Ellman et al.

tionality at several sites about a ketone carbonyl moiety has also
been reported.’®3 A chloromethyl ketone (Scheme 28) introduces
the P, side chain and provides sites for further functionalization
on both sides of the ketone carbonyl group. Linking to support
through the ketone carbonyl moiety is ideal since it is the only
invariant part of a ketone-based inhibitor regardless of the
cysteine protease that is targeted. Attaching the ketone to the
support as a carbazone further allows nucleophilic substitution
at the a position while simultaneously preventing nucleophilic
attack at the carbonyl group. Another advantage of the
carbazone linkage is that it prevents racemization, which is
problematic for the corresponding enolizable a-acylamino-
substituted chiral ketone and the dimethoxy ketal strategy

o
O/\O)LNHN R (H)

O y AllocHN - N \[(
R? o]

AllocHN \)j\/cl

a-amino-substituted cyclic ketal is coupled to 21 Y d) o 23
the common carboxylic acid intermediate 17 R 22 \ O/\OJ\NHN
(Scheme 26). Acid treatment releases the com- AllocHN XR2
pound from support with concomitant hydro- él 24
lysis of the ketal to afford the desired ketone 0 R2(H) o

. . H . H
product 19 as a mixture of two diastereomers e)- g) R4\[]/N\)]\/NYR3 + R4WNQK/XR2
in good vyield and purity. By using this 2324 - o gl b O o at ’

sequence, a library was prepared and screened
against cathepsin K; this resulted in the iden-
tification of a number of potent inhibitors, as
exemplified by 20 (Scheme 27).

Scheme 28. General method to prepare diverse ketone-based inhibitors. a) Chloromethyl ketone
derivative of N-Alloc amino acid, THF; b) NH,R?, DMF or (1) NaN;, MeOH; (2) SnCl,, PhSH, iPr,EtN, THF;
¢) R°CO,H, PyBOPR, HOA, iPr,EtN, DMF; d) R?CO,H or R?SH, iPr,EtN, DMF; e) Pd(PPh;),, CH,Cl,, TMSN;,

TBAF - 3H,0; ) R®CO,H, PyBOP. HOAL, iPr,EtN, DMF; g) TFA/H,O/TFE (1:4:15).

4.2.2. Libraries of amidomethyl, mercaptomethyl,
and acyloxymethyl ketones

A general method for the solid-phase preparation of small-
molecule cysteine protease inhibitors displaying diverse func-
?
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Scheme 26. Synthesis of cyclic alkoxyketone inhibitors. a) EDC, DMF; b) TFA/CH,Cl,/H,0 (7:2:1).

(0] H 0
NNy N\ﬁg Ki=11nM
S H (0] o]

20

Scheme 27. Potent cyclic alkoxyketone inhibitor of cathepsin K.
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mentioned above (Scheme 26). Nucleophilic displacement of the
support-bound a-chlorohydrazones with amines followed by
acylation provides access to the amidomethyl ketone class 25 of
reversible cysteine protease inhibitors. Displacement with
carboxylates or thiolates provides entry into the acyloxymethyl
ketone 26 (X=0,C) and mercaptomethyl
ketone 26 (X=S) cysteine-protease inhib-
itors. Removal of the protecting group,
acylation, and subsequent cleavage off of
support results in the fully functionalized
ketone products 25 and 26 in 40-100%
yields, without racemization.

Initial library efforts were designed to
identify potent inhibitors of cruzain, the
19 essential cysteine protease in the parasite

Trypanosoma cruzi. This parasite has been

shown to be the causative agent in Chagas’

disease, which is estimated to afflict over
60 million people in Central and South America and is the
leading cause of heart disease in South America. The first
generation libraries were based in part on Cbz-F-F (or homo-
phenylalanine (hPhe)) fluoromethyl ketone derivatives, which
have previously been identified as irreversible inhibitors of
cruzain (Cbz = benzyloxycarbonyl). Libraries of both amidometh-
yl ketones 27 and mercaptomethyl ketones 28 (Scheme 29) were

(0]
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Amidomethyl ketone inhibitor

Scheme 29. Representative cysteine protease pharmacophores.

prepared and screened, which resulted in the identification of
mercaptomethyl ketones with low nanomolar K; values. Addi-
tional optimization libraries have further resulted in even more
potent inhibitors with good aqueous solubilities and low
molecular weights (477 -610 amu). For example, compound 29
was identified as a very potent inhibitor of cruzain, with a K; of
0.9 nm (Scheme 30). The compounds showed greater than 700-
fold and 30-fold selectivity relative to two of the most closely
homologous human proteases, cathepsins B and L, respectively.

= 0.9 nM cruzain
K; = 700 nM cathepsin B
K; = 28.8 nM cathepsin L

29

Scheme 30. Potent and selective cruzain inhibitor.

An alternate, general, solid-phase route to amidomethyl
ketones has also recently been reported. This strategy allows
the display of a diverse set of functionality about the amido-
methyl ketone core, although the method is limited in that P,
side-chain diversity cannot be incorporated into the synthesis
scheme.” The diamino propanol core, which is orthogonally
protected with two different amine protecting groups, is linked
to a tetrahydropyran (THP) linker in excellent yield (Scheme 31).
Selective modification is possible through the removal of each

IL‘P

a
prinN._L__NH-onBs — 2w phinn._L_ b). 9

NH- O-NBSHRXN

0 X=C(0), SO, O

Scheme 31. Alternative solid-phase synthesis of amidomethyl ketones. a) THP linker, PPTS, 1,2-dichloroethane;
b) NH,NH,, THF, DMF; c) RCO,H, DIC, HOBt, DMF or RSO,Cl, iPr,EtN, 1,2-dichloroethane; d) -mercaptoethanol,

DBU, DMF; e) R'CO,H, DIC, HOB; f) TFA/H,O (6:1); g) Dess — Martin periodinane.

CHEMBIOCHEM 2002, 3, 16-37

Mercaptomethyl ketone inhibitor

o
(0]
1
R HNJ]\/BI‘ a) RIHN
: —

orthogonal amine protecting group, followed by acylation with a
variety of carboxylic acids and sulfonyl chlorides. TFA-mediated
cleavage followed by oxidation of the secondary alcohol with
Dess — Martin periodinane affords the desired ketones in 20-
60% yields and >90% purity.

A solution-phase strategy to generate a library of 590
acyloxymethyl ketones has also been reported (Scheme 32).16%
In this synthetic scheme, the bromomethyl ketone 30 is coupled
with 50 carboxylic acids, deprotected by HCl, and purified by
using a support-bound thiourea resin to remove unreacted
bromomethyl ketone. This library was screened against N-His
(D381E) interleukin-153 converting enzyme, which resulted in a
number of inhibitors with a greater than tenfold improvement in
activity compared with a previously identified lead.

o}
\)JVOWRZ b)_ RN %OTRZ

H o H
~Co,Bu ~Co,H
30 31 32

~Co,Bu

Scheme 32. Alternative solution-phase synthesis of acyloxymethyl ketones.
a) R*CO,H, Et;N, DMF; b) HCl, THF; c) thiourea scavenger.

4.3. Serine proteases

Serine proteases, which rely upon the attack of an active-site
serine upon the scissile amide carbonyl, also play a large role in
many biological processes.*® Important pharmaceutical targets
include thrombin and factor Xa, which have been implicated in
homeostasis of blood coagulation, and human leukocyte
elastase, which is important in lung diseases. Many peptidic
libraries have been designed towards serine proteases.’%
However, since peptide-based inhibitors generally have poor
pharmacokinetics and bioavailability, more recent inhibitor-
design efforts toward serine proteases have focused on the
display of nonpeptidic functionality about an activated carbonyl
group. The identification of inhibitors that show high selectivity
for a single serine protease is a particularly difficult challenge
because more than one hundred serine proteases are encoded
by the human genome. Furthermore, these enzymes tend to
interact with only a small portion (3-5 amino acid residues) of
the peptide and protein substrates.

fl?

NH-0-NBS *»

4.3.1. a-Ketoacid-derivative libraries

a-Ketoacid derivatives have served as
an important pharmacophore for tar-
geting serine proteases. Early reports
described a library of peptidyl a-keto-
amides that was targeted against hu-
man heart chymase and chymotryp-
sin.”” Human heart chymase is impor-
tant because of its role in hypertension.
These inhibitors were synthesized in a
spatially separate, parallel array and
were screened against two targets by
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using an on-bead assay. From this
library, optimal amino acid sequences

JLEP Q were identified. The corresponding a-
e \H OMe ketoesters were potent inhibitors, such
33 o as 33 (Scheme 33), which has a K value

of 1 nm against chymase.

A convergent, parallel, solution-
phase synthesis method to prepare
nonpeptidic a-ketoamide derivatives
has also been reported.® Reaction of a-ketoesters with sym-
metrical diamines afforded a-ketoamide products, which are
then reacted with ethoxymethyleneoxazolones (Scheme 34). An
array of 1600 compounds was prepared and screened against

Scheme 33. Potent chy-
mase inhibitor.

O R

O
Hs @&
Ar)H(OC 3 @)
(0]

Scheme 34. Solution-phase synthesis of a-ketoamide inhibitors. a) RHN(CH,) ,NHR;
b) ethoxymethyleneoxazolone.
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4.3.3. Libraries based on a 1,2,5-thiadiazolidin-3-one
1,1-dioxide scaffold

The structure-based design of a general class of heterocyclic
mechanism-based inhibitors has been reported.” These inhib-
itors contain a sulfamide functionality and have been shown to
be potent, time-dependent, highly selective inhibitors of human
leukocyte elastase, cathepsin G, and proteinase 3. Selectivity can
be predicted based upon the nature of the P, substitutent. The
unique mechanism (Scheme 36) of interaction is postulated to
occur through the nucleophilic addition of the serine alcohol to
the activated amide carbonyl group, which results in the ring
opening and formation of a covalent enzyme - inhibitor com-
plex. Upon addition of water, formaldehyde is liberated
and ring closure releases the enzyme and a hetero-
cyclic product. From the commercially available amino
acid methyl ester, these compounds can be synthe-
sized in a five-step, solution-phase, parallel synthesis
(Scheme 37). To demonstrate the generality of the
inhibitors, a collection of 27 compounds was made and
assayed against the enzymes. Second-order rate con-

the serine proteases a-thrombin, factor Xa, trypsin, Enz” "O-
and plasmin. Several inhibitors with low micromolar K; Q o Enz” ~Q o- Enz” N0
values were reported, but the structures of the active Rl%) . R1\>< - Rl\;o HO o
compounds were not disclosed. Further synthesis and N N—/ N\S,N_\“‘ N
biological evaluation will be needed to evaluate the R X, LG R Py L© RZT Py
9 o 600 30
versatility of this inhibitor synthesis strategy.
Enz” "0 Enz” 0 )
1 1
o Rﬁ}o OH R% L P
4.3.2. B-Lactam inhibitor libraries HN—— — > — M + Enz” Y OH
Z’N\Syv 2’N‘S/NH2 N /NH
Another general serine protease pharmacophore is R &% R >0 RS
0 00

the f-lactam ring. A library of 126 f-lactam dipeptides
was synthesized by employing an Ugi condensation
strategy.®? A wide variety of functionality was intro-
duced with -amino acids, aldehydes, and isonitriles
(Scheme 35). However, an inherent limitation of this
strategy was the formation of products as a mixture of
diastereomers.

1 2
o} R R
Rl 0 @ (o]
ﬁom HJLR3 RRert ——— N%N/R“
o
H,>N R2 R3 H

Scheme 35. Synthesis of B-lactam inhibitors through an Ugi condensation.

Scheme 36. Mechanism of action.

stants established the potency and selectivity of these inhibitors.
For example, one compound had a K,,/K value of
186000m's~! against chymase, but was inactive against
chymotrypsin.

4.3.4. Cyclohexanone-based inhibitor libraries

In a recent report, cyclohexanone inhibitors 35 were prepared to
target both serine and cysteine proteases in order to probe for
specificity in the S and S’ binding sites.”” Cyclohexanone ketal

1 Rl O Rl O Rl O Rl O LG: -SO,R3o0r

) ) { M» — L — o, 7—‘< G -OCORS® or

H,N  OMe Re-NH OMe  po N NH  gooNo N— pooNL Ny o
N i cl Y 'N\

oo d o SO,R¢

Scheme 37. Synthesis of 1,2,5-thiadiazolidin-3-one 1,1-dioxide inhibitors. a) R*CHO, NaBH(OAc);, 1,2-dichloroethane, AcOH; b) H,NSO,Cl, Et;N; c) NaH, THF;
d) HOCH,SO;Na, SOCl,; e) HSR?, DBU, then mCPBA; or Nal, acetone, then R°CO,H, DBU; or Nal, acetone, then R*OCONHSO,R*, DBU.
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FmOCHN\ijNCOZH +H N/kff Q9

iPr,EtN; d) TFA; e) TFA, H,0.

34 is utilized as the key pharmacophore build-
ing block in standard peptide synthesis
(Scheme 38). A library of 400 compounds was
prepared and screened against plasmin, cath-
epsin B, and papain. One of the most potent
inhibitors identified in this library is 36
(Scheme 39), which has a K value of 5um
against plasmin.

c), d)

FmocHN\ijA)J\ /'\[r
R?2 y © o R!
)\WHW )ﬁ( 9 - Do b HN/H(N N&(OH
CbzHN z
o) H o
35

Scheme 38. Synthesis of cyclohexanone inhibitors. a) HBTU, iPr,EtN; b) piperidine, DMF; c) Cbz-aa-OH, HBTU,

NPEOCHNY Son HO/\WNQL /O a), b) HzN

CbZHN

phonic acid is followed by a TFA-
mediated cleavage, which also si-
multaneously removes side-chain
protecting groups. A 540-member
library was constructed by using
split and mix synthesis and was
screened  against  thermolysin
through an on-bead assay. Iterative
deconvolution was used to deter-
mine the identity of active com-
pounds such as 41 (K,=49nwm;
Scheme 41).

Potent and selective phosphinic
peptide inhibitors have also been

b.o_

MeO_,0 Br

OAWNJL Q

P2 38 39

OWN% Q

40

Scheme 40. Synthesis of phosphonate inhibitors. a) Tris(4-chlorophenyl)phosphine, DIAD, iPr,EtN,
THF; b) 5% DBU/NMP; c) CbzCl, iPr,EtN, dioxane; d) 1. PhSH:Et;N:dioxane (1:2:2); 2. triethylsilane, TFA.

<N o o <N
N
CbzHN N~ ~CO,H
o H
36 =5uM

Scheme 39. Cyclohexanone-based inhibitor of plasmin.

4.4, Metalloproteases

The fourth class of proteases catalyzes peptide-bond hydrolysis
by an active-site, zinc-mediated activation of the substrate
amide carbonyl group to attack by water.”? Improper regulation
of metalloproteases contributes to disorders such as rheumatoid
arthritis, osteoporosis, and cancer. Almost all inhibitors of
metalloproteases contain a zinc-binding group (ZBG). A number
of different ZBGs have been discovered, such as thiols, carboxylic
acids, and hydroxamic acids.

4.4.1. Phosphonate- and phosphinic-based libraries

One of the first solid-phase strategies for synthesizing inhibitors
of metalloproteases was based upon the display of peptidic
functionality about a phosphonate pharmacophore.”¥ Instead of
binding to the active-site zinc center, the phosphonate group is
an effective transition-state analogue that mimics the scissile
amide bond. The phosphonate inhibitors are prepared by
coupling a 2-(4-nitrophenyl)ethoxycarbonyl (NPEOC) protected
alkylphosphonic acid 37 to a support-bound a-hydroxy acid 38
(Scheme 40). Selective demethylation of the protected phos-

CHEMBIOCHEM 2002, 3, 16-37
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Scheme 41. Potent phosphonic acid based inhibitor of thermolysin.

reported.” A library of several hundred peptides having the
general formula Z-(L,0)Fy(PO,CH,)(L,0)X-X-X were synthesized as
a mixture of four diastereomers and screened against rat brain
zinc endopeptidases neurolysin (24 -16) and thimet oligopepti-
dase (24 - 15). From this library, potent inhibitors were identified,
such as Z-(L,0)Fy(PO,CH,)(L,0)A-R-M, which has a K; value of 70 pm
for endopeptidase 24-15. In a related synthesis strategy, the
same authors reported a series of phosphinic peptides,”> which
varied according to peptide size, position of the phosphinic
bond, and capping of the N-terminal peptide. The most potent
inhibitor in this library, P-L-F1(PO,CH,)G-P, has a K; value of 4 nm
for endopeptidase 24-16 and is 2000 times less potent for
endopeptidase 24 - 15.

Another recent phosphinic acid strategy described a library of
165000 peptide inhibitors, which were screened against MMP-
12.7%1 The library was designed as a one-bead/two-compounds
library, with every bead containing the same quenched fluoro-
genic substrate and a different inhibitor. Potent inhibitors were
identified, such as L-M-Y-Gy(PO,HCH,)L-Y-M-P-G, which had a K;
value of 6 nm for MMP-12.
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Scheme 42. Synthesis of N-carboxyalkyl amino acid derivative libraries. a) HBTU, iPr,EtN, DMF; b) O-fluorenylmethyl a-amino ester, NaCNBH;, iPr,EtN, AcOH, DMF;
¢) 1. piperidine, DMF; 2. HSpfp, DIC, DMF; 3. NH,R?, iPr,EtN, HOBt, DMF; 4. HCI, dioxane.

4.4.2. N-Carboxyalkyl amino acid derivative libraries

A targeted library of N-carboxyalkyl amino acid derivatives that
utilizes a carboxylic acid ZBG has also been described.””
Acylation of a support-bound hydroxy group with substituted
pyruvic acids introduces the first diversity input (Scheme 42).
Reductive amination with an O-fluorenylmethyl a-amino ester
then provides the second diversity input. The final diversity input
is introduced by removal of the O-fluorenylmethyl protecting
group followed by coupling with a substituted amine. Acidic
cleavage from the support affords the N-carboxyalkyl amino acid
derivatives as a 1:1 mixture of epimers. By using this synthesis
method, iterative libraries were designed through structure-
based design, synthesized, and screened against stromelysin.

A related library of N-carboxyalkyl tripeptides was synthesized
in order to generate new leads against metalloproteases
(Scheme 43).781 First, a support-bound tripeptide library was

HO.

0 R? o)
H
FmocHN\;)kN/kﬂ/NQLO/ N 2 \ H\)(i R? H\)CL
e H o R Q(“ HRYN; N/HTN; o~
o Q 2C H o re

Scheme 43. Synthesis of N-carboxyalkyl tripeptides. a) 1. Piperidine, DMF; 2. a-ketoacid, BH;, pyridine;

3. TFA; 4. neutralize; 5. 10% Et;N, MeOH.

prepared by using standard solid-
phase synthesis methods, and sub-
sequently the carboxyalkyl function-
ality was introduced by reductive
alkylation. This 20000-member [i-
brary was prepared through both
split and mix and indexed combina-
torial techniques and was tested
against a number of MMPs. In a
representative example, these inhib-
itors were screened against MMP-3 as
100 mixtures each of 200 compounds, resulting in the identi-
fication of a 400 nm inhibitor of this enzyme.

CH,Cl,; ¢) TFA; d) toluene.

4.4.3. Thiol-based libraries

Targeted libraries utilizing a thiol pharmacophore have been
prepared by standard solid-phase peptide synthesis methods."”
Screening of several iterative libraries resulted in the identifica-
tion of selective inhibitors of both gelatinase A and gelatinase B
(Scheme 44). Examples of selective compounds include 42,
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Gelatinase A IC5p = 3498 nM
Gelatinase B IC5p = 38 nM

Gelatinase A ICsg = 40 nM
Gelatinase B ICsg = >1000 nM

Scheme 44. Potent thiol-based MMP inhibitors.

which has an IC;, value of 40 nm against gelatinase A and of
> 1000 nm against gelatinase B. Another potent compound 43
shows the opposite selectivity, displaying an 1Cg, value of 38 nm
against gelatinase B and of ~3500 nm against gelatinase A.

In another published report, two libraries of diketopiperazine
(DKP) inhibitors 44 with a thiol pharmacophore were synthe-
sized and screened against collagenase-1,
stromelysin 1, and gelatinase B.” Two
684-membered libraries were prepared
using the synthesis sequence outlined in
Scheme 45. These libraries were screened
as mixtures and iterative deconvolution
was used to determine the identity of
potent and selective inhibitors, such as 45
(Scheme 46).

2
3 R

o R!

44

Scheme 45. Synthesis of diketopiperazine inhibitors. a) R,CHO, NaBH;CN, MeOH; b) Boc-X-OH, HATU, iPr,EtN,

O
ICsg values:
HS N Collagenase 47 nM
HN Stromelysin 2910 nM

Gelatinase 121 nM
O 45

Scheme 46. Potent and selective MMP inhibitor based upon the diketopiperazine
scaffold.
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4.4.4. Hydroxamic acid based libraries

Finally, the hydroxamic acid functionality is
one of the most extensively studied phar-
macophores of metalloproteases and several
solid-phase synthesis strategies for preparing
hydroxamic acids have been described.’'>-
Solid-phase synthesis is typically performed by using a hydroxyl-
amine that is attached to the solid support through an acid-labile
linker, such as those shown in Scheme 47.

_NH; o
Q. @o O Ao OMe
o R g )
C o
OMe
O\o O

O., ,.Fmoc

N Ph
p _NH;
“
) o m
o
cl

Scheme 47. Representative hydroxamic acid linkers.

An alternative method for preparing hydroxamic acid inhib-
itors is to release the inhibitor from a support by nucleophilic
attack of a hydroxylamine derivative upon the final support-
bound intermediate (Scheme 48).52 By using this strategy,
several iterative libraries of hydroxamic acid dipeptides and
tripeptides were prepared and screened to identify potent
inhibitors of Procollagen C proteinase, a matrix metalloprotease
that is responsible for procollagen processing.

5. Summary and Outlook

We have summarized the most current combinatorial techniques
for the systematic study of proteases. First, combinatorial
techniques have enabled the study of protease substrate
specificity, which provides valuable insight into the elucidation
of physiological substrates as well as in the design of good
synthetic substrates and potent inhibitors. Second, small-
molecule library synthesis methods have been developed to
exploit a common pharmacophore to a protease class, such that
they can potentially be applied to any member of that protease
class. Small-molecule inhibitors that have been identified with
these library methods have been applied to the in vitro and in
vivo study of protease function and have served as leads for drug
development.

Large-scale genomic and proteomic efforts over the last ten
years have resulted in an enormous number of new biological
targets that must be studied and understood. To tackle this huge
number of targets the development of new techniques for the
systematic analysis of proteins is necessary. Combinatorial
methods are highly effective systematic tools because a large
number of relevant chemical tools towards a protein family may
rapidly be prepared by using common scaffolds or synthesis
sequences designed to target that protein family. Targeted

CHEMBIOCHEM 2002, 3, 16-37
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Scheme 48. Formation of hydroxamic acid from solid-support. a) 50 % aq. NH,OH (25 equiv), THF.

combinatorial approaches have been most widely utilized for
the study of proteases and kinases,® but should be of general
utility for most protein families.

Abbreviations

aa amino acid

Abz o-aminobenzamide

Ac acetyl

ACC 7-amino-4-carbamoylmethylcoumarin
AD Alzheimer's disease

All allyl

Alloc allyloxycarbonyl

AMC 7-amino-4-methylcoumarin

Bal backbone amide linker

Boc tert-butyloxycarbonyl

Cbz benzyloxycarbonyl

cDNA complementary DNA

Dabsyl 4-dimethylaminoazobenzene-4'-sulfonyl
DBU 1,8-diazabicyclo[5.4.0lundec-7-ene
DKP diketopiperazine

DIAD diisopropyl azodicarboxylate

DIC diisopropylcarbodiimde
N,N-dimethylformamide
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
Fm fluorenylmethyl

Fmoc 9-fluorenylmethyloxycarbonyl

HATU 0O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluro-
nium hexafluorophosphate

HBTU O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate

HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxy-1H-benzotriazole

hPhe homophenylalanine

HSpfp pentafluorothiophenol

ICso the concentration at which activity is inhibited by
50%

LG leaving group

mCPBA m-chloroperoxybenzoic acid

MMP matrix metalloproteinase

MT-SP1 membrane-type serine protease 1

o-NBS o-nitrobenzenesulfonyl

NMM N-methylmorpholine

NMP N-methylpyrrolidone

Nos o-nitrobenzenesulfonyl

NPEOC 2-(4-nitrophenyl)ethoxycarbonyl

PAR2 protease-activated receptor 2

PEGA polyethylene glycol - poly(N,N-dimethylacrylamide)
copolymer

PG protecting group
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Phth phthaloyl

PPTS pyridinium p-toluenesulfonate

PS-SCL positional-scanning, synthetic combinatorial library

PyBOP benzotriazol-1-yloxytris(pyrrolidino)phosphonium
hexafluorophophate

sc-uPA single-chain urokinase-type plaminogen activator

SDS-PAGE sodium dodecylsulfate polyacrylamide gel electro-
phoresis

SPPS solid-phase peptide synthesis

TBAF tetrabutylammonium fluoride

TFA trifluoroacetic acid

TFE trifluoroethanol

THF tetrahydrofuran

THP tetrahydropyran

T™S trimethylsilyl

Y(NO,) 3-nitrotyrosine

ZBG zinc-binding group
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1. Introduction

Extremophilic organisms survive under harsh environmental
conditions. They prefer to live at high hydrostatic pressure, in the
presence of high salt concentrations, in acid or alkaline solutions,
and, in particular, at high temperature.l'! The thermophiles and
hyperthermophiles, some of which can grow beyond 110°C,
receive much attention, because their thermostable proteins
have become important tools in biochemistry and industrial
biotechnology. At the same time they provide us with the
opportunity to elucidate the origins of protein stability, to learn
how thermostability is encoded in the amino acid sequence, and,
ultimately, to use this information for designing stable pro-
teins.% 3

Mesophilic organisms are not forced to maintain or evolve
thermostable constituents and, as a consequence, most of their
proteins show very low conformational stabilities. This may have
a simple reason. The overwhelming majority of the mutations, as
they occur during evolution, are disadvantageous for stability
and function, and therefore the stability of a protein is
maintained just high enough to secure its proper function in
the organism.

Proteins are stabilized primarily by noncovalent interactions,
such as hydrogen bonds, hydrophobic interactions, or coulom-
bic forces. There is a multitude of interactions in proteins, but all
of them are weak, they must balance the loss of interactions with
the aqueous solvent and, in particular, they must compensate for
the enormous decrease in chain entropy upon folding. Makha-
tadze and Privalov estimate a decrease in chain entropy
equivalent to TAS~— 1500 kJ mol~" upon folding a protein with
100 residues.® It is thus not surprising that most proteins are
only marginally stable, with Gibbs free energies of denaturation
(AGp) often in the range of 10-60kJmol~'. The finely tuned
balance between many stabilizing and many destabilizing
interactions complicates the analysis, and it remains difficult to
identify the molecular origins of the extra stability of the
thermophilic proteins.

2. Stability and Rigidity of Thermophilic
Proteins
At ambient temperature thermophilic proteins often show much

slower amide hydrogen - deuterium exchange and much lower
catalytic activity than their mesophilic homologues, which

CHEMBIOCHEM 2002, 3, 39-44 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

points to an increased conformational rigidity of the thermo-
philic proteins. In some cases these differences disappear when
mesophilic and thermophilic proteins are compared at their
respective physiological temperatures.” The underlying concept
of “corresponding states” is sometimes meant to imply that
there is a mechanistic linkage between low activity and high
rigidity.” > ¢ The often low catalytic activity at ambient temper-
ature of thermophilic enzymes might, however, simply be a
consequence of the fact that a thermophilic enzyme should not
show a maximal activity, but an activity that is optimized for
adequate physiological function at high temperature. This
implies that the activity is fairly low at ambient temperature
because catalysis by an enzyme, like all other chemical reactions,
obeys the Arrhenius relationship. In addition, a low activity at
ambient temperature might simply reflect that there is no
evolutionary pressure on thermophilic organisms to maintain
high metabolic activity in the cold. In fact, mesophilic enzymes
can be made thermostable by protein engineering or directed
evolution without compromising their high activity at low
temperature.”'% This confirms that there is not necessarily a
trade-off between enzyme stability and activity.

What makes a thermophilic protein stable? Usually, homolo-
gous proteins from mesophilic and thermophilic organisms
strongly resemble each other in their three-dimensional struc-
tures. They use the same building blocks, the natural amino
acids, but of course they differ in amino acid sequence. It is clear
that the stability differences are determined by the differences in
sequence, and therefore structure-based sequence comparison
is the most popular approach to tackle the problem of protein
thermostability.

However, the sequences of mesophilic and thermophilic
protein homologues typically differ at many positions, and most
of these differences are certainly unimportant for thermal
adaptation. Therefore, it has remained a major challenge to
pinpoint those differences that actually convey the additional
stability to the thermophilic protein. Moreover, spatial informa-
tion from crystal or NMR spectroscopic structures is not easily
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translated into thermodynamics. Interactions depend
strongly on molecular distances and distance distributions.
Entropic changes that accompany folding or the differential
interactions of charged residues in the unfolded and native
states cannot be deduced from the folded structure at all.""

Nevertheless, structure-aided sequence comparisons
between mesophilic and thermophilic proteins provided
initial insight into what might have guided the evolution of
thermophilic proteins to increased stability. In a pioneering
study, Argos et al. found tendencies for substitutions of, for
example, Ser and Gly to Ala, Val to lle, and Lys to Arg when
going from the mesophilic to the thermophilic homo-
logues.'”? Now, with several complete bacterial and ar-
chaeal genome sequences at hand it has become clear that
thermophiles encode more charged and less uncharged
and polar residues. '3 These global analyses are very
useful but cannot reveal whether the observed trends (such
as the preference in thermophiles of Glu and Asp over Gin
and Asn) reflect the optimization of thermodynamic
stability or of other factors, such as chemical stability at
high temperature. They also cannot give us information
about how a particular protein achieves its thermostability.

Many rules for protein thermostability were deduced
from structure/sequence analyses, and, with the advent of
site-directed mutagenesis, they could be tested by experi-
ments. Most of these studies gave incomplete answers,
because the often huge numbers of sequence differences
rendered systematic residue-by-residue mutational analy-
ses impossible. More importantly, most of the studied
proteins unfolded irreversibly or followed complex unfold-
ing mechanisms, both of which preclude a quantitative
thermodynamic analysis of denaturation experiments.
These limitations define the criteria for a mutational

F. X. Schmid and D. Perl
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BeCsp MQRGKVKWFNNEKGY/GFIEVEGGSDVFVHFTAIQG
Bs-Cspp MLEGKVKWFN[S[EXGF|GFIEVEGQDDVFVHFSATQG

40 45 50 55 &0 65

Be-Csp EGFKTLEEGQEWSFEIVQGNEGPQAANVWKEJ
Bs-Csph EGFKTLEEGQAVSFEIVEGNRGPQAANVITIK[EA|

Figure 1. A) Crystal structure of Bc-Csp.I'! The backbone is shown as a yellow ribbon, and
the side chains that are identical between Bc-Csp and Bs-CspB are also shown in yellow.

Those that are different from Bs-CspB are shown in green and labeled in yellow. Positively

approach to protein thermostability. The mesophilic and
thermophilic protein homologues under investigation
should differ at a few sequence positions only, and they
must unfold reversibly in a well-defined reaction, ideally in
a simple N2U two-state process. For such reactions the
equilibrium constant and, thus, the Gibbs free energy of
denaturation, AGp, can be calculated unambiguously and with
good precision from unfolding transition curves.

3. Thermostability of the Bacillus caldolyticus
Cold Shock Protein Bc-Csp

In our own studies on the origins of thermostability we used a
mesophilic and a thermophilic cold shock protein as the
workhorses.['> 19 These small proteins bind to single-stranded
nucleic acids, and, in the cells, they probably suppress second-
ary-structure formation in mRNAs by binding.'”'® The cold
shock proteins from the mesophile Bacillus subtilis (Bs-CspB) and
from the thermophile Bacillus caldolyticus (Bc-Csp; Figure 1) are
monomeric, have 67 (Bs-CspB) and 66 (Bc-Csp) residues, and are
devoid of complicating factors, such as disulfide bonds,
coenzymes, or tightly-bound ligands. They differ in sequence
at 12 positions only (Figure 1B). The crystal structures, solved at
resolutions of 2.45 (Bs-CspB) and 1.17 A (Bc-Csp), revealed that

40

charged atoms are colored blue, negatively charged atoms are red. The backbone of Bs-
CspB js shown as a magenta ribbon. B) Amino acid sequences of Bc-Csp and Bs-CspB.
The sequence differences are underlaid in yellow, negatively charged residues are shown in
red, positively charged residues in blue. Single-letter notation for amino acids is used.

the two proteins show the same backbone conformation (a 3
barrel composed of five antiparallel [ strands) and share
identical hydrophobic cores (Figure 1A).l'>

Both, Bs-CspB and Bc-Csp unfold and refold reversibly in very
fast, monomolecular, N2U two-state reactions, there is no
evidence for folding intermediates or for irreversible reactions.
This pair of proteins is, thus, well suited for quantitative
thermodynamic studies. The thermophilic protein is much more
stable than its mesophilic homologue. In 5 mm buffer (pH 7.0) the
midpoint of the thermal unfolding transition (T},) of Bc-Csp is at
773°C and is, thus, more than 28 degrees higher than the T, of
Bs-CspB. In 100 mm buffer the difference in T, is 23°C.l'> '8

All twelve differences in sequence locate to the protein
surface (Figure 1), and six of them involve charged groups. The
resulting difference in surface-charge distribution is important
for stability. This is clearly seen in the response of the stabilities of
the two proteins to increasing the salt concentration in the
solvent. The stability of the mesophilic protein Bs-CspB increases
strongly when 0-0.5m NaCl or KCl are added (Figure 2),
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Figure 2. Gibbs free energy of denaturation AGy, of wild-type Bc-Csp (red) and
wild-type Bs-CspB (purple) at 70°C for different NaCl concentrations as derived
from thermal unfolding transitions. Transitions were measured in 0.1m Na

cacodylate/HCl (pH 7.0) at protein concentrations of 4 um and monitored by the
decrease of the circular dichroism signal at 222.6 nm. Data taken from ref. [16].

evidently because unfavorable electrostatic interactions at the
protein surface are screened by the salt. In contrast, the stability
of the thermophilic protein Bc-Csp decreases under the same
conditions, which suggests that in this case the electrostatic
interactions are stabilizing. The stability difference between the
two proteins, thus, decreases from 15.8 kJmol~" in 0.1 m buffer to
8.4 kJmol~"in 2m NaCl solution; this suggests that the changes in
the surface electrostatic interactions account for almost half of the
additional stability of the thermophilic protein. At high salt
concentrations, the stabilities of both proteins increase (Figure 2)
in a charge-independent fashion due to the Hofmeister ef-
fect.[20-22

4. Individual Contributions to Thermostability

Since the two cold shock proteins

more than two thirds of its extra stability. When the two
mutations were combined (in the Arg3Glu/Leu66Glu double
mutant of Bc-Csp) the Ty, value dropped to 44.6 °C, which is even
below the T, value of Bs-CspB (53.6 °C). The other amino acid
replacements only led to small changes in stability (Figure 3C).
The AAG, increments of all the individual mutations added up
to —15.1kJmol~', which is surprisingly close to the total
difference in stability between the mesophilic and the thermo-
philic parent proteins (— 15.8 kJ mol~T).

It is always easy to destabilize a protein (such as Bc-Csp) by
mutation. The salient question, therefore, was whether the
mesophilic protein Bs-CspB could be stabilized by introducing
the residues of the thermophilic homologue at the critical
positions 3 and 66. The answer was clearcut. The Glu3Arg
replacement increased the Ty, value of Bs-CspB by 16 °C and AG,
by 11.1 kJmol~T, while the Glu66 Leu mutation increased the T,
value by 12.8°C and AG, by 8.8kJmol~' (Figure3B, D). In
combination, the two mutations raised the T,, value from 53.6 to
74.6°C and, thus, rendered Bs-CspB nearly as stable as Bc-Csp
(76.9°Q).

The Arg 3 residue of Bc-Csp accounts not only for two thirds of
the extra stability of this protein but also for the profound
difference in the electrostatic stabilization between Bs-CspB and
Bc-Csp. The exchange of a Glu residue at position 3 with an Arg
residue was sufficient to switch the coulombic interactions from
being overall destabilizing as in the mesophilic parent protein to
being overall stabilizing as in the thermophilic parent protein (see
Figure 2). All the other mutations (including the Leu/Glu exchange
at position 66) did not affect the electrostatic interactions,
although five of the substitutions involve changes in charge.

Can we understand the importance of the Arg3 and Leu66
residues for the thermostability of Bc-Csp on the basis of its

differ at twelve positions only, it was A .. r Be iy I
. . . — b i . o
within reach to analyze the contri- L] g - ™ B5.CspB E3R
. . = S ag k- Hs-CspB E3
butions of these differences by a = [
L8] a
combination of systematic muta- % 2 08 | \
o] m -
genesis and stability measure- E E 04 F \
ments. In a first series of mutations, = S o2k it T \(S-—;-ng
. . . = = b2
we introduced into the thermophil- = g L \\ s
ic protein, one at a time, the = O = 9 L1 1 & 1 4 1 e

corresponding residues of the meso-
philic protein. The thermodynamic
analysis of these twelve variants
gave a surprisingly clear and simple € _ 5
answer. Only two of the twelve
variants were significantly destabi-
lized relative to wild-type Bc-Csp : 5
(see Figure 3A), which suggests
that the additional stability of this
protein results from only the con-
tributions of the Leu66 and, in 20
particular, Arg 3 residues. In Bs-CspB
these positions are occupied by Glu
residues. The Arg3Glu mutation
alone destabilized Bc-Csp by
11.5 kJmol~', which accounts for
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Figure 3. Thermal unfolding transitions of A) the variants of Bc-Csp and B) the variants of Bs-Csp in 0.1m Na
cacodylate/HCl (pH 7.0). The conditions were as given in Figure 2. Single-letter notation for amino acids is used. C) The
relative differences in stability (14Gp) caused by the individual substitutions of the respective residues of Bs-CspB into
Bc-Csp. D) The effects of selected reverse substitutions on the stability of Bs-CspB. The relative stabilities of the two
parent proteins are indicated by the horizontal lines. Data taken from ref. [16].
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1.17 A crystal structure? The side chain of the Leu66 residue
packs on a pair of main-chain hydrogen bonds between Val47,
Ser48, and Val 64, which link two 3 strands. It thus decreases the
polarity around these hydrogen bonds and excludes water
molecules as potential hydrogen-bond competitors. This hydro-
phobic shielding might be the major source for the stabiliza-
tion by the Leu66 residue relative to a Glu66 moiety. Inter-
estingly, the Glu66 residue is disordered in the structure of
Bs-CspB.I"™

5. The Key Role of the Arg3 Residue

The Arg3 residue stabilizes both wild-type Bc-Csp and the
Glu 3 Arg variant of Bs-CspB by more than 11 kJmol~" relative to
the forms that have a Glu residue at this position. Of this,
7 kJmol~" are of coulombic origin, because screening by 2m salt
concentrations reduces AGp to 4.2 kJmol~". This salt-resistant
stabilization might reflect improved nonpolar interactions of the
three methylene groups of the Arg3 side chain.

The Arg3 residue shows two different side-chain conforma-
tions in the two protein molecules (A and B) that are found in the
unit cell of the Bc-Csp crystals. The distances of its guanidinyl
group to the carboxyl group of the Glu46 residue are 4.8 A in
molecule A and 2.7 A in molecule B, which raises the possi-
bility that the Arg3 and Glu46 residues engage in a stabilizing
salt bridge. The control mutation Glu46Ala, however, left the
stability of Bc-Csp and its salt dependence virtually unchanged,
which rules out the idea that the strong electrostatic stabilization
by the Arg3 moiety originates, in fact, from a pairwise ionic
interaction with the Glu 46 residue. We then abolished, one at a
time, all other negatively charged groups that are closer than
10A to the Arg3 residue, by mutagenesis, analyzed the
stabilities of the respective variants by double-mutant cycles
(D. Perl, unpublished results), and found that none of them
serves as a salt-bridge partner for the Arg 3 residue.

At least part of the electrostatic stabilization that accompanies
the replacement of the Glu3 residue with Arg might originate
from removing ionic repulsions with Glu residues at position 46
and/or position 66. The Cf atoms of residues 3, 46, and 66
(Figure 4 A) are closer than 8 A in the crystal structures of the two
cold shock proteins. To analyze the differential energetic inter-
actions that originate from the residues at positions 3, 46, and 66
as present in the thermophilic (Arg3, Glu46, Leu66) and the
mesophilic proteins (Glu 3, Ala46, Glu66) we combined them in
all possible ways, which leads to eight variants that can be
arranged as a triple-mutant cube, as shown in Figure 4B. The
thermodynamic analyses of all species of this cube gave a
surprisingly simple answer. Whenever Glu residues are present at
positions 3 and 46, or at positions 3 and 66, they repel each other
electrostatically and destabilize the protein by 4kJmol™,
independent of the nature of the third residue (D. Perl,
unpublished results). These repulsion energies vanished in the
presence of 2m NaCl solution, as expected for ionic interactions
that can be screened by counterions. These results explain why
the destabilization by the Glu 3 relative to the Arg 3 residue in Bc-
Csp is as strong as the stabilization by the reverse mutation in Bs-
CspB. In both cases the Glu 3 residue is involved in a repulsion, in
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Figure 4. A) Close-up view of the Arg 3, Glu46, and Leu 66 residues in the crystal
structure of Bc-Csp.['5! The backbone is shown as a yellow ribbon, the side chains
at positions 3, 46, and 66 are shown in green, the other side chains are in yellow.
Positively charged atoms are colored blue, negatively charged atoms are red.

B) Triple-mutant cycle for Bc-Csp. The Arg 3, Glu46, and Leu 66 residues were
substituted by the respective amino acids as they occur in Bs-CspB (Glu 3, Ala 46,
Glu66) in all possible combinations to determine coupling energies. Single-letter
notation for amino acids is used. Negatively charged residues are notated in red,
positively charged residues in blue, and uncharged residues in black. The six
double-mutant cycles that make up the faces of the cube are analyzed as if they
represented thermodynamic cycles. Mutant cycle analyses are described in

ref. [57].

Bs-CspB with the Glu 66 moiety and in the Arg 3 Glu mutant of Bc-
Csp with the Glu46 moiety. It also explains why the Arg3Glu/
Leu 66 Glu double mutant of Bc-Csp is 4 kJmol~" less stable than
expected from the sum of the effects of the single mutants. In
this double mutant, positions 3, 46, and 66 are all occupied by
Glu residues, which leads to two repulsions (whereas Bs-CspB
has Glu residues only at positions 3 and 66).

In summary, the Arg3 residue stabilizes Bc-Csp by three
mechanisms. 1) The aliphatic moiety of the Arg 3 residue makes
better nonpolar interactions than Glu and contributes
4.2 kJmol~! of stabilization energy in a salt-independent fashion.
2) The relief of the coulombic repulsion between the Glu3 and
Glu46 residues contributes 4.2kJmol~". 3) The remaining
3 kJmol~" originate from a general coulombic stabilization by
the positively charged arginine side chain, which does not
involve pairwise charge interactions. The contributions (2) and
(3) vanish in the presence of 2m NaCl solution.

The repulsive interactions between Glu residues at positions 3
and 66 or 46 are not replaced by a corresponding attractive
interaction when the Glu 3 residue is changed to Arg, as we had
guessed initially. In retrospect, this is not surprising. When two
like charges approach each other, repulsion leads to an
unfavorable (positive) enthalpy contribution and restricts the
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conformational mobility, that is, the change in entropy is also
unfavorable. Both effects add up to a strong destabilization.
When the two residues are oppositely charged, however,
electrostatic attraction lowers the enthalpy, which is favorable,
but the corresponding restriction in mobility also lowers the
entropy, which is unfavorable. Apparently, in our case, the gain in
enthalpy was not high enough to pay for the loss in conforma-
tional mobility and, therefore, the salt bridge did not form.
Indeed, the side chain of the Arg3 residue showed conforma-
tional heterogeneity in the high-resolution crystal structures of
Bc-Csp and several mutants,™ which points to the high
conformational entropy of its side chain. This may explain why
attempts to graft allegedly stabilizing salt bridges from thermo-
philic to mesophilic proteins have failed in many cases.”?> 24

Interestingly, the two crucial positions for the additional
thermostability of Bc-Csp (Arg3 and Leu66) are close to the
chain termini. Kirschner and others had proposed earlier that
fixation of the chain ends should be an efficient strategy for
making proteins thermostable.?> 2¢!

Systematic mutational analyses of the origins of protein
thermostability were also performed for two histone-like
proteins, the HU protein from the thermophile Bacillus stearo-
thermophilus and the HMfB protein from the hyperthermophile
Methanothermus fervidus.””?® Both proteins are dimeric, and
they are stabilized predominantly by the strengthening of the
intermolecular interactions between the subunits, but also by
improved ionic interactions within the subunits.

6. The Role of Surface-Exposed Charges for
Protein Thermostability

There is a broad agreement between experimentalists and
theoreticians that surface-exposed charged residues can be
important for the stability of proteins in general and of
thermophilic proteins in particular.™26:2-34 |t has remained
unclear, however, whether this stabilization involves specific
pairwise electrostatic interactions, as suggested by the analyses
of the three-dimensional structures of thermophilic pro-
teins.2 %6 28 The distances between oppositely charged residues
can easily be measured in protein structures, and, in simplistic
approaches, distances shorter than a certain cut-off (for example,
4-6 A) are translated into stabilizing ion pairs. It is now clear that
such a conversion of distances into energies can be misleading.
This is exemplified by the analysis of the putative salt bridge
between the Glu14 residue and the amino terminus of a
hyperthermophilic rubredoxin. A double-mutant cycle uncov-
ered a stabilizing interaction between the two charged groups,
but this interaction was more stable in the ionic denaturant
GdmCl than in urea, which does not screen ionic interactions."
Other mutational analyses of putative salt bridges have given
ambiguous answers.127 36421

The formation of pairwise salt bridges is opposed not only by
the unfavorable loss in side-chain entropy but also by the
desolvation of the interacting charged groups. Charges are
easier to desolvate at high temperature because the liberated
water molecules gain more in TAS, and, therefore, it was
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suggested that salt bridges are, in fact, more stable in
thermophilic proteins.? 31

Alternatively, extended arrays of surface charges in thermo-
philic proteins have been proposed to enhance stability. In such
networks the entropic penalty would be much smaller than for
pairwise interactions, because the charged groups of the
network can engage in multiple interactions. It has, however,
remained difficult to elucidate the energetics of such complex
networks by directed mutagenesis and to transplant them to
mesophilic proteins. 24

All these difficulties of localizing electrostatic effects to
pairwise interactions have revived the interest in the overall
electrostatic properties of proteins. Ladenstein, Karshikoff, and
co-workers analyzed a large set of protein structures and
concluded that thermophilic proteins are better optimized
electrostatically,®* “! and, in particular, that repulsive contacts
are reduced, which is in very good agreement with our study of
the two cold shock proteins. Xiao and Honig also argue that
structure/sequence comparisons and the counting of putative
salt bridges provide little insight into the origins of thermo-
stability.3? Rather, they suggest that, in thermophilic proteins,
the charges are optimally placed to improve the overall electro-
static interactions.

Electrostatic calculations on proteins have a long history, all
the way back to the classical work of Tanford and Kirkwood.*
Recently, several groups used calculations based on Coulomb’s
law to analyze electrostatic interactions, and, by this approach,
surface point mutations could be identified that stabilized
ubiquitin,” the ribonucleases T1 and Sa, and a fragment of the
pyruvate dehydrogenase multienzyme complex.”® Calculations
to increase the stability of the cold shock protein electrostatically
have also been performed (C. Brooks Ill, personal communica-
tion). These strategies are very promising for detecting unfa-
vorable electrostatic interactions.

7. How to Stabilize Proteins

Robust proteins are of great interest for biotechnology. Initial
attempts to stabilize proteins by site-directed mutagenesis were
often unsuccessful, and they revealed that we knew much less
about the principles of protein stability than we thought in the
days when planned sequence manipulations were still out of
reach. Methods of directed evolution can be used to make large
libraries of protein variants by random mutagenesis and to
search them for stabilized ones by a screening or selection step.
These approaches suffer from the limited sequence space that is
available from single nucleotide variations as well as from the
fact that single amino acid exchanges are mostly destabilizing, in
particular when they occur in the protein interior.?

Several proteins have been strongly stabilized by combining
data from sequence comparisons and from rationally designed
mutations. By such an approach, the thermolysin-like protease
from Bacillus stearothermophilus could be engineered to resist
boiling through eight amino acid substitutions.’®! Cytochrome
Css; from the mesophile Pseudomonas aeruginosa became nearly
as stable as its thermophilic counterpart from Hydrogenobacter
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thermophilus by changing only five amino acids, although the
two proteins share only 56 % sequence identity.*”!

The combination of our results with previous analyses points
to new avenues for stabilizing proteins. We propose a strategy in
which surface sites are first identified that carry a potential for
stabilization. Exposed sites are very attractive candidates,
because, unlike core positions, they can accommodate many
different residues, show few intraprotein interactions, and, thus,
tend to contribute to stability in an additive fashion. Suitable
positions could be identified by stability algorithms or by
electrostatics calculations.32 48-51 Repulsive interactions, in par-
ticular, should be easy to identify. The most promising sites can
then be randomized by saturation triplet mutagenesis, and the
resulting libraries of variants be searched for variants with
improved stability by a screening or selection procedure. Several
selection procedures that are based on phage- or ribosome-
display systems are available to select stabilized variants out of
large libraries.52-59
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HIGHLIGHTS

Order for Free: Molecular Diversity and
Complexity Promote Self-Organisation

Andrew D. Miller*
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In his book “At Home in the Universe”,
Stuart Kauffman describes a living organ-
ism as a system of chemicals that has the
capacity to catalyse its own reproduc-
tion. In his view, achieving autocatalytic
closure among a collection of molecular
species becomes the root property of life.
Alone, each molecular species is “dead”;
jointly, the collective system of molecules
is “alive”. The Kauffman thesis is very
compelling for the chemical biologist
since catalysis is no longer relegated to
being a sustainer of life but instead
becomes a key originator of life. However,
catalysis alone cannot be enough to
originate life. All living systems “eat”; they
take in matter and energy in order to
sustain and reproduce themselves. There-
fore, living systems must be the equiva-
lent of closed autocatalytic but open
(nonequilibrium)  thermodynamic  sys-
tems. But even supposing that life can
originate from autocatalytic closure
among a collection of molecular species,
how does this view of life account for the
fearsome order that characterises living
systems and seems so much at variance
with the second law of thermodynamics?
In Kauffman’s view, molecular diversity
and complexity in an open thermody-
namic system themselves give order,
“order for free” or self-organisation that
arises naturally. In other words, order (self-
organisation) is a direct consequence of
molecular diversity and complexity.
Compartmentalisation is a key part of
the self-organisation process, if for noth-
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ing else than to sustain spatial integrity
and prevent dilution of the reacting
molecules that comprise each open ther-
modynamic, closed autocatalytic living
system. The ability of lipids to self-assem-
ble into lipid bilayers and more complex
mesophases is well established, and has
long been accepted to form a key part of
compartmentalisation in biology.” How-
ever, living cells also possess an intricate
cytoskeleton involving proteins such as
globular monomeric actin (G-actin) and
the filamentous actin (F-actin). In this
context, a recent publication by Wong
etal. is interesting.®! They described the
spontaneous hierarchical self-assembly of
F-actin filaments and cationic lipid mem-
branes into tubules (approximately
0.25 x 100 um) consisting of stacks of
composite membranes composed of three
layers, a lipid bilayer sandwiched between
two layers of actin; a structural organisa-
tion highly reminiscent of multilayered
bacterial cell walls that exist far from closed
equilibrium (Figures 1 and 2). Wong et al.

suggested that these tubules with their
composite membrane architecture could
be considered as spontaneously assem-
bled “artificial” bacteria. If we accept this
conclusion then this publication should
be regarded as important for providing
evidence of molecular diversity and com-
plexity leading to lifelike “order for free”.

Amongst biologists, discussions about
the origins of life have been focussed by
arguments of natural selection. There has
been an apparent tendency to ignore self-
organisation. Most likely this is because
there is a fundamental difficulty in recog-
nising how living systems may be gov-
erned simultaneously by two sources of
order, self-organisation born of molecular
diversity and complexity, and the “forces”
of natural selection. However if we are to
understand properly the origin of life, a
final theory of biology must allow for the
commingling of self-organisation and se-
lection processes as an expression of an
even deeper order. Surely, as Kauffman
argues, self-organisation precedes natural
selection.!" Stable, low-energy, self-organ-
ised states (“robust systems”) such as lipid
bilayers and mesophases,™? the structures
described by Wong etal.,”! the DNA

Figure 1. Long F-actin filaments spontaneously form two-dimensional crystal layers of F-actin that are able to
sandwich cationic lipid bilayers forming three-layer membranes (inset) capable of self-assembly into ribbonlike
tubule structures. Reproduced with permission from ref. [3]. Copyright (2000) American Association for the

Advancement of Science.
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Figure 2. A) Video-enhanced differential interference contrast (DIC) optical microscopy image of F-actin
membrane complexes formed with DOTAP/DOPC (1:1) cationic liposomes. The field of view is 50 um by 65 um.
Laser-scanning confocal images of the same membrane complexes with observation of fluorescence emission
from Texas red labelled lipid (B) and coumarin green labelled F-actin (C), respectively. DOTAP = 1,2-dioleoyloxy-
3-(trimethylammonio)propane, DOPC = dioleoyl-.-a-phosphatidylcholine. Reproduced with permission from
ref. [3]. Copyright (2000) American Association for the Advancement of Science.

Figure 3. X-ray crystal structure (Protein databank accession code: 1tim) of chicken triose phosphate
isomerase displayed as an a-carbon backbone trace (blue). Shown in yellow is the key active site residue 165
(vellow) that was mutated [E165D] to impair the original catalytic function of the enzyme. The positions of six
alternative single amino acid residue point mutations (including the second site-suppressor S96P) able to
partially rescue this active-site catalytic lesion are shown (red), in or close to the active site. Finally the positions
of three alternative single amino acid residue point mutations (the third site-suppressors G214V, A221V and
P238S) able to improve further the catalytic activity of double mutant [E165D, S96P] are also indicated (green),
at sites more remote from the active site on the protein surface. Amino acid abbreviations: A= Ala, D= Asp,

E=Glu, G=Gly, P=Pro, S=Ser, V=Val.

double helix and even folded proteins
themselves intuitively provide a sound
foundation upon which to exercise the
forces of natural selection to create and
mould organisms.

Directed evolution of enzymes provides
clear experimental evidence for this
moulding, not to mention the commin-
gling of self-organisation and selection
processes. For instance, work carried out
on the triose phosphate isomerase (TIM)

46

enzyme demonstrated that an active-site
catalytic lesion [E165D] could be partially
rescued by a cluster of six alternative
single amino acid point mutations in or
close to the active site (for example, S96P),
selected from definably random libraries
of mutations in response to a metabolic
selection process (Figure 3).”! A second
cluster of three alternative single amino
acid point mutations remote from the
active site was identified in a subsequent

A. D. Miller

selection process that was able to confer
further improvements on the catalytic
performance of the [E165D, S96P] double
mutant (Figure 3).7 In effect, external
metabolic “natural” selection pressures
were observed to have prompted the
internal molecular evolution of a “robust”
biological catalyst. In the first instance,
such molecular level evolution by a suc-
cession of single-point mutations seems
to be a satisfying way to account for the
inner workings of natural selection pres-
sures at the molecular level, consistent
with the comments of John Maynard
Smith.! However, if we combine this
concept with the idea that natural selec-
tion pressures are preceded by self-or-
ganisation, then we have an integrated,
holistic molecular hypothesis for the ori-
gin and development of life. Firstly, self-
organisation that exists as a direct con-
sequence of molecular complexity and
diversity provides the means to compart-
mentalise closed autocatalytic “living”
systems of reacting molecules. Secondly,
self-organisation generates other stable,
low-energy, robust systems such as folded
proteins that can be moulded by a
succession of single-point mutations un-
der pressures of natural selection so as to
promote catalysis or other functions nec-
essary to originate and promulgate living
organisms. This molecular hypothesis
would not only be consistent with
the Kauffman description of a living
organism as a system of chemicals that
has the capacity to catalyse its own
reproduction, but must surely strike a
chord with the chemical biologist who
believes in the central role of chemistry in
biology.
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Reassembled Biosynthetic Pathway
for Large-Scale Carbohydrate Synthesis:
a-Gal Epitope Producing “Superbug”

Xi Chen, Ziye Liu, Jianbo Zhang, Wei Zhang, Przemyslaw Kowal, and

Peng George Wang*[

A metabolic pathway engineered Escherichia coli strain (superbug)
containing one plasmid harboring an artificial gene cluster
encoding all the five enzymes in the biosynthetic pathway of
Galal,3Lac through galactose metabolism has been developed.
The plasmid contains a A promoter, a cl857 repressor gene, an
ampicillin resistance gene, and a T7 terminator. Each gene was
preceded by a Shine - Dalgarno sequence for ribosome binding. In
a reaction catalyzed by the recombinant E. coli strain, Gala.1,3Lac
trisaccharide accumulated at concentrations of 14.2 mm (7.2 gL~")

Introduction

Recently developed genomic databases have
granted us a wealth of information on the
biosynthetic pathways of a great number of
natural compounds. Although remarkable
progress has been made in natural product
synthesis by manipulating biosynthetic path-

in a reaction mixture containing galactose, glucose, lactose, and a
catalytic amount of uridine 5'-diphosphoglucose. This work
demonstrates that large-scale synthesis of complex oligosacchar-
ides can be achieved economically and efficiently through a single,
biosynthetic pathway engineered microorganism.

KEYWORDS:

biosynthesis
metabolic engineering - oligosaccharides

gene expression glycosylation

Sugar-nucleotide biosynthesis pathway:

fo

TO
S

glycosyltransferase

ways,"! a variety of valuble compounds still @MOH @ @(;NOH
cannot be mass-produced practically. There- HO HO< 0-<
fore, a technological link between biosynthetic-
: Overall:

pathway databases and mass production
would have enormous implications. This is also 0 0 0 0

. . . +
the case for the production of oligosaccharides Ho[il)“o}l HO@“OH HO[&Q\O@“OH + H0 (1)

and glycoconjugates.

It is well established that the formation of a
glycosidic bond in a biological system involves
activation of a monosaccharide by attaching it
to a nucleotide, followed by the transfer of the monosaccharide
from this activated, high-energy sugar - nucleotide donor to an
acceptor to form an elongated sugar and a nucleotide by-
product (Scheme 1). The sugar - nucleotide conjugate does not
appear in the overall, balanced equation (Scheme 1, bottom) and
only serves as an intermediate in the glycosylation. Such a
biosynthetic pathway was well utilized in the pioneering work by
Wong, Haynie, and Whitesides on the in vitro enzymatic
synthesis of N-acetyllactosamine with in situ regeneration of
uridine 5’-diphosphogalactose (UDP-Gal).®® Since then, many
glycosylation cycles with regeneration of sugar-nucleotides
have been developed with either native or recombinant
enzymes.”"'% Indeed, some of these synthetic cycles have been
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Scheme 1. A general biosynthetic route for the formation of a glycosidic bond.

implemented by industry to produce oligosaccharides on a gram
or even kilogram scale.!"" 2

Recently, a synthesis of oligosaccharides by using a whole-cell
approach has emerged. Both Escherichia coli'*' and yeast
cells™ were used. Oligosaccharides were produced in gram
scale by an E. coli strain engineered to overexpress a glycosyl-
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ransferase.' Elon li harides were al
tra se ase | o gate.d oligosaccharides were also  pyruvate ATP calactose
obtained by introducing several glycosyltransfer-
ases into E. coli, whose expressions were controlled K*, Mg®* | PykF Galk
by compatible promoters in separated plas- PED ADP
mids.'7-1% A more efficient whole-cell approach Gal-1-P
was presented in the multl-plasmld/stralr? system @ DAl GalPl, 4GLlcBL-OR
developed by Kyowa Hakko Kogyo Co. Ltd. in Japan. UDP—GIC/\ a
The k mponent in Kyowa Hakko’ hnol

e key compone .t yo a. akko's teF oqu Mg?* Gle-1-P Mn?* | o1,3QT
was a Corynebacterium ammoniagenes strain, which op:
was engineered to efficiently convert orotic acid * Galu
into UTP. When combined with E. coli strains engi- UTP\ &*,Mg2*, PP Galol,3GalPl, 4Glcpl-OR
neered to overexpress enzymes for sugar - nucleo-
. . . . . PykF
tide biosynthesis, the sugar-nucleotide conjugate Pyruvate PEP
accumulated in the reaction solution. By the addi-

Overall:

tion of a recombinant E. coli strain overexpressing a
glycosyltransferase, a high concentration of oligo-
saccharide was achieved.?%-

In the present work, we have examined the
feasibility of transferring the complex in vitro
biosynthetic cycles into a single, product-producing E. coli strain
containing a plasmid with all the necessary genes for sugar—
nucleotide regeneration and oligosaccharide accumulation.

As an example, the methodology was applied to the synthesis
of Gala1,3Lac trisaccharide (also called a-Gal epitope). Gala1,3-
Gal-terminated oligosaccharide sequences exist on cell-surface
glycolipids or glycoproteins in mammals other than humans,
apes, and old world monkeys.” It is the major antigen
responsible for the hyperacute rejection in pig-to-human
xenotransplantation,?” 2 and, thus, there is a good demand
for its large-scale production.”? Synthesis of a-Gal epitope
through a galactosidase-catalyzed reaction has previously been
reported.B% By taking advantage of the known Leloir’s pathway,
a biosynthetic pathway to Gala1,3Lac with recycling of UDP-Gal
can be designed with five enzymes (Scheme 2). Galactokinase
(GalK, EC2.7.7.6) first converts galactose into galactose-1-phos-
phate with the consumption of one equivalent of phospho-
enolpyruvate (PEP). Two enzymes, galactose-1-phosphate uridyl-
yltransferase (GalT, EC2.7.1.10) and glucose-1-phosphate
uridylyltransferase (GalU, EC2.7.1.9), catalyze galactose-1-

Gal + Lac + 2PEP ——

Galal,3Lac + 2Pyruvate + PPi

Scheme 2. In vitro biosynthetic pathway of a-Gal epitope.

plasmid. Subsequent transformation of the plasmid into an
E. coli strain affords a carbohydrate-producing bacterial strain—
we call it a “superbug”. Such a superbug can be fermented in
large quantities and used for the synthesis of the desired
oligosaccharide from inexpensive starting materials.

Results

Cloning, overexpression, and characterization of individual
enzymes

In order to obtain individual enzyme activity, the pET15b vector
was used to achieve individual expression of the enzymes GalK,
GalT, GalU, PykF, and a1,3-galactosyltransferase («1,3GT), all of
which are involved in the a-Gal epitope biosynthetic pathway.
The primers used in the cloning of individual genes are listed in
Table 1. Sodium dodecylsulfate polyacrylamide gel electropho-
resis (SDS-PAGE) indicated that each enzyme was overexpressed

phosphate and uridine 5'-triphosphate (UTP) to form
UDP-Gal and pyrophosphate (PPi). This process involves
glucose-1-phosphate and uridine 5'-diphosphoglucose
(UDP-GIc) as intermediates. A galactosyltransferase will

Table 1. List of oligonucleotide primers used in the construction of individual genes in
the pET15b vector and in the construction of the plasmid pLDR20-aKTUF for the a-Gal
epitope producing superbug.

Primer name Primer sequence

then transfer the galactosyl residue from UDP-Gal to

For cloning individual enzyme genes in pET15b:

lactose (the acceptor) to form the product. The resulting galK-F
uridine 5'-diphosphate (UDP) can be phosphorylated to | 9a/KR
uridine 5'-triphosphate (UTP) by pyruvate kinase (PykF, Zgg:;
EC2.7.1.40) with the consumption of another equivalent | oo.f
of PEP. Overall, production of one equivalent of a-Gal galU-R
epitope requires one equivalent each of galactose and Py/;i’;

pyKr-

lactose, and two equivalents of PEP (Scheme 2). In the in
vitro system, PEP and/or adenosine 5-triphosphate (ATP)

have to be added to drive the glycosylation. However, in zg%:;,
living bacterial cells, the high-energy phosphates may a1,3GT-F
come from the normal cellular metabolism. al,3GT-R
As reported herein, we assembled the genes of these gajg‘:
galKT-R'

five enzymes to form an artificial gene cluster on a single
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5'-GATCATATGAGTCTGAAAGAAAAAACAC-3'
5'-CGCGGATCCTCAGCACTGTCCTGCTCCTTG-3'
5'-GGATCCATATGACTAGTATGACGCAATTTAATCCC-3’
5'-AGCGGATCCTTACACTCCGGATTCGCG-3'
5'-GGATCCTCGAGATGCCTGCCATTAATACG-3'
5'-CGCGGATCCACTAGTTTACTTCTTAATGCCCATCTC-3'
5'-GGATCCATATGAAAAAGACCAAAATTGTTTGCACC-3'
5'-CGCGGATCCACTAGTTTACAGGACGTGAACAGATGC-3’

For constructing multiple expression vector pLDR20-aKTUF:

5'-CCGGATATCCCGCGGGTCGACAATAATTTTGTTTAACTTTAAGAAGG-3'
5"-GCATCGATGGTCTAGAGGATCCTTACTTCTTAATGCCCATCTC-3'
5"-GGATCCATATGACTAGTGATATCAATAATTTTGTTTAACTTTAAGAAGG-3’
5'-CCATCGATGTCGACCCGCGGTCAGACATTATTTCTAACCAC-3’
5'-TCCCCGCGGCCCGGGAATAATTTTGTTTAACTTTAAGAAGG-3’
5"-CGCGTCGACTCAGCACTGTCCTGCTCCTTG-3'

CHEMBIOCHEM 2002, 3, 47-53
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in the host strain with the target
protein representing more than 70%
of the total soluble protein (data not

Clal
EC'ORV\’ I

—-

D@

shown). Consistently, 25, 100, 100, 50, pLDR20 pET15b-galU
and 10 U of GalK, GalT, GalU, PykF, and . .
a1,3GT, respectively, were obtained | digestion IPCR
from a 1L expression fermentation as ‘llgatlon
determined by activity assays carried sact1 Xbal
- . . ECOR Sall BamHT Clal
out on enzymes purified with a nickel - VW ﬁ r
nitrilotriacetic acid (Ni?*-NTA) agarose [>|E|’

affinity column. (See the Experimental

pLDR20-U pET15b-al, 3GT

Section for the definition of a Unit.)

Construction of the super plasmid

and coexpression of enzymes ECORV.

The successful construction of plasmid
PLDR20-aKTUF for coexpression of the

SaTrSall BamHIW’rClaI bal (
}]——Ial,s'GTl——l qaly ' D= pykF }[-]

l digestion IPCR

ligation

Xbal
Clal

five enzymes is shown in Scheme 3. The
primers used are listed in Table 1 and
the detailed procedures were described
in the Experimental Section. The result-
ing plasmid (Figure 1) contains a single
A Py promoter, a cl857 repressor gene,
an ampicillin resistance gene (Amp"),

ECcoRV,

and a single T7 terminator. Each gene
(except the galK gene, which has a
natural ribosome binding sequence over-
lapped with the coding sequence of the g pv
upstream galT gene in the gal operon) ﬁ
was preceded by a Shine-Dalgarno
sequence (rbs) for ribosome binding. This

PLDR20-0U PET15b-pykF
L digestion |
|ligation
SacII Xbal
W Tl/SalI BamHI\] ‘ rClaI
P01, 3GT | _galU | "eme] pYKF [-[El— [~ _gaIkT }-[—]5
r PLDR20-QUF ( pET15b-galKT
l digestion lPCR
‘ligation
SaTII Safl BamHI\XbaI (ClaI
— =01, 3GT |- =] GAIKT |wme| GalU || pykF }—]—

pLDR20-aKTUF

plasmid was transformed into a DH5a
or NM522 E. coli strain to form a-Gal
epitope producing cells DH5a (pLDR20-
aKTUF) or NM522 (pLDR20-aKTUF). A
lacZ~ E.coli strain, such as DH5a or
NM522, was used to eliminate the
hydrolysis of lactose by the S-galacto-
sidase that would be produced by
other hosts, such as BL21(DE3). The target genes in
pLDR20 were overexpressed by increasing the cul-
ture temperature from 30 to 40 °C. As shown by SDS-
PAGE (Figure 2, lanes2-4), coexpression had no
adverse effect on the levels of soluble recombinant
proteins.

Synthesis of a-Gal epitope with whole cells

The synthesis of Gala1,3Lac trisaccharide with
NM522 (pLDR20-aKTUF) cells was analyzed under
different conditions. Under the conditions listed in
Table 2, run 1, the reaction produced a concentration
of 16 mm of the final trisaccharide. About 66 % of the
lactose was converted into the product. Further
analysis showed that deviation from the above
conditions, such as lowering the concentration of

CHEMBIOCHEM 2002, 3, 47-53

} A Pr promotor D T7 promotor === rbs + Hisg

D T7 terminator

Scheme 3. Construction of plasmid pLDR20-oKTUF. Digestion sites used for inserting subsequent genes have
been highlighted.

Sacll

ECORV
A Pr promoter
cI 857
repressor

Figure 1. Plasmid map of a-Gal epitope producing superbug harboring five genes encoding
enzymes involved in the biosynthetic pathway of a-Gal oligosaccharides with UDP - Gal
regeneration. Introduced restriction sites: EcoRV, Sacll, Sall, Xbal, and Clal.
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Table 2. Production of Galo.1,3Lac trisaccharide with the superbug under different conditions.”
Run Starting materials Product Yield
concentration [mm] [%] ™!
1 Gal (50 mm), Lac (25 mm), Glc (50 mm), PEP (5 mm), Glc-1-P (2 mm), UDP-Glc (2 mm), ATP (2 mm), MgCl, (10 mm), KCI 16.5 66
(100 mm), MnCl, (10 mm), HEPES (50 mm)
2 conditions as in run 1 but with 0.5 mm UDP-Glc 135 54
3 conditions as in run 1 but with no Glc 13.3 53
4 conditions as in run 1 but with no PEP 13.5 54
5 conditions as in run 1 but with no ATP 10.0 40
6 economic conditions: Gal (40 mwm), Lac (25 mm), Glc (20 mm), Glc-1-P (2 mm), UDP-GIc (0.5 mm), ATP (2 mm), MgCl, 10.8 43
(10 mm), KCI (10 mm), MnCl, (10 mm)
71 large-scale reaction: 10 L fermentation (65 g of cells), 500 mL reaction, other conditions as in run 6 14.2 57 (3.6 9)
[a] The reactions were performed with a 1 mL reaction volume. [b] The yield of product was determined by HPLC. [c] The large-scale reaction was performed in
a total volume of 500 mL.

1 2 3 4

97,400 s
66,200 == —— S PykF
i ’ (e Galk
45,000 &8 8 & — GalT
e
! _\\Galu
31,000 — e al, 3GT
21,500 =
14,400 -

Figure 2. SDS-PAGE showing proteins expressed in the a-Gal producing super-
bug. Lane 1: low molecular weight standards; lane 2: cell lysate of DH5a.
(pLDR20-aKTUF); lane 3: DH50. (pLDR20-0KTUF) whole-cell extract; lane 4:
dffinity-purified enzymes from the lysate of DH50. (pLDR20-0.KTUF). GalK is
present in lanes 2 and 3, but not in lane 4.

UDP-Glc from 2 to 0.5 mm, or eliminating Glc, PEP, or ATP, resulted
in slightly lower yields. Since UDP-Glc is the most expensive
component and an excess of the Gal and Glc starting materials
will affect the downstream purification, the conditions for run 6
in Table 2 were the optimal compromise when both the yield
and the cost were considered. For large-scale synthesis, 65 g of
wet cells, produced from a 10L fermentation, were used in a
500 mL reaction. A time course of the reaction (Figure 3)
monitored by high-pressure liquid chromatography (HPLC)
analysis with a refractive index (RI) detector indicated that the
appearance of product reached a plateau after 20 hours at room
temperature.

Discussion

This work successfully transferred an in vitro biosynthetic cycle
into an oligosaccharide producing E. coli strain. A unique feature
of this approach is the coexpression of five enzymes involved in
the oligosaccharide biosynthetic pathway in one microbial strain
to modify the host cells towards the accumulation of the desired
product. After several failed attempts, we found that it was
necessary to add a ribosomal binding sequence upstream of
each component gene in the construction of the plasmid
pLDR20-aKTUF to assure adequate translation of all the
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Figure 3. Time course of production of Galo.1,3Lac trisaccharide with superbug
NM522 (pLDR20-a.KTUF). The reaction was performed in a 500 mL reaction
volume and the product was monitored by HPLC.

enzymes. However, since both galK and galT genes exist in the
same gal operon, an additional ribosomal binding sequence is
not necessary for the galK gene. The requirement of a ribosomal
binding site for each gene was also exemplified in the work by
Townsend and co-workers on the coexpression of three genes
from E. carotovora. This was, to our knowledge, the only previous
example of the use of the same strategy for multiple-gene
coexpression.B!

Another advantage of our strain is the use of internal sources
of energy to drive the desired glycosylation cycle. The designed
synthetic cycle (as shown in Scheme 2) requires two equivalents
of PEP to form one equivalent of trisaccharide product. This
requirement was also verified by using purified recombinant
enzymes to conduct the glycosylation cycle (data not shown).
However, when whole recombinant E. coli cells were used as
catalysts, only catalytic amounts of ATP and UDP-Glc were
needed. For the typical large-scale synthesis, 0.5 mm UDP-Glc
was used to produce 14.2 mm trisaccharide. This indicates that
the proposed cycle in Scheme 1 was repeated at least 30 times
during the synthesis. Presumably the required high-energy
molecules (such as PEP or ATP) were obtained through the
glycolytic pathway or other metabolic pathways within E. coli.
Due to the simplicity and efficiency of this superbug system,
production of a-Gal epitope now becomes much more eco-
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nomically feasible. Without extensive optimization, the current
system produces 3-4 g of Galal,3Lac trisaccharide from every
10L fermentation. Based on the commercial prices for the
chemical reagents and growth medium used, the material cost
for the production is about $25 per gram of product. Larger-
scale fermentation and production should most certainly reduce
the costs further.

Compared to the currently available whole-cell approaches in
oligosaccharide synthesis, the superbug technology presented
herein obviously shows advantages. The Kyowa Hakko technol-
ogy is efficient and cost effective in the production of sugar-
nucleotides. However, this system involves several plasmids and
multiple bacterial strains. In contrast, the superbug approach
achieves the same goal with the use of only one plasmid and a
single strain. All the enzymes essential for oligosaccharide
synthesis, including the glycosyltransferases, and the sugar-
nucleotide regeneration are in one E.coli strain. Thus, this
approach avoids unnecessary transport of the intermediates in
biosynthetic cycles from one strain to another for use in
subsequent reactions. Instead of the E. coli only being modified
by introduction of the glycosyltransferase genes, the superbug
technology also overexpressed related enzymes essential for
the regeneration of the sugar-nucleotide conjugate required
by the glycosyltransferase. Combined with an effectual fermen-
tation process, the superbug technology will be a more effi-
cient method for large-scale production of complex carbohy-
drates.

It is important to point out that the superbug synthesis is
different from well-known metabolic engineering efforts, such as
those targeted at the polyketide syntheses®*33 or the produc-
tion of aromatics from glucose.’*3% Those processes are
generally one-step procedures, which generate the product
during the fermentation of the engineered microorganisms. The
superbug approach is a two-step process, the first step involving
the growth of the engineered microorganisms and the second
step involving their use as a source of catalysts (enzymes),
energy, and cofactors to produce the desired compound. The
two-step process results in a higher product concentration
(14.2 mm in this case) in the reaction mixture than the conven-
tional fermentative processes. Moreover, with the superbug in
hand, different starting materials can be used in the second step
to produce natural product derivatives. For the “superbug” that
produces a-Gal epitope, we have found that both galactose
derivatives and a variety of lactose derivatives could be used as
starting materials to obtain a-Gal epitope analogues. Therefore,
the superbug approach might be more versatile and closer to
the conventional organic synthesis procedures.

Our experience indicates that monosaccharides, most di-
saccharides (for example, lactose) and trisaccharides are readily
transported in and out of the cells. However, the transport of
oligosaccharides larger than trisaccharide may pose a problem.
Several solutions can be proposed: 1) permeabilizing reagents
can be added to facilitate transport across the membrane; 2) a
secretion mechanism can be applied to help the export of large
oligosaccharide products, as is the case in hyaluronan synthesis;
3) cell-free in vitro synthesis with immobilized recombinant
enzymes can be employed as we have recently demonstrated.>®
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Another potential difficulty in the application of the superbug
approach is how to express all the enzymes in an active, soluble
form. Although there is no general rule, several common
guidelines can be followed; these include expressing the
minimum catalytic domains, fusing with other proteins, using
different vectors and strains, modification of several residues to
help protein folding, changing codons to those suitable for the
host strain,?” and optimizing fermentation conditions such as
temperature and agitation speed. In multiple expression systems
such as ours, some enzymes may be expressed at a lower level
and may limit the rate of oligosaccharide production. This
problem can be solved by finding out the rate-limiting
enzymatic step and then optimizing the cycle by incorporating
multiple copies of the gene for this enzyme into the superbug
plasmid or the chromosomal DNA of the host E. coli strain. Other
methods such as replacing the ribosomal binding sites or adding
different promoters in front of the genes in the plasmid can also
be applied to control individual protein expression levels.®

In summary, this work demonstrates that an artificial gene
cluster could be created by linking the genes for a natural
product biosynthetic pathway. Transformation of such gene
cluster into an E.coli provided a strain that can be used to
efficiently generate the natural product. Specifically, in the field
of carbohydrate synthesis, this approach provides a practical
solution to the large-scale production of complex carbohydrate
compounds to meet the increasing demand for biomedical
research and pharmaceutical development.

Experimental Section

Bacterial strains and plasmids: Plasmid vector pLDR20 and E. coli
K-12, substrain MG1655, were purchased from the American Tissue
Culture Collection (ATCC). Plasmid vector pET15b and E. coli
BL21(DE3) competent cells [F~ ompT hsdSg(rmg) gal dcm (DE3)]
were from Novagen. Plasmid pET15b-a1,3GT was constructed as
described previously.?®! E. coli DH5a competent cells [lacZAM15 hsdR
recA] were from Gibco. E. coli NM522 competent cells [supE thi-1
A(lac-proAB) A(mcrB-hsdSM)5(ry  m{) (FproABlacl’ZAM15)] were
from Stratagene. For chemical analysis, thin-layer chromatography
(TLC) was conducted on Baker Si250F silica gel TLC plates with a
fluorescent indicator. 'H and '3*C NMR spectra were obtained on a
Varian VXR400 NMR spectrometer. Mass spectra (Fast atom bom-
bardment) were run at the mass spectrometry facility at Wayne State
University.

Cloning, overexpression, and purification of individual enzymes:
DNA manipulations were performed as described before.?®! The galK
gene, galT gene, galU gene, or pykF gene were amplified by
polymerase chain reaction (PCR) from the E. coli K-12 chromosome
and inserted into the Ndel and BamHI (Xhol and BamHI for galU)
restriction sites of the pET15b vector. The resulting plasmids pET15b-
galK, pET15b-galT, pET15b-galU, and pET15b-pykF were transformed
into the E. coli DH5a cloning host strain and then the BL21(DE3)
expression strain. Selected clones were characterized by restriction
mapping. The expression and purification of individual enzymes
from the cell lysate was performed as described before.? Briefly, the
overexpression was induced by 0.4 mm isopropyl-1-thio-f-p-galactos-
pyranoside (IPTG) for 3 h at 37°C in an incubator shaker. The cells
were pelleted, resuspended, and then lysed enzymatically (by adding
lysozyme). Unbroken cells and debris were pelleted by centrifugation
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at 12000 rpm for 20 min. The enzymes were purified by using a Ni?*-
NTA agarose affinity column which binds the N-terminal His6-tag
sequence in the recombinant proteins. After elution, the fractions
containing the purified enzyme were combined and dialyzed for
enzyme activity assays and enzymatic reactions.

Enzymatic assays: In this work, one unit of enzyme activity is
defined as the amount of enzyme that produces 1 umol of product
per minute at 24°C (37°C for a1,3GT).

Galactokinase: The assay was performed at 24 °C for 30 min in a final
volume of 100 pL in 2-[4-(2-hydroxyethyl)-1-piperazinyllethanesul-
fonic acid (HEPES) buffer (pH 7.4; 100 mm) containing a-p-[6-*H]gal-
actose (0.5 mw, final specific activity of 1000 com nmole™') and ATP
(50 mwm). ATP was omitted for the blank experiment. The reaction was
stopped by adding Dowex 1 x 8 —-200 chloride anion exchange resin
suspended in water (0.8mL). After centrifugation, supernatant
(0.4 mL) was collected in a plastic vial and ScintiVerse BD (5 mL)
was added. The radioactivity of the mixture was counted in a liquid
scintillation counter.

Galactose-1-phosphate uridylyltransferase: This was a two-step
assay. First, the GalT-catalyzed reaction was performed at 24°C for
15min in HEPES buffer (pH74; 100 mm; final volume: 250 ul)
containing 1.6 mm galactose-1-phosphate (Gal-1-P), 2.8 mm UDP-
glucose, and enzyme solution (100 pL). A blank expermient was
prepared with water replacing the Gal-1-P. The reaction was stopped
by adding cold NaCl solution (0.5mL, 0.15m) and immediately
transferring the tube to a boiling water bath for 5 min. After 15 min
centrifugation at 14000 g, the supernatant (0.2 mL) was subjected to
the UDP-glucose assay in a cuvette with a total volume of 1 mL
containing 0.03m tris(hydroxymethyl) aminomethane (Tris)/acetate
buffer (pH 8.7), 1.36 mm NAD, sample (0.2 mL) and UDP-glucose
dehydrogenase (3.2 mU). The OD change at 340 nm was monitored
by a UV spectrophotometer.

Glucose-1-phosphate uridyltransferase: The GalU-catalyzed reaction
was carried out at 24°C for 15min in a final volume of 250 pL
containing 1.6 mm glucose-1-phosphate (Glc-1-P), 2.8 mm UTP, 10 mm
MgCl,, and enzyme solution (100 uL). The blank experiment
contained water instead of Glc-1-P. The reaction was stopped by
adding cold NaCl solution (0.5 mL, 0.15m) and immediately trans-
ferring the tube into a boiling water bath for 5min. After
centrifugation at 14000 g for 15 min, the clear supernatant (0.2 mL)
was subjected to the UDP-glucose assay by using UDP-glucose
dehydrogenase as described for GalT.

Pyruvate kinase: The assay was carried out in a cuvette with a
solution (1 mL) containing 0.1m Tris/HCI buffer (pH 8.0), 0.5 mm
ethylenediaminetetraacetic acid (EDTA), 0.1m KCl, 10 mm MgCl,,
0.2mm NADH, 1.5mm adenosine 5'-diphosphate (ADP), lactate
dehydrogenase (60 mU), and 5mm PEP. A blank experiment was
carried out with water replacing the ADP. The reactions were
performed at 24°C, and the absorbance at 340 nm was monitored.

al,3-galactosyltransferase: An assay utilizing UDP-[6-*H]Gal and
lactose was used as described previously.?®

Construction of superbug: By using the preconstructed plasmids
pPET15b-galK, pET15b-galT, pET15b-galU, pET15b-a1,3GT, and
pET15b-pykF as the PCR templates, the genes of the enzymes
involved in the biosynthetic pathway of a-Gal were subcloned one
by one into the pLDR20 vector with the ribosomal binding site and
the Hisg-tag encoding sequence preceding each gene (Scheme 3) to
form the final plasmid pLDR20-aKTUF. This pLDR20 vector contains
an ampicillin resistance gene, a P; promoter, and a cl857 repressor
gene. Since galK and galT exist in the same gal operon and close to
each other, they were cloned together into the pET15b vector and
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then into the pLDR20 vector. Briefly, the stepwise construction of
plasmid pLDR20-aKTUF was as follows: First, the galU gene was PCR
amplified from pET15b-galU with primers galU-F' and galU-R" which
introduced the EcoRV, Sacll, and Sall, or Xbal and Clal restriction sites
respectively. The PCR product was digested with EcoRV and Clal and
inserted into the multiple-cloning site of the pLDR20 vector
previously cut with the same enzymes. Successful cloning was
verified by restriction mapping and the expression of the GalU was
confirmed by SDS-PAGE. Second, primers a1,3GT-F' and a1,3GT-R’
were used to amplify the a.7,3GT gene from plasmid pET15b-a1,3GT.
The PCR product was digested and inserted into the EcoRV and Sacll
restriction sites of the plasmid pLDR20-U to form plasmid pLDR20-
aU. Third, the pET15b-pykF plasmid was digested with Xbal and Clal,
and the smaller fragment containing the pykF gene, ribosomal
binding site, sequence for the N-terminal His 6-tag, and T7 terminator
was purified and inserted into the Xbal and Clal restriction sites of the
plasmid pLDR20-aU to form plasmid pLDR20-aUF. Finally, the galK
and galT genes were amplified from plasmid pET15b-galKT (con-
structed by inserting the gene sequence encoding both galK and
galT into a pET15b vector between the Ndel and BamHI restriction
sites) by using the primers galKT-F' and galKT-R'. The PCR product
was digested and inserted into the Sacll and Sall restriction sites of
plasmid pLDR20-aUF to form plasmid pLDR20-aKTUF. The plasmid
pLDR20-aKTUF was transformed into DH5a or NM522 competent
cells to make DH5a (pLDR20-aKTUF) and NM522 (pLDR20-aKTUF) a-
Gal epitope producing cells.

Synthesis of a-Gal epitope with whole cells: a-Gal epitope
producing superbug NM522 (pLDR20-aKTUF) was grown in 4L
shake flasks. The expression of the target genes in the superbug was
initiated by increasing the temperature from 30 to 40°C. After
shaking at 40°C for 3-3.5h, the cells were separated from the
medium by centrifugation (4000g for 20 min) and suspended in
20 mm Tris/HCI buffer (pH 8.5; 100 mL) containing 1% Triton X-100.
For better results, the cell suspension was freeze-thawed twice
before being applied in the reaction. For small-scale analysis, the
reaction was performed with cells (0.14 g, wet weight) in a 1 mL
reaction volume containing Gal (50 mm), Lac (25 mm), Glc (50 mm),
PEP (5 mm), Glc-1-P (2 mm), UDP-Glc (2 mm), ATP (2 mm), MgCl,
(10 mm), KCI (100 mm), MnCl, (10 mm), and HEPES (50 mm, pH 7.4).
The reaction was carried out at room temperature and the formation
of the trisaccharide product was monitored by HPLC with a
MICROSORB 100A amino column with CH,CN/H,0O (65:35) as the
eluent. To optimize the conditions, multiple 1 mL reactions were set
up with different starting material compositions.

Large-scale synthesis of Gala1,3Lac trisaccharide: Large-scale
production consists of two steps, culturing the superbug cells and
then trisaccharide production catalyzed by the cells. NM522
(pLDR20-aKTUF) cells were first grown at 30°C in a 10 L fermentor,
then enzyme expression was induced by increasing the temperature
to 40°C for 3 h. The cells were separated from the media by
centrifugation. The cell pellet (659, wet weight) was stored at
—20°C and frozen/thawed twice before use in the reaction. For a
typical synthesis reaction, the NM522 (pLDR20-aKTUF) cells (65 g in
Tris/HCI buffer (pH 8.5; 20 mm; 250 mL) containing 1% Triton X-100)
were added to HEPES buffer (pH 7.4; 0.1m; 250 mL) containing Lac
(4.28 g, 12.5 mmol), Gal (3.60 g, 20 mmol), Glc (1.80 g, 10 mmol), ATP
(0.55g, 1.0 mmol), UDP-GIc (0.15g, 0.25 mmol), Glc-1-P (0.31 g,
1.0 mmol), MnCl, (20 mm), MgCl, (20 mwm), and KCI (20 mm), to bring
the total reaction volume to 500 mL. The reaction was stirred at 24 °C
for 36 h and was monitored by thin-layer chromatographic analysis
(iPrOH/NH,OH/H,0 (7:3:2)). HPLC analysis indicated that the con-
centration of Gala1,3Lac was around 14mm (7Z2gL™", 56% yield
based on acceptor Lac). After the reaction, the cells were removed by
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centrifugation and the remaining lactose was hydrolyzed to the
monosaccharides by incubating the supernatant with S-galactosi-
dase (0.2 g, Sigma) for 10 h. The mixture was then poured onto a
column packed with graphitized carbon (Supelco). The column was
washed with water. The trisaccharide product (3.6 g) was eluted with
water containing 10% acetonitrile and the solvent was removed
under reduced pressure. The product was characterized by NMR
spectroscopy and mass spectrometry. 'H NMR (500 MHz, D,O;
selected peaks): 0=5.04 (d, J=3.6Hz, 0.4H), 496 (d, /=3.6 Hz,
1H), 448 (d, J/=7.6 Hz, 0.6H), 4.36 (d, J=7.6 Hz, 1H), 3.99 (m, 2H),
3.38-3.84 (m, 12H), 3.11 (t, J=8.1 Hz, 1H); *C NMR (125 MHz, D,0):
0=102.93, 95.88, 95.52, 91.93, 78.74, 78.61, 77.26, 75.16, 74.88, 74.54,
73.88, 71.60, 71.22, 70.92, 70.17, 69.69, 69.39, 69.22, 68.32, 64.91,
61.14, 61.03, 60.25, 60.12; HR-MS (FAB): calcd for CygH5,0,4 [M-+Nal:
527.1588, found: 527.1582.
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New Light-Sensitive Nucleosides for Caged

DNA Strand Breaks

Adrian Dussy,™! Christoph Meyer,® Edith Quennet,™ Thomas A. Bickle,

Bernd Giese,® and Andreas Marx*!

Phototriggered bond cleavage has found wide application in
chemistry as well as in biology. Nevertheless, there are only a few
methods available for site-specific photochemical induction of DNA
strand scission despite numerous potential applications. In this
study we report the development of new photocleavable nucleo-
tides based on the photochemistry of o-nitrobenzyl esters. The
light-sensitive moieties were generated through introduction of
o-nitrophenyl groups at the 5'C position of the nucleoside sugar
backbone. The newly synthesized, modified nucleosides were
incorporated in oligonucleotides and are able to build stable

Introduction

Phototriggered bond cleavage has found wide application in
protection-group and solid-phase chemistry as well as in
biological studies in which caged, biologically active substances
are released upon irradiation. Nevertheless, there are only a
few methods available for site-specific photochemical induction
of DNA strand scission, despite numerous potential applications,
for example, in studies of DNA topology and the dynamics of
nucleic acid structure, DNA strand break/repair processes, or the
activation and release of formally caged nucleic acid derived
drugs such as ribozymes and antisense oligonucleotides.
Recently, we demonstrated that DNA containing 4'C-acylated
nucleotides can be cleaved site-specifically upon irradiation with
320 nm light. Unfortunately, application of longer wavelengths
which would be more appropriate for biological applications
failed to initiate efficient DNA strand cleavage. Another strategy
to introduce strand breaks is based on the photochemistry of
o-nitrobenzyl ethers and esters. Taylor and co-workers devel-
oped 1,2- and 1,3-diol-derived linkages to combine two oligo-
nucleotide strands.®! The linkage can be cleaved with longer
wavelengths (>366 nm) due to the presence of o-nitrobenzyl
ether and/or ester moieties. However, a non-nucleosidic linkage
per se is unable to participate in selective enzyme or nucleic acid
promoted transformation and recognition processes, which
include the formation of distinct hydrogen-bonding patterns
with the nucleobases or the sugar phosphate backbone of the
DNA substrates. Thus, we aimed to develop new photocleavable
DNA building blocks which combine a nucleic acid derived
structure with the advantages of o-nitrobenzyl phosphate ester
photochemistry. Herein we report for the first time the synthesis
and chemical incorporation into DNA of such new, highly
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DNA duplexes. In such a way modified oligonucleotides can be
cleaved site-specifically upon irradiation with > 360 nm light with
high efficiency. Furthermore, we show that these modifications can
be bypassed in DNA synthesis promoted by Thermus aquaticus
DNA polymerase.

KEYWORDS:

DNA DNA damage

photochemistry

nucleosides

cleavage
oligonucleotides -

efficient, photocleavable building blocks. Furthermore, we show
that the newly synthesized nucleotides are able to build stable
DNA duplexes and participate in sequence-selective enzyme
recognition processes.

Results and Discussion
Synthesis

Introduction of a 5'C-o-nitrophenyl substituent into the sugar
backbone of DNA should generate light-sensitive DNA 1 due to
the formation of an o-nitrobenzyl phosphate ester moiety in the
DNA molecule (Scheme 1). Upon irradiation with 360-400 nm
light 1 is expected to cleave site-specifically into phosphates 2
and 4 as outlined in Scheme 1.

First we envisaged the development of a synthetic pathway to
form the 5'C-modified building blocks (Scheme 2). Treatment of
aldehyde 6 with o-nitrophenyl lithium (generated through
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Scheme 1. Proposed cleavage pathway of 5'C-o-nitrophenylated DNA. d =

deoxy, A= adenosine, C= cytidine, G= guanosine, T= thymidine.
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Scheme 2. Synthesis of the photocleavable building blocks. a) Bromo-2-nitro-
benzene, PhLi, THF, — 105°C, 5 h, 66 %; b) ethylvinyl ether, PPTS, CH,Cl,, 18 h, 7 a:
72%, 7b: 16 %; c) nBu,NF, THF, 2 h; d) 2-cyanoethyl-N,N-diisopropylphosphoro-
chloroamidite, (iPr),EtN, CH,Cl,, 2 h, 8a: 77 %, 8b: 71 % (two steps). TBS =tert-
butyldimethyl silyl, THF = tetrahydrofuran, PPTS = pyridinium p-toluylsulfonate.

metal - halide exchange) and subsequent transformation of the
diastereomeric alcohols into the corresponding acetals yielded
7a and 7b in a ratio of 4.5:1 (5'S:5'R).> & The diastereomers 7 a
and 7 b were separated easily by flash column chromatography,
converted into 8a and 8b, and incorporated into oligonucleo-
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tides by standard automated DNA synthesis except that, for the
modified nucleotides, the 5'-deprotection and coupling times
were extended to 2 and 15 minutes, respectively. The integrity of
modified oligonucleotides was confirmed by matrix-assisted
laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS) analysis.

Hybridization properties

Next, we investigated the capability of the 5'C-modified
oligonucleotides to form stable duplexes. To assess the influence
of the modifications on duplex stability, DNA melting curves of
12-mer oligonucleotide duplexes were measured. The duplexes
were composed of oligonucleotides 1 (sequence shown in
Scheme 1), which contained site-specifically one 5'C-o-nitrophen-
ylated thymidine moiety, and the unmodified complementary
strand 9. We conducted thermal denaturating studies (UV-
melting curves) and found that the modifications have only
small destabilizing effects on the DNA double helix (Table 1).

Table 1. T,, values of DNA duplexes composed of 9 with 1, (R)-1, or (S)-1,
respectively.

DNA strand T [°Cl AT, [°C]
1 50.5

(R)-1 46.4 —41
(51 447 -58

In order to evaluate the influence of the 5'C-o-nitrophenyl
substitutions on the conformation of the DNA duplexes, we next
performed CD measurements. The data recorded are presented
in Figure 1 and exhibit nearly congruent spectra for both
modified and unmodified duplexes. Thus, the 5'C-modifications
appear to have only a minor influence on the overall duplex
structure. Nevertheless, local perturbation of the double helix
caused by the modification can not be excluded. As determined

12

CO ! mdeqg

-6 - .
200 280 320

Al nm ——

Figure 1. CD spectra of DNA duplexes. Blue: unmodified DNA duplex; red: (5'R)-

C-o-nitrophenylated oligonucleotide (R)-1 and complementary strand 9; green:
(5'S)-C-o-nitrophenylated oligonucleotide (S)-1 and complementary strand 9.
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from the results depicted in Figure 1, both 5'C-modified DNA
duplexes and their unmodified counterparts adopt the B-form
DNA conformation.”

Photocleavage of 5'C-o-nitrophenylated oligonuclotides

To study the photocleavage properties of the modified oligo-
nucleotides we focused first on single-stranded DNA. We
investigated the photochemical properties of (S)-1 which con-
tained site-specifically one (S)-5'C-o-nitrophenyl substituent
(Scheme 1). Irradiation of (5)-1 with >360 nm light at neutral
pH values and subsequent MS analysis revealed highly efficient
and site-specific cleavage of the photolabile oligonucleotide
after short irradiation times of only five minutes. (Figure 2 A).

It is noteworthy that no cleavage products could be detected
when DNA modified with the previously described 4'C-acylated
building blocks was irradiated with > 360 nm light.’”! MALDI-TOF
MS analysis gave preliminary insights into the cleavage pathway.
Under neutral conditions the expected formation of 3’-phos-
phate 2 and 5'-phosphate 4 was accomplished together with the
formation of two further species (Figure 2A). The presumed
reaction intermediate 3 could not be identified directly by
MALDI-TOF MS, but we recorded a signal corresponding to the
mass of 3 minus 46 mass units, which might be derived from 3
by liberation of NO,. However, we were able to reduce 3 by
addition of NaSH after irradiation and we identified the
corresponding stable aniline derivative by MALDI-TOF MS. The
mass of the other reaction product is in accord with that of 5,
which can be deduced from 3 through a reaction sequence
involving photocleavage of the ketone and deglycosidation

3 (- 46)

1200
T 1000 5

1000 1250 1500 1750 2000 2250 2500 2750

miz —

base
—

A. Marx et al.

(Scheme 1). Both reaction intermediates should be base-labile,
and indeed treatment of the reaction mixture with ammonia
after photolysis led to the formation of 4 (Figure 2 B). Moreover,
when photolysis of (5)-1 was performed at pH 13 the formation
of 2 and 4 was observed exclusively.

Next, we envisaged elucidating whether the new method is
suitable to generate gapped DNA single-strand breaks through
irradiation of site-specifically modified DNA duplexes. In order to
assess the cleavage efficiency of the new building blocks we
analyzed and quantified the reaction products with reverse-
phase high-pressure liquid chromatography (RP-HPLC). Figure 3
shows an exemplary RP-HPLC trace of a DNA duplex composed
of (S)-1 and 9. Irradiation for 5 minutes at >360 nm under
aerobic conditions led to the consumption of (S)-1 and
formation of two products which were isolated and identified
as 2 and 4 by MALDI-TOF MS. The data obtained in the
quantitative investigations are summarized in Table 2; they show

Table 2. Quantification of phototriggered cleavage of 1 with > 360 nm light.

DNAE! Irradiation conditions!! Yield of 2 [%] Yield of 4 [%]
ss(S)-1 A 99 48
ss(S)-1 B 94 75
ds(5)-1 A 98 45
ds(S)-1 B 97 78
ss(R)-1 A 97 47
ss(R)-1 B 96 73
ds(R)-1 A 95 44
ds(R)-1 B 95 75

[a] ss=single-stranded 1; ds = double-stranded complex containing 1 and
the complementary strand 9. [b] A: irradiation in 100 mm NaCl, 20 mm
KH,PO, (pH 7) at 20°C; B: irradiation in 200 mm NaOH (pH 13) at 20°C.

1000 4

T 800
2
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400

200 . N N L 2 N 2
1000 1250 1500 1750 2000 2250 2500 2750
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Figure 2. MALDI-TOF MS analysis of the phototriggered cleavage of 1. A) Spectra of a sample recorded after irradiation with > 360 nm light for 5 min at pH 7. B) Same
experiment as (A) but with prior treatment with ammonia for 4 hours. I, = relative intensity. 3(—46) =m/z of 3 minus 46 mass units.
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Figure 3. RP-HPLC traces of a DNA duplex composed of 1 and the complementary strand 9 before (A) and after (B) photolysis at pH 13. AU = absorption units.
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that (S)-1 is cleaved highly efficiently and 2 is formed in excellent
yields both in single- and double-stranded DNA under the
various conditions applied. The origin of the somewhat lower
yields of 4 remains to be elucidated. Inefficient reactions
following the strand scission might be a putative cause of this
observation.

The stereochemistry at the 5'C position does not significantly
influence the outcome of the photolysis (Table2). Thus, a
mixture of 5'C epimers could be used to achieve the same results
as a single stereoisomer.

Enzymatic DNA synthesis past a 5'C-o-nitrophenyl moiety

In contrast to other non-nucleosidic photosensitive building
blocks®™ the newly modified thymidines retain the nucleobase
moiety and, thus, should be able to participate in enzymatic
recognition processes. To prove this we investigated the ability
of Thermus aquaticus (Tag) DNA polymerase to promote DNA
synthesis past a template site containing the o-nitrophenyl
modification. We designed a primer extension assay in such way
that a site-specifically modified 33-mer template calls for
nucleotide incorporation opposite the modified thymidine after
elongating a 20-mer primer by four nucleotides (Figure 4).

20 nt primer
5-%2p.GTG GTG CGA ATT CTG TGG AT
3'-CAC CAC GCT TAA GAC ACC TAG AGC T*GC ACG TAT
33 nt template

Figure 4. DNA primer/template constructs used in primer extension studies. T*
denotes thymidine, (5'S)-, or (5'R)-C-o-nitrophenylated thymidine.

Our results are presented in Figure 5 and reveal that both the
5'R and 5'S modifications are bypassed by Tag DNA polymer-
ase.® We observed predominately 34 nucleotide (nt) product
formation since Tag DNA polymerase adds an additional
nucleotide at the primer 3’ end, as reported previously.”
Incorporation of a nucleotide opposite the modified nucleotide
in the template strand appears not to be significantly hampered
since only a minor accumulation of 24 nt DNA products is
observed (Figure 5).

However, in the further elongation pathway significant pause
sites are apparent beyond the modified thymidine in the
template strand, which indicates unfavourable interactions of
the modification with the DNA polymerase in the template -
primer duplex. These observations are similar to previously
published results where bypass syntheses with styrene oxide
modified templates catalyzed by HIV-1 reverse transcriptase
showed significant pause sites distal to the modifications."
Interestingly, DNA synthesis pausing is more pronounced in
the case of the 5'S than the 5'R modification. X-ray analysis of a
ternary complex composed of DNA template - primer, nucleo-
side triphosphate, and Tag DNA polymerase suggests that
intensive contacts of the enzyme occur almost exclusively
through the minor groove of the template - primer complex.!"!
The 5'S modification points into the minor groove of double-
stranded DNA while the 5'R modification is directed
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Figure 5. Bypass DNA synthesis catalyzed by Taq DNA polymerase. An auto-
radiograph of a polyacrylamide gel (14 %) containing 8m urea is shown. The DNA
templates used are indicated at the top of the figure. Every reaction comprised the
same amount of the specific primer/template complex, Taq DNA polymerase, and
all four dNTPs. The reactions were incubated at 72°C for varied reaction times as
indicated at the bottom of the figure. Experimental details and DNA substrate
sequences employed are described in the Experimental Section.

toward the major groove.” This might explain the difference in
the ability of Tag DNA polymerase to bypass the stereoisomers of
the 5'C-o-nitrophenyl modifications in the template strand.

In conclusion, the present study provides a new nucleotide-
based DNA building block, which is highly efficiently and site-
specifically cleavable upon irradiation with >360 nm light in
single- and double-stranded DNA. The ease of the synthesis and
the duplex-formation properties, as well the ability of the
building blocks to be bypassed by at least one DNA polymerase,
make 5'C-o-nitrophenylated thymidines valuable tools for fur-
ther chemical and biological applications.

Experimental Section

Synthesis: All temperatures quoted are uncorrected. All reagents are
commercially available and were used without further purification.
Solvents were purified and dried according to standard procedures.
All reactions were conducted under rigorous exclusion of air and
moisture. IR spectra were recorded on a Perkin Elmer 1600-FTIR
spectrophotometer (wavelengths quoted in cm~'). NMR spectra
were recorded on a Varian Gemini 300 spectrophotometer with the
solvent peak as the internal standard. Fast atom bombardment (FAB)
MS were recorded on a VG 70-250, with a matrix of 3-nitrobenzyl
alcohol (NBA) or NBA and KCl. Microanalysis was performed at the
Mikroanalytisches Labor, University of Basel. Merck silica gel 60 was
used for flash column chromatography and Merck precoated plates
F,s, were used for thin-layer chromatography.

3'-O-[ (tert-Butyl)dimethylsilyl]-5’-O-[ (1R*)-ethoxyethyl]-(5'S)-C-(2-
nitrophenyl)-thymidine (7a) and 3'-O-[(tert-butyl)dimethylsilyl]-
5’-0-[(1R*)-ethoxyethyl]-(5’R)-C-(2-nitrophenyl)-thymidine (7 b): A
precooled 1.3m solution of phenyl lithium in pentane (41.5mL,
53.9mmol) was added to a solution of 1-bromo-2-nitrobenzene
(10.95 g, 54.21 mmol) in THF (100 mL) at — 105°C, and the reaction
mixture was stirred for 100 min. A solution of 6 (1.92 g, 5.42 mmol) in
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THF (40 mL) cooled to — 105 °C was added dropwise to the resulting
dark solution, and stirring was continued at —105°C for 5 h. The
reaction mixture was then allowed to warm to room temperature
and subsequently quenched with water and extracted into CH,Cl,.
The combined organic phases were dried over MgSO, and concen-
trated under reduced pressure. The resulting residue was purified by
flash column chromatography on silica gel (pentane/ethyl acetate
(3:1)) to yield 1.71g (66%) of the addition products as a 4.6:1
diastereomeric mixture of pale yellow foam. IR (KBr, mixture of
diastereomers): 7 =3355, 3200, 3066, 2930, 2856, 1694, 1527, 1364,
1471, 1277, 1253, 1196, 1107, 1063; MS (FAB, mixture of diaster-
eomers): m/z: 516 [M*+K], 478 [M*+H]; elemental analysis (%,
mixture of diastereomers): calcd for C,,H;;N;0,Si (477.59): C 55.33, H
6.54, N 8.80; found: C 55.36, H 6.48, N 8.90.

Major diastereomer: '"H NMR (300 MHz, CDCl,): 6 =0.13 (s, 6 H, CH,Si),
0.92 (s, 9H, (CH5)sCSi), 1.96 (d, J(H,H) = 1.2 Hz, 3H, CH,—C(5)), 2.16
(ddd, 3J(H,H)=2.4, 6.0, 13.1 Hz, 1H, H2'), 2.72 (ddd, 3J(H,H) =6.0, 8.5,
13.1 Hz, 1H, H2'), 4.29 (t, °J(HH)=2.2 Hz, 1H, H4'), 4.37 (d, 3J(HH) =
6.4Hz, 1H, OH), 4.71 (td, 3J(H,H)=2.2, 6.0Hz, 1H, H3'), 5.56 (d,
3J(HH)=6.3 Hz, 1H, H5'), 5.90 (dd, 3J(H,H)=6.1, 8.3 Hz, 1H, H1'), 7.34
(d, Y(H,H)=1.1 Hz, 1H, H6), 745 (t, *J(H,H) =77 Hz, 1H, H3"), 7.66 (t,
3J(H,H)=8.2Hz, 1H, H4"), 777 (d, 3J(HH) =1.4 Hz, 1H, H5"), 8.02 (d,
3J(H,H)=1.2 Hz, 1H, H6"), 8.22 (s, 1 H, NH); '*C NMR (75.5 MHz, CDCl5):
0=-—43, 13.0, 18.5, 26.3, 40.1, 69.3, 74.3, 90.2, 90.4, 111.7, 125.0,
129.0, 130.2, 134.0, 137.8, 139.0, 148.1, 151.2, 164.5.

Minor diastereomer: '"H NMR (300 MHz, CDCl;): 6 =—0.34 (s, 3H,
CH,Si), —0.17 (s, 3H, CH,Si), 0.73 (s, 9H, (CH,);CSi), 1.94 (d, 3J(H,H) =
1.2 Hz, 3H, CH,—C(5)), 2.08 (ddd, 3J(H,H) = 1.5, 7.6, 13.7 Hz, 1H, H2'),
2.69 (m, 1H, H2'), 4.20 (dd, *J(H,H) = 1.5, 3.1 Hz, 1H, H4’), 433 (s, TH,
OH), 4.52 (td, *J(H,H) = 1.3, 5.7 Hz, 1 H, H3'), 5.68 (s, 1H, H5'), 5.89 (dd,
3J(H,H)=5.8, 7.6 Hz, 1H, H1'), 7.29 (d, *J(H,H) = 1.2 Hz, 1H, H6), 7.45 (t,
3J(HH)=77Hz, 1H, H3"), 768 (t, 3J(H,H)=8.1 Hz, 1H, H4"), 779 (d,
3J(H,H)=1.4Hz, 1H, H5"), 799 (d, ?J(H,H) = 1.2 Hz, 1H, H6"), 8.31 (s,
1H, NH); 3C NMR (75.5 MHz, CDCl,): 6 = — 4.8, —4.4, 12.9, 18.2, 26.1,
40.5, 70.1, 71.6, 90.2, 90.1, 111.6, 125.49, 129.2, 130.2, 134.3, 136.2,
139.0, 148.1, 151.2, 164.5.

Ethyl vinyl ether (2.80 mL, 27.0 mmol) was added to a solution of the
alcohols (800 mg, 1.68 mmol) and pyridinium p-toluylsulfonate
(50.0 mg, 0.20 mmol) in CH,Cl, (20 mL), and the reaction mixture
was stirred at 20°C. After 6 h a second portion of ethyl vinyl ether
(3.00 mL, 29.0 mmol) was added, and stirring was continued for an
additional 12 h. The reaction mixture was then concentrated under
reduced pressure and the resulting residue was purified by flash
column chromatography (pentane/ethyl acetate (3:1)) to vyield
154 mg (16 %) of the 5'R stereoisomer 7b and 707 mg (76 %) of the
5'S stereoisomer 7 a as mixtures of diastereomers. Mixture of 7a and
7b: IR (KBr): #3191, 3073, 2955, 2931, 2895, 2857, 1696, 1528, 1472,
1349, 1277, 1253, 1196, 1134, 1106, 1056; MS (FAB, mixture of
diastereomers): m/z: 588 [M*+K], 550 [M*-++H]; elemental analysis (%,
mixture of diastereomers): calcd for C,gH;N;0,Si (549.70): C 56.81, H
715, N 7.64; found: C 56.91, H 6.98, N 7.75.

7 a (5'S) mixture of diastereomers: '"H NMR (300 MHz, CDCls): 6 = 0.09,
0.10, 0.13, 0.14 (4s, 6H, CH,Si), 0.91, 0.92 (2s, 9H, (CH;);CSi), 1.19 (t,
3J(H,H)=7.0Hz, 3H, CH;-CH,0), 1.35, 1.38 (2d, 3J(H,H)=5.2 Hz, 3H,
CH;-CHO,), 2.02 (d, 3J(H,H) = 1.2 Hz, 3H, CH,—C(5)), 2.20 (m, 2H, H2"),
3.19, 3.45 (2m, 2H, CH,0), 4.21 (t, 3J(HH)=2.6 Hz, 1H, H4'), 4.26 (t,
3J(HH)=1.8Hz, 1H, H4)), 442 (q, >J(HH)=5.2Hz, 1H, CHO,), 4.44,
4,63 (2m, 1H, H3'), 4.75 (q, ?J(HH)=52Hz, 1H, CHO,), 542 (d,
3J(H,H) =2.0 Hz, 1H, H5'), 5.63 (d, 3J(H,H) = 1.7 Hz, 1H, H5'), 6.37, 6.44
(2t,*J(H,H)=6.9, 1H, H1'), 748, 7.88, 7.92, 8.00 (4m, 4H, H,), 7.64, 7.66
(2d, “J(H,H)=1.2 Hz, 1H, H6), 9.00 (s, 1H, NH); *C NMR (75.5 MHz,
CDCly): 6=—5.0, —4.9, —4.8, —4.7, 12.6, 12.7, 14.7, 15.3, 179, 18.0,
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204, 20.7, 25.6, 25.7, 40.9, 62.2, 62.3, 71.4, 72.8, 72.9, 74.1, 84.6, 84.8,
89.1, 894, 98.4, 101.8, 111.0, 124.2, 124.6, 128.5, 128.8, 129.8, 130.6,
133.0, 133.4, 134.3, 135.7, 135.7, 135.8, 147.6, 148.6, 150.3, 163.8

7b (5'R) mixture of diastereomers: '"H NMR (300 MHz, CDCl,): 6 =
—0.25, —0.15, —0.12, —0.04 (4s, 6H, CH,Si), 0.75, 0.78 (2s, 9H,
(CH,);CSi), 0.87 (t, *J(H,H)=7.1Hz, 3H, CH,—CH,0), 1.35, 1.37 (2d,
3JHH)=1.0Hz, 3H, CH,—CHO,), 1.95 (d, *J(HH)=1.1Hz, 3H,
CH,—C(5)), 1.98 (d, 3J(H,H) =1.1 Hz, 3H, CH,—C(5)), 2.05, 2.17 (2m,
2H, H2'), 3.24, 3.50 (2m, 2H, CH,0), 4.07 (m, 1H, H4'), 4.42, 4.77 (2q,
3J(HH)=5.2Hz, 1H, CHO,), 4.55 (dt, 3J(HH)=1.8, 5.7 Hz, 1H, H3'),
5.45 (d, ?J(H,H) =5.2 Hz, 1H, H5'), 5.74 (d, *J(H,H)=4.2 Hz, 1H, H5),
6.32,6.39 (2dd, 3J(H,H) = 5.2, 9.4 Hz, 1H, H1’), 7.50, 7.74, 7.91, 8.00 (4m,
4H, H,), 729 (d, “J(H,H)=1.2Hz, 1H, H6), 8.43, 8.49 (2s, TH, NH);
13C NMR (75.5 MHz, CDCl;): 6=—5.2, —5.0, —4.9, —4.7, 12.1, 12.4,
14.8, 15.3, 17.7, 20.4, 21.2, 25.6, 40.4, 40.9, 62.4, 64.1, 71.4, 72.6, 72.5,
74.0, 84.4, 85.0, 89.8, 89.9, 99.0, 101.7, 111.1, 124.6, 125.2, 128.5, 128.6,
129.1, 129.5, 133.3, 133.6, 134.0, 135.2, 135.3, 136.1, 148.3, 150.2,
163.5, 163.8.

5’-O0-[(1R*)-Ethoxyethyl]-(5’S)-C-(2-nitrophenyl)-thymidine  3’-O-
[(2-cyanoethyl)-N,N-diisopropylphosphoramidite] (8a): A 1m solu-
tion of nBu,NF (0.91 mL, 0.91 mmol) in THF was added to a solution
of 7a (100 mg, 0.18 mmol) in THF (15 mL) at 20°C, and the reaction
mixture was stirred for 2 h. The mixture was concentrated under
reduced pressure and the resulting residue was purified by flash
column chromatography (pentane/ethyl acetate (1:1)) to yield
68.0 mg (86%) of the alcohol as a pale yellow foam: (mixture of
diastereomers): IR (KBr): 7= 3429, 3200, 3071, 2977, 2928, 1686, 1526,
1473, 1349, 1274, 1195, 1092, 1053; '"H NMR (300 MHz, CDCl,): 6 =
0.85, 1.16 (2t, *J(H,H) = 7.0 Hz, 3H, CH;-CH,0), 1.34, 1.37 (2d, 3J(H,H) =
5.3 Hz, 3H, CH;—CHO,), 1.98 (d, %J(H,H) = 1.2 Hz, 3H, CH,—C(5)), 2.30
(m, 2H, H2), 3.20, 3.49 (2m, 2H, CH,0), 3.34 (d, 3J(HH)=4.5Hz, 1H,
OH), 3.58 (d, 3J(H,H)=4.9 Hz, 1H, OH), 4.22 (dd, 3J(H,H)=2.4, 3.6 Hz,
1H, H4), 4.28 (dd, ?J(H,H) =22, 3.0Hz, 1H, H4), 4.49, 482 (m, 1H,
CHO,), 4.54, 4.64 (2m, 1H, H3’), 5.53 (d, *J(H,H) = 2.2 Hz, 1 H, H5'), 5.68
(d, 3J(HH)=1.9Hz, 1H, H5), 6.42 (m, 1H, H1'), 746, 763, 7.81, 7.95
(4m, 5H, H6 and H,), 9.48, 9.50 (2s, 1H, NH); *C NMR (75.5 MHz,
CDCl,): 0 =12.6, 14.7,15.2, 20.4, 20.6, 38.3, 62.0, 62.1, 71.4, 72.0, 72.6,
72.8, 84.4, 845, 88.2, 98.7, 101.9, 111.1, 124.1, 124.6, 1284, 128.8,
129.8, 130.6, 132.9, 133.3, 134.2, 1354, 135.8, 147.6, 148.6, 150.5,
164.0; MS (FAB): m/z: 474 [M*+K], 436 [M*+H]; elemental analysis
(%): calcd for C,oH,5N;04 (435.44): C 55.17, H 5.79, N 9.65; found: C
55.33, H 5.69, N 9.90.

2-Cyanoethyl-N,N-diisopropyl-phosphorochloridamidite (104 pL, 0.47
mmol) was added to a solution of the alcohols (68.0 mg, 0.16 mmol)
and iPr,EtN (0.15 mL, 0.87 mmol) in CH,Cl, (5mL) at 20°C. After
stirring for 2 h the reaction mixture was diluted with CH,Cl, (20 mL)
and extracted with saturated NaHCO; solution. The organic phase
was dried over MgSO, and concentrated under reduced pressure.
The resulting residue was purified by flash column chromatography
on silica gel (pentane/ethyl acetate (3:1)) to yield 89 mg (90 %) of 8a
as a 1:1 mixture of a pair of diastereomers. IR (KBr, mixture of
diastereomers): 7 =3420, 3200, 3067, 2970, 2931, 2878, 1692, 1528,
1466, 1399, 1365, 1277, 1183, 1128, 1100, 1081, 1052; MS (FAB,
mixture of diastereomers): m/z: 674 [M™+K], 636 [M* + H]; elemen-
tal analysis (%, mixture of diastereomers): calcd for C,oH,,NsOq4
(635.66): C 55.17, H 5.79, N 9.65; found: C 55.33, H 5.69, N 9.90.

Pair of diastereomers A: 'TH NMR (300 MHz, CDCl,): 6 =0.82, 1.16 (2t,
3J(H,H)=70Hz, 3H, CH;—CH,0), 1.20 (m, 12H, (CH,),CH), 1.38, 1.39
(2d, 3J(HH) =77 Hz, 3H, CH;—CHO,), 2.02, 2.03 (2d, 3J(H,H)=1.3 Hz,
3 H, CH;—C(5)), 2.35 (m, 2H, H2'), 2.71 (m, 2H, CH,CN), 3.20, 3.40 (2m,
1H, CH,0), 3.51, 3.60 (2m, 3H, CH,O and CH(CH,),), 3.89 (m, 2H,
CH,OP), 4.36, 4.42 (2m, 1H, H4'), 4.48, 4.84 (2m, 1H, CHO,), 4.65, 4.78
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(2m, 1H, H3"), 5.51 (d, *J(H,H)=1.7Hz, 1H, H5'), 5.66 (d, *J(H,H)=
1.8 Hz, 1H, H5'), 6.40 (m, 1H, H1"), 7.49, 7.62, 7.80, 7.91, 7.96 (5m, 4H,
H..), 7.65, 767 (2d, “J(H,H) = 1.2 Hz, 1H, H6), 8.83 (2s, 1H, NH); 3C NMR
(75.5 MHz, CDCl,): 6 = 12.6, 14.7, 15.3, 20.2, 20.3, 20.6, 20.7, 24.4, 24.5,
24.6, 39.5, 39.6, 43.2, 58.2, 58.4, 62.2, 71.4, 73.4, 74.7, 84.4, 84.7, 87.8,
88.0, 98.6, 102.2, 111.1, 117.7, 117.8, 124.2, 124.6, 128.4, 128.9, 129.8,
130.8, 132.9, 133.3, 134.2, 135.6, 135.7, 1474, 148.6, 150.2, 150.3,
163.7; 3P NMR (121 MHz, CDCl;): 6 =149.1, 149.2.

Pair of diastereomersB: 6=0.83, 1.16 (2t, °J(HH)=70Hz, 3H,
CHs—CH,0), 1.21 (m, 12H, (CH,),CH), 1.37, 1.38 (2m, 3H, CH;—CHO,),
2.02 (s, 3H, CH;—C(5)), 2.28, 2.47 (2m, 2H, H2'), 2.66 (m, 2H, CH,CN),
3.21, 3.42 2m, 1H, CH,0), 3.49, 3.63 (2m, 3H, CH,O and CH(CH,),),
3.75, 3.88 (2m, 2H, CH,OP), 4.36, 4.40 (2m, 1H, H4'), 4.46, 4.80 (2m,
1H, CHO,), 4.65,4.75 (2m, 1H, H3'), 5.47,5.65 (2d, *J(HH) = 1.9 Hz, 1H,
H5'), 6.40 (m, 1H, H1"), 7.49, 7.62, 7.82, 7.88, 7.99 (5m, 4H, H,,), 7.65, 7.66
(2s, 1H, H6), 8.73 (2s, 1H, NH); 3C NMR (75.5 MHz, CDCl;): 6 = 12.6,
14.7, 15.3, 20.3, 20.4, 20.5, 20.6, 24.5, 24.6, 39.5, 43.2, 43.3, 57.6, 58.0,
62.0,62.1,71.3,73.1,74.5,75.2, 84.4, 84.5, 874, 87.7,98.4, 102.2, 111.1,
117.6,128.4,128.8,129.9, 130.7, 132.9, 133.3, 134.1, 135.8, 147.5, 148.6,
150.3, 163.6; 3'P NMR (121 MHz, CDCl,): 6 = 148.6, 148.7.

5’-0-[(1R*)-Ethoxyethyl]-(5'R)-C-(2-nitrophenyl)-thymidine  3'-O-
[(2-cyanoethyl)-N,N-diisopropylphosphoramidite] (8 b): A 1m solu-
tion of nBu,NF (2.20 mL, 2.20 mmol) in THF was added to a solution
of 7b (120 mg, 0.22 mmol) in THF (15 mL) at 20 °C and stirred for 2 h.
The reaction mixture was concentrated under reduced pressure and
the resulting residue was purified by flash column chromatography
(pentane/ethyl acetate (1:1)) to yield 85.0 mg (89 %) of the alcohol as
a pale yellow foam: (mixture of diastereomers): IR (KBr): 7=3424,
3201, 3072, 2976, 2930, 1688, 1527, 1474, 1348, 1197, 1106, 1092,
1054; '"H NMR (300 MHz, CDCly): 6 =0.92, 1.18 (2t, >J(H,H) =70 Hz,
3H, CH;-CH,0), 1.33, 1.48 (2d, 3J(H,H) =5.0 Hz, 3H, CH,—CHO,), 1.94,
1.97 (d, 3J(HH) = 1.1 Hz, 3H, CH;—C(5)), 2.17, 2.34 (2m, 2H, H2'), 2.84,
2.97 (2s, 1H, OH), 3.27, 3.54 (2m, 2H, CH,0), 4.02 (m, 1H, H4'), 4.48,
4.81 (2m, 1H, CHO,), 4.59 (m, 1H, H3'), 5.54 (d, *J(H,H)=6.1 Hz, 1H,
H5), 5.77 (d, ’J(H,H)=5.2Hz, 1H, H5'), 6.29 (m, 1H, H1), 717 (d,
4J(HH) =1.2 Hz, 1H, H6), 7.47,7.68, 7.77,7.94 (4m, 4H, H,), 9.05 (2s, TH,
NH); '*C NMR (75.5 MHz, CDCL,): 6 =12.2, 12.4, 14.8, 15.3, 20.4, 21.0,
39.8, 40.1, 62.5, 63.5, (71.4, 71.5, 72.8, 73.0, 83.9, 84.3, 88.3, 88.4, 99.3,
101.3,111.3, 111.4, 124.5, 124.9, 128.5, 128.7, 129.0, 129.3, 133.3, 133.6,
133.8, 135.1, 135.2, 135.8, 148.4, 150.3, 163.6, 163.9; MS (FAB): m/z:
474 [M*+K], 436 [M+H]; elemental analysis (%): calcd for C,qH,sN;O04
(435.44): C 55.17, H 5.79, N 9.65; found: C 55.33, H 5.69, N 9.90.

2-Cyanoethyl N,N-diisopropylphosphorochloridamidite (123 pL, 0.55
mmol) was added to a solution of the alcohols (80.0 mg, 0.18 mmol)
and /PrEtN (0.19 mL, 1.10 mmol) in CH,Cl, (5mL) at 20°C. After
stirring for 2 h the reaction mixture was diluted with CH,Cl, (20 mL)
and extracted with saturated NaHCO; solution. The organic phase
was dried over MgSO, and concentrated under reduced pressure.
The resulting residue was purified by flash column chromatography
on silica gel (pentane/ethyl acetate (3:1)) to yield 94 mg (80 %) of 8b
as a 1:1 mixture of a pair of diastereomers. IR (KBr, mixture of
diastereomers): 7 =3420, 3200, 3056, 2971, 2933, 2878, 1691, 1528,
1466, 1365, 1278, 1251, 1183, 1128, 1083, 1052, 972; MS (FAB, mixture
of diastereomers): m/z: 674 [M™+K], 636 [M™+H]; elemental analysis
(%, mixture of diastereomers): calcd for C,oH,,N5O, (635.66): C 55.17,
H 5.79, N 9.65; found: C 55.33, H 5.69, N 9.90.

Pair of diastereomers A: '"H NMR (300 MHz, CDCl;): 6 =0.89, 1.11, 1.22
(3m, 15H, CH;—CH,0 and (CH,),CH), 1.37 (m, 3H, CH;—CHO,), 1.94 (d,
3JHH)=13Hz, 3H, CH,—C(5), 196 (d, %J(HH)=1.1Hz, 3H,
CH,—C(5)), 2.16, 2.39 (2m, 2H, H2), 2.63 (m, 2H, CH,CN), 3.25, 3.51,
3.90 (3m, 6H, CH,O, CH(CH,), and CH,OP), 4.19, 4.26 (2m, 1H, H4),
4.45,4.79 (2m, 1H, CHO,), 4.75 (m, 1H, H3'), 5.53 (d, 3J(H,H) =5.0 Hz,
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1H, H5), 5.78 (d, *J(H,H)=3.7 Hz, 1H, H5'), 6.33 (dd, *J(H,H) =54,
8.6 Hz, 1H, H1"), 6.37 (dd, 3J(H,H)=5.3, 9.1 Hz, 1H, H1), 726 (s, 1H,
H6), 749, 7.74, 798 (3m, 4H, H,,), 8.22 (s, 1H, NH); *C NMR (75.5 MHz,
CDCly): 6 =12.1,12.3, 14.9, 15.3, 20.1, 20.5, 20.2, 21.5, 24.3, 24.4, 24.5,
39.1,43.3, 58.0, 58.1, 62.4, 63.9, 71.4, 73.5, 72.5, 84.0, 84.8, 88.1, 88.5,
99.1, 101.7, 111.1, 111.3, 1175, 124.5, 125.1, 128.6, 128.9, 129.1, 129.9,
133.3, 133.7, 135.0, 135.2, 135.7, 136.0, 148.2, 150.1, 150.2, 163.4,
163.7; 3'P NMR (121 MHz, CDCl,): 6 = 148.9, 149.2.

Pair of diastereomers B: '"H NMR (300 MHz, CDCl;): 6 =0.85-1.31 (m,
15H, CH;—CH,0 and (CHs),CH), 1.36 (m, 3H, CH;—CHO,), 1.96 (d,
3JHH)=12Hz, 3H, CH,—C(5), 1.98 (d, *J(HH)=1.1Hz, 3H,
CH;—C(5)), 2.15, 2.46 (2m, 2H, H2), 2.61 (m, 2H, CH,CN), 3.26,
3.48-3.90 (2m, 6 H, CH,0, CH(CH,), and CH,OP), 4.16, 4.27 (2m, 1H,
H4'), 4.41, 478 (2m, 1H, CHO,), 4.73 (m, 1H, H3'), 5.52 (d, 3J(H,H) =
4.7 Hz, 1H, H5"), 5.75 (d, 3J(H,H) = 3.3 Hz, 1H, H5"), 6.32 (dd, >J(H,H) =
5.3,9.3Hz, 1H, H1'), 6.40 (dd, ?J(H,H) =5.2, 9.3 Hz, 1H, H1’), 7.27 (m,
1H, H6), 7.47, 7.69, 7.80, 7.98 (4m, 4H, H,,), 8.48 (s, 1H, NH); 3C NMR
(75.5MHz, CDCL): 6=12.1, 12.4 (Cp, CH;—C(5)), 14.9, 153 (Cp,
CH;—CH,0), 20.3, 20.4, 21.2, 21.5, 24.1, 24.2, 24.3, 24.4, 24.5, 24.6, 39.2,
39.7,43.1, 43.2, 57.7, 57.8, 62.4, 64.0, 72.5, 73.7, 73.0, 84.0, 84.8, 88.3,
88.4, 99.0, 101.7, 111.2, 111.3, 117.7, 124.6, 125.2, 128.6, 128.7, 129.1,
129.6, 133.4, 133.8, 135.1, 135.2, 136.1, 148.0, 150.2, 163.4; 3'P NMR
(121 MHz, CDCl5): 0 =125, 148.1, 148.6.

Oligonucleotide synthesis: The synthesis of oligonucleotides was
carried out on an Expedite 8909 (Perseptive Biosystems) DNA
synthesizer on a 1 umol scale. A standard method for 2-cyanoeth-
yl-phosphoramidites was used, with the exception that, for the
modified nucleotides, the 5’-deprotection period was extended to
2 min and the coupling step to 15 min, respectively. We determined
the yields of the incorporation steps by monitoring the trityl
concentrations after deprotection. The unmodified nucleotides were
incorporated in at least 95 %. These yields decreased to 75 - 80 % for
the modified thymidines 8a, b. Purity and integrity of all oligonu-
cleotides were controlled by anion-exchange HPLC, RP-HPLC, and
MALDI-TOF MS.

General procedure for irradiation and subsequent analysis:
modified oligonucleotides (1 -2 nmol) with or without the comple-
mentary strand were irradiated in the irradiation buffer (A: 100 mm
Nacl, 20 mm KH,PO, (pH 7); B: 200 mm NaOH (pH 13)) at 20 °C with an
Osram high-pressure mercury arc lamp (500 W, 360 nm cut-off filter)
for 5 min. For MALDI-TOF analysis (Vestec Benchtop Il, laser wave-
length 337 nm, acceleration voltage 25KkV, negative ion mode,
matrix: 2,4-dihydroxyacetophenone), the buffered solutions were
desalted by the use of membrane filters (Millipore) prior to analysis.
For reduction of 3, NaSH (2 mg) was added after irradiation and the
mixture was incubated at 20°C for 1 h, followed by subsequent
desalting and analysis as described above. For quantification of the
irradiation products, the irradiation mixtures were analyzed directly
without further work up by analytical RP-HPLC (Waters Alliance) with
UV detection at 260 nm. To neutralize samples irradiated at pH 13,
KH,PO, (100 mg) was added prior to HPLC analysis. The peak areas
were divided by the calculated extinction coefficients of the
corresponding oligonucleotides and quantified with external cali-
bration. For identification, the samples separated by RP-HPLC were
collected and lyophilized as recently described.” The masses of the
samples were determined by MALDI-TOF MS and were, in each case,
in agreement with the proposed structure.

DNA melting curves: Modified oligonucleotides (0.5 nmol) with the
complementary strand (0.5 nmol) were dissolved in buffer A (1 mL;
as above). The reaction mixture was heated to 85°C for 2 min and
slowly cooled to room temperature prior to use. Melting curves were
recorded on a Lambda 2 device (Perkin Elmer) equipped with PTP-6
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temperature control according to standard procedures. T, values are
derived from three heating and cooling cycles.

CD spectra: Modified oligonucleotides (2 nmol) with the comple-
mentary strand (2 nmol) were dissolved in buffer A (1 mL; as above).
The reaction mixture was heated to 85 °C for 2 min and slowly cooled
to room temperature prior to use. CD spectra were recorded on
Jasco 720 spectrophotometer. An average of 15spectra were
recorded in each experiment.

Primer extension reactions: Primer stands were labeled at the 5'-
end by the use of T4 polynucleotide kinase (New England Biolabs)
followed by purification with Quick spin columns (Roche Diagnos-
tics). Labeled 20nt primer (5-GTGGTGCGAATTCTGTGGAT-3;
1pmol) was annealed to its complementary site on the 33nt
template  (5-TAT GCA CGT* CGA GAT CCACAGAATTCGCACCAC-3,,
T*=thymidine, 5'S-, or 5'R-C-o-nitrophenylated thymidine; 3 pmol)
by heating a mixture of both DNA strands in the reaction buffer
(tris(hydroxymethyl)aminomethane-HCl (pH 7.5; 20 mwm); MgCl,
(10 mm), 1,4-dithiothreitol (0.1 mm)) to 90°C and then cooling it to
25°C within one 1h. Each primer extension reaction (100 pL)
contained dATP, dGTP, dCTP, and TTP (500 pwm). The reactions were
initiated by addition of Tag DNA polymerase (Promega, 5 U) and
incubated at 72°C. At several time points aliquots (10 uL) were
removed and subsequently quenched by addition of 80% forma-
mide solution containing 20 mm ethylenediaminetetraacetate (EDTA)
and heating to 90°C. The aliquots were analyzed with polyacryl-
amide gel electrophoresis (14 %) containing 8 m urea, transferred to
filter paper, dried under vacuum, and visualized by autoradiography.
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National Science Foundation.
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Apoptosis Induction and DNA Interstrand
Cross-Link Formation by Cytotoxic
trans-[PtCl,(NH(CH,),)(NHCH(CH),)]:
Cross-Linking between d(G) and Complementary
d(C) within Oligonucleotide Duplexes**
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We have investigated the cytotoxic activity, the induction of
apoptosis, and the interstrand cross-linking efficiency in the
A2780cisR ovarian tumor cell line, after replacement of the two
NH; nonleaving groups in trans-[PtCl,(NH;),] (trans-DDP) by
dimethylamine and isopropylamine. The data show that trans-
[PtCI,(NH(CH,),)(NHCH(CH,),)] is able to circumvent resistance to
cis-[PtCl,(NH),] (cis-DDP, cisplatin) in A2780cisR cells. In fact, trans-
[PtCl,(NH(CH;),)(NHCH(CH,),)] shows a cytotoxic potency higher
than that of cis-DDP and trans-DDP, with the mean IC;, values
being 11, 58, and 300 um, respectively. In addition, at equitoxic
doses (concentrations of the platinum drugs equal to their ICs,
values) and after 24 hours of drug treatment, the level of induction
of apoptosis by trans-[PtCl,(NH(CH),)(NHCH(CH,),)] is twice that
produced by cis-DDP. Under the same experimental conditions,

Introduction

cis-Diamminedichloroplatinum(i) (cis-DDP, cisplatin) is an anti-
tumor drug widely used for the treatment of many malignancies,
including testicular, ovarian, bladder, cervical, head and neck,
and small-cell and non-small-cell lung cancers. The trans isomer
of cis-DDP, trans-diamminedichloroplatinum(i) (trans-DDP), is
devoid of antitumor activity."! Thus, it is generally accepted that
a cis configuration of the two leaving groups is the main
prerequisite for Pt" antitumor complexes. However, it has been
reported that several classes of platinum complexes with trans
configurations have antitumor activity and that some of them
are able to circumvent resistance to ¢is-DDP2 In view of these
findings, we recently synthesized new trans-PtCl, complexes,
each with an asymmetric set of aliphatic amines as nonleaving
groups.”!’ The compounds were characterized by 'H, 'C,
and ">Pt NMR spectroscopy, elemental analyses, mass spectros-
copy, and X-ray diffraction analyses. The cytotoxic activity
was assayed. The results showed that the compound trans-
[PtCI(NH(CH;),)(NHCH(CH,),)]1 (tdmaipa; Scheme 1) has higher
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trans-DDP does not induce significant levels of apoptosis in
A2780cisR cells. After 24 hours of incubation of A2780cisR cells at
concentrations equal to the ICs, value of the platinum drugs, the
level of DNA interstrand cross-links (ICLs) induced by trans-
[PtCI,(NH(CH;),)(NHCH(CH;),)] is two and three times higher,
respectively, than those induced by cis-DDP and trans-DDP. We
also found that trans-[PtCl,(NH(CH;),)(NHCH(CH,),)] formed DNA
ICLs between guanine and complementary cytosine. We propose
that, in A2780cisR cells, the induction of apoptosis by trans-
[PtCI(NH(CH;),)(NHCH(CH,),)] is related to its greater ability
(relative to cis-DDP and trans-DDP) to form DNA ICLs.

KEYWORDS:

apoptosis

bioinorganic chemistry
platinum drugs

DNA damage

cytotoxic activity than cis-DDP in cell lines (Jurkat, Hela, and
Vero) sensitive to this drug. In addition, this novel trans-PtCl,
compound circumvents cis-DDP resistance in tumor cells that
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d(TGTC). °TC-CTC- TCC-TGT- CTC- TTC- TCT_
d(ACAG): AG-GAG-AGG-ACA-GAG-AAG-AGA®

d(TGCT): °TC-CTC- TCC- TGC-TTC- CTC- TCT _
d(ACGA). AG-GAG-AGG-ACG-AAG-GAG-AGA®

H3N\Pt/C1 H3N\Pt/C1 (CH3)2NH\Pt/C1

H;N-" >l Cl~~ ™SNH, Cl~~ “SNH,CH(CH,),
cis-DDP trans-DDP tdmaipa
M, =300 M, =300 M, =370

Scheme 1. Top: Sequences of the oligonucleotides used in this study. Bottom:
Structures of cis-DDP, trans-DDP, and trans-[PtCl,(NH(CH,),)(NHCH(CH,),)]
(tdmaipa).

overexpress ras oncogenes (HL-60 and Pam 212-ras). Moreover,
tdmaipa kills Pam212-ras cells that are resistant to cis-DDP
through apoptosis induction.

Numerous studies suggest than the cytotoxic action of cis-
DDP is related to its ability to react with cellular DNA.> 9 trans-
DDP also binds to DNA, although it is clinically ineffective. Both
isomers bind to DNA in a two-step process, initially forming
monofunctional adducts that may subsequently evolve into
bifunctional lesions.”? However, while the DNA interstrand cross-
links (ICLs) of cis-DDP are preferentially formed between guanine
residues at d(GC/GC) sites, trans-DDP preferentially forms lesions
between complementary guanine and cytosine residues.®
Thus, the natures and the kinetics of formation of the bifunc-
tional lesions produced by each derivative are thought to be
related to their differential biological activities.'® " Although it is
not yet firmly established that DNA is the biological target of the
novel trans-platinum complexes, their antitumor activity might
originate from interaction with DNA.2 It is therefore important
to identify and quantify the adducts arising from the binding of
these trans-PtCl, compounds to DNA and to compare them with
those produced with trans-DDP. We have previously reported
that trans-[PtCl,(NH(CH,),)(NHCH(CH,),)] (tdmaipa) has an en-
hanced capacity—relative to that of cis-DDP—for DNA inter-
strand cross-linking in linear pBR322 plasmid DNA.'Z In this
paper we report the induction of apoptosis and the formation of
DNA ICLs by tdmaipa in A2780cisR cells. We also report that
tdmaipa preferentially forms DNA ICLs between complementary
d(G) and d(C) residues within oligonucleotides.

Results
Cytotoxic activity of the platinum drugs in A2780cisR cells

We tested the cytotoxic activity of tdmaipa, cis-DDP, and trans-
DDP against A2780cisR cells over 24 hours of drug treatment.
Table 1 shows that the cytotoxic activity of tdmaipa was
2.6 times higher than that of cis-DDP and more than 13.6 times
higher than that of trans-DDP (ICs, values of 22, 58, and 300 pw,
respectively). Interestingly, after 24 hours of treatment at
concentrations of the platinum drugs equal to their ICs, values,
a greater degree of cell detachment from the surface of the
culture plates was shown by A2780cisR cells treated with
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Table 1. IC;, mean values and percentage mean values of apoptotic cells
obtained for tdmaipa, cis-DDP, and trans-DDP against A2780cisR cell lines for
a drug treatment period of 24 hours.

ICs value [pm] % Apoptotic cells
tdmaipa 22+3 3542
cis-DDP 58+4 15£1
trans-DDP 300+ 12 1+£0.2

tdmaipa than in the other treatments, as found by phase-
contrast microscopy (data not shown). Cell detachment has
previously been reported as an indication of apoptosis induc-
tion.* 31 Both detached and attached cells were mixed and
assayed by a flow cytometric annexinV binding assay."
Annexin V binds phosphatidyl serine residues, which are asym-
metrically distributed toward the inner plasma membrane but
move to the outer plasma membrane during apoptosis. Figure 1
shows that treatment of A2780cisR cells with tdmaipa induced a
greater increase in the annexin V positive/propidium iodide (PI)
negative cell population (bottom right quadrant) than treatment
with cis-DDP or trans-DDP did (Figure 1B, C, and D, respectively).
The annexin V positive/Pl negative cell population constitutes
the fraction of apoptotic cells.'"™ Table 1 shows the percentage of
apoptotic cells induced by the platinum compounds in
A2780cisR cells as calculated from the scattergrams of Figure 1.
It can be seen that tdmaipa induced apoptosis in 35% of the
cells. Moreover, the percentage of apoptotic A2780cisR cells
induced tdmaipa was approximately twice that induced by cis-
DDP (15 %). Interestingly, treatment of A2780cisR cells with trans-
DDP only induced 1% of apoptotic cells.

Formation of DNA ICLs in A2780cisR cells

We had previously reported that tdmaipa induces a greater
quantity of ICLs in linear pBR322 plasmid DNA than cis-DDP
does.'”? The next step was to analyze whether tdmaipa also
produces a greater quantity of DNA ICLs than cis-DDP in culture
cells. Thus, A2780cisR cells were exposed to equitoxic doses
(concentrations of the platinum drugs equal to their I1C,, values)
of tdmaipa, cis-DDP, and trans-DDP for a drug treatment period
of 24hours, and the cross-link indexes (see Experimental
Section) of these drugs were determined after various incuba-
tion periods. Figure 2 shows that tdmaipa, cis-DDP, and trans-
DDP produced increasing levels of ICLs with increasing duration
of drug treatment. Moreover, tdmaipa induced a quantity of ICLs
higher than those produced either by cis-DDP or by trans-DDP at
all the periods of incubation tested. Interestingly, after 24 hours
of drug treatment the cross-link index of tdmaipa was two and
three times as high, respectively, as those of cis-DDP and trans-
DDP.

ICL formation in model oligonucleotide duplexes

Further investigations were aimed at studying ICL formation
induced by tdmaipa in double-stranded oligonucleotides. Ex-
periments were performed on double-stranded oligonucleotides
with the central sequences d(TGTC) and d(TGCT), with each
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[Pt(NH(CH5),)(NH,CH(CH,),)(d(GQ))Cl]* mono-
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functional adduct was first 3?P labeled at
the 5" end and then mixed with its comple-
mentary strand. The duplexes were incubat-
ed at 37°C in an aqueous solution of NaClO,
(100 mm), phosphate buffer (pH 7.5; 3 mwm),
and ethylenediaminetetraacetate (EDTA;
0.5 mm). Aliquots were withdrawn at various
time intervals and analyzed by polyacryl-
amide gel electrophoresis (PAGE) under de-
naturing conditions (24 % polyacrylamide/7 m
urea). The results are shown in Figure3
(lanes 1-5). At timeO (lane 2), a single band
migrating slightly more slowly than the
control single-stranded nonplatinated oligo-
nucleotide band (lane 1) was present. The

<
o
band of lane 2 corresponds to the single-
stranded oligonucleotide containing a mono-
% . functional tdmaipa adduct, as later con-
i R firmed by treatment with thiourea." The
P At O . . .
_% " o - band corresponding to the initial product
& ‘: disappeared as a function of incubation time
"‘ (at 37°C), to yield three new, slowly migrat-
XY ) ing bands (lanes 3 - 5). The presence of three
= T N
{, bands of lower mobility indicates that at least
o, fiatat three types of ICLs had been formed.l'>"'"! As
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Figure 1. Quantification of apoptosis after 24 hours exposure to concentrations equal to the IC;, values of
the platinum drugs. Representative annexin V/PI fluorescence scattergrams showing A2780cisR cells:
A) Control, B) tdmaipa treatment, C) cis-DDP treatment, and D) trans-DDP treatment.
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10 12 14 16 18 20 22 24
time (hours) —p

0 2 4 6 8

Figure 2. Alkaline elution plots showing the time course for formation of DNA
ICLs in A2780cisR cells by equitoxic doses of tdmaipa (), cis-DDP (m), and trans-
DDP (A). X=ICL index.

containing a single trans-[Pt(NH(CH,),)(NH,CH(CH,),)(d(G))CI]*™
monofunctional adduct (see Scheme 1 for the complete se-
quence of oligonucleotides). For the sake of clarity, we will
present only results with oligonucleotides of the central
sequence d(TGCT), since data obtained with oligonucleotides
containing the central sequence d(TGTC) are similar. The
single-stranded d(TGCT) oligonucleotide containing a trans-
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one of these bands has a much higher
intensity than the other two, which suggests
that the cross-linking reaction yields mainly
one type of ICL (80 %).

dTGCTYAAGCA)

; ;; ] ICLs

— MFA

_--:!li-’

1 2 3 4 5 6 7 8 9

Figure 3. ICL formation in the duplex formed by mixing the single-stranded
pyrimidine-rich oligonucleotide, of central sequence d(TGCT) and containing the
monofunctional adduct trans-[Pt(NH(CH,),(NHCH(CH,),)(dG)CI]*, with the single-
stranded oligonucleotide of central sequence d(AGCA). Autoradiogram of a 24 %
polyacrylamide gel/7 m urea denaturing gel. Lane 1: control nonplatinated single-
stranded oligonucleotide. Lanes 2 -5 refer to incubation times of 0, 24, 48, and
72 h, respectively, at 37°C and in 100 mm NaClO,/3 mm phosphate buffer (pH 7.5)
with 0.5 mm EDTA. Lanes 6 - 9 refer to treatment of the products with thiourea for
30 min at 37°C after 0, 24, 48, and 72 h of incubation, respectively. MFA =
monofunctional adduct.
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Removal of trans-Pt monofunctional adducts from duplexes
with thiourea

Single-stranded oligonucleotides of central sequence d(TGCT),
labeled at the 5 end and each containing a single trans-
[Pt(NH(CHs,),)(NH,CH(CH,),)(d(G))CI]* monofunctional adduct,
were mixed with their complementary strands as before. At
various times, aliquots were withdrawn, treated with thiourea
(10mm for 30min at 37°C, and analyzed by PAGE under
denaturing conditions. As expected, the monofunctional ad-
ducts were removed by treatment with thiourea.'™™ The band
corresponding to the starting oligonucleotide modified with a
monofunctional adduct disappeared, to yield a band that
comigrated with the nonplatinated control strand (Figure 3,
lanes 6-9). This result strongly suggests that, under our
experimental conditions, the cross-linking reaction yields ICLs
but no intrastrand cross-links." The same results were obtained
with a duplex oligonucleotide of central sequence d(TGTC)/
d(GACA) (data not shown).

Kinetics of ICL formation within oligonucleotide duplexes

Figure 4 shows the percentage of ICL adducts versus reaction
time for a duplex oligonucleotide of central sequence d(TGCT)/
d(AGCA). The percentage of interstrand cross-linked duplexes
was calculated from the ratio between the intensities of the
bands corresponding to the fragments containing ICLs (upper
bands in Figure 3) and the sum of the intensities of the bands
corresponding to the fragments which were not cross-linked
(lower bands in Figure 3) and the bands corresponding to the
fragments containing ICLs (upper bands in Figure 3). The rate of
appearance of the ICL adducts was deduced from the linear plots
of the logarithm of the ICL percentages (calculated as above)
versus reaction time (data not shown). The half-reaction time
(t,,) of the interstrand cross-linking reaction was 48 hours. (The
same value was also obtained for the other central sequence.)

100 -

0 37 } :
0 24 48 72

time (hours) _—

Figure 4. Plots showing the kinetics of ICL formation in d(TGCT) (----) and
d(TGTC) (—) duplexes. The percentage of interstrand cross-linked duplexes

(% ICLs) was calculated from the ratio of the intensities of the bands
corresponding to the fragments containing the ICLs (three upper bands in
Figure 3) to the sum of the intensities of the bands corresponding to the
fragments which are not cross-linked (two bottom bands in Figure 3) and the
bands corresponding to the fragments containing the ICLs (three upper bands in
Figure 3).
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Identification of the interstrand cross-linked bases in
oligonucleotide duplexes

The nature of the bases involved in the cross-linking reaction
was determined by the Maxam - Gilbert sequencing method."®
Dimethyl sulfate (DMS) would not be expected to react with
guanine when the N7 position in this base was platinated,
because this atom would no longer be accessible.® '8 Samples of
the two duplexes containing a single ICL, purified from the gel,
were 32P abeled at the 5’ ends and treated with DMS followed by
piperidine. Figure 5 shows the piperidine-induced strand cleav-
age at DMS-modified bases in the pyrimidine-rich and purine-
rich strands of the major interstrand cross-linked product

A 1234 B) 1 23 4
-
-
3
¥ - = a
— —
- -. —C — — A
38! - =3
s e iy
E & 7T p—— =
2 » —cC -
- _C -—— G
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- A o =
—_— A
- —@ PR
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. —-— - — — a
- C
® —C =
- —T — — A
5 5
Top strand Bottom strand
d(TGCT) d{AGCA)

Figure 5. Autoradiogram of a 24 % polyacrylamide gel/7 m urea denaturing gel
of the products resulting from piperidine-induced specific strand cleavage at
DMS-modified bases in the major gel-purified cross-linked duplex. The cross-
linking reaction occurred within duplexes formed by mixing the top strand
d(TGCT), which incorporates a single tdmaipa moiety at the dG, with an
unplatinated d(AGCA) bottom strand. A) Results obtained for the top strand
(pyrimidine-rich strand; only this strand was labeled at the 5’ end); lane 1:
interstrand cross-linked sample; lane 2: double-stranded oligonucleotide incor-
porating a monofunctional adduct; lane 3: unplatinated duplex (G reaction); and
lane 4: unplatinated duplex treated with hydrazine (C+T reaction). B) Results
obtained for the bottom strand (purine-rich strand; only this strand was labeled
at the 5’ end); lane 1: interstrand cross-linked sample; lane 2: unplatinated
oligonucleotide treated with DMS (G reaction); lane 3: unplatinated oligo-
nucleotide treated with formic acid (G+A reaction); and lane 4: unplatinated
oligonucleotide treated with hydrazine (C+Treaction). The base sequences of the
top and bottom strands are shown on the right-hand side of each panel. The star
designates the d(C) moiety opposite to the platinated d(G) in the top strand.
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obtained from the cross-linking reaction in the monofunctionally
modified duplex with the central sequence d(TGCT)/d(AGCA). As
can be seen in Figure 5A, the guanine in the pyrimidine-rich
strand is resistant to DMS attack (lanes 1 and 2), which shows
that the monofunctional tdmaipa adduct is indeed bound at the
N7 position in the single guanine residue in the pyrimidine-rich
strand. Figure 5B shows that, after subsequent treatment of the
purine-rich strand with piperidine, all the bands detected
correspond to cleavage at d(G) residues on the 5’ side of the
d(C*) residue (d(C*) indicates the d(C) residue complementary to
the platinated d(G) residue, lanes 1 and 2). In contrast, no bands
corresponding to fragments formed by cleavage at d(G) residues
on the 3’ side of the d(C*) were detected. The reason for this is
that the fragments generated by cleavage at the d(G) residues
on the 3’ side of the cross-linked base in the purine-rich strand
are still cross-linked to the top strand and, thus, migrate more
slowly (Figure 5B, lane 1). This result strongly suggests that the
platinated base residue within the purine-rich strand is d(C).
Thus, in duplexes with d(TGCT)/d(ACGA) and d(TGTC)/d(GACA)
central sequences, tdmaipa forms ICLs mainly between d(G) and
complementary d(C) residues.

Discussion

DNA is generally accepted to be the main pharmacological
target of platinum complexes.®™ Moreover, DNA ICLs have often
been implicated in the cytotoxicity of Pt" and PtY com-
plexes.” 29 |t is not yet firmly established whether DNA is
the biological target of active trans-platinum complexes. How-
ever, it might be that the cytotoxic activity of some trans-
platinum complexes in cells resistant to cis-DDP is related to their
ability to form particular types of DNA adducts. We have
previously reported that tdmaipa has an enhanced capacity
(relative to that of cis-DDP) to form DNA interstrand cross-links in
linear pBR322 DNA.I'? The next step was to test whether this
enhanced capacity of interstrand cross-link formation by tdmai-
pa could also be observed in DNA from culture cells. In this paper
we show that tdmaipa is able to form more DNA interstrand cross-
links than cis-DDP and trans-DDP in A2780cisR cells resistant to cis-
DDRP. In fact, after 24 hours treatment with the drugs at equitoxic
doses, the level of DNA interstrand cross-linking induced by
tdmaipa in A2780cisR cells was two and three times higher than
those induced by cis-DDP and by trans-DDP, respectively.

We also studied the interstrand cross-linking formation, as well
as the nature of the bases on the opposite strands of DNA cross-
linked by tdmaipa, in double-stranded oligonucleotides with
d(TGTC)/d(ACAG) and d(TGCT)/d(AGCA) central sequences. The
results reported here indicate that tdmaipa may form at least
three kinds of ICL, although one of these predominates.
Moreover, the kinetics of ICL formation in double-stranded
d(TGTC) and d(TGCT) oligonucleotides show that the half-
reaction time (t,,) of interstrand cross-linking by tdmaipa is
approximately 48 hours. The results reported here, determined
by Maxam - Gilbert experiments, indicate a preferential tdmaipa-
based cross-linking reaction between complementary G and C
residues within double-stranded d(TGTC) and d(TGCT) oligonu-
cleotides. These results are in agreement with previously
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reported data indicating that the compound shows a binding
affinity towards alternating purine - pyrimidine sequences and
inhibits the B-Z transition of poly(dG-dC)-poly(dG-dC).'"?
Interestingly, the main bifunctional lesions formed by trans-
DDP in double-stranded oligonucleotides are also ICLs between
G and C residues.®?" In contrast, only a small percentage
(< 10%) of the bifunctional lesions formed by cis-DDP in double-
stranded oligonucleotides are ICLs.”! Moreover, the nature of the
ICLs produced by cis-DDP is different from that of those produced
both by tdmaipa and by trans-DDP, since the cis-DDP interstrand
cross-links are formed between two G residues located on
opposite DNA strands at d(GC/GC) sites.”” 2 It has been reported
that resistance of cells to cis-DDP may be associated with
increased gene-specific repair efficiency of interstrand cross-
links.[> 24 251 On the other hand, A2780cisR cells exhibit acquired
resistance to cis-DDP through a combination of decreased uptake,
enhanced DNA repair, and elevated GSH levels.”s! We propose
that the higher efficiency of DNA interstrand cross-linking and the
different nature of the DNA ICL lesion produced by tdmaipa in
relation to that of cis-DDP may be in part responsible for the
biological activity of the drug in A2780cisR cells.

Emerging evidence suggests that an important cause of cis-
DDP resistance may be the inability of this drug to induce
apoptosis in particular cell lines.?” 28 tdmaipa is the first
representative of a novel class of cytotoxic trans-PtCl, complexes
incorporating mixed aliphatic amines that are capable of
circumventing cis-DDP resistance in several tumor cell lines
through induction of apoptosis.”? We have shown in this paper
that tdmaipa is able to circumvent cis-DDP resistance in the
A2780cisR tumor cell line. In fact, after treatment of A2780cisR
cells with the drugs for 24 hours, tdmaipa displayed an IC;, value
2.6 times lower than that of cis-DDP and its ability to induce
apoptosis was 2.3 times that of cis-DDP. Thus, the results suggest
that, in A2780cisR cells, there is a relationship between the
cytotoxic potency of the platinum drugs and their ability to
induce apoptosis. In other words, the lower the dose of drug
needed to kill the A2780cisR cells, the higher the percentage of
apoptosis induction. It is interesting to note that trans-DDP
induced a very low percentage of apoptosis in A2780cisR cells at
its 1Cs, value. This finding might be related to the biological
inefficacy of trans-DDP.

It is generally accepted that DNA damage and subsequent
induction of apoptosis may be the primary mechanism of
cytotoxic activity of platinum antitumor drugs.?® The results
reported in this paper further support previous evidence! 312
that indicated that the replacement of the two NH; groups in
trans-DDP by different aliphatic amines enhances the interstrand
cross-linking  efficiency of the trans-PtCl, center and very
probably also its apoptotic properties. Insights into these
aspects may facilitate rational design of new trans-platinum
derivatives possessing therapeutic properties.

Experimental Section

Chemicals and oligonucleotides: cis- and trans-DDP were pur-
chased from Sigma (Alcobendas, Spain). trans-[PtCl,(NH(CH,),)-
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(NHCH(CH,),)]1 was synthesized as previously reported.® The oligo-
deoxyribonucleotides were supplied by Eurogentec (Seraing, Bel-
gium) and were purified by strong anion-exchange chromatography
on a Mono Q HR5/5 column as previously described.?" The sequen-
ces of the oligonucleotides are given in Scheme 1. All enzymes were
from Promega or Biolabs (Hitchin, UK). The radioactive products were
from Amersham Pharmacia Biotech, and other chemicals were from
Merck (Nogent-Sur-Marne, France).

Cell culture and platinum drug cytotoxicity: The cis-DDP-resistant
human ovarian tumor cell line A2780cisR® 2! was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10 % fetal calf serum (FCS) together with glutamine (2 mm), penicillin
(100 unitsmL™"), and streptomycin (100 mgmL~") at 37°C in an
atmosphere of 95 % air and 5% CO,. Cell death was evaluated with a
system based on 3-(4,5-dimethyl-2-thiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), which is reduced by living cells to yield a soluble
formazan product that can be assayed colorimetrically.?” Exponen-
tially growing A2780cisR cells were plated at a density of 10* cells per
well in 96-well sterile plates in DMEM (100 pL), and were incubated
for 3 -4 h. Stock solutions of the platinum compounds (1 mgmL=") in
DMEM were added to the wells at final concentrations ranging from
0 to 350 um, in a volume of 100 pL per well. After these had been
incubated with the drugs for 24 h, a freshly diluted MTT solution (1:5
in culture medium, 50 pL) was added to each well to produce a final
concentration of 1 mgmL~", and the plate was further incubated for
5 h. Cell survival was evaluated by measurement of the absorbance
at 520 nm, with a Whittaker Microplate reader 2001. ICs, values were
calculated from curves constructed by plotting cell survival (%)
versus compound concentration (um). The ICs, value is defined as the
drug concentration that kills 50% of cells. All experiments were
performed in quadruplicate.

Quantification of apoptosis by annexinV binding and flow
cytometry: Exponentially growing A2780cisR cells were exposed
to concentrations equal to the ICs, value of the platinum drugs for
24 hours. Subsequently, attached and detached cells were recovered,
mixed, and resuspended in annexin V binding buffer (PharMingen).
Propidium iodide (PI; 2.5pL; Sigma) and annexin V-fluorescein
isothiocyanate (1 ug mL~'; PharMingen) were added, and the cells
were left at room temperature prior to flow cytometric analysis in a
FACScalibur Beckton-Dickinson apparatus. The percentage of
apoptotic cells induced by each platinum drug (percentage
of annexinV positive/Pl negative cells) was calculated from
annexin V/Pl scattergrams.'"¥ Experiments were carried out in
quadruplicate.

Kinetics of in vivo DNA ICL formation: DNA ICLs were determined
by alkaline filter elution, with the A2780cisR cell line as described
previously.2% The DNA of the cells was labeled by seeding 10° cells in
P100 tissue culture plates and growing for 24 h in the presence of
[“*Clthymidine (0.03 uCimL"'; specific activity: 51 mCimmol~'; Amer-
sham International). A plate of cells for use as an internal standard in
the assay was labeled overnight with [methyl-H]thymidine (0.17 pCi;
specific activity: 5mCimmol~") plus unlabeled thymidine (10~>m).
A2780cisR cells (labeled with '“C) were treated with equitoxic doses
(concentrations equal to their ICs, values) of tdmaipa, cis-DDP, and
trans-DDP for various periods of time. In addition, an untreated
control plate was included in all experiments. Immediately after drug
treatment, the drug was washed off with ice-cold phosphate-
buffered saline (PBS). Test (**C-labeled) cells and internal standard
(H-labeled) cells were then irradiated on ice with 5 and 1 Gy,
respectively, of *°Coyrays from a 2000Ci source (dose rate:
2 Gymin~'). Approximately 106 cells of a mix (1:1) of test and internal
standard cells were then added to duplicate polycarbonate filters
(pore size: 2 um; 25 mm; Millipore Co.) in ice-cold PBS (5 mL). Cells
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were then lysed by two additions of lysis buffer (2% sodium dodecyl
sulfate in 0.1m glycine and 0.02m EDTA; pH 10; 10 mL). In the first
quantity of buffer added, proteinase K (0.5 mgmL~'; Sigma, Alco-
bendas, Spain) was added immediately prior to use. DNA was then
eluted at pH 12, by use of tetrapropylammonium hydroxide (10 mL,
0.1m) containing sodium dodecyl sulfate (0.1%) and EDTA (0.02m).
The elution rate was 0.010 mLmin~" (Pharmacia Biotech peristaltic
pump), and fractions were collected at 90 min intervals over
24 hours. The ™C and 3H DNA radioactivity in each fraction and
from the filters was then determined by liquid scintillation counting
(Wallac 1209 Rackbeta). Results are expressed as the fraction of C
retained versus the fraction of H (internal standard). DNA ICL units
(Dalton=" x 10°) were calculated by use of the expression:

ICL index (X) =[(B1 —r,/1—n"2— 1] x P, (1)

in which r and r, are the fractions of “C-labeled DNA for treated
versus control cells remaining on the filter when 60% of 3H-labeled
DNA is retained on the filter, and P, is the radiation-induced break
probability per Dalton. Control experiments were carried out to test
for the presence of single-strand breaks induced by cis-DDP.

Platination of the oligonucleotides: Single-stranded pyrimidine-
rich oligonucleotides, with central sequences d(TGTC) or d(TGCT)
and containing a monofunctional adduct of tdmaipa, were prepared
by incubation of the oligonucleotides (concentration in oligonucleo-
tide residues: 30 um) with tdmaipa with an input platinum/strand
molar ratio of 6 in 10 mm NaClO,/5 mm acetate buffer (pH 3.6), over
90 min at 37°C."™™ The platinated oligonucleotides were purified by
strong anion-exchange chromatography on a Mono Q HR5/5 column
(flow rate: TmLmin~") with a linear gradient of 25 to 750 mm NaCl
and with 2 and 10 mm NaOH, respectively, for oligonucleotides of
central sequences d(TGCT) and d(TGTC). The sample solutions were
then neutralized with acetic acid, tris(hydroxymethyl)laminome-
thane/HCI (Tris-HCl; pH 7.5), and HCl. Both platinated oligonucleo-
tides were desalted on Sep-Pack cartridges (Waters, St Quentin en
Yvelines, France), lyophilized, and resuspended in NaCl (100 mm).

Removal of the monofunctional adducts from oligonucleotides
with thiourea: Single-stranded oligonucleotides containing a mono-
functional tdmaipa adduct were labeled at the 5’ end with [y-32P]JATP
through use of T4 polynucleotide kinase.B" We then checked that
the platinated strands were modified at the guanine residues of the
d(TGCT) or the d(TGTC) central sequence by treatment with DMS®! as
described in the legend of Figure5. As previously reported,'’
thiourea has been used to remove trans-diammine platinum(i)
monofunctional adducts from DNA under conditions in which
bifunctional  cross-links  remain  stable. The period of
incubation with thiourea necessary for removal of the trans-
[Pt(NH(CH,),)(NH,CH(CH,),)(d(G))CII* monofunctional adduct from
the oligonucleotides was determined. Single-stranded oligonucleo-
tides labeled at the 5 end and containing a single trans-
[Pt(NH(CH,),)(NH,CH(CH,),)(d(G))CII* monofunctional adduct were
incubated with the respective complementary strand in NaCl
(100 mm), phosphate buffer (pH75; 3 mwm), EDTA (0.5mwm), and
thiourea (10mm) at 37°C. Aliquots were withdrawn every five
minutes, and analyzed by PAGE under denaturing conditions (24 %
polyacrylamide/7m urea; data not shown). This allowed us to
determine that the incubation time necessary for removal of all
the monofunctional adducts from the platinated strand was 30 min.
The band intensities were quantified by use of a Molecular Dynamics
Phosphorimager, with ImageQuant software, version 3.3 (Molecular
Dynamics, Sunnyvale, CA), for data processing.
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Kinetics of ICL formation and nature of the cross-linked bases:
Single-stranded oligonucleotides, 3?P-labeled at the 5 end and
containing a monofunctional adduct, were incubated with their
complementary strands (equimolar ratio of complementary strands)
at 37°Cin 100 mm NaClO, (100 mm), phosphate buffer (pH 7.5; 3 mm),
and EDTA (0.5 mm; final duplex concentration=0.12 mw). Aliquots
were withdrawn as a function of time, either treated or not treated
with thiourea (10 mm) for 30 min at 37°C, and analyzed by PAGE
under denaturing conditions (24% polyacrylamide/7m urea). Half-
reaction times (t, ;) for ICL formation were deduced by quantification
of the band intensities as described before. To identify the nature of
the bases in the ICLs, the cross-linked oligonucleotides (major band)
were purified by gel electrophoresis. The location and nature of the
ICL were determined by the chemical reactivity of the cross-linked
duplexes with DMS and formic acid!® '® after labeling of either the
pyrimidine-rich or the purine-rich strand.

Statistical analysis: Where appropriate, statistical significance was
tested using a two-tailed Student’s test. All values shown are mean
values, with the corresponding standard deviation of the mean
unless otherwise stated.

Abbreviations:

cis-DDP cis-diamminedichloroplatinum(i)

DMEM Dulbecco’s modified Eagle’s Medium

DMS dimethyl sulfate

EDTA ethylenediaminetetraacetic acid

FCS fetal calf serum

ICso drug concentration that induces 50% cell death

ICL interstrand cross-link

MFA monofunctional adduct

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

Pl propidium iodide

tdmaipa trans-[PtCl,(NH(CH,),)(NHCH(CH,),)]

trans-DDP  trans-diamminedichloroplatinum(i)
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Hydrogen-Bonding in 2-Aminobenzoyl-
a-chymotrypsin Formed by Acylation of the
Enzyme with Isatoic Anhydride:

IR and Mass Spectroscopic Studies

Jonathan J. Goodall,™ Victoria K. Booth,! Alison E. Ashcroft,’® and

Christopher W. Wharton*!

The acyl-enzyme formed upon acylation of a-chymotrypsin with
isatoic anhydride has been characterised by infrared spectroscopy.
Acylation at pH 7 to yield the 2-aminobenzoyl-enzyme is rapid (k =
557 % 102s7), while deacylation is much slower (k=3.7x
10~° s7'). The [*C=0]-labelled form of isatoic anhydride has been
synthesised, to allow construction of [C=0]- minus [*C=0]-
difference spectra; these highlight the carbonyl absorbance of the
ligand and eliminate spectral effects that arise from protein
perturbation. The ester carbonyl band of the acyl-enzyme absorbs
at a wavenumber of 1695cm~" and has been shown by
deconvolution analysis to represent a single, well-defined con-
formation. Model studies of ethyl 2-aminobenzoate in a range of
solvents show that its carbonyl group is in a hexane-like environ-
ment (that is, very nonpolar). It is proposed that the low
wavenumber of the carbonyl absorbance arises from the presence

Introduction

The serine proteinase, a-chymotrypsin (a-CT), is one of the most
studied and best understood of all enzymes. Many of the ways in
which it achieves a catalytic rate enhancement have been
described. It has been comprehensively reviewed!-® and this
knowledge about its structure and mechanism makes it an
important model enzyme for mechanistic studies. Structural
studies, especially the elucidation of the crystal structure,™
backed up by many years of kinetic investigation have shown
that a-CT achieves catalysis by an exquisitely fine-tuned acyl-
enzyme mechanism.l"* It was shown by Moorman and Abeles
that a-CT can be efficiently acylated by isatoic anhydride, in a
stoichiometric fashion, to form a stable acyl-enzyme, which is
inactive against the substrate;® the mechanism is shown in
Scheme 1. The importance of studying isatoic anhydride as an
acylating agent is that it also acylates some serine-containing j3-
lactamases,”" a very important group of enzymes involved in
bacterial resistance. These enzymes confer resistance on bacteria
by hydrolysing -lactam antibiotics, preventing their action on
the target molecules. The two groups of enzymes share some
mechanistic similarities,® * and for this reason a-CT represents a
good model for the fS-lactamases, since its mechanism is, by
comparison, relatively simple and well understood. The action of

of an internal hydrogen bond between the 2-amino group and the
ester carbonyl oxygen; this leads to polarisation of the carbony!
group both in the enzyme and in nonpolar solvents. However, in
view of the slow deacylation, it is clear that the acyl group is in a
nonproductive conformation, with no interaction with the oxy-
anion hole, and that deacylation occurs from this form or from a
minor, invisible form. The infrared data have been supported by
kinetic electrospray mass spectroscopic measurements, which
demonstrate that the acyl-enzyme is that previously anticipated,
and by molecular modelling of 2-aminobenzoyl-a-chymotrypsin. It
is concluded from pH-dependence measurements that general
base catalysis by the 2-amino group is not involved in deacylation.

KEYWORDS:

acylation

- chymotrypsin - enzymes - hydrogen bonds

the serine proteinases occurs through an acyl-enzyme inter-
mediate'™® ™ as does that of the [-lactamases.'>™ In both
enzymes there is an extensive hydrogen-bonding network with
general base activity attached to the serine residue, which acts
as the attacking nucleophile,! ' and both contain an oxyanion
hole.'> ¢l For these reasons it is pertinent to investigate a-CTas a
putative model for some aspects of S-lactamase catalysis.
Isatoic anhydride is a possible precursor to the design of an
inhibitor of the f-lactamases. However, it is too reactive and
insufficiently specific to be useful as it stands. Investigation of
the interactions of this compound with a-CT, to produce a stable
acyl-enzyme, might indicate ways in which the compound can
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2-Aminobenzoyl-a-chymotrypsin
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Scheme 1. The mechanism of the reaction between isatoic anhydride and a-
chymotrypsin as proposed by Moorman and Abeles.”! The reaction produces a
stable acyl-enzyme that subsequently deacylates to release 2-aminobenzoate at a
rate of 3.76(+0.87) x 10~°s~" at pH 7 and 37 °C. Chymo = chymotrypsin.

be tailored to afford a more effective, better-targeted and
clinically useful inhibitor of the S-lactamases. It is also interesting
to study isatoic anhydride by infrared (IR) spectroscopy because
of the relative ease of synthesis of the ['*C=0]-labelled form,
compared with the considerable difficulty involved in the
synthesis of such labelled forms of 3-lactam antibiotics. Labelling

of isatoic anhydride in this way facilitates
the assignment of the ester carbonyl
group and allows isotope-edited infrared
difference spectroscopy.

Upon acylation of «a-CT by isatoic
anhydride, a unique ester carbonyl bond
forms between the ligand and the en-
zyme (Scheme 1). This unique ester car-
bonyl group can be observed directly by
infrared spectroscopy, because it absorbs
at a characteristic frequency away from
strong protein absorbances and arises
from a local stretching mode that absorbs
strongly and as a well-defined band.
Measurement of the frequency of the
ester carbonyl band in a number of acyl-
enzymes has been shown to provide
useful information on the conformation
of the ligand and its interaction with the
oxyanion hole of the enzyme.l'”?

To complement the infrared spectro-
scopic study, this reaction between isatoic
anhydride and a-CT has also been studied
by electrospray ionisation mass spec-
trometry (ESIMS). The use of ESIMS allows
observation of the mass increase of the
enzyme upon formation of the acyl-
enzyme and gives confidence that the
acyl-enzyme formed is the one expected.
It also shows that there are no extra
adducts formed with the enzyme through

[

=

o

I DATL
v -J;=-.LH I F

p

(o] nonspecific reactions with residues other than the catalytic
y; serine 195 moiety. ESIMS is a powerful technique for verifying the
O-—Ser-Chymo identity of species within a reaction and confirming the
Nr) > proposed mechanism.

|\H/C\ This paper presents an infrared spectroscopic study of the
H 0 acyl-enzyme formed upon acylation of a-chymotrypsin by
isatoic anhydride. In conjunction with data obtained by other
techniques, it is suggested that hydrogen bonding within the
ligand together with poor binding of the ligand in the active site
results in the low deacylation rate.

~,

co,

o]
Il
c

~, . .
O—Ser-Chymo  Ragults and Discussion

NH, Electrospray ionisation mass spectrometry

In an attempt to confirm the structure of the acyl-enzyme
species (that is, to confirm that decarboxylation has occurred in
the first observable species), and that the mechanism is that first
hypothesised by Moorman and Abeles,’® ESIMS was carried out.
The data (see Figure 1) show the reaction process in a clear
qualitative fashion. It can be seen that the peak at 25233 Da for
the free enzyme!'® decreases and the peak at 25352Da
increases. This shows that the acylated species is the one
expected (Scheme 1), since the mass difference is exactly that of
the 2-aminobenzoyl moiety (120 Da). There is no evidence of a
species containing a carboxy group attached to the amine of the

100 —_— 25352
% ' | | 25308 25466 10 seconds
0l e oy e A N e I

25353
% ] | 25472 20 seconds
1 R I = R e S
25352
100 i
] 25232 !
% I 25‘__1?2 30 seconds
o ; A N 1 N LN — e et = ——

100 25352
%1 25095 25232 40 seconds
4 J M . S S NS S S S~ I N SIS S

100 S

f 26232 f\
% | | | 25303 25470 50 seconds
D N e e e s

100 25353
%1 25?33 [ 60 seconds
0 1 — I — S S i, P e —
25000 25200 25400 25600

M/ Da -

Figure 1. Electrospray ionisation mass spectra of the acylation of a-chymotrypsin by isatoic anhydride at
pH 7 and 37°C. The spectra were determined on samples quenched at various time intervals (shown on the
right-hand side) after addition of isatoic anhydride to a-chymotrypsin.

CHEMBIOCHEM 2002, 3, 68-75 69
Dateiname: F00244.3D Pagina: 69
Pfad: p:/verlage/vch/chembio/01-02/ Seite: 2tevon 8
Setzer: Riigamer Suche/Ersetze: Umfang (Seiten):

TrennProgramm: American 3B2-Version: 6.05d
Datum: 52 KW., 19. Dezember 2001 (Mittwoch) Zeit: 7:29:50 Uhr





BIO

2-aminobenzoyl moiety. Decarboxylation of a)
the ligand with concomitant release of carbon
dioxide occurs rapidly relative to the develop-
ment of the stable acyl-enzyme, and it may be
concluded that release of carbon dioxide
provides an entropic driving force which aids

the acylation process.

0.01

0.005

C. W. Wharton et al.

1660

1770

The deacylation process was also followed
by ESIMS. The acyl-enzyme peak at 25353 Da 4
decreased while the peak for the free enzyme
at 25233 Da increased, and deacylation was
estimated to occur with a t,,, of approximately
5 hours. It was not possible to measure the
rate of deacylation of 2-aminobenzoyl-a-CT

-0.005 F

-0.01

by infrared spectroscopy because of autolysis
and aggregation of «-CT in the infrared
cuvette, which caused large changes in the
amide| band over the long time period
required for observation of deacylation. These
changes obscured loss of the ester carbonyl
band and formation of product, although the
amount of small peptide fragments observed
at low molecular mass in ESIMS was minimal.
Hence, it was necessary to follow the rate by
measuring the recovery of activity upon 0
deacylation by assay with succinyl-phenylala-
nine-p-nitro-anilide (Succ-Phe-PNA). This gave
a rate for the deacylation of 2-aminobenzoyl-
a-CT of 3.76(+0.87) x 10°s™" at pH7 and
37°C and, thus, a half time for deacylation of

1800

b) 0.005

0.0025

-0.0025

1760 1720 1680

-~ ¥/cm™!

1695

approximately 5.1 hours. -0.005

1800

Infrared spectroscopic studies of
2-aminobenzoyl-a-chymotrypsin

['2C=0]-2-Aminobenzoyl-a-chymotrypsin

1760 1720 1680 1640 1600

~ v/cm”!

Figure 2. Isotope-edited infrared difference spectra of 2-aminobenzoyl-a-chymotrypsin at pM 7 in
deuterated phosphate buffer (0.1m). a) IR difference spectra of ['?C=0]-2-aminobenzoyl-a-CT minus free
a-CT (solid line) and [*C=0]-2-aminobenzoyl-a-CT minus free a-CT (+ —+—+). b) IR difference
spectrum of ['?!C=0]-2-aminobenzoyl-a-CT minus [*C=0]-2-aminobenzoyl-a-CT. All spectra were

minus free enzyme spectrum: In the ['2C=0]-
2-aminobenzoyl-a-CT minus free enzyme
spectrum (Figure 2a), there are very small

collected at 23°C with 4 cm~' resolution over 1024 scans and with a 100 um spacer and CaF, cell
windows. a-CT and 2-aminobenzoyl-a-CT solutions were at a concentration of 2mm in phosphate buffer
(pM 7, 0.1 M), made up in deuterium oxide. The pM value is the pH meter reading measured in ?H,0 with a

perturbation features caused by acylation of
a-CT by isatoic anhydride, and the overall
change in the amide | (protein amide C=0 stretch) band upon
acylation is only 0.6 %. These small changes are probably in the 3
structure of the enzyme, and the bands at 1640 and 1624 cm™'
are associated with this change in the protein amide spectrum
upon interaction of the enzyme and the ligand. The band that
appears at 1692cm~' in the ['2C=0]-2-aminobenzoyl-a-CT
spectrum is in the ester region of the spectrum as expected
for the acyl-enzyme carbonyl band. This band is shifted in the
['3C=0]-2-aminobenzoyl-a-CT spectrum into a region of strong
protein perturbation within the spectrum and so the exact shift
in frequency is difficult to quantify.

Underlying protein perturbations make assignment of the
ester carbonyl band difficult in the ['2C=0]-2-aminobenzoyl-a-CT
minus a-CT spectrum and measurement of the acylation rate
from this band impossible. Isotope-edited infrared difference
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glass combination electrode.

spectroscopy (see below) is required for the unambiguous
assignment of the ester carbonyl band.

['2C=0]- minus ["C=0]-2-aminobenzoyl-a-chymotrypsin
spectrum: The ester carbonyl band of the acyl-enzyme,
2-aminobenzoyl-a-CT, clearly seen at 1695 cm~' in the ['2C=0]-
minus ['*C=0]-2-aminobenzoyl-a-CT spectrum (Figure 2b), has
been assigned to the stable ester carbonyl group formed upon
acylation of a-CT by isatoic anhydride. There are no other acyl
bands visible in the ester carbonyl region of the infrared
spectrum of 2-aminobenzoyl-a-CT. Hence, this band can defin-
itively be assigned as the ester carbonyl band and is confirmed
by [3C=0] isotope-edited infrared difference spectroscopy,
which eliminates protein perturbation from the infrared spec-
trum. The ['*C=0] ester carbonyl band is more difficult to assign
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2-Aminobenzoyl-a-chymotrypsin

than the equivalent [2C=0] band, because it appears in a region
of intense absorption by the protein. This band is centred
around 1660 cm~' and forms a complicated absorbance peak. In
order to resolve this band conclusively, isatoic anhydride with a
[*C="80l-isotope label would be required, to shift the ester
carbonyl band away (approximately 80 cm~') from this intense
protein absorbance region. The small positive band seen at
1770 cm~' and the negative band at 1730 cm~' observed in the
isotope-edited infrared difference spectrum are due to a slight
excess of isatoic anhydride, the spectrum of which is shown in
Figure 3.

From the assignment of the ester carbonyl band at 1695 cm~',
it is possible to deduce the environment experienced by the
ester carbonyl within the active site of the enzyme. In a separate
experiment, the carbonyl stretching frequency of a model
compound, ethyl 2-aminobenzoate, was measured in a variety of
solvents with different dielectric constants, from hexane to D,0O
(Figure 4). A nearly linear relationship exists between the shift in
carbonyl frequency and the dielectric constant of the solvent, as
has been observed for other model esters." 2% This shows that
the ester carbonyl of the acyl-enzyme experiences a dielectric
constant close to that of hexane, that is, a nonpolar environ-

ment. This in turn implies that there is little, if any, hydrogen
bonding between the ester carbonyl group and the oxyanion
hole. Hence it is proposed that the acyl band at 1695 cm~' is a
nonproductive conformation of the enzyme-ligand complex.
Since no other bands are visible in this region, it is apparent that
deacylation occurs inefficiently from this conformer as suggest-
ed below or through a very sparsely populated conformer. The
latter pathway would imply a band that had an intensity too
small to measure and that would be spectroscopically invisible.
The band assigned as the acyl-enzyme is symmetrical, and
deconvolution followed by bandfitting of the spectrum con-
firmed that the acyl-enzyme apparently exists as a single
conformational species. The full width at half maximum band
height (FWHH) of the acyl band is approximately 19.3 cm~" at
pM 7, whereas the FWHH for the ester band of the model, ethyl
2-aminobenzoate, is 10 or 32cm™" in hexane or D,0, respec-
tively. As the polarity of the environment increases, the
bandwidth of the carbonyl band and the dispersion of the
solvated species also increase.

A possible explanation for the lack of hydrogen bonding to
the oxyanion hole is that isatoic anhydride is a relatively “short”
molecule and does not extend to fit fully into the aromatic

binding pocket of the enzyme’s active site,
tuned to phenylalanine. This may induce a
constrained conformation of the ligand, in
which the carbonyl is not planar with the
benzene ring and, thus, hydrogen bonding to
the oxyanion hole is prevented. A similar
distortion has been postulated in p-(dimeth-
ylamino)benzoyl-a-CT2"  Alternatively, the
2-aminobenzoyl moiety could form an intra-
molecular hydrogen bond with itself due to
the proximity of the amino group to the
carbonyl, which could out-compete potential

2 - s X
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[yl
©
A4 084
0.4 -
O L L T T T L] L T 1
1850 1800 1750 1700 1650 1600 1550 1500 1450

-~ v/cm”

Figure 3. The infrared spectrum of isatoic anhydride determined from a KBr disc. The prominent bands at
1767 and 1728 cm~" represent the carbonyl stretching frequencies of the anhydride moiety.

1700 5
n -hexane/acyl-enzyme carbonyl

«

1695 1

hydrogen bonds donated by the enzyme
oxyanion hole, since these would be sterically
unfavourable. The position of the amino
group relative to the carbonyl is shown
diagrammatically in Scheme 1. The intramo-
lecular hydrogen bonding between the ami-
no group and the carbonyl moiety should
polarise the C=0 bond, making the carbonyl
carbon more 6+ and hence more prone to
attack, as does the oxyanion hole with good
substrates. This also accounts in part for the

1400

10901 MeCN low wavenumber of the ester carbonyl band
1685 | cthanol -~ at 1695 cm™' in comparison to that of other
acyl-enzymes (for example, the ester carbonyl

1680 - group of 2-phenylpropanoyl-a-CT absorbs at
1731 cm~'22), since the polarised (=0 bond

1675 - is weakened and hence absorbs at a lower
D,0 —* frequency. The other factor is the electron-

1670 ; . . r . v v | donating character of the amino substituent,

0 10 20 30 40 50 60 70 80

Figure 4. Ester carbonyl frequencies of ethyl 2-aminobenzoate as a function of solvent dielectric
constant. Spectra of ethyl 2-aminobenzoate (1 %) dissolved in the various solvents were collected.
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seen in both the 2- and the 4-amino isomers
(see below).

To show that this proposed hydrogen
bonding occurs within the 2-aminobenzoyl
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moiety, a further model study was carried out. The ester carbonyl
stretching wavenumbers (in hexane) of ethyl aminobenzoates
with the amino group in the 2, 3 and 4 positions were measured
as 1697, 1728 and 1720 cm~', respectively, with the unsubsti-
tuted ester having a wavenumber of 1730 cm~". This provides
further evidence for the existence of an internal hydrogen bond
between the amino group and the carbonyl moiety of ethyl
2-aminobenzoate, since its ester carbonyl absorbance frequency
is 23 cm~" lower than that of ethyl 4-aminobenzoate, despite the
fact that electronically they should be similar. That the 2-amino
isomer shows an abnormally low carbonyl wavenumber, even
allowing for inductive and resonance effects, is demonstrated by
a study of the carbonyl absorption wavenumbers of methyl 2-, 3-
and 4-methoxybenzoates in a variety of solvents. In these esters,
hydrogen bonding cannot intervene, although the IR spectra of
the 2-position isomer are complicated by steric effects involving
the rotation (s-cis or s-trans with respect to the methoxy group)
of the ester carbonyl group.?® The frequency shift between the
3- and 4-position isomers in non-hydrogen-bonding solvents is
—5(x1) cm~', while that between the 4- and 2-position isomers
is —6(+2) cm~. In hydrogen-bonding solvents such as ethanol
or deuterium oxide, the carbonyl wavenumbers (of the hydro-
gen-bonded forms) are shifted down by more than —20cm™,
relative to their values in non-hydrogen-bonding solvents.
Therefore, the shift of —23cm™" seen between the 4- and
2-position isomers of ethyl aminobenzoate can conclusively be
ascribed to intramolecular hydrogen bonding in the 2-position
isomer and not to other influences such as induction or
resonance.

Kinetic analysis

Table 1 gives rate constants for the hydrolysis of some model
esters and deacylation rate constants for related acyl-enzymes.
The ester hydrolysis rate constants show a trend that differs sharply

Table 1. Rate constants for the hydrolysis of model esters and deacylation of
acyl-enzymes.l!

Ester/acyl-enzyme Measure- Rate constant  Ratio of
ment wave-  for hydrolysis deacylation/
length [nm]  [min~"] hydrolysis rate

constants
ethyl benzoate 275 0.7 (£0.02)

ethyl 2-aminobenzoate 340 0.092(£0.003)

ethyl 3-aminobenzoate 320 0.55(40.005)

ethyl 4-aminobenzoate 295 0.036(£0.001)

methyl 4-methoxybenzoate 260 0.41(£0.008)

benzoyl-a-CT 0.012 0.0175

2-aminobenzoyl-a-CT 0.0023 0.025

4-methoxybenzoyl-a-CT 0.0024 0.006

[a] Ester hydrolyses were measured at 25°C with 0.1 mm solutions in 1.0m
KOH and 20 % acetonitrile; reaction progress was measured by the decrease
in absorbance at the wavelengths given in the table. Deacylation rate
constants of benzoyl- and 4-methoxybenzoyl-a-CT, taken from the results of
Caplow and Jencks, were measured in 0.1m phosphate buffer (pH 7.0).2% The
rate constant for 2-aminobenzoyl-a-CT was measured at pH 7.0 as described
in the Materials and Methods section.
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from that of the IR absorption wavenumbers of the carbonyl
groups. The amino substituents are strongly electron releasing,
which slows the hydrolytic rates, but the largest effect is seen in the
4-amino, rather than the 2-amino, isomer. Thus the 4-amino
substituent is the most effective in electron donation to the ring.
The 2-position isomer will not be intramolecularly hydrogen
bonded in aqueous solution, owing to the overwhelming
competition by water, and so this effect is removed. This strongly
reinforces our interpretation of the IR spectrum of 2-amino-
benzoyl-a-CT in terms of an intramolecular hydrogen bond.

The rate constants for deacylation also show the effect of the
electron-releasing nature of the amino group (Hammett 4-amino
substituent: 0 = —0.66) as well as the methoxy substituent (0=
—0.27). Although more electron releasing than the methoxy
group, since it also readily participates in resonance (o"=
—1.27), the 2-amino derivative has the same deacylation rate
constant as the methoxy derivative; again, intramolecular
hydrogen bonding is the only reasonable explanation for this.

Finally, when the ratios of the rate constants for deacylation to
those of aqueous hydrolysis are considered, it is found that the
2-amino derivative has the largest value. This means that the
intramolecular hydrogen bond more than compensates for the
potent electron-donating potential of the amino group.

Another way of analysing the kinetic implications of the
proposed intramolecular hydrogen bond is to relate our result
with the inverse linear correlation, established by Tonge and
Carey by Raman spectroscopy in 1992, between the log of the
deacylation rate constant and the acyl-enzyme ester carbonyl
absorption frequency for a wide range of arylacryloyl deriva-
tives.1?> 251 Before the comparison can be made it is necessary to
correct the acyl-enzyme carbonyl frequency to allow for the
presence of the 2-amino group. The correction is deduced to be
35cm~!, the difference between the frequencies observed for
ethyl cinnamate and ethyl 2-aminobenzoate, both measured in
hexane. This gives a “corrected” acyl-enzyme frequency of
1730 cm~" and places the 2-aminobenzoyl derivative very close
to the trend line, which gives a predicted deacylation rate
constant slightly higher than, but within a factor of four of, the
predicted value. This is closer to the predicted value than the
values found in our previous work for cinnamoyl-a-CT (ninefold
difference) and hydrocinnamoyl-a-CT (4 x 10*fold!).?? 2-Ami-
nobenzoyl-a-CT falls in the region of the plot (high frequency,
low rate constant) where oxyanion hole interaction would, at
best, be predicted to be very poor. The 2-amino intramolecular
hydrogen bond may thus be regarded as resembling a (very)
poor oxyanion hole.

Molecular modelling of 2-aminobenzoyl-a-chymotrypsin

The acyl-enzyme model was constructed by using the Sybyl
molecular modelling program and minimised with a Powell
minimisation to produce the conformation with the lowest
conformation. The minimisation was conducted from several
starting points and always converged upon a singular solution;
the lowest energy model produced is shown in Figure 5.
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2-Aminobenzoyl-a-chymotrypsin

Figure 5. Molecular model of the acyl-enzyme (2-aminobenzoyl-a-chymotryp-
sin) derived by using the Sybyl molecular modelling program and the X-ray
structure of tosylated bovine a-chymotrypsin. The aromatic ring of isatoic
anhydride is shown residing in the P1 aromatic binding pocket of a-CT. The
Asp 102 (top left), His 57 and Ser 195 relay system is shown in red. The oxyanion
hole YN—H (Ser 195, Gly 193) groups are shown in yellow and the 2-aminobenzoy!
ligand is shown in green.

It is observed that the distance between the amino group
hydrogen and the carbonyl oxygen atoms in this acyl-enzyme
conformation (1.93 A) is much less than the distance between
the oxyanion hole and the carbonyl oxygen atom (4.26 and
4.42 R). This makes it far more likely that the ester carbonyl
moiety will form an intramolecular hydrogen bond rather than a
hydrogen bond with the oxyanion hole. The hydrogens on the
amino group do not point directly at the oxygen of the
carbonyl group. However, they are sufficiently close that

FULL PAPERS

while the pK, determined from the study of the pH dependence
of deacylation (Figure 6) is 6.43(+0.05). This clearly shows that
the rate effect arises from electrophilic assistance by the 2-amino
group acting on the carbonyl group and not from general base
catalysis.

Concluding Remarks

The reaction between isatoic anhydride and a-CT forms a stable
acyl-enzyme. A single spectroscopically visible conformation of
the acyl-enzyme can be observed by infrared spectroscopy and
has been assigned to a band absorbing at 1695 cm~". The low
deacylation rate and model studies with ethyl 2-aminobenzoate
indicate that the acyl-enzyme represents a nonproductive
conformation, in which the ester carbonyl exhibits essentially
no hydrogen bonding with the oxyanion hole of the enzyme.
This can be explained by the ligands being “short” and hence
forming a constrained conformation, unable to form hydrogen
bonds with the oxyanion hole and thus inhibiting attack of the
hydrolytic water molecule. However 2-aminobenzoyl-a-CT is also
prevented from hydrogen bonding with the oxyanion hole by an
intramolecular hydrogen bond between its amino group and its
carbonyl moiety; this bond has clearly been demonstrated by
molecular modelling of the 2-aminobenzoyl-a-CT molecule.
Although this intramolecular hydrogen bonding seems likely to
be responsible for an enhancement of the deacylation rate, it is
possible that compounds with groups specifically placed to out-
compete hydrogen bonds from the oxyanion hole may provide a
mechanism for controlling the properties of serine proteinase
inhibitors and possibly the S-lactamases, some of which are also
acylated by isatoic anhydride.”? It is hoped that these studies will
form a platform for future work with the S-lactamases and
compounds related to isatoic anhydride that may prove more
clinically useful.

hydrogen bonding can occur between them, since the 257
specificities of hydrogen bonds are far more dependent
on the bond length than on the orientation.? |t is 21
possible that the energy minimum discovered by this 7
minimisation is not the global minimum, but a local 2 151
minimum. However, even if this is the case, the hydro- 3
gen-bonding distances proposed by this model provide E 14
convincing support for the proposed intramolecular S
hydrogen bonding within the 2-aminobenzoyl moiety. g 05 |
N
0
General base catalysis by the 2-amino group? 0 3 4 : ) M M 5 .
p

It is conceivable that the deacylation of 2-aminobenzoyl-

a-CT might arise from intramolecular general base
catalysis by the 2-amino group, since this has been
observed to occur in some alicylic esters.”! If this were
the case, then the pH dependence of deacylation should
reflect the pK, of the amino group, and not that of the
enzyme, which falls between 6.0 - 7.0 for a wide range of
acyl groups. The pK, of ethyl 2-aminobenzoate is 2.36,
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Figure 6. The pH dependence of the deacylation of 2-aminobenzoyl-a-CT. Enzyme activity
regenerated upon deacylation was measured by using Succ-Phe-PNA as described in the
Materials and Methods section. The study was conducted at 25°C in the presence of 0.2m
KCl, since the acyl-enzyme has a tendency to precipitate below pH 7 at 37°C and at low salt
concentrations. The enzyme activity regained 200 h after initiation of deacylation was used
to fit the pH-dependence curve, since autolysis of the free enzyme became significant after
this time and the reactions at pH values of 5 and 4 were too slow to determine accurate rate
constants.
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Materials and Methods

Materials: a-CT was supplied from Sigma as type2, multiply
recrystallised, and was used as supplied. For ESIMS, a purer form of
a-CT with a minimum of additionally charged species was required.
For this, a-CT recrystallised three times and supplied by Worthington
was used as supplied. ?H,0 was 99.9% enriched, obtained from
Aldrich. All samples were prepared in 0.1m phosphate buffer and
adjusted to the required pH value, or pM in 2H,0, by addition of
NaOH or NaO?H. ['2C=0]-Isatoic anhydride was supplied by Aldrich
and 1,2-['*COOH]-phthalic acid (99% enriched in '3C) was obtained
from Isotec, Miamisburg (USA).

Synthesis of ['*C=0]-labelled isatoic anhydride: ['*C=0]-labelled
isatoic anhydride was prepared from 1,2-['3COOH]-phthalic acid. The
phthalic acid (0.1 g) was heated under reflux with acetic anhydride
(1 ml) for 2 h. After the mixture had cooled to 4 °C, crystals of phthalic
anhydride were filtered off and dried in a vacuum desiccator over
P,O; and NaOH. The yield of phthalic anhydride was effectively
quantitative with respect to the phthalic acid. Phthalic anhydride
(0.1 g), azidotrimethylsilane (0.4 mL) and chloroform (1 mL) were
heated under reflux for 2 h. After rotary evaporation and redissolu-
tion of the residue in acetone (1-2mL), the N-trimethylsilane
derivative of isatoic anhydride was hydrolysed by addition of a
stoichiometric quantity of ethanol (0.03mL). The acetone was
removed by rotary evaporation and the residue was treated with
chloroform (1 ml). The isatoic anhydride was recovered by filtration.
The yield was 48-52% and the product was shown to be pure by
thin layer co-chromatography with the ['2C=0] form.

Infrared spectroscopic experiments: All infrared spectra were
collected on a Bruker IFS66 Fourier transform infrared spectrometer
with ?H,O as the solvent. A mercury cadmium telluride detector
cooled by liquid nitrogen was used. IR spectra were accumulated by
taking 1024 scans at 4 cm ' resolution and a scan rate of 16 s~ with a
scanner modulation frequency of 180 kHz. The absence of water
bands in the spectra was ascertained by overlaying the spectra with
that of a water vapour spectrum to look for coincident bands; none
were found.

Samples were prepared by mixing a-CT, dissolved in deuterated
phosphate buffer and adjusted to the required pM value (2 mm,
200 pL) with isatoic anhydride in dry acetonitrile (60 mm, 5 uL). The
samples (=60 uL) were injected into an “in situ” IR cuvette with a
syringe (100 pL volume). The cuvette had CaF, windows and a path
length of 100 um. This arrangement allows the cuvette to be filled,
cleaned and dried without the need to dismantle the cuvette or to
break the dry air purge of the spectrometer.

a-CT and 2-aminobenzoyl-a-CT spectra were generated by subtrac-
tion of a 2H,O spectrum. To measure the structural changes upon
acylation, the spectrum of the free enzyme was subtracted from that
of 2-aminobenzoyl-a-CT. In order to assign the peak position of the
acyl band unequivocally, isotope-edited difference infrared spectros-
copy was used. Isotope-edited difference spectra were obtained by
subtraction of the spectrum of the ['*C=0] form of the acyl-enzyme
from that of the ['2C=0] form. This technique ensures assignment of
the ester carbonyl acyl band free from protein perturbation,
although unreacted reagent and/or product features may be
present.

Electrospray ionisation mass spectrometry: The reaction between
a-CT and isatoic anhydride was followed by ESIMS. a-CT (4 mw) in
H.0 as the solvent was used to follow the time course of deacylation
at pH8. To lower the acylation rate so that it could be partially
observed, the enzyme was used at a concentration of 0.04 mm at
pH 5. At various time points, an aliquot of enzyme (10 nmoles) was
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removed and quenched in formic acid (0.1w) to lower the pH value
to 3 and to stop the reaction. The samples were then freeze dried
and analysed by ESIMS.

Each sample was treated for mass spectrometric study in the same
way: A portion (ca. 10%) of the solid was removed and dissolved in
acetonitrile/0.1% aqueous formic acid (1:1; 100 pL). In some of the
spectra, salt-related ions obscured the acyl-enzyme. To eliminate this
problem, samples were passed through a desalting cartridge
arranged in line with the mass spectrometer. After injection of the
protein sample into the cartridge, the cartridge was washed with
water (2 x 100 pL) and then eluted into the mass spectrometer with
acetonitrile/0.1% aqueous formic acid (1:1) at a flow rate of
50 uLmin~". The resulting solutions were analysed at the School of
Biochemistry and Molecular Biology, The University of Leeds (UK), by
positive ionisation electrospray on a Platform Il single quadrupole
mass spectrometer (Micromass UK Ltd.; purchased with funds from
the Wellcome Trust). The system was calibrated by separate injection
of horse heart myoglobin (molecular mass: 16951 Da) and the mass
accuracy is predicted to be +0.01%.

Measurement of the rate of deacylation of 2-aminobenzoyl-a-
chymotrypsin: The rate of deacylation of 2-aminobenzoyl-a-CT was
measured by assay with Succ-Phe-PNA at pH 7 and 37 °C. 2-Amino-
benzoyl-a-CT (0.2 mm) was synthesised by treatment of a-CT (0.2 mm,
10 mL) in phosphate buffer (pH 7, 0.1 m) with isatoic anhydride in dry
MeCN (6 mm, 330 pL). The solution of 2-aminobenzoyl-a-CT was then
placed in a water bath at 37 °C alongside a solution of a-CT (0.2 mw,
10 mL) in phosphate buffer (pH7, 0.1m to measure the rate of
autolysis of a-CT over time at this pH value and temperature. At
various time points, aliquots (100 pL) of the 2-aminobenzoyl-a-CT
solution and of the a-CT solution were removed from the water bath
and assayed to measure their activity. The rate of hydrolysis of Succ-
Phe-PNA is proportional to the free-enzyme concentration. The assay
solution was made up of phosphate buffer (pH 7, 0.1 m, 870 L), Succ-
Phe-PNA in dry dimethylsulfoxide (100 mm, 20 pL) and the reaction
mixture (100 pL), which was either 2-aminobenzoyl-a-CT or a-CT. The
assays were carried out over 68 h.

Measurements of the pH dependence of deacylation were made at
25 °C, by using the same general procedure above. Phosphate buffer
(0.1m, as above but also containing 0.2m KClI) was used at pH 7.0,
while 0.01m buffer was used for incubation at pH 6. Acetate buffer
(0.01 m) containing 0.2m KCl was used at pH values of 5.0 and 4.0. The
more dilute buffers were used at the lower pH values to ensure that
the pH value of the assays (7.0) was unaffected by addition of acyl-
enzyme that had been incubated at lower pH values. The pH-
dependence studies were conducted at 25°C to obviate precipita-
tion of the acyl-enzyme, which occurred below pH 7.0 at 37°C. The
reactions were followed for 240 h.

Molecular Modelling: Molecular modelling of 2-aminobenzoyl-a-CT
was carried out with the general molecular modelling program Sybyl,
written by Tripos. The model was created by superimposing a
minimised structure of 2-aminobenzoate over the p-toluenesulfonyl
(tosyl) moiety of a 2.0 A structure determined from tosylated bovine
a-CT (E.C. 3.4.21.1)28 by X-ray diffraction and then removing the tosyl
moiety. Once this had been carried out, the whole of the new
molecule was minimised by a Powell minimisation,” a member of
the conjugate gradient family of minimisation.

We thank Dr. M. G. P. Page for helpful discussions. This work was
supported by a studentship award to J.J.G from F.Hoffmann - La-
Roche Ltd., Basel (Switzerland).
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Mechanistic Investigation into Complementary
(Antisense) Peptide Mini-Receptor Inhibitors of

Cytokine Interleukin-1%**

Jonathan R. Heal,™ Sylvia Bino,!“ Gareth W. Roberts,™ John G. Raynes,'” and

Andrew D. Miller*

Sense peptides are coded for by the nucleotide sequence (read
5 —3') of the sense (positive) strand of DNA. Conversely, a
complementary peptide is coded for by the nucleotide sequence
(read 5' —3') of the complementary or antisense (negative) strand
of DNA. In many instances, sense and corresponding complemen-
tary peptides have been observed to interact specifically. In order to
study this process in more detail, longer, shorter and mutant
variants of our original complementary peptide, VITFFSL, were
synthesised and analysed for binding to and inhibition of cytokine
human interleukin-14 (IL-15) in vitro. The behaviour of all peptides

Introduction

Two antiparallel 2’-deoxypolynucleotide chains make up double-
helical DNA. Traditionally, one of these chains, the sense
(positive) strand, carries the coding information necessary for
proteins and peptides whilst the complementary chain, or
antisense (negative) strand, provides the means of propagating
that coding information. However, recent evidence suggests
that the complementary strand may also be harnessed for
transcription to provide coding information as well." In addition
there is now growing evidence that peptides coded for by sense
and complementary strands of DNA are able to interact
specifically in a way comparable to the specific interaction
between sense and complementary strands of DNA.? Applica-
tions of this phenomenon now include the development of anti-
idiotypic antibodies for protection against autoimmune disor-
ders,®! the identification of novel receptors,® affinity column
purification of proteins® and also the design of novel inhibitors
of protein - protein interactions.®-¥

By definition, a sense peptide is one whose sequence is coded
for by the nucleotide sequence (read 5’ —3') of the sense strand
of DNA (or more precisely by codons in mRNA whose nucleodide
sequence contains the same coding information as the sense
strand of DNA). Conversely, the complementary peptide is coded
for the nucleotide sequence (read 5' —3') of the complementary
strand of DNA (or more strictly by codons in complementary
mRNA with the same nucleotide sequence information as the
complementary strand of DNA). There are two main schools of
thought as to how specific interactions between sense and
complementary peptides are possible. The first arose from an
original observation by Blalock and Smith,” that the hydropathic

76 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

studied is discussed in terms of the Mekler - Idlis (M-I) pair theory, a
theory that accounts for specific sense—complementary peptide
interactions in terms of through-space interactions between
corresponding pairs of amino acid residues (M-I pairs)] specified
by the genetic code and its complement.

KEYWORDS:

amino acids inhibitors

interleukin-1

complementary peptides
- molecular recognition

character (measured on the Kyte - Doolittle scale"®) of an amino
acid residue is related to the identity of the middle letter of the
mRNA codon from which it is translated. When uridine (U) is the
middle nucleoside, the codon always codes for a hydrophobic
residue, whilst with adenosine (A), the codon codes for a
hydrophilic residue. By contrast codons with either cytidine (C)
or guanosine (G) as the middle nucleosides generally code for
residues with similar hydrophilic/hydrophobic characteristics. A
and U (equivalent to thymidine (T) in DNA) are complementary
nucleosides according to Watson - Crick base pairing rules, as are
G and C. Consequently, sense and complementary strands of
DNA must always code for peptide sequences that are opposite
in hydropathic profile to each other. Blalock went on to suggest
that a given sense and complementary peptide pair should
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sense peptide

= N
R

matched by the same number of comple-
mentary codons that in turn may code for
up to four alternative matching amino acid
residues (Table 1). In effect, these Mekler-
Idlis (M-l) pairs appear to represent a
protein — peptide equivalent of the Wat-
son-Crick base pairs found in DNA. This
theory of Mekler and Idlis that the specific
interaction between a given sense and
complementary peptide is mediated by M-I
pairs (Figure 2) has been called the M-I pair
theory.”?

In our previous work, we developed the
concept of antisense or complementary
peptide mini-receptor inhibitors.”? Comple-
mentary peptide 1 with a C-terminal amide

sense mRNA (+) 5

specifie interaction
by Watson - Crick
base pairings

N

specific interaction
by Mekler - Idlis
amino acid pairings

B
=

complementary mRNA (=)

N [ =
. RS

complementary

peptide

Figure 1. Diagram to illustrate sense and complementary peptide interac-
tions.

therefore have mutually complementary shapes (secondary
and tertiary structures), owing to the “inverse forces” operat-
ing within each peptide because of their opposite hydro-
pathic profiles, and they should, hence, be able to interact
specifically.™ This has been called the molecular recognition
theory (MRT).0" 12

The second school of thought has arisen from a suggestion
of Mekler,l"¥ that specific interactions between sense and
complementary peptides should be mediated by specific
through-space, pair-wise interactions between amino acid
residues (Figure 1). According to this suggestion, the side
chain of each codon-directed amino acid in a sense peptide
should be capable of making a specific pair-wise interaction
with the side chain of the corresponding complementary
codon-directed residue in the complementary peptide. In
effect, Mekler was suggesting that the genetic code and its
complement are able to specify through-space interactions
between pairs of amino acid residues. Mekler and Idlis"¥
identified all of the possible putative interacting pairs of
amino acid residues and segregated them into three discrete
nonoverlapping groups (Figure 2). In many cases, each given
amino acid residue has been partnered by more than one
possible amino acid residue. This situation arises because the
genetic code is itself degenerate. Therefore, any one amino
acid residue may be coded for by up to six different codons
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Figure 2. Schematic representation of Mekler - Idlis (M-I) amino acid pairs. Solid lines
connect pairs of amino acid residues related by the M-I pair theory. Nonpolar residues
are shaded blue, polar residues are shaded red. “Stop” indicates a stop codon. The
single letter amino acid residue abbreviations used are: A Ala, R Arg, D Asp, N Asn, C
Cys, E Glu, K Lys, M Met, F Phe, P Pro, S Ser, Q GIn, G Gly, H His, I lle, L Leu, T Thr, W Trp, Y
Tyr, V Val. Adapted from the paper by Mekler and Idlis combined with features from
the work of Zull and Smith.l'* 39

77





BIO

A. D. Miller et al.

Table 1. Table to show the genetic derivation of Mekler - Idlis (M-I) amino acid pairs.
Amino Codon Complementary Complementary Amino Codon Complementary Complementary
acid 5 —3/ codon amino acid acid 5 —3'@ codon amino acid
5 30 5,3/
Ala (A) GCA UGC Cys (C) Ser (S) UCA UGA stop
GCG CGC Arg (R) ucc GGA Gly (G)
GCC GGC Gly (G) UCG CGA Arg (R)
GCU AGC Ser (S) ucu AGA Arg (R)
AGC GCU Ala (A)
AGU ACU Thr (T)
Arg (R) CGG CcCG Pro (P) GIn (Q) CAA uuG Leu (L)
CGA UCG Ser (S) CAG CUG Leu (L)
CGC GCG Ala (A)
CGU ACG Thr (T)
AGG ccu Pro (P)
AGA Ucu Ser (S)
Asp (D) GAC GUC Val (V) Gly (G) GGA ucc Ser (S)
GAU AUC lle (1) GGC GCC Ala (A)
GGU ACC Thr (T)
GGG Cccc Pro (P)
Asn (N) AAC GUU Val (V) His (H) CAC GUG Val (V)
AAU AUU lle () CAU AUG Met (M)
Cys (O uGu ACA Thr (T) lle (1) AUA UAU Tyr (Y)
uGcC GCA Ala (A) AUC GAU Asp (D)
AUU AAU Asn (N)
Glu (E) GAA uuc Phe (F) Leu (L) CuG CAG GIn (Q)
GAG Ccuc Leu (L) cuc GAG Glu ()
cuu AAG Lys (K)
UuG CAA GIn (Q)
UUA UAA stop
CUA UAG stop
Lys (K) AAA uuu Phe (F) Thr (T) ACA uGU Cys (O
AAG (@V]V] Leu (L) ACG CGU Arg (R)
ACC GGU Gly (G)
ACU AGU Ser (S)
Met (M) AUG CAU His (H) Trp (W) UGG CCA Pro (P)
Phe (F) uuu AAA Lys (K) Tyr (Y) UAC GUA Val (V)
uuc GAA Glu (E) UAU AUA lle (1)
Pro (P) CCA UGG Trp (W) Val (V) GUA UAC Tyr (Y)
Cccc GGG Gly (G) GUG CAC His (H)
ccu AGG Arg (R) GUC GAC Asp (D)
CCG CGG Arg (R) GUU AAC Asn (N)
[a] All complementary codons are read in the 5’ —3’ direction to derive the identities of possible interacting M-I partner residues (complementary amino acid
residues) in a complementary peptide.

(sequence: N-VITFFSL-NH,) was designed to interact  Position: 1 2 3 4 5 6 7

with a key B-bulge surface loop (Boraschi loop; loop
sequence: N-QGEESND-C; residues 48-54 (mature
protein sequence)) of human interleukin-13 (IL-1p).
The sense mRNA sequence of the loop was identified,
the complementary mRNA sequence deduced and the
sequence of complementary peptide 1 determined by
using Table 1 (Figure 3). By interacting with the loop,
synthesised 1 was able to inhibit IL-15-mediated
biological responses by sterically blocking the inter-
action between IL-15 (and also IL-1a) and the inter-
leukin Type 1 receptor (IL-1R). Not only was specific inhibition
clearly seen in vitro, but the interaction between IL-1/5 and the
peptide was studied in detail with appropriate controls, which
left little doubt that 1 was indeed interacting specifically with the
Boraschi loop as expected. Subsequently, we were able to
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NH,

demonstrate the utility of peptide 1 in a separate, independent
in vitro biological assay.® In this paper, we describe the next
stage of our work with this IL-1 system, designed to explore and
understand better the interactions between mini-receptor
inhibitor peptides and the Boraschi loop of IL-1.
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Figure 3. a) The a-carbon backbone trace deriving from the X-ray crystal structure coordinates of IL-1[, also
showing the f3-bulge Boraschi loop structure of IL-1/3 (red). The main amino acid residues of the Boraschi

loop have been labelled. b) lllustration of sense mRNA nucleotide sequence for the IL-15 Boraschi loop and
the complementary mRNA nucleotide sequence to show the origin of the peptide sequence of

complementary peptide 1.

Results

Resonant mirror biosensor analysis

In our original work, peptide 1 was shown to bind specifically to
the human IL-18 Boraschi loop region with a dissociation
constant K; of 10.2um” by means of a resonant mirror
biosensor. Many control experiments were conducted to prove
the specificity of the interaction. However, these previous data
were acquired by using high levels of protein immobilised on
carboxymethyl dextran (CMD) cuvettes by means of the
standard  N-hydroxysuccinimide/1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (NHS/EDC) procedure, which gave maximal
immobilisation responses of > 2000 arcs. Typically, more accu-
rate estimations of kinetic parameters are reported to be
obtained with lower levels of immobilised proteins correspond-
ing to maximal immobilisation responses in the range 100-
1000 arcs."™ However, in this study we quickly found that
smaller quantities of IL-15 were difficult to immobilise repro-
ducibly on CMD cuvettes. Therefore, we elected to try to
immobilise human IL-13 on aminosilane cuvettes instead, using
glutaraldehyde as a coupling agent. This proved successful and
sufficient IL-18 was immobilised routinely to give maximal
immobilisation responses in the 500-1000 arcs range, which
corresponds to a modest concentration of immobilised protein
(0.39-0.40 um; 1.33-1.35 ng mm ) suitable for accurate binding
studies.™ All binding experiments were then conducted at an

CHEMBIOCHEM 2002, 3, 76 -85

GAC - 7' Sense mRNA sequence for IL-15 loop

CUG - ' Complementary mRNA sequence

experimental temperature of 25°C (unless
otherwise stated), instead of 37°C as
described in our previous studies” to
minimise the disparity between the inter-
nal temperature of the biosensor and the
temperatures of the sample peptide solu-
tions (20-200 um) prior to injection.

The interaction between peptide 1 and
aminosilane immobilised IL-15 was stud-
ied, followed by the same sets of controls
described previously (results of controls
not shown).”! In this way, we were able to
demonstrate that peptide 1 was still inter-
acting specifically with IL-15 in spite of the
changes to cuvette and immobilisation
conditions (control proteins included hu-
man interleukin-1 receptor antagonist (IL-
1ra), tumor necrosis factor-a (TNFa), inter-
leukin-8 (IL-8), interleukin-18 (IL-18) and
bovine serum albumin (BSA)). A typical set
of experimental binding data, obtained
whilst studying the interaction between
peptide 1 and IL-15, is shown (Fig-
ure 4a, b). Kinetic data and binding con-
stants were then determined from such
experimental data with software supplied
by Affinity Sensors (FASTfit program; see
Table 2).

Identical experiments, including all the
above controls, were performed with all of
the other longer, shorter and mutant
variants of peptide 1. A complete set of kinetic data and binding
constants are shown for the interactions between aminosilane-
immobilised IL-18 and each of these peptides in turn (Tables 2
and 3). In all cases, these variant peptides either bound
specifically to IL-13 and no other protein or else failed to bind
to any protein at all. Hence, those variants competent to bind to
IL-153 were apparently doing so specifically and by an equivalent
mechanism to the original peptide 1. These results are all the
more impressive given the fact that IL-1ra and IL-18 belong to
the same three-dimensional structural family as IL-15, although
IL-1ra actually lacks a Boraschi loop like structure.”

Further evidence for the loop specificity of the complemen-
tary peptides was provided through competition experiments
with other peptides. The association of peptide 1 with IL-15 was
inhibited by the presence of a peptide VQGEESNDK, which
comprises the Boraschi loop sequence. By contrast, a second
peptide, GQEDVNEKS, that contained the same amino acid
residues as the Boraschi loop peptide but in a different sequence
order did not inhibit the association (Figure4c). The clear
implication is that the Boraschi loop peptide was inhibiting the
interaction of 1 with IL-18 by competing with the IL-13 Boraschi
loop region for binding to 1. The reordered Boraschi loop
peptide was unable to do this.

The forces involved in driving the association of complemen-
tary peptide 1 with the Boraschi loop were investigated by
studying the effects of ionic strength and temperature upon the
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Figure 4. Resonant mirror biosensor profiles obtained from the interaction of
complementary peptide 1 with immobilised IL-15 (surface concentration:

1.33 ngmm~2, 0.39 um) in phosphate-buffered saline containing Tween-20 (PBS-T;
pH 7.4) at 25°C. a) Association data recorded with increasing concentrations of 1
(from lower to upper trace (in the direction of the arrow): 10, 20, 30, 50, 80, 100,
200 um). b) Dissociation data recorded with increasing concentrations of 1 (from
lower to upper trace (in the direction of the arrow): 10, 20, 40, 60, 100 um). c) The
results of a competition experiment performed with peptide 1 (100 um) and
immobilised IL-1f3 (surface concentration: 1.35 ngmm~2, 0.40 um) in PBS-T (pH 7.4)
at 25 °C. Association profile 1 was obtained with 1 alone, profile 2 in the presence
of the Boraschi loop peptide VQGEESNDK (100 um) and profile 3 in the presence of
a reordered Boraschi loop peptide GQEDVNEKS (100 um).
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Table 2. Summary of binding data determined from resonant mirror
biosensor analysis.

Peptide!® KoM 's 104 X koo [s1 Ky ] ESAP
inhibition [%]®

TFFS 2 n.d. n.d. n.d.[ n.d.[
VITFFS 3 234413 9.1+13 38+9 30+5
VITFFSL 1 97.1+8.0 43+04 45+23 85+5
VITFFSLY 4 224415 1.9+0.7 87+£36 65+£5
FVITFFSLY 5 31.0+1.6 52403 170+1.7 n.d.@
VFITSFL 6! n.d. n.d.g n.d.ld nd
VSTFFFYLI 719 n.d. n.d.d n.d.d nd.
p-VITFFSL 8 93+19 16.1+8.5 140+ 71 nd@

[a] Results were obtained by analysing (with 1Asys software) data from the
interaction of the indicated peptides with IL-13 immobilised on aminosilane
cuvettes. (See the Experimental Section for details.) [b] The IL-1/3 concen-
tration was 64 pg mL~'; the peptides were at a concentration of 10 pgmL~".
[c] n.d.=not determined because the binding was too weak. [d] Peptides
6 and 7 are controls; 6 is a reordered version of 1 and 7 is a reordered
version of 5.

Table 3. Summary of a second set of binding data determined from resonant
mirror biosensor analysis.

Peptide® Kass IM7'S7TT 10* X kyigs [s7'] - Ky [um] ESAP
inhibition [%]®
group |
IITFFSL 9 16.8+0.7 35+0.5 21+4 30£5
VVTFFSL 10 10.1£11 1.9+0.6 20+8 n.d.
group Il
VITLLSL 11 202418 164 +43 80+6 n.d.
group I
VIGFFSL 12 n.d.d n.d.d n.d. n.d.
VIAFFSL 13 n.d. n.d.d n.d.© n.d.©
VIRFFSL 14 n.d.d n.d.d n.d.[ n.d.
VITFFPL 15 352441 125+ 21 353+19 3545
VITFFTL 16 8.1+0.2 651+84 806+ 12 n.d.
VITFFAL 17 334413 102+ 14 31.0+£5.1 4045
FVVGLLTVK 18 105+8 34+9.0 324432 38+59

[a] Results were obtained by analysing (with IAsys software) data from the
interaction of the indicated peptides with IL-13 immobilised on aminosilane
cuvettes. (See the Experimental Section for details.) [b] The IL-15 concen-
tration was 64 pg mL~'; the peptides were at a concentration of 50 ugmL~".
[c] n.d.=not determined because the binding was too weak. [d] Peptide at
a concentration of 10 ug mL~".

interaction. The effect of the former was investigated by
studying the interaction of 1 with IL-18 in the presence and
absence of NaCl at concentrations of 0, 250 and 500 mwm, with
fixed temperature (25°C). In the presence of 250 and 500 mm
NaCl, the value of the dissociation constant K, was reduced to
approximately half the value obtained in the absence of added
NaCl (Table 2). Such a reduction in the value of Ky with increasing
salt concentration is one hallmark of the hydrophobic effect."®
The likely involvement of hydrophobic interactions was further
reinforced by studying the interaction of 1 with IL-15 at four
different temperatures (4, 15, 25 and 35 °C) and processing the
association constant, K,, data by means of a van't Hoff plot in
order to extract thermodynamic data.'” The resulting van't Hoff
plot is illustrated with the calculated thermodynamic parameters
inset (Figure 5). These thermodynamic parameters were derived
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Figure 5. Van't Hoff plot to illustrate the interaction of peptide 1 with
immobilised IL-1f (surface concentration: 1.33 ngmm~=2, 0.39 um) under standard
conditions but at different temperatures. Binding data were plotted and
processed according to Equation (1) to give the illustrated linear plot. The
resulting thermodynamic data are given in the insert.

with Equations (1) and (2), where AH,,.q is the standard enthalpy
for peptide binding (under the conditions of pH, ionic strength,
temperature (25°C) and fixed IL-13 concentration used in the
binding assays), ASpnq is the standard entropy, AG(T),ng is the
temperature dependent free energy change of binding and R is
the molar gas constant (8.314 Jmol~"K™").

AHy, ASpi,
Ik, = — b d+ bind ™
RT R

AG(Mying = AHging — TASping (2)

Binding of 1 to IL-1f is clearly an endothermic process made
favorable by entropy. This thermodynamic signature may be
attributed to a mixed mode of interaction that combines both
hydrophobic and electrostatic interaction forces.!s! The involve-
ment of hydrophobic interactions was further reinforced by the
appearance of a slight curvature to the van’t Hoff plot implying
that the change in heat capacity upon binding, AC, .4, may be
slightly negative. This is also a clear signature for hydrophobic
interactions.!'®

Interleukin-1 biological assays

E-selectin alkaline phosphatase (ESAP) cell IL-1 assays are very
sensitive and were carried out to demonstrate that binding of
complementary peptides to IL-15 was not only structurally
interesting but also of biological relevance. The assay has been
described previously,® and needs no further discussion here
except to say that dose-response relationships were deter-
mined for all the peptides. The ability of peptides to inhibit
effects induced by human IL-15 (64 pgmL~") was evaluated up
to a maximum peptide concentration of 50 upgmL~' (Tables 2
and 3). In almost all cases, there is a clear correlation between
the ability of a peptide to bind to IL-15 and the extent to which
that peptide was able to inhibit the biological activity of IL-15 in
vitro.
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Discussion

The nature of the interactions between sense and complemen-
tary peptides has been studied sporadically over the years. The
strength of sense-complementary peptide interactions has
been shown to increase with length; longer pairs of sequences
usually display a higher mutual affinity than shorter pairs.l'”
There is also significant experimental evidence to suggest that
sense - complementary peptide interactions are conformation-
ally degenerate, multilocalised/multisite and made up of clusters
of stabilising, noncovalent contacts between specific amino acid
residues.['>-?'! Yet others have noted the deleterious consequen-
ces for binding strength of mutations in either a sense peptide or
complementary peptide, further underlining the importance of
specific amino acid contacts in sustaining sense —complemen-
tary peptide interactions.?" 22 Such observations are very much
consistent with the M-I pair theory of interaction. The validity of
these pairs is discussed in detail elsewhere in a review.? In this
study, the interaction of complementary peptide 1 with IL-13
appears to be mediated by a combination of both hydrophobic
and electrostatic forces of interaction. Such a mixed mode of
interaction is also consistent with the M-I pair theory.

For historic reasons, the M-I pair theory appears to have been
largely overlooked in favour of the MRT. However, in our opinion,
the M-I pair theory provides a much more satisfactory mecha-
nistic framework with which to interpret the variations in IL-15
binding and in vitro inhibition profiles of complementary
peptide 1 and variants. In the X-ray crystal structure of human
IL-1/3,1% the Boraschi loop consists of seven contiguous residues
(QGEESND) in an extended f-strand-like conformation. The
flanking amino acid residues are looped back into the core of the
protein. Therefore, complementary peptide 1 could conceivably
interact with the loop in an extended f3-strand-like conformation
so as to maximise interresidue contacts (Figure 6).2

Our results are consistent with this picture. In comparing the
efficacy of complementary peptides longer and shorter then 1
(Table 2), none were more effective than 1. Complementary
peptide 3 is six residues in length and was able to bind
specifically to IL-143, but binding was an order of magnitude
more weak than with 1. Moreover, peptide 3 was a worse in vitro
inhibitor. Peptide 2 is four residues in length and did not bind to
or inhibit IL-15. This decrease in affinity with decreasing length is
consistent with the mode of interaction, based upon multi-
localised/multisite amino acid side chain contacts between
specific amino acid residues, as illustrated in Figure 6.1*-2" Such a
mode of interaction would be expected to increase in strength
as the length of the interacting peptide segment and the
number of interacting amino acid residues increase.!'? Therefore
in the absence of other factors, the eight-residue peptide 4 and
the nine-residue peptide 5 might have been expected to bind to
IL-18 more tightly than 1. However, the terminal residues of 4
and 5 were probably not in a position to make proper contact
with their respective M-I partner residues given the conforma-
tion of the Boraschi loop and the sterically congested locations
of the flanking amino acid residues (Figure 3a), which lead to a
loss in binding affinity. In spite of this, peptide 4 was still found to
be an IL-14 inhibitor in vitro.
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V-1 I-2 T-3

F-4 F-5 5-6 L-7

Figure 6. Diagram to illustrate how complementary peptide 1 (in red) may be aligning with the Boraschi loop sequence (in blue) in order for the side chains of Mekler -
Idlis amino acid residue partners to be in close proximity to each other. Both peptide chains are in extended [3-strand conformations and, when arranged alongside each
other, form the equivalent of an antiparallel 3-sheet structure. Peptide links are omitted for clarity but black-dashed lines indicate where hydrogen bonds may originate

from these links to create the putative [3-sheet structure.

The importance of correct partner-residue contacts to sustain
the interaction is clearly suggested by studies with peptides 6
and 7. Peptide 6 is a reordered version of 1 and 7 is a reordered
version of 5. The peptide compositions of 6 and 7 are the same
as 1 and 5 respectively, but the sequence orders are significantly
different. In both cases, 6 and 7 neither bound to nor inhibited
IL-18 in vitro (Table 2). On the basis of the M-I pairs, it is
reasonable to suggest that reordering the sequences of
complementary peptides 1 and 5 abolished peptide binding to
the loop because correct M-l pairs were no longer able to make
proper through-space contact with each other. Finally, results
obtained with peptide 8, an all-o configuration version of 1,
provide some confirmation of the importance of side-chain
contacts in mediating the interaction between complementary
peptides and the Boraschi loop (Table 2). Peptide 8 showed a
measurable binding affinity for IL-1p, although it was some two
orders of magnitude lower than 1. Results like these have been
observed previously,?” and are consistent with a mode of
interaction driven by M-I partner side-chain interactions, but one
weakened by the necessity for some stereochemical distortions
in order for the side chains of amino acid residues with opposite
absolute configurations to make contact with each other.
Unfortunately, the affinity of 8 was too low for inhibition of IL-
16 in vitro.

Data presented from studies with variants of 1 containing
single or double amino acid “mutations” are also consistent with
a mode of interaction based upon M-I pairs and begin to suggest
something about the relative importance of each of the pairs
(Table 3). Previous “mutation studies” performed on comple-
mentary peptides of the S-peptide of ribonuclease and others
have indicated the disruptive effects on binding of amino acid
residue substitutions (“mutations”).?" 22 In our case, the selected
mutations were made with reference to the peptide sequence of
the Boraschi loop and a consideration of the possible codons
that might code for that same peptide sequence. All possible
codons for each amino acid residue at each position in the
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Boraschi loop were identified, complementary codons deduced
and alternative M-I partner residues suggested (see Table 1 and
Figure 2). Mutant complementary peptides were then synthes-
ised to cover the range of possible M-I partner variations at each
residue position of peptide 1 in turn. The results are grouped
according to whether the “mutations” were within M-I groups |, Il
or lll (Table 3). No one complementary peptide mutant surpassed
peptide 1 for binding to and inhibiting IL-18 in vitro, which
suggests that the gene sequence of the Boraschi loop is optimal
for complementary peptide association (Table 3). Group | muta-
tions (V11 9, 12V 10) resulted in approximately fivefold loss in
binding affinity, group Il mutations (F4L:F5L 11) in approximately
one order of magnitude loss in affinity. The most interesting
effects were observed with group Ill mutations (T3G 12, T3A 13,
T3R 14, S6P 15, S6T 16, S6A 17). Position 6 mutations reduced
binding by at least an order of magnitude with a corresponding
reduction in the inhibition of IL-148 in vitro. By contrast, all
position 3 mutatations abolished binding and any inhibition
effects. Therefore, of all the possible mutations, those within the
M-I group lll amino acid residue pairs (Figure 2) appeared to
have the most significant negative effects upon the strength of
the binding interaction between complementary peptides and
the Boraschi loop. Zhao etal. have very recently used high-
performance affinity chromatography to demonstrate that
similar mutations within M-l group lll pairs can also have a
significant impact upon binding interactions involving other
sense and complementary peptide systems.?d Their data
corroborates our observations, which demonstrates how vari-
able sense - complementary peptide affinities may be even with
the simplest of sequence variations.

Assuming that complementary peptide 1 and other mutant
peptides interact with the loop in the manner illustrated
(Figure 6), we can account for some of the consequences of
mutations in the following way. According to our current
understanding about the M-I pairs,’””? V-D, I-N, and L-Q pairs
probably associate by hydrophobic interactions between the
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side chains of nonpolar residues and the hydrocarbon chains
supporting the polar functional groups of partner residues. The
E - F pair should be able to benefit from specific nt-face hydrogen
bonding, similarly the S-T pair should be able to associate by
specific hydrogen bond formation. Arguably, the loss of the
latter hydrogen bond forming potential when threonine is
replaced could explain the completely negative effects of
group lll mutations at position 3 (T3G 12, T3A 13 and T3R 14)
on binding and in vitro biological efficacy. In a similar way, the
negative effect of groupll mutations (F4L:F5L 11) could be
explained by the loss of m-face hydrogen bonding potential
when phenylalanine is replaced by leucine. Other mutation
effects are less readily accounted for, however the relatively mild
effects of group| mutations (V11 9, 12V 10) do suggest that
nonpolar amino acid residues such as valine, isoleucine and
leucine may be interchangeable in the context of sense—com-
plementary peptide interactions.

As mentioned in the introduction, the MRT model of sense -
complementary peptide interactions suggests that peptides are
driven to interact specifically by virtue of having opposite
hydropathic profiles with respect to each other."™ We ourselves
have discussed sense-complementary peptide interactions
with respect to this concept previously.”® In addition, Sisto
reported using the MRT concept to devise a peptide inhibitor
(peptide 18, Table 3) of IL-13 in vitro by analysing for peptide
sequences with the highest possible hydropathic complemen-
tarity to amino acid residues 47 - 55 of IL-1/3, which embrace the
Boraschi loop sequence.”? This was apparently achieved using
computer programs developed by Fassina and co-work-
ers.54: 20261 We ourselves prepared the Sisto peptide and are
able to confirm that this peptide both bound to IL-13 and
inhibited biological activity in vitro (Table 3). Moreover, the same
controls were performed as for complementary peptide 1 with
the same results, which suggests that 18 was also binding
specifically to the Boraschi loop. At first sight the sequence of 18
looks completely unrelated to that of 1 and offers a direct
challenge to the M-I pair theory. However, upon closer
inspection, the general principles of the M-I pair theory appear
to remain intact. Peptide 18 was designed to complement
residues 47 - 55 (mature protein sequence) of human IL-13 and
peptide 1 to complement residues 48 — 54. Therefore, neglecting
the two terminal amino acid residues of 18, the core sequence is
VVGLLTV. In fact, each amino acid residue at every position of this
core sequence except the last belongs both to the same M-I group
as the corresponding residue in 1 and is also a recognised
alternative (see Figure 2; Tables 1 and 3). Therefore, peptides 1 and
18 are almost exactly equivalent in terms of the M-I pair theory.

There are other examples that may be interpreted in a similar
way to the Sisto peptide. For instance, Fassina etal.?? have
described a peptide C.G.gue that has the highest possible
hydropathic complementarity to the c-raf protein (residues
356-375), according to their computer program. Although
obviously different in sequence to the complementary peptide
ASgar derived from the genetic code, each residue of C.Ggpr
belongs, once again, to the same M-I group as the correspond-
ing residue in ASg,r and is also a recognised alternative in terms
of allowed M-I group pairings.
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However, things are not always as clear-cut as this. In some
cases, peptide sequences derived on the basis of complemen-
tary hydropathy instead of the genetic code may not fit the M-I
pair theory in such an ideal way. For example, we described a
peptide with the sequence LITVLNI picked out by our own
computer program (FINDH) from the sequence of human IL-1R
on the basis of hydropathic complementarity to the Boraschi
loop.® This peptide was found to bind to IL-13 an order of
magnitude more weakly than the original complementary
peptide 1 (K;=43.1+6.1 um) and proved to be an inhibitor in
vitro, but it does not appear to fit the M-I pair theory. However,
the M-I pair theory may encompass such a peptide provided we
allow leucine, isoleucine and valine to be stereoelectronically
equivalent to each other on the basis of their closely related side-
chain structures. This seems all the more reasonable in view of
the results of the mutation studies described above. In
other words, M-I pair theory may still apply if we regard leucine,
isoleucine and valine as surrogates of each other in M-I groups |
and Il. Hence, we would suggest that hydropathic complemen-
tarity per se and, by implication, the MRT should not be regarded
as being responsible for the specific interactions between
sense and complementary peptides. Instead the concept
provides an alternative more empirical understanding of M-I
pair theory.

The X-ray crystal structure of the complex between human IL-
18 and the extracellular domain of IL-1R is known and an
examination of the local environment of the Boraschi loop in the
complex is very interesting in the light of the foregoing
discussion.””? The loop is not in contact with a contiguous
complementary peptide segment equivalent to complementary
peptide 1. Instead, loop residues are partnered by a discontinous
array of IL-1R amino acid residues, many members of which are
correct M-I pair partners. For instance, N-V and E-F pairs are
found. Surrogate M-I pairs such as Q-1 are also evident. In other
words, M-I pairs appear to represent a significant and important
part of the interface between IL-15 and IL-1R. Hence, peptide 1
appears to be an impressively close surrogate of the receptor
Boraschi loop binding region and certainly deserves the
description complementary (antisense) peptide mini-receptor
inhibitor that was conferred by us previously.”? Furthermore, this
discussion appears to suggest that M-l pair theory not only
provides a framework with which to understand the specific
interaction between sense and complementary peptides but
also could represent an important new theory for protein-
protein and protein - peptide molecular recognition in nature
in general.

Conclusions

A variety of complementary peptides were designed specific to
the Boraschi loop of IL-13. The original complementary peptide
1 was shown in this system to bind specifically to the loop and
was found to be the most effective at binding to and inhibiting
IL-15 in vitro. The behaviour of this and the other peptides
studied was explained in terms of the M-I pair theory (Figure 2).
There is a suggestion that leucine, isoleucine and valine may act
as surrogates of each other within the M-I groups| and I, and
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that M-l grouplll pairs could have an important role in
modulating the interaction between sense and complementary
peptides.

Experimental Section

General: The X-ray crystal structure coordinates of IL-13 were
obtained from the Brookhaven Protein Data Bank.?! Unless other-
wise indicated, all materials and chemicals were obtained from
Sigma - Aldrich (UK). MilliQ water was used throughout (> 10 M2 cm
resistivity). Recombinant mature human IL-1/ for the in vitro assays
was a gift of Dr. K. Ray (Glaxo Smith Kline, Stevenage, UK). Peptides
were synthesised by standard methods on a Schimadzu PSSM-8
multipeptide synthesiser or on an Advanced Chemtech 348 Omega
multiple peptide synthesiser with N-terminal 9-fluorenylmethoxy-
carbonyl (Fmoc) protected amino acids (Novabiochem, UK) and a
Rink Amide MBHA solid-phase resin (Novabiochem, UK). Following
deprotection and cleavage from the resin, peptides were desalted by
gel filtration (2 x 28cm, P2 biogel (Bio-Rad, UK)) eluting with 0.1 %
aqueous trifluoroacetic acid (TFA). Final purification was effected by
reversed-phase high-pressure liquid chromatography (HPLC;
Vydac C18 column (Hichrom, UK) with a Gilson HPLC system) eluting
with a linear gradient of acetonitrile in 0.1 % aqueous TFA. Following
freeze drying, peptides were either stored at —20°C under N, in
anhydrous conditions, or else stored as stock solutions (10 mgmL~")
in dimethylsulfoxide (DMSO) under N, in anhydrous conditions. The
identity of all peptides was confirmed before use by quantitative
amino acid analysis and by positive- or negative-ion fast atom
bombardment mass spectrometry (FAB-MS) as appropriate. Purity
was judged to be >95% by reversed-phase HPLC.

Resonant mirror biosensor analysis: Binding analyses were per-
formed on an IAsys plus biosensor (Affinity Sensors, UK). Human IL-
1B or appropriate control proteins (IL-1ra, IL-8, IL-18, TNFa, BSA, or
blank surface) were immobilised on aminosilane cuvettes over a
period of 30 min in 10 mm sodium phosphate buffer at pH 7.7 by
using a standard glutaraldehyde coupling protocol. Before use,
aliquots of each peptide stock solution in DMSO were diluted into
phosphate-buffered saline (pH 7.4) containing 0.05 % Tween-20 (PBS-
T) to create dilution series ranging in concentration from 10-200 um
(final peptide concentrations). Each dilution series was maintained at
25°C and used within a few hours of preparation. Kinetic measure-
ments were obtained to characterise the interactions between these
various concentrations of complementary peptides (10-200 um) and
immobilised protein (approximately 1-2ngmm=2). Each set of
measurements involving a given peptide and a given immobilised
protein was carried out at 25°C in PBS-T buffer (unless otherwise
stated). For each measurement, the association and dissociation
phases were typically 250s. After the dissociation phase a 2 min
washing step (with 10 mm HCI) was used to regenerate the cuvette
before the next measurement was obtained. Where necessary,
derivatised cuvettes were stored overnight at 4 °C with a covering of
Parafilm. Kinetic data and binding constants were determined from
the biosensor data by using software supplied by Affinity Sensors
(FASTfit). Where appropriate, data were fit with a biphasic function so
as to minimise errors, according to standard procedures and
equations.' 28

Interleukin-1 assay: The ESAP-1 cell assay has been described in
detail by Ray et al.?® In brief, 25 x 10* ESAP cells mL~" were added to
96 well microtitre plate wells and incubated overnight. Human IL-15
(64 pgmL~") was incubated with peptide at various concentrations
(0-50 ug mL~") for 30 min at 25°C and added to the wells for 18 h.
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Supernatants from test wells and a standard curve (IL-18; 0-
2000 pg mL™") were assayed for enzyme activity following treatment
at 66°C for 30 min to inactivate endogenous enzyme. Enzyme
activity was determined by adding supernatant (25 L) to the assay
buffer (200 pL) and incubating for 60 min at 37°C. The assay buffer
was 1m diethanolamine (pH 9.6), 0.28m NaCl, 0.5 mm MgCl,, 5 mm p-
nitrophenylphosphate. The assay is unable to detect IL-15-induced
effects at a concentration <8 pgmL-".
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Inhibition of f-Amyloid Aggregation and
Neurotoxicity by Complementary (Antisense)

Peptides**

Jonathan R. Heal,™ Gareth W. Roberts,®! Gary Christie,” and Andrew D. Miller*

Complementary peptides are coded for by the nucleotide sequence
(read 5' —3') of the complementary strand of DNA. By reading the
sequence of complementary DNA in the 3'—5' direction, alter-
native complementary peptides may be derived. We describe the
derivation, testing and analysis of six complementary peptides
designed against 5-amyloid peptide 1-40 (Af3,.,,). Data is presented
to show that one peptide, designated 3’ —5'[3CP, s, binds

Introduction

Amyloid peptides AS,_,, and AB,_,, are significant components
of neurofibrillary tangles whose deposits are associated with the
neurodegenerative disorder Alzheimer’s disease (AD)." These
AB peptides and fragments thereof aggregate readily into
fibrils,? and these are neurotoxic.®! Fragmentation of AfS
peptides may produce reactive oxygen species (ROS) that cause
neuronal damage by oxidative stress.”! Alternative mechanisms
of toxicity may involve RAGE - A interactions (RAGE = receptor
for advanced glycation end products).”? Amino-terminal trunca-
tions of Aj peptides are also found in AD deposits,™ and are
associated with even more severe pathophysiological effects
than the full-length parent peptides.”) Recent evidence now
suggests that the y-secretase that generates AS peptides from
full length amyloid precursor proteins (APP) may be presenilin-1
(PS1).B! Mutations in the PS1 gene are the most common cause
of familial early-onset AD.”! Therefore, the pathophysiology of
AD appears to be converging on one main pathway involving
the generation and aggregation (fibrilisation) of excess levels of
AQ peptides, which culminates in acute neurotoxity."” Without
doubt, blocking Ag fibrilisation is an important therapeutic
strategy to counter AD. Here we report a novel use of the
complementary peptide approach to try and devise a simple
peptide able to selectively bind to a full-length AS peptide
(AB1_40), thereby inhibiting both Ap fibrilisation and the atten-
dant neurotoxicity.

Results and Discussion

Double helical DNA is comprised of two antiparallel 2’-deoxy-
polynucleotide chains. Traditionally, one of these chains, the
sense strand has been thought to harbor the coding information
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specifically to AB;.4, and inhibits both fibrilisation and neuro-
toxicity in vitro. This suggests that complementary peptides could
be useful leads for drug discovery, especially where diseases of
protein misfolding are concerned.

KEYWORDS:

Alzheimer’s Disease - antisense agents - antisense peptides -

complementary peptides - molecular recognition

for proteins and peptides, whilst the antisense (complementary)
strand provides the means of propagating that information.
However, recent evidence shows that coding information may
be extracted from the complementary strand as well." Fur-
thermore, peptides coded for by sense and complementary
strands of DNA are actually able to interact specifically in a way
that may be comparable to the specific interaction between the
two strands of DNA.I'? By definition, a complementary peptide is
coded for by the nucleotide sequence (read 5 —3') of the
complementary strand of DNA (or, more precisely, by codons in
complementary mRNA whose sequence contains the same
coding information as the complementary strand of DNA). The
codons in complementary mRNA may also be read continuously
in the 3’ —5’ (Root - Bernstein direction) to give an alternative
complementary peptide (Table 1).'> '3 Our approach to devising
a novel inhibitor of A fibrilisation has been to exploit this
concept of complementary peptides, including importantly the
concept of 3" =5 complementary peptides.
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Inhibition of 3-Amyloid Aggregation

Table 1. Table to show the Root - Bernstein derivation of 3' —5' complementary peptides.''!
Amino Codon Complementary Complementary Amino Codon Complementary Complementary
acid 5 — 3 codon amino acid acid 5 — 3kl codon amino acid
3 — 50 3’ 5/l
Ala (A) GCA CGU Arg (R) Ser (S) UCA AGU Ser (S)
GCG CGC Arg (R) ucc AGG Arg (R)
GCC CGG Arg (R) UCG AGC Ser (S)
GCU CGA Arg (R) ucu AGA Arg (R)
AGC ucaG Ser ()
AGU UCA Ser (S)
Arg (R) CGG GCC Ala (A) GIn (Q) CAA GUU Val (V)
CGA GCU Ala (A) CAG GUC Val (V)
CGC GCG Ala (A)
CGU GCA Ala (A)
AGG ucc Ser (S)
AGA UCu Ser (S)
Asp (D) GAC CcuG Leu (L) Gly (G) GGA ccu Pro (P)
GAU CUA Leu (L) GGC CCG Pro (P)
GGU CCA Pro (P)
GGG ccc Pro (P)
Asn (N) AAC uuG Leu (L) His (H) CAC GUG Val (V)
AAU UUA Leu (L) CAU GUA Val (V)
Cys (O uGu ACA Thr (T) lle (1) AUA UAU Tyr (Y)
UGC ACG Thr (T) AUC UAG Stop
AUU UAA Stop
Glu (E) GAA Ccuu Leu (L) Leu (L) CcuG GAC Asp (D)
GAG cuc Leu (L) cuc GAG Glu ()
Ccuu GAA Glu (E)
UUA AAU Asn (N)
CUA GAU Asp (D)
uuG AAC Asn (N)
Lys (K) AAA uuu Phe (F) Thr (T) ACA UGU Cys (O
AAG uucC Phe (F) ACG UGC Cys (Q)
ACC UGG Trp (W)
ACU UGA Stop
Met (M) AUG UAC Tyr (Y) Trp (W) UGG ACC Thr (T)
Phe (F) uuu AAA Lys (K) Tyr (Y) UAC AUG Met (M)
UucC AAG Lys (K) UAU AUA lle (1)
Pro (P) CCA GGU Gly (G) Val (V) GUA CAU His (H)
ccc GGG Gly (G) GUG CAC His (H)
ccu GGA Gly (G) GUC CAG Gln (Q
ccG GGC Gly (G) GUU CAA Gln (Q)
[a] All possible complementary amino acid residues in a complementary peptide are identified in this case by reading these complementary codons in the
3’ —5’ direction.

The shortest region of A3 able to aggregate and display
neurotoxic properties corresponds to the C-terminal amino acid
residues.l'® %13 Therefore, we surmised that a complementary
peptide to this region could interact specifically with full-length
AB peptides and prevent both fibrilisation and neurotoxicity.
With this thought in mind, the sense mMRNA sequence of A5 was
obtained and the sequence of a 5" —3’' complementary peptide
BCP;,_4 (complementary to Af;_) was deduced from the
corresponding complementary mRNA sequence (Figure 1).
5" —3" Complementary peptides SCP,_;5, SCP;s_,; and BCP,e 55
were also designed to complement the regions AB;_ s, ABs.;
and Apf,e3s respectively. The original complementary mRNA
derived sequences of SCP,_;s and SCP,. ;s were complicated by
the appearance of “stop” codons. In both cases, glycine was
substituted for the appearance of these “stop” signals. Further-
more, in the cases of SCP,_;s, SCP;s_,; and SCP, 55, serine was

CHEMBIOCHEM 2002, 3, 86 -92

used as a substitute for cysteine to avoid any added complica-
tions from thiol group oxidation.

Two alternatives of SCP,_,; were also designed, namely a
“hydropathically perfected” version, HP-SCP,_;s and a 3'—5’
complementary peptide, 3’ —5" SCP,_;5s (Figure 1). In the past,
much has been made of the fact that sense and complementary
peptides are mutually complementary with respect to their
hydropathic profiles (according to the Kyte-Doolittle scale)!s!
and are, therefore, able to interact specifically on account of their
“mutually complementary shapes” (secondary and tertiary
structures)."”! The HP-BCP,_ ;s peptide was designed for this
reason.'® These same considerations resulted in the use of
alanine as a substitute for a serine residue in the sequence of
3" —5' fCP,_;5, so as to maximise the mutual complementarity of
the hydropathic profiles of 3'—5" SCP,_;s and AB,_s (see
Figure 1).
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Interactions between complementary pep-
tides and Aj were investigated by means of
resonant mirror biosensor and enzyme-linked
immunosorbent assays (ELISA) assays. Reso-
nant mirror biosensor assays rely on being able
to immobilise a “receptor” in a hydrogel layer
mounted over a prism block. Interaction of a
“ligand” with an immobilised “receptor” pro-
vokes refractive index changes in the hydrogel
layer that lead to changes in the resonant
angle at which evanescent waves are able to
penetrate (tunnel) into the layer. Hence bind-
ing events may be monitored in real time by
observing changes in the resonant angle (in
arcs) as a function of time. A typical set of
experimental association data is shown (Fig-
ure 2a) for the interaction of the peptide
3'—5 BCP, ;s and Af,_, immobilised on a
biosensor carboxymethyl dextran (CMD) cuv-
ette. Unfortunately, this binding data set was
too far from saturation (<« 70%) to use the
software supplied by Affinity Sensors (FAST(it)
in order to derive meaningful kinetic and
binding constants for this interaction. Peptide
aggregation in the cuvette at higher concen-
trations proved to be the main problem.
Therefore, no constants were derived. The
3" =5’ BCP,_,s was found not to associate with
either immobilised bovine serum albumin
(BSA) or a blank CMD cuvette (results not
shown). In addition, all the other complemen-
tary peptides showed no detectable affinity for
immobilised AB,_,,, BSA or blank CMD cuvette.

The sequence specificity of the interaction
between 3" —5" SCP,_;5s and Af,_4, was shown
in two main ways. Firstly, reordered (RO)
BCP,_1s was prepared as a control (Figure 1).
This peptide was designed to have the same
amino acid residue composition as 3’ —5’
BCP,_s but with the sequence reordered so
as to completely alter the hydropathic profile.
As expected, this did not associate significantly
with immobilised AS,_, (results not shown).
Second, the ability of 3’ —5" SCP,_;5 to block
the interaction between Aj-specific polyclonal
antibody (2FI12; anti-Af3, ;) and immobilised

Figure 1. Derivation of complementary and control pep-
tides for Af. Kyte - Doolittle hydropathy plots are also
shown to illustrate mutual hydropathic complementarity
between Af sense peptide fragments and the comple-
mentary peptides as follows: A) AB,_;s m), BCP,_,5 (),

3 =5 BCP_15 (8); C) ABis23 (W), BCP1s 55 (0); D) ABs_ss (m),
BCPys_35 (1) and E) AB3;_4 (W), BCP5,_4 (1), respectively. In
(B), profiles of HP SCP,_,s and RO 3CP,_;s are not shown but
may be inferred from their respective sequences and from
the explanations in the text concerning their derivation.
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Figure 2. a) Overlaid biosensor association traces showing the interaction
between 3' —5' BCP,_;s (from lower to upper trace in the direction of the arrow:
2, 5,10, 20, 40 ugmL=") and APB,_s (3.98 um) immobilised on CMD cuvette.
Interactions were studied in phosphate-buffered saline (pH 7.4) containing Tween-
20 (0.05%) at 25°C using an IAsys resonant mirror biosensor as described
previously.” 21 b) Overlaid association traces showing the extent of interaction
between polyclonal antibody 2FI2 (2.4 ugmL=") and CMD-immobilised AB;_4
(3.98 um) in the presense of 3' —5' SCP,_;s (from upper to lower trace in the
direction of the arrow: 0, 2, 10, 20 ugmL~").

AB,_4 was investigated with the biosensor. Although 2FI2 is able
to bind AB,_ tightly (K;=4.2+0.8nm), the interaction was
found to be disrupted by 3'—5 BCP,s in a concentration-
dependent manner, which is consistent with competitive
inhibition of binding (Figure 2b). RO SCP,_;s was unable to do
the same. Subsequently, we were able to perform a control
experiment to show that 3’ —5’ SCP,_;s was not able to interact
with immobilised 2FI2 antibody directly (results not illustrated),
therefore the ability of 3'—5" SCP,_ ;s to inhibit 2FI2-AS, 4,
interactions could not be due to a direct interaction between
3’ —5’ SCP,_;s and 2FI2 but only to the specific sense —comple-
mentary peptide interaction between 3’ —5" SCP,_;s and AS;_4.

Given the difficulties of obtaining quantitative information
from biosensor data, ELISA assays were performed to try and
obtain some quantitative information. Initially, the specificity of
the 2FI2 antibody affinity was assessed in preliminary ELISA
experiments. AfB,_;s, fCP;_;5, 3’ =5 BCP,_;5, HP-SCP,_;5 and RO
PCP,_,s were absorbed at a fixed concentration (6 pgmL™") in
different wells of the same microtitre plate, then serial double
dilutions of 2FI2 were introduced across the plate followed by
additions of alkaline phosphatase conjugate and a chromogenic
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substrate (p-nitrophenylphosphate). The 2FI2 antibody was
confirmed to bind significantly only to AB,_;, to give a
measurable absorbance at A,y in the ELISA test (Figure 3a).

Subsequently, in the first main set of ELISA experiments AS;_;s,
BCP._;s, 3" —5' SCP,_;s5, HP-SCP,_;s and RO SCP,_,s were adsorbed
at a fixed concentration (9 ugmL™") in different wells of another
microtitre plate and incubated with different concentrations of
AB, ;5. The amount of Af, ;s “captured” by each adsorbed
peptide in each well was then estimated by using fixed dilutions
(1:100) of 2FI2 and the linked alkaline phosphatase conjugate.
Only the 3’ —5" SCP, ;s complementary peptide was able to
capture enough Af,_;s to give significant absorbance values at
A,ps in the ELISA test (Figure 3b); this is in keeping with the
results of the biosensor assay analysis.

The effect of the complementary peptides upon the inter-
action between Af,_, and 2FI2 was then studied in a second
main set of ELISA competition experiments. In these, the ability
of 2FI2 to interact with immobilised AS,_,, was studied in the
presence and absence of all the complementary and control
peptides described above. The total amount of antibody bound
to immobilised AB,_,, (B) in the presence of various concen-
trations of each peptide was expressed as a fraction of the total
amount of antibody available (B,; Figure 3c). Only complemen-
tary peptide 3'—5 BCP, s proved able to inhibit antibody
binding to immobilised Af,_,, a result completely consistent
with the foregoing ELISA and biosensor data. In this case, data
were analyzed according to Equation (1), where IC;, is the
concentration of peptide required to reduce 2FI2 binding to
immobilised AS;_, by 50%, [L] is the concentration of peptide
and K; is the inhibition constant.

IGso/Ky = 1+ILVK m

However, Equation (1) may simplify to Equation (2). This is
applicable when [L] is small compared to K;. By using Equa-
tion (2), a dissociation constant, Ky, of 24+12pugmL~" (1.5+
0.8 um, FWt1631) was estimated for the interaction of 3'—5’
PCP,_s with immobilised Af,_,. The magnitude is completely
consistent with previously reported dissociation constant values

involving other sense—complementary peptide interac-
tions.['8-21),
ICoo/Ky = 1 )

Evidence to the effect that AB peptides are neurotoxic
following fibrilisation has led to the development of several in
vitro assays designed to measure the degree of fibrilisation and
neurotoxicity.?> 23! In this case, the dissociation-enhanced lan-
thanide fluoro-immunoassay (DELFIA) of Schoket et al.?? was
used to evaluate the ability of 3" —5" SCP,_;s; and the control
peptide RO-BCP,_;5 to inhibit fibrilisation. The DELFIA assay is a
simple ELISA-like assay performed with an antibody that
specifically recognises the aggregated form of Aj in preference
to the nonaggregated state. Inhibition of AS fibrilisation leads to
a proportional decrease in antibody fluorescence response.
Fibrilisation-dependent neurotoxicity tests were also performed
in parallel with an IMR32 cell line.?® These were simple cell-
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Figure 3. a) Effect of antibody dilution on the ELISA response of ExtrAvidin
alkaline phosphatase conjugate following the binding of the indicated dilutions
of antibody 2FI2 to either AB,_;s (¢), BCP,_;5 (¢), 3’ —5 BCP,_5 (00), HP BCP,_;5 (x)
or RO SCP,_;s (») immobilised (6 g mL~") on microtitre plates. Response without
immobilised peptide is also shown (o) b) ELISA response showing extent of
interaction between AfB;_;s and immobilised (9 ugmL~") AB;_;s (0), BCP;_;5 (m),
3'—5 BCP,_;5 (¢), HP-BCP,_;5 (A) or RO-3CP,_;5 (x) as a function of AB,_;s
concentration in solution. Antibody 2FI2 detects AB;_;s captured by immobilised
peptide and extent of binding is determined by the level of ExtrAvidin alkaline
phosphatase conjugate enzymatic activity. c) ELISA competition experiment to
demonstrate the effect of the indicated concentrations of SCP,_;; (A), 3’ —5'
BCP,_;5 (¢), HP-BCP,_;5 (x) or RO-BCP,_;5 (1) on the interaction between 2FI2 and
AB;_s0 immobilised (9 ugmL~") on microtitre plates at 25 °C in PBS-T buffer. The K,
characterising the interaction between 3' —5' BCP,_,; and immobilised Af,_,, was
determined from Equation (2).
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survival and -viability tests. The results show that 3' —5" SCP,_;5
was able to block the vast majority of Ag fibrilisation and, as a
result, the vast majority of Af fibrilisation-dependent neuro-
toxicity (both at 10 ugmL~" concentration; Table 2). The control
peptide RO 3CP,_;s was unable to block aggregation and even
proved neurotoxic to the IMR32 cell line in the absence of A
peptides. In the light of the data described, 3' —5’ SCP,_;s most
likely blocks Ag fibrilisation and, hence, neurotoxicity by
interacting directly with AS peptides, thereby sterically prevent-
ing the growth of the AS aggregates that are known to be
neurotoxic. 1

Table 2. Summary of DELFIA fibrilisation assay and IMR32-cell neurotoxicity
data.? I

Peptide Inhibition of AS Inhibition of A
fibrilisation neurotoxicity
in DELFIA assay [%] in IMR32-cell assay [%]
3'—5" BCP_;s 91+5 83+10
RO BCP 5 95+4 n.d.

[a] RO CP,_;s peptide was itself neurotoxic in the IMR32-cell assay.

The singular success of 3'—5" BCP,s is striking. Alone
amongst the complementary peptides synthesised, this peptide
was found to interact specifically with AfB;,_,, and AB, ;s in
resonant mirror biosensor and ELISA assays. Moreover, this
interaction was strong and specific enough to compete with the
binding of an anti-AS,; antibody (2FI2) to AfB,4. These
properties appear to be sufficient for 3' —5" SCP,_;s to be an
effective inhibitor of Af fibrilisation and, hence, neurotoxicity.
The failure of other complementary peptides to do similarly is
difficult to interpret, although our most recent evidence shows
that bonefide complementary peptides can vary substantially in
their affinities for a corresponding sense peptide (K values may
vary from high mm to low um) with even the most modest of
sequence differences between them.?* Therefore, it should not
be too surprising that only one out of the six complementary
peptides designed and synthesised should have the ability to
interact efficiently with AB,,, and behave as a biological
inhibitor of Aj effects.

Conclusion

In summary, complementary peptide 3" —5" SCP,_; is shown to
bind specifically to AB,_4 and, in the process, to inhibit A3
fibrilisation and neurotoxicity. This peptide could form the basis
of a therapeutic approach against AD. The absolute specificity of
this process is amply demonstrated by the failure of any other
complementary peptide or the RO SCP,_;s control peptide to
behave similarly. A BLAST search conducted with the amino acid
residue sequence of 3’ —5’ SCP,_,s was unable to find any similar
sequence within the SwissProt database. This very uniqueness
could be helpful for therapeutic development and is a potent
demonstration of the application of complementary peptides in
generating new leads for drug discovery, in particular for
diseases of protein misfolding.
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Experimental Section

Materials: All materials unless otherwise stated were the purest
possible grade from Sigma- Aldrich (UK). MilliQ water was used
throughout (> 10 MQ cm resistivity).

Peptide synthesis: Peptides were synthesised by standard methods
on a Schimadzu PSSM-8 multi-peptide synthesiser or on an
Advanced Chemtech348 Omega multiple peptide synthesiser with
N-terminal 9-fluorenylmethoxycarbonyl (Fmoc) protected amino
acids (Novabiochem, UK) and a Rink Amide MBHA solid-phase resin
(Novabiochem, UK). Following deprotection and cleavage from the
resin, peptides were desalted by gel filtration (2 x 28 cm, P2biogel
(Bio-Rad, UK)) eluting with 0.1% aqueous trifluoroacetic acid (TFA).
Final purification was effected by reversed-phase high-pressure
liquid chromatography (HPLC; Vydac C18 column (Hichrom, UK)]
with a Gilson HPLC system) eluting with a linear gradient of
acetonitrile in 0.1% aqueous TFA. Following freeze drying, peptides
were either stored at —20°C under N, in anhydrous conditions or
else stored as stock solutions (10 mgmL~") in dimethylsulfoxide
(DMSO) under N, in anhydrous conditions. The identity of all
peptides was confirmed before use by quantitative amino acid
analysis and by positive- or negative-ion fast atom bombardment
mass spectrometry (FAB-MS) as appropriate. Purity was judged to be
>95% by reversed-phase HPLC.

Resonant mirror biosensor analysis: Binding analyses were per-
formed on an IAsys plus biosensor (Affinity Sensors, UK). The peptide
AB;_4 Or appropriate control proteins (BSA or blank surface) were
immobilised on CMD cuvettes over a period of 30— 120 min in 10 mm
sodium phosphate buffer at pH4.75 by using a standard N-
hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(NHS/EDC) procedure that we had used previously.'” Before use,
aliquots of each complementary or control peptide stock solution in
DMSO were diluted into phosphate-buffered saline (pH 7.4) contain-
ing 0.05% Tween-20 (PBS-T) to create dilution series ranging in
concentration from 2-40 ugmL~" (final peptide concentrations).
Each dilution series was maintained at 25°C and used within a few
hours of preparation. Measurements were obtained to try and
characterise the interactions between these various concentrations
of complementary or control peptides (2-40 ugmL~") and CMD-
immobilised AfS;_, (3.98um; approximately 3.5ngmm=2) or BSA
(2.17um). Each set of measurements involving a given peptide and a
given immobilised protein, was carried out at 25°C in PBS-T buffer
(unless otherwise stated). For each measurement, the association
phase was typically 250s. After the dissociation phase a 2 min
washing step (with 10 mm HCI) was used to regenerate the cuvette
before the next measurement was obtained. Where necessary,
derivatised cuvettes were stored overnight at 4 °C with a covering of
parafilm. All experiments were performed at least in duplicate.

ELISA protocols: Set 1: Peptides AS;_;s, fCP1_;s, 3' —5" SCP;_;5, HP-
BCP,_;s or RO-BCP, s were diluted from DMSO stock solutions
(10mgmL~") into 0.1m sodium carbonate buffer (pH9.6; final
peptide concentration 9 umL~"). Aliquots (200 uLwell-") were then
added to individual wells of a 96-well microtitre plate and incubated
for 24 h at 4°C. After washing the wells with water, egg albumin
solution (1 mgmL~" in 0.1m sodium carbonate buffer, pH 9.6) was
added (200 pLwell~") to block unreacted sites. After 1 h, the wells
were washed three times with PBS-T buffer prior to the addition of
Apy_5 aliquots (200 puLwell™"). In the set of wells corresponding to
each immobilised peptide in turn, final Aj;_;s concentration covered
the range 0-80 ugmL~". Following overnight incubation at 4°C, the
plate was washed three times with PBS-T buffer, 2FI2 antibody added
(1:100 dilution in PBS-T) and incubation continued for a further 1 h.
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After washing the wells with PBS-T and then water, ExtrAvidin
alkaline phosphatase conjugate (1:400 dilution in 0.2m tris(hydroxy-
methyl)laminomethane-HCI ~ (Tris-HCl), pH9) was added
(200 pLwell=") followed by a final incubation of 1 h. The plate was
washed three times with water and then 0.2m Tris-HCI, pH 9, before
the addition of p-nitrophenylphosphate (p-NPP) (1 mgmL~" in 0.2m
Tris-HCI, pH 9). After 30 min, the enzymatic reaction was quenched
with 3m sodium hydroxide in 50 mm Tris-buffered saline (TBS; pH 8.0)
and the plate read in a Biotek EL-900 plate reader at 405 nm. All
measurements were repeated in triplicate and values used were the
recorded means. This set of experiments was repeated three times.

Set2: AB,_4, was diluted from stock solution into 0.1m sodium
carbonate buffer (pH 9.6; final peptide concentration 9 ugmL").
Aliquots (200 pLwell™") were then added to individual wells of a 96-
well microtitre plate and incubated for 24 h at 4 °C. After washing the
wells with water, egg albumin solution (1 mgmL~" in 0.1m sodium
carbonate buffer, pH9.6) was added (200 pLwell=") to block
unreacted sites. After 1 h, the wells were washed three times with
PBS-T buffer prior to the addition of aliquots (200 pLwell™")
containing 2FI2 antibody (1:400 dilution in PBS-T) and a comple-
mentary or control peptide (namely SCP,_ s, 3'—5" [SCP,_s, HP-
BCP,_;5 or RO-BCP,_;5). Final peptide concentrations covered the
range 0-40 ugmL~". After 1h incubation at 25°C, the plate was
washed with PBS-T and then water followed by the addition of
ExtrAvidin alkaline phosphatase conjugate (1:400 dilution in 0.2m
Tris-HCI, pH 9) (200 uLwell=") and a further incubation period of 1 h.
The plate was washed three times with water and then 0.2m Tris-HCI
(pH 9), and then p-nitrophenylphosphate (p-NPP; 1 mg mL~"in 0.2m
Tris-HCI, pH 9) was added. After 10 min, the enzymatic reaction was
quenched with 3m sodium hydroxide in 50 mm TBS (pH 8.0) and the
plate read in a Biotek EL-900 plate reader at A,ys. All measurements
were repeated in triplicate and the values used were the recorded
means. This set of experiments was repeated three times.

DELFIA and toxicity assay: An aliquot of Af,,, stock solution
(2mg mL™") in aqueous acetic acid (0.1%) was diluted into PBS-T
buffer. Similarly, aliquots of complementary or control peptide
(namely 3" —5" SCP,_,s or RO-CP,_;5) stock solutions (10 mg mL~") in
DMSO were diluted into the same buffer. Thereafter, fixed aliquots
(5uL) of either diluted peptide were combined with fixed aliquots
(50uL) of diluted A, in PBS-T (final AB,, concentration
50 ug mL="; other peptides 10 ugmL-") and resulting mixtures
incubated for 16 h at 37°C. Aggregation products were detected
by immunoassay according to previously published protocols.??
Toxicity assays were performed as described previously. All
measurements were repeated in triplicate and values used were
the recorded means.
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Comparison of the NMR Spectroscopy
Solution Structures of Pyranosyl-RNA and Its
Nucleo-o-peptide Analogue

Sergey llin,® Irene Schlénvogt,®! Marc-Olivier Ebert,® Bernhard Jaun,® and

Harald Schwalbe*

The design of polymers that could mimic biomolecules in their
ability to form assemblies similar to ribo- and deoxyribonucleic
acids has become an attractive field of chemical research, and NMR
spectroscopy has played a vital role in the determination of the
three-dimensional structure of these newly designed nonnatural
polymers. The structure of a self-complementary octamer duplex of
pyranosyl-RNA (pRNA) has been determined by using NMR
spectroscopy experimental data and an Xplor structure calculation
protocol. The structure has been compared with the structure of a
duplex formed by a designed nucleo-6-peptide analogue of pRNA.

Introduction
In biological systems, ribo- and deoxyribonucleic o)

. . s ] \
acids constitute the building blocks for storage -0-P~b
and transfer of genetic information. This function \ 5

is dependent upon the reversible formation of

duplex strands, stabilized by complementary Wat-

son - Crick base pairing, and the ability to assem-

ble monomers in specific sequences with high -0~
fidelity. The design of alternative polymers that
could mimic biomolecules in their ability to form
assemblies similar to ribo- and deoxyribonucleic
acids has become an attractive field of chemical
research."” One of the reasons for studying such
alternatives is to understand the structural deter-
minants of nucleic acid structure itself. In addition,
the new synthetic oligomers provide a spatial arrangement of
units able to self-pair, which may find applications in the
biomedical, diagnostic fields and in materials science.

NMR spectroscopy has played a vital role in the determination
of the three-dimensional structure of these newly designed
nonnatural polymers.>-'? Here, we report the NMR-spectroscop-
ic determination of the structure of a self-complementary
octamer duplex of pyranosyl-RNA (pRNA), pRNA-(C-G-A-A-T-T-
C-G) (Scheme 1), and compare it to the NMR spectroscopy
structure of a duplex formed by (1'S,2'S,4'S)-phba-nucleo-6-
peptide-(A-A-T-A-T), a nucleo-6-peptide (NDP) that has been
designed based upon the conformational insight derived
from earlier studies of pRNA (Scheme1; phba=the
[(HO),P(=0)—0—(CH,);—C=0] radical attached to NDP).

PRNA nucleotides contain a six-membered pyranose sugar
ring. In the oligomer, subsequent units are linked through a
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The two duplexes assume one predominant conformation and
show a high structural similarity. The conformation type of both
structures agrees with those predicted based on qualitative
conformational analysis and both structures show a good
convergence toward the average torsion angles derived by NMR
spectroscopy.

KEYWORDS:

NMR spectroscopy nucleopeptides
structural biology - structure elucidation

pyranosyl-RNA

NDP

Scheme 1. Constitution of RNA, pRNA, and nucleo-d-peptides (NDP). The nomenclature for pRNA
and NDP follows the IUPAC nomenclature for nucleic acids.”!
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phosphodiester backbone that is bound to the C2" and C4’ sugar
centers. The most stable conformation of this oligomer is
predicted to be the one in which the phosphate backbone
assumes a gauche-trans conformation (£ =60°, a = 180°).% This
idealized conformation leads to a linear strand, which is
expected to form a quasilinear duplex arrangement stabilized
by Watson - Crick base pairs.

In contrast, nucleo-d-peptides are a new class of nucleic acid
analogues, which contain a carbamoyl methyl group - peptide
linkage in place of the phosphodiester backbone in pRNA and a
cyclohexane instead of a pyranose ring.l"! The NDP structure
shows a similar antiparallel duplex arrangement with Watson —
Crick type base pairing as in pRNA. In NDP, however, the polymer
backbone is more rigid than in pRNA since the peptide linkage in
the backbone reduces the number of conformationally flexible
single bonds from four to three. In addition, substitution of the
pyranose ring by a cyclohexane ring further rigidifies the NDP
structure.

Both, pRNA and NDP are chiral. In order to compare the
conformation of the pRNA presented here with the NDP, the
configuration of the NDP would have to be R at all centers
(1’R,2'R4'R). Since, for synthetic reasons, the NDP duplex studied
in the previous work had the (1'S,2'S,4'S) configuration,”® one of
the two resulting structures has to be converted into its mirror
image for direct comparison.

The present report extends the previous NMR-spectroscopic
investigations by Schlénvogt etal.®! for the pRNA sequence
PRNA-(C-G-A-A-T-T-C-G) and by Schwalbe et al.’? for the NDP
sequence (1'S,2'S,4'S)-phba-nucleo-d-peptide-(A-A-T-A-T). Model
simulations and experimental studies of the pRNA demonstrated
the formation of a quasilinear duplex with Watson - Crick
base pairing and antiparallel strand orientation. From
previous NMR spectroscopic studies and molecular-dynam-
ics (MD) calculations, a slight deviation from the linear-
idealized conformation was observed, which led to the
proposal of a left-handed double helix.!'*!

However, the previous structural investigations of the
PRNA sequence deliberately did not include NMR exper-
imental restraints to arrive at an NMR spectroscopy structure
through a torsion angle simulated annealing protocol.' It is
the focus of this report to use experimental NMR parame-
ters, such as NOEs and coupling constants, to compute an
NMR spectroscopy structure by using a simulated annealing
protocol and to compare helical properties of the pRNA such
as tilt, twist, and inclination with those of the NDP and
naturally occurring ribonucleic acid in a duplex conformation.

Results and Discussion
Experiments and computation: pRNA

The 10 best structures with lowest energies for families | - IV
were analyzed and compared in this report based on
energy profiles of 280+ 10 kcalmol~', 278 + 10 kcalmol~,
270410 kcalmol~', and 280 4 10 kcalmol~" for families |-
IV, respectively. Ensemble IV required a higher number of
iterations due to the larger number of possible local minima.
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A summary of experimental distance restraints and structural
statistics obtained are presented in Table 1.

Figure 1 shows four ensembles of overlaid structures. Families
of structures |-V all have the same starting conformation but
different torsion-angle restraints, as given in Table 1. For the
structure calculation resulting in the structures of family IV, the
backbone torsion angles were left unrestrained.

The angles 5 and ¢ were restrained around 145° for 5 and
—85° for ¢ based on experimental coupling constant data. These
torsion angles deviate from the idealized structure of 180° for 3

Table 1. pRNA experimental restraints and structural statistics.

Experimental restraints:

NOE-derived distance restraints (total) 97
intraresidual 44
intrastrand 33
interstrand 20
hydrogen bond, base-planarity, and peptide-bond constraints 31
torsion-angle restraints 22
total experimental restraints 150
mean number per pRNA residue 19
Statistics of final structure:

number of minimized structures 30
mean NOE deviation of convergent structures (>0.2 A) 0
torsion-angle deviation in convergent structures (>5) 0
root mean square deviations from mean structure [A]

family | (5° 8 and ¢ restraints) 1.01
family Il (£10° 8 and ¢ restraints) 1.15
family IIl (£30° 8 and ¢ restraints) 1.34
family IV (no 3 and ¢ restraints) 141

Figure 1. Superposition of the ten best structures with different sets of experimental
restraints. Torsion angle restraints of: | B=145+5° and e=—85+5°, Il p=145+10°
and e=—85+10° lll =145+ 30° and € =— 85+ 30°, and IV: no torsion angle
restraints of 3 and €. The torsion angles o. and T were left unrestrained in all simulations.
The angle y, was restrained in all structures to = — 127 + 10° except for G8 (y=—97 +
10°) and A4 (y=—110£10°).
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and —60° for ¢. In familyl, the backbone
torsion angles 8 and & were restrained to
+5° close to the NMR spectroscopy error
probabilities of +6°. In families Il and Ill, the
upper and lower bounds for these torsion-
angle restraints were increased to £+ 10° and
to +30° respectively. A comparison of the
statistical data presented in Tables 2 and 3,
for ensemble IV on the one hand and for
ensembles |-l on the other hand, clearly
shows the importance of incorporating 3 and

Residue Mumber

[

o
¢ restraints in order to obtain a reasonable i
structure  convergence, as shown in 5
Figure 2. 3
-

Relaxing the restraint for the angles j, ¢
and y as presented in Figure 1 did not alter
the duplex conformation. However, the tor-
sion angles shift slightly from the experimen-
tal values derived from the Karplus equation
of 3J(C,P) and 3J(H,P) coupling constants for f3.
The torsion angles for the ensemble of
structures | -1V are summarized in Table 2
and compared to the values obtained for
the NDP structure calculation (Table 3). For
the three restrained simulations, the mid-
point of the restraining potential was set to
145°. In the calculated structure, the angle 3

di,,

varied from 151° when restraining =145+ u ,:__
5°,to 155° when restraining S =145+ 10°, to 5 %:ﬁ\:\:\\% z N
159° when restraining f=1454+30°. The % : /ﬁ%gﬁ*ﬁ&“ il h
lowest energy was obtained at 159°. The % " -""'g&‘.\;:‘-":-'-a'},‘o " I“ “&'{:"Q.. vk

. . . I / NS
calculation, therefore, results in a deviationof = [ \R\ & /: \\\%gf,p
14° from the experimental angles predicted 5 R Q\".__EE}-"/'::’ :

144 I

from 3J(C,P) and 3J(H,P) coupling constants.
This deviation is lower than the deviation of
25° predicted by MD simulation.

For the € angle, the midpoint was set to
—85° The agreement in the family of

Table 2. Torsion angles for calculated simulated annealing structures in
families |- 1V in pRNA.

Family | Family Il Family Il Family IV
a 83.2+28° 84.0+£3.8° 84.4+12.6° 113.2+£67.3°
B 150.9 +£1.5° 154.6 £3.2° 159.1+7.8° 157.1 £33.6°
13 —87.7+28° —89.8+4.0° —90.6 £6.5° —102.3+33.4°
¢ —1687+79° —167.9+£80° —168.9+9.0° —156.4+50.9°

structures in NDP.

e M OR ™R

Table 3. Torsion angles for the calculated simulated annealing family of

1287+£1.3
167.8 £ 2.5
169.9+3.1
1758 +3.3
1234+6.5
1791+7.6
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Figure 2. Torsion angle distributions for all but the 3'-terminal residues in family of structures I-IV.
Numerical values are listed in Table 2. g, b, c, d, e, and f correspond to angles f3, €, a, C, %, and the helix
twist, respectively. The data for each of the two strands is separated by a gap.

structures between experimental and calculated torsion angles
in all three restrained simulations is much better and the
calculated values are only a few degrees smaller than the angle
derived from the coupling constants: —88° for ¢=—85+5°,
—90° for e=—854+10°, and —91° for e=—854+30°. The
phosphodiester backbone angles a and § were left unrestrained,
since no experimental data were measured. In the ¢=430°
ensemble, a assumes angles around 86°, ranging from 67 - 96°, £
assumes angles around — 171° ranging from — 157 - — 194°. The
lower limit is observed for residue A4 and the higher limit for
residue A3 in the duplex. Based on the previous NMR spectros-
copy data,® the torsion angle y was restrained to —127° for all
residues in all calculations (families |- IV) with the exception of
G8 and A4, which were set to —97° and — 110°, respectively. For
all torsion angles y, an error of +10° was assumed due to spin
diffusion at mixing times above 40 ms on the cross-peaks to
H—C(4’). The diagrams in Figure 2 show that the structures in
families | - 1ll obey these restraints well throughout the duplex,
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Family of Structures [11:
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Figure 3. The pRNA duplex. From left to right: front, top, and side views.
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while the unrestrained structures of fam-
ily IV show higher fluctuations due to the
presence of other local energy minima.
However, based on energy and restraint
violations, the best 10 structures out of 300
evaluated structures still yield a left-hand-
ed helix with strong inclination.

Helical properties for pRNA—Tilt

The structure of the pRNA duplex with
lowest energy as shown in Figure 3 devi-
ates from the linear idealized conforma-
tion. This causes the structure to form a
left-handed double helix. MD simulations
with and without fully energy minimized
structure calculations have also predicted
a left-handed helix conformation.®! An
interesting discrepancy between the ex-
perimentally derived pRNA structures pre-
sented here and those obtained by MD
simulation is the direction of the bending
in the duplex. The faces of the pRNA
duplex are defined as concave and convex,
gr as shown in Figure 4. The MD simulation

]

Lt '.-l'.
£
=
=

N\

=500
LT
:";/ I

g
aan
\1-'.."' .
X
&=
==

=

, Convex Face

Concave face

Figure 4. Definition of concave and convex face.

reveals a bend towards the concave side of

the helix. In contrast, the structures in
families | - 1ll calculated in the simulated annealing protocol
show an opposite bend towards the convex side in the higher
restrained structure; then, the bend changes towards the
concave side as the angle restraint is relaxed (lll) or entirely
omitted (IV), as in the MD simulation. This change in the bend of
the ensembles is accomplished by a small angle variation of
angle a (Table 2). Based on this observation, it appears that the
MD bending might be an artifact of the simulation, probably due
to the fact that torsion angles were left free to rotate with strong
emphasis on the force fields whereas the NMR spectroscopy
derived family of structures of the pRNA utilized experimental 3,
&, and y restraints. This further emphasizes the importance of
experimental restraints to determine the backbone angle a in
these oligomers.['”!

The family of structures| has an average unit twist of
approximately 16°, which decreases with decreasing angular
restraints to 15.6° for Il, 14.7° for Ill, and 12.9° for IV. This
demonstrates that experimentally defined restraints force the
double strand to conform to the left-handed twist. Nevertheless,
without including torsion-angle restraints in the calculation, the
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structure, though more relaxed, still remains close to the
restrained structure. The pRNA duplex shown deviates from
the linear idealized conformation to form a left-handed double
helix.

Helical properties for pPRNA—Inclination

Inclination is defined as a measurement between the base plane
projection onto the duplex plane and an axis perpendicular to
the translation vector along the duplex (M. Egli et al., personal
communication). Due to a strong inclination of approximately
—50° as shown in Figure5, bases on opposite strands are

Figure 5. Inclination of the pRNA duplex. Measurement is based on a method
proposed by M. Egli et al. in a personal communication.

positioned almost perfectly on top of each other and are
presumably stabilized by interstrand stacking overlap as shown
in Figure 6. Strong stacking interactions are observed for

Figure 6. Interstrand stacking: a) thymine — thymine, b) thy-
mine - adenine, c) guanine - guanine, and d) adenine - cytosine.

guanine —guanine and for thymine —adenine inter-
strand pairs. In contrast, thymine-thymine inter-
strand overlap is small and presumably does not
contribute to stabilization through stacking inter-
actions.

On the other hand, the intrastrand interactions
between neighboring residues in the duplex are
negligible. The strong inclination of —50° places
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subsequent residues on the same strand far apart from each
other. The stacking distance between bases from opposite
strands is in the range of 3.5-3.7 A, depending on their position
in the duplex (Figure 7). This distance is lower than the 4.5 A
predicted through model building for the idealized ribopyrano-
syl conformation. The discrepancy is due to a left-handed
twisting of the duplex and strong base inclination.

Comparison of pyranosyl-RNA, NDP, and RNA

It is interesting to discuss the structural differences between
naturally occurring A-form duplex RNA and nonnaturally occur-
ring pRNA and NDP. Previous work has demonstrated that both
pRNA and NDP have a stronger tendency to form antiparallel
duplexes with Watson - Crick base pairing than RNA and that, in
contrast to natural systems, they do not show purine - purine
self-pairing of the reverse-Hoogsteen and Hoogsteen types. The
A-type RNA duplex has 11 base pairs per turn. In contrast, pPRNA
consists of 23 base pairs per turn and NDP consists of 36 base
pairs per turn. The large helical twist of 33° in RNA results in tight
intrastrand stacking interactions and a rise per base pair of 2.6 A.
Bases in the ;- stacking are separated on average by 3.4 A or
van der Waals allowed contact. Due to its small inclination of 20°,
-7 stacking occurs between intrastrand bases. In contrast,
PRNA, which has a helical twist of 16°, is stabilized by interstrand
base stacking, for which bases are separated by 3.5-3.7 A on
average with an inclination of —50°. NDP also has a strong
inclination of —50°, yet bases are separated by 4.5 A. Therefore,
the structure of pRNA is more compact, as compared to the
structure of NDP. As an example, if we consider 10 base pairs in
the structure of pRNA and NDP, the overall rise would be 35 A
and 45 A, respectively. The strong inclination in pRNA and NDP
leads to a perfect alignment of two bases on opposite strands for
7t -7t base stacking. The peptide bond in the NDP backbone is
constrained to a trans peptide configuration, which induces a
more linear strand orientation. This is correlated with the smaller
helicity compared to RNA and pRNA and is a consequence of the
number of freely rotatable bonds in the acyclic portions of these
molecules. The smaller change of the single-strand topography
upon duplex formation due to the better structural preorgani-
zation may account for the higher stability of the NDP duplex as
compared to pRNA and RNA duplexes. Also, the absence of
repulsive electrostatic interactions in NDP will contribute to its

Figure 7. Thymine - thymine interstrand base distance.

97





BIO

high stability. pRNA would then appear to be in between the
very stable NDP and the more flexible RNA duplex.

Conclusion

The conformations of the pRNA and NDP calculated with NMR
spectroscopic restraints and molecular dynamics show that the
two duplexes essentially assume one predominant conformation
and that any other conformations have no statistical signifi-
cance. The conformation type of both structures conforms to
those predicted for the NDP and pRNA based on qualitative
conformational analysis."®2! Both structures show a good
convergence toward the average torsion angles derived by
NMR spectroscopy. The comparison with the MD-derived
structures of pRNA shows that, for these particular structures,
calculations based on force fields alone, be it AMBER or
CHARMM, might underestimate interactions such as interstrand
7t -7 stacking. Such stacking interactions are not as critical for
RNA as for NDP and pRNA. Figure 8 shows the high structural
similarity of the two oligomers. In conclusion, this study has
examined a potentially natural nucleic acid pRNA and compared
its structural attributes to its closest analogue NDP and natural
ribonucleic acid.

Methods

Experimental restraints:

NOE Distance Restraints: For pRNA, a series of four NOESY spectra
with mixing times of 40, 60, 80, and 150 ms, as well as a ROESY
spectrum with a mixing time of 150 ms, were analyzed and relative
distances were derived by integration of NOESY cross-peaks.®! The
results are listed in Table S1 in the Supporting Information based on

pRMNA

Figure 8. Comparison of the family of structures simulated for pRNA and NDP.
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the categories: weak (w) intensity 3-6 A, medium (m) intensity 2.5 -
3 A, and strong (s) intensity <2.5A. The NOE data summarized in
TablesS1 and S2 have been used in the simulated annealing
calculations. Table S2 in the Supporting Information summarizes the
NOESY cross-peaks of exchangeable protons with equivalent
distance estimation procedures as for nonexchangeable protons.

Dihedral Angle Restraints: The dihedral angles 5 and ¢ in the pRNA
phosphodiester backbone were derived from analysis of coupling
constants (J; Table S3 in the Supporting Information) by using the
Karplus equations [Equations (1) and (2)]. Karplus coefficients
determined by Haasnoot et al. for nucleic acids were used.?* The
Karplus parameterizations were further validated by Schlénvogt
et al.® by comparison with experimental coupling constants meas-
ured in cyclophosphates of beta-p-ribopyranose-nucleosides.

3J(HP) = 15.3cos’a—6.2cosa + 1.5 [Hz] (1)

3J(CP) = 8.0cos’a—3.4cosa+0.5 [Hz] )

Based on the experimental coupling constant 3J(C(3'),P)=8+1Hz
for the pRNA, 5 may adopt two ranges (+ 141 4+ 6°). Combined with
the four possible ranges (+ 127 +3°), (—155+5°), (—85+5°) and
(—7 +3°) from measurement of 3J(C(5),P) and four possible ranges
(+137£7°), (+103£7°), (—117£3°) and (—3 +3°) from measure-
ment of 3J(H(4),P), this results in a rather precise definition of S~
145 £ 6°.

Based on the Equation (1), the value of 744 0.5 Hz observed for
3J(H(2),P) is consistent with four ranges for the angle &: (+122 £ 3°),
(—152+£3°), (—89+£3°), and (—4+3°). Combined with dihedral
angle ranges derived from 3J(C(1'),P)=10.6+£0.5Hz and a small
3J(C(3'),P) that has to be below the range given from the relatively
narrow line width, the angle ¢ lies in the range to —86 +5°. The
torsion angles 5 and ¢ calculated with Equations (1) and (2) deviate
slightly from the values originally proposed by Schlonvogt et al. The
deviations, however, are too small to effect the structure calculation.
The angles a and ¢ were determined based on 5 and
& experimental restraints, which confine o to — 85°
and  to —175° Nevertheless, it is important to
emphasize that these values were not considered in
the simulated annealing structure calculations.

Conformational Analysis:

The structure of the pRNA oligomer was calculated
starting from a randomized single-strand conforma-
tion. A modified simulated annealing protocol was
used based on torsion-angle molecular dynamics
with the Xplor98.1 program.'* 2528 The protocol
was modified by adding an additional step of
minimization with full Lennard - Jones nonbonding
potentials and restrained dihedral terms at the end
of the structural refinement. The slow cooling
Cartesian molecular dynamics step was therefore
omitted.

s All the calculations were performed on SGI Ori-
gin 200 and/or SGI Octane computers. The simulated
annealing protocol consisted of three minimization
and two MD stages. The first stage consisted of
100 steps of standard preheating Powell minimiza-
tion followed by two MD stages. The second
preparation stage, performed in 60 ps, consisted of
4000 steps of high-temperature (20000 K) torsion-
angle dynamics with reduced nonbonding interac-
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tions and hard-sphere repulsion by using a decreased force constant
for heavy atoms and no force applied to interactions between
hydrogen atoms. This was followed by a third stage, also performed
in 60 ps, a slow-cooling process (20000 —0 K) in 4000 steps. The
nonbonding interactions were sealed back, while the NOE force was
kept constant. In the last two stages, the structure was minimized,
first by using the repel nonbonding potential for 2000 steps and then
with the Lennard-Jones nonbonding potential for an additional
2000 steps. Pre- and post-Lennard - Jones structures were recorded.

The energy minimization was performed by using the adopted-basis
Newton - Raphson (ABNR) method with the Charm22 force field
instead of the standard Powell method. The ABNR method shows
greater ability to avoid entrapment in local minima by using second
derivatives.

The force constants used in structure calculations for pRNA were
based on standard nucleic acid derived structures!'® except for the
sugar backbone. A distance of 1.94+0.3 A and a force constant of
150 kcal Mol-' A-2 were used for the hydrogen bonds in base pairs.
The values were identical to the values used for base pairing in
oligonucleotides. In order to keep the bases planar, a force constant
of 400 kcal Mol-"A-2 was applied.

The standard CHARMM 22 force-field parameters for bond angles
and length in the backbone were increased by a factor of two to
ensure correct covalent geometry.
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Dr. A. Eschenmoser and Prof. Dr. G. Quinkert for fruitful discussions.

[1]1 K. Kirshenbaum, R.N. Zuckermann, K. A. Dill, Curr. Opin. Struct. Biol. 1999,
9, 530-535.

[2] H. Schwalbe, J. Wermuth, C. Richter, S. Szalma, A. Eschenmoser, G.
Quinkert, Helv. Chim. Acta 2000, 83, 1079-1107.

[3] I. Schlénvogt, S. Pitsch, C. Lesueur, A. Eschenmoser, B. Jaun, R. Wolf, Helv.
Chim. Acta 1996, 79, 2316 -2345.

[4] J. Hunziker, H. J. Roth, M. Bohringer, A. Giger, U. Diederichsen, M. Gobel, R.
Krishnan, B. Jaun, C. Leumann, A. Eschenmoser, Helv. Chim. Acta 1993, 76,
259-352.

[5] G.Otting, M. Billeter, K. Withrich, H. J. Roth, C. Leumann, A. Eschenmoser,
Helv. Chim. Acta 1993, 76, 2701 —2756.

[6] M.O. Ebert, B. Jaun, W. Pils, R. Micura, Helv. Chim. Acta 2000, 83, 2336 -
2343.

[7]1 D. Seebach, A. Jacobi, M. Ruping, K. Gademann, M. Ernst, B. Jaun, Helv.
Chim. Acta 2000, 83, 2115-2140.

[8] T. Sifferlen, M. Riiping, K. Gademann, B. Jaun, D. Seebach, Helv. Chim. Acta
1999, 82, 2067 —2093.

[9] K. Gademann, B. Jaun, D. Seebach, R. Perozzo, L. Scapozza, G. Folkers,
Helv. Chim. Acta 1999, 82, 1-11.

[10] X. Daura, K. Gademann, B. Jaun, D. Seebach, W.F. van Gunsteren, A.E.
Mark, Angew. Chem. 1999, 111, 249 - 253; Angew. Chem. Int. Ed. 1999, 38,
236 - 240.

[11] T. Hintermann, K. Gademann, B. Jaun, D. Seebach, Helv. Chim. Acta 1998,
81,983 -1002.

[12] S.Pitsch, R. Krishnamurthy, M. Bolli, S. Wendeborn, A. Holzner, M. Minton,
C. Lesueur, I. Schlénvogt, B. Jaun, Helv. Chim. Acta. 1995, 78, 1621 - 1635.

[13] G. Karig, A. Fuchs, A. Busing, T. Brandsteller, S. Scherer, J. W. Bats, A.
Eschenmoser, G. Quinkert, Helv. Chim. Acta 2000, 83, 1049-1077.

[14] E.G. Stein, L. M. Rice, A.T. Brunger, J. Magn. Reson. 1997, 124, 154-164.

[15] C.Richter, B. Reif, C. Griesinger, H. Schwalbe, J. Am. Chem. Soc. 2000, 122,
12728-12731.

[16] S. Pitsch, S. Wendeborn, B. Jaun, A. Eschenmoser, Helv. Chim. Acta 1993,
76,2161 -2183.

[17] R. Micura, M. Bolli, N. Windhab, A. Eschenmoser, Angew. Chem. 1997, 109,
899-902; Angew. Chem. Int. Ed. Engl. 1997, 36, 870 -873.

[18] R. Micura, R. Kudick, S. Pitsch, A. Eschenmoser, Angew. Chem. 1999, 111,
715-718; Angew. Chem. Int. Ed. 1999, 38, 680 - 683.

[19] M. Beier, F. Reck, T. Wagner, R. Krishnamurthy, A. Eschenmoser, Science
1999, 283, 699-703.

20] A. Eschenmoser, Nucleosides Nucleotides 1999, 18, 1363 - 1364.

21] A. Eschenmoser, Science 1999, 284, 2118 -2121.

22] M. Bolli, R. Micura, A. Eschenmoser, Chem. Biol. 1997, 4, 309 - 320.

23] F. Reck, H. Wippo, R. Kudick, M. Bolli, G. Ceulemans, R. Krishnamurthy, A.
Eschenmoser, Org. Lett. 1999, 1, 1531-1534.

[24] C.A.G.Haasnoot, F. A. A. M. De Leeuw, C. A. Altona, Tetrahedron 1980, 36,
2783-2792.

[25] G. Parkinson, J. Vojtechovsky, L. Clowney, A. T. Briinger, H. M. Berman, Acta
Crystallogr. Sect. D 1996, 52, 57 - 64.

[26] A.T. Bringer, Xplor: A system for X-ray crystallography and NMR, Yale
University, New Haven, CT, 1996.

Received: April 17, 2001
Revised version: July 23, 2001 [F235]

CHEMBIOCHEM 2002, 3, 93-99

29






Development of a Working Model of
the Active Site in Bovine Lens Leucine
Aminopeptidase: A Density
Functional Investigation

Stefan Erhardt and Jennie Weston*!

Dedicated to Prof. Dr. Ernst Anders
on the occasion of his 60" birthday

KEYWORDS:

aminopeptidases - functional calculations

enzyme models -

density
metalloenzymes

Leucine aminopeptidases (LAPs) are known to play a critical role
in the degradation of proteins and the metabolism of bio-
logically active peptides.! These cytosolic exopeptidases are
ubiquitous in nature and are present not only in animals, but also
in plants and bacteria. Extensive kinetic and crystallographic
investigations on the variant isolated from bovine lens>* (bILAP;
EC 3.4.11.1) have made this enzyme currently one of the best-
studied dizinc peptidases.

High-resolution X-ray crystal structures have been determined
not only for the native bILAP® ¢ but also for several inhibitor
complexes, for example, bestatin,>7 amastatin,® L-leucinal,®
and L-leucinephoshonic acid.® These inhibitor complexes are
believed to be transition state analogues and current mecha-
nistic conceptions for LAPs have been derived from their binding
modes. 6% 10

In the native enzyme, two zinc ions are necessary in order for
the enzyme to be able to carry out the hydrolysis at the N
terminus of the peptide. The two zinc atoms do not occupy
identical coordination sites (see Scheme 1); this has led to the
designation of zinc site 1, Zn[1], and zinc site 2, Zn[2], in the
literature. Zn[1] can be replaced with magnesium, manganese,
or cobalt ions. ™ However, Zn[2] is tightly bonded and a cobalt
ion can occupy its place only if zinc is not present in the culture
medium when the enzyme is expressed.!'?
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Glu334 N
Lys250 O/\O O/
RHzN\ N ~/ Asp332
Zn[2] _Zn[1]
O /N [ 0
U o] 0
Asp273 0 /4 OL
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Scheme 1. Schematic representation of the active site of bILAP as taken from the
X-ray crystal structure analysis.’> ¢
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We took the X-ray crystal structure of the native enzyme as a
starting point,”>® dissected its active site, and examined it
extensively. The goal of this study was to find a working model of
the active site which accurately reproduces the structural and
electronic properties of the bimetallic center, but which is small
enough to allow us to use it for detailed mechanistic density
functional studies on the mode of action of bILAP.

Binuclear and mononuclear models were constructed by
using retrosynthetic analysis of the X-ray crystal structure of the
active site of bILAP (Scheme 2). The amino acid residues in the
first coordination sphere of each metal ion were approximated
with smaller (computationally amenable) ligands that were
selected not only to structurally resemble the native site, but also
to ensure that the resulting complexes remain as electroneutral
as possible.

Tetrahedrally coordinated Zn[2] site: Calculations on a
simplified model for the Zn[2] site (model 1 in Scheme 2 and
Figure 1) show that this complex (total charge of —1) is
energetically stable. Comparison of the structural data of model

49/?05 06
RHZN\::/O —/
Zn[2] znl1]
o 0, 0N
0
N 3 \2 7 09
O10
Zn[2] ‘ Zn[1]
4
N
HN o 05 04 05 9
8 ; HOW_®
0 Znl[2] ~
/N 1 o2 A
0O OH 02 o} 09
3 7 o, 7
10
model 1
o model 3
5
B
HN_ 94
8 TN 2]
(o} n
\ / ~ 2 (@]
N\ \OHo\y 10
3 1
model 2

Scheme 2. Simple monometallic models.

1 with the crystallographic data of the enzyme shows a relatively
good agreement between the calculated Zn[2]-ligand bond
lengths and the X-ray data of the Zn[2] coordination site in the
enzyme (Table 1). The Zn[2]-01 distance is approximately 0.05 A
shorter than that observed in the free enzyme because of the
missing bridge to the Zn[1] ion. The only other Zn[2]-ligand
bond length which deviates significantly (by more than about
0.02 &) from the X-ray data is the Zn—03 bond length (0.07 A too
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model 1
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Figure 1. Models 1 and 2 of the Zn[2] site in bILAP. Calculated at the B3LYP/6-
311+ G(d,p) level of theory.

Table 1. Selected bond lengths (A) and angles (°), and the dihedral angle (°),
calculated at the B3LYP/6-311 + G(d,p) level of theory, for the model complexes
1 and 2 as compared to X-ray data® 9 for the active site in the native enzyme.
Model 1 Model 2 X-ray data
Zn[2]-01 1.894 1.967 1.951
Zn[2]-02 - 2.114 2.595
Zn[2]-03 2.047 2.185 1.981
Zn[2]—04 2.007 2.102 2.015
Zn[2]-N 2.146 2225 2174
N—08 2.847 2.937 3.097
N—Zn[2]-0O1 104.8 85.1 101.8
N—Zn[2]-02 - 176.5 173.4
N—Zn[2]-03 97.2 814 98.6
N—Zn[2]-04 95.8 87.1 100.8
01—Zn[2]-03 118.9 121.2 1433
01—Zn[2]-04 126.3 1211 104.4
03—Zn[2]-04-01 — 1474 161.5 —153.6

long in the model). The calculated bond angles (with the
exception of the O1-Zn—0 angles) are also in relatively good
agreement with the native enzyme.

The ammonia ligand in model 1 exhibits a hydrogen bond to
08 which stabilizes the Zn—N contact. If the carboxylate group is
rotated by 180° about the C—03 bond axis or replaced with a
hydroxide group (which removes the hydrogen bond in both
cases), an unstable complex results. Optimization of such
complexes results invariably in the immediate elimination of
NH; and the formation of a trigonal-planar Zn species.

The Zn[2] site is clearly tetrahedral in the native enzyme.
However, we expect its coordination sphere to be very flexible
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since an extended ab initio study on hydrated Zn?* ions showed
that varying the local environment of the zinc ion (coordination
numbers from four to six) costs very little energy (only about
1 kcalmol=").'¥ Addition of a further carboxylate ion to the
optimized structure of model 1 results in an energetically stable
trigonal-bipyramidal complex (model 2). The additional negative
charge in the system causes a slight lengthening of all
Zn[2]-ligand bonds but, on the whole, this arrangement agrees
surprisingly well with the X-ray data. In fact, the carboxylate
group of Asp255 (02 in the calculation) is only 2.595 A away
from Zn[2] in the enzyme.> ® A slight displacement (ca. 0.5 A) of
this rather flexible amino acid residue could easily result in an
extension of the coordination sphere of Zn[2].

Trigonal-bipyramidal coordinated Zn[1] site: We encoun-
tered serious problems in finding a computational model for the
Zn[1] site. In the X-ray crystal structure, the carbonyl unit (06) of
Ala333 is 2.118 A away from Zn[1]. All attempts to model this
Zn[1]-06 contact failed. (One example is model 3 in Scheme 2
which has a total charge of —2.) It proved impossible to
persuade the carbonyl oxygen to remain inside of the first
coordination sphere of Zn[1]. To reduce the negative charge, the
carbonate groups/hydroxide ions were replaced with water
molecules in all possible combinations but such changes did not
help; the trigonal-bipyramidal coordination remained unstable.
An extensive study of the coordination sphere of a zinc ion
surrounded by hydroxide groups and water molecules!™ sup-
ports our findings. It is unlikely that a neutral ligand can bind to
the zinc ion if all the existing binding atoms are “hard”, e.g.
oxygen, and if there are negatively charged ligands present.' It
is a very interesting fact that nature does exactly this in the Zn[1]
site of bILAP.

Bimetallic models: We assumed that the unusual trigonal-
pyramidal coordination on Zn[1] in bILAP is mainly due to steric
effects and not electrostatic and/or electronic interactions and
extended model 1 to build a bimetallic complex. This complex
included the important backbone atoms around Zn[1] which link
the Asp (332), Ala333 and Glu 334 together. Optimization led to
model 4 (@ minimum on the hypersurface) in which a five-
coordinated Zn[1] is present (Figure 2 and Table 2). There are two
structural problems present in addition to the size of model 4 (it
is simply too large to use for extended mechanistic studies). In
the model, O2 bridges both Zn ions; in the enzyme Zn[2] has
only a weak electrostatic contact to O2. Steric effects are not
adequately represented in model 4 because of the simplicity of
the included backbone, and the almost perfect trigonal-bipyr-
amid coordination at Zn[1] in the X-ray crystal structure of bILAP
mutates into a distorted quadratic-pyramid geometry in the
optimized structure. Still, the carbonylic oxygen 06 remains
coordinated (06—Zn[1] bond length: 2.108 A), a definite indica-
tion that the backbone is indeed responsible for sustaining the
unusual coordination at Zn[1]. A network of hydrogen bonds
holds the carbonyl group inside of the Zn[1] coordination sphere
(Figure 2). All of the other O—Zn[1] bond lengths are in good
agreement with the X-ray data except for the O5—2Zn[1] length
which is slightly too long. This is caused by a strong hydrogen
bond between O5 and the amine group in the peptide linking
Glu334 and Ala333. This interaction is also present in the
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Figure 2. Development of a working model for the active site of bILAP.
Calculated at the B3LYP/lanl2dz level of theory.

Table 2. Selected bond lengths (A) and angles (°), and the dihedral angles (°),
calculated at the B3LYP/lanl2dz level of theory, for the model complexes 4 and
5 as compared to X-ray data® ° for the active site in the native enzyme.
Model 4 Model 5 X-ray data
Zn[11-01 2.007 1.998 2.013
Zn[11-02 2.066 2.074 2123
Zn[11-05 2172 2.078 2.022
Zn[1]-06 2.108 2457 2.118
Zn[11-07 1.999 1.951 1.983
Zn[2]-01 2.020 2.013 1.951
Zn[2]-02 2.167 2113 2.595
Zn[2]-03 2.038 2.041 1.981
Zn[2]-04 2.082 2122 2.015
Zn[2]-N1 2.166 2.182 2.174
06-Zn[1]-01 149.9 81.9 96.8
06-Zn[1]1-02 1234 157.1 178.2
06-Zn[1]-05 76.1 80.6 84.0
06-Zn[1]-07 86.2 90.2 85.2
N1-Zn[2]-O1 98.4 101.0 101.8
N1—Zn[2]-02 177.0 174.6 1734
N1-Zn[2]-03 92.9 91.9 98.6
N1-Zn[2]-04 89.6 86.5 100.8
07—Zn[1]-05-01 —139.2 — 1634 —175.1
03—Zn[2]-04-01 —168.4 —169.4 —153.6

enzyme, but is obviously stronger in model 4. The absence of
both steric effects and a dielectric field probably cause the
hydrogen-bond strength to be slightly overestimated in the
model.
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We succeeded in cutting away the backbone again in model 5.
We realized that stabilizing hydrogen bonds are responsible for
holding the carbonyl group in place and used formaldehyde to
represent the carbonylic peptide moiety. We could generate a
hydrogen bond to the carbonyl group by rotating the carbonate
group O7CO9 that was used to model the Asp332 about the
C—07 bond axis. The stabilization provided by the backbone in
model 4 was thereby replaced. The carbonyl group was held
within the coordination sphere of Zn[1] by an H—09 interaction,
similar to the interaction which fixes the ammonia at the Zn[2]
site (Figure 2). Interestingly enough, the distorted quadratic-
pyramidal geometry is removed along with the backbone and
the Zn[1] center takes on a trigonal-bipyramid structure with O6
at an axial position, which is the correct coordination geometry
according to the X-ray crystal structure. The largest deviation
between the X-ray crystal structure and model 5 is that O2
bridges both Zn ions, although the calculated 02—Zn[2] bond
(2.113 R) is marginally longer than the 02—Zn[1] bond length
(2.074 A). In 5, the hydroxide ion evenly bridges the two zinc
ions. (A hydroxide group is definitely present rather than water,
since we could not locate any stable hydrated dizinc structures
on the calculated hypersurface (B3LYP/lanl2dz level of theory).
Considering the well known enhancement of the acidity of H,O
in the first coordination sphere of a zinc ion,™ this is not
surprising.) All other geometry parameters compare very well
with the X-ray data and, within the accuracy of the experimental
data, model 5 reproduces the structural geometry of the active
site quite satisfactorily.

This working model is small enough to make extended
mechanistic studies possible while accurately reproducing the
structural and electrostatic properties of the first coordination
sphere around the two Zn ions in the bimetallic active site of the
enzyme. We showed that it is not necessary to include the
backbone in the model in order to obtain the unusual trigonal-
bipyramidal coordination geometry on Zn[1]. A carefully select-
ed, induced hydrogen bond can replace the backbone since its
purpose is apparently to “glue” the carbonyl function (06) of
Ala333 in place. The major problem with the model is that 02
bridges the two zinc ions; in the X-ray crystal structure, only a
very weak electrostatic contact between Zn[2] and O2 is present.
Whether or not 02 (Asp 255) is important for substrate binding/
hydrolysis is not known. Only detailed mechanistic calculations
will reveal its role in the hydrolysis process.

The docking mechanism of a peptide chain onto the active
site (modelled by 5) and the following hydrolysis of the
N-terminal amino acid is currently the topic of investigation
and will be reported on in a future article.

Computational Details

All calculations reported in this article were performed by using the
Gaussian98"®  program package with the gradient-corrected
B3LYP!'” density functional. Default convergence criteria were used
for all calculations. Pople’s 6-311 + G(d,p) basis set was employed for
the smaller monozinc species. The large number of heavy atoms in
the binuclear complexes, and especially the presence of two Zn
atoms, limited the calculation on the larger bimetallic models to the
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lanl2dz basis set developed by Hay and Wadt (this basis set employs
an effective core potential on zinc). Both basis sets were used as
implemented in the standard basis set library of Gaussian98. The
lanl2dz basis set not only gave structural data that were directly
comparable to the larger all-electron basis, but also eliminated self-
consistent-field (SCF) convergence problems which occurred when
the 6-311 + G(d,p) basis set was used for the larger systems. Atomic
charges and hyperconjugative interaction energies were obtained by
using the natural bond orbital analysis of Reed etal."® as imple-
mented in Gaussian98.

[1]1 a) H.Umeweza, Recent Results Cancer Res. 1980, 75, 115; b) A. Taylor, FASEB
J. 1993, 7,290; c) A. Taylor, Trends Biochem. Sci. 1993, 18, 167.
[2] F.H. Carpenter, J. M. Vahl, J. Biol. Chem. 1973, 248, 294.
[3] a)F. H. Carpenter, K. Y. Harrington, J. Biol. Chem. 1972, 247, 5580; b) S. W.
Melbye, F. H. Carpenter, J. Biol. Chem. 1971, 246, 2459.
a) N. Strater, W. N. Lipscomb, Chem. Rev. 1996, 96, 2375; b) N. Strater, W. N.
Lipscomb, T. Klabunde, B. Krebs, Angew. Chem. 1996, 108, 2158; Angew.
Chem. Int. Ed. Engl. 1996, 35, 2024; c)H. Kim, W.N. Lipscomb, Adv.
Enzymol. 1994, 68, 153.
[5] a)S.K. Burley, P.R. David, R. M. Sweet, A. Taylor, W.N. Lipscomb, J. Mol.
Biol. 1992, 224, 113.
[6] N. Strater, W. N. Lipscomb, Biochemistry 1995, 34, 14792.
[71 S.K. Burley, P.R. David, A. Taylor, W. N. Lipscomb, Proc. Natl. Acad. Sci. USA
1990, 87, 6878.
[8] A.Taylor, C.Z. Peltier, F.J. Torre, Biochemistry 1993, 32, 784.
[9] N. Stréter, W. N. Lipscomb, Biochemistry 1995, 34, 9200.
[10] N. Strater, L. Sun, E.R. Kantrowitz, W. N. Lipscomb, Proc. Natl. Acad. Sci.
USA 1999, 96, 11151.
[11] a) H. Kim, W.N. Lipscomb, Biochemistry 1993, 32, 8465; b) H. Kim, W. N.
Lipscomb, Proc. Natl. Acad. Sci. USA 1993, 90, 5006.
[12] a)P. Allen, A.H. Yamada, F.H. Carpenter, Biochemistry 1983, 22, 3778;
b) G. A. Thompson, F. H. Carpenter, J. Biol. Chem. 1976, 251, 1618.
[13] C.W. Bock, A.K. Katz, J. P. Glusker, J. Am. Chem. Soc. 1995, 117, 3754.
[14] G.Tiraboschi, N. Gresh, C. Giessner-Prettre, L. G. Pedersen, D. W. Deerfield,
J. Comp. Chem. 2000, 21, 1011.
[15] M. Mauksch, M. Brauer, J. Weston, E. Anders, ChemBioChem 2001, 2, 190 -
198, and references cited therein.
[16] Gaussian98 (RevisionA.7), M.J. Frisch, G. W. Trucks, H.B. Schlegel, G.E.
Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N.
Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P.Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A.D. Rabuck, K. Raghava-
chari, J. B. Foresman, J. Cioslowski, J.V. Ortiz, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T.
Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P.M.W. Gill, B.G. Johnson, W. Chen, M. W. Wong, J.L.
Andres, M. Head-Gordon, E.S. Replogle, J.A. Pople, Gaussian, Inc.,
Pittsburgh, PA, 1998.
[17] a) A.D. Becke, J. Chem. Phys. 1993, 98, 1372; A.D. Becke, J. Chem. Phys.
1993, 98, 5648; b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785;
c) A. D. Becke, Phys. Rev. A 1988, 38, 3098.
[18] A.E. Reed, R.B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, 83, 735.

[4

Received: July 16, 2001 [Z266]

104

© WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

Breakdown of Chlorophyll:
Electrochemical Bilin Reduction
Provides Synthetic Access to
Fluorescent Chlorophyll Catabolites

Michael Oberhuber and Bernhard Krautler*®

KEYWORDS:

catabolite - chlorophyll - electrochemistry - enzyme catalysis -
tetrapyrrole

Chlorophyll catabolites from plants have long remained undis-
covered, and chlorophyll breakdown was elusive until about ten
years ago."? In contrast to all earlier expectations, the
degradation of chlorophylls in senescent vascular plants rapidly
progresses to colorless chlorophyll catabolites."3 Trace
amounts of fluorescent compounds were detectable as inter-
mediates in the breakdown of chlorophyll to the colorless
catabolites.”™ Minute samples of the two fluorescent chlorophyll
catabolites (FCCs) 2a® and 2b™® could be prepared with active
enzyme extracts from pheophorbide a (1). The FCCs 2a and 2b
are epimeric at their C(1) centers” and are identified as the
“primary” FCCs (pFCCs) of the two known (stereodivergent)
paths of chlorophyll catabolism in higher plants (Scheme 1).#!

Enzymatic conversion of 1 to pFCCs requires pheophorbide a
oxygenase (PaO), which oxygenates 1 to the elusive red
chlorophyll catabolite (3, RCC), and RCC reductase (RCCR), which
acts jointly with PaO to reduce RCC to one of the two epimeric
pFCCs.2 219 Two types of RCCRs have thus evolved in higher
plants® which have no cofactor, but use reduced ferredoxin.!'”
The enzymatic reduction of RCC may therefore occur by one-
electron steps.

We have set out to find an efficient preparative route to pFCCs
by means of a non-enzymatic synthesis, and to specifically
examine, for this purpose, the capacity of an electrochemical
reduction of RCC (3)."™ Herein we report on electro-synthetic
studies, which have resulted in a preparative route to both
epimeric lines of fluorescent chlorophyll catabolites. For practical
reasons (stability problems encountered with the pFCC's 2a/2b)
the work was carried out with RCC methyl ester 4. The
reduction of 4 to the methyl esters of the two epimeric pFCCs
(5a and 5b; Scheme 2) was achieved by electrolysis in a two
compartment cell: a deoxygenated solution of 4 in MeOH was
electrochemically reduced at an Hg electrode at — 1.3 V versus a
0.1 normal calomel electrode (NCE) reference.'? The reaction
mixture was analyzed and purified by HPLC (see Figure 1 and
Scheme 2). Four homogeneous fractions (5a’ (ca. 1%), 5a (12 %),
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lanl2dz basis set developed by Hay and Wadt (this basis set employs
an effective core potential on zinc). Both basis sets were used as
implemented in the standard basis set library of Gaussian98. The
lanl2dz basis set not only gave structural data that were directly
comparable to the larger all-electron basis, but also eliminated self-
consistent-field (SCF) convergence problems which occurred when
the 6-311 + G(d,p) basis set was used for the larger systems. Atomic
charges and hyperconjugative interaction energies were obtained by
using the natural bond orbital analysis of Reed etal."® as imple-
mented in Gaussian98.
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Chlorophyll catabolites from plants have long remained undis-
covered, and chlorophyll breakdown was elusive until about ten
years ago."? In contrast to all earlier expectations, the
degradation of chlorophylls in senescent vascular plants rapidly
progresses to colorless chlorophyll catabolites."3 Trace
amounts of fluorescent compounds were detectable as inter-
mediates in the breakdown of chlorophyll to the colorless
catabolites.”™ Minute samples of the two fluorescent chlorophyll
catabolites (FCCs) 2a® and 2b™® could be prepared with active
enzyme extracts from pheophorbide a (1). The FCCs 2a and 2b
are epimeric at their C(1) centers” and are identified as the
“primary” FCCs (pFCCs) of the two known (stereodivergent)
paths of chlorophyll catabolism in higher plants (Scheme 1).#!

Enzymatic conversion of 1 to pFCCs requires pheophorbide a
oxygenase (PaO), which oxygenates 1 to the elusive red
chlorophyll catabolite (3, RCC), and RCC reductase (RCCR), which
acts jointly with PaO to reduce RCC to one of the two epimeric
pFCCs.2 219 Two types of RCCRs have thus evolved in higher
plants® which have no cofactor, but use reduced ferredoxin.!'”
The enzymatic reduction of RCC may therefore occur by one-
electron steps.

We have set out to find an efficient preparative route to pFCCs
by means of a non-enzymatic synthesis, and to specifically
examine, for this purpose, the capacity of an electrochemical
reduction of RCC (3)."™ Herein we report on electro-synthetic
studies, which have resulted in a preparative route to both
epimeric lines of fluorescent chlorophyll catabolites. For practical
reasons (stability problems encountered with the pFCC's 2a/2b)
the work was carried out with RCC methyl ester 4. The
reduction of 4 to the methyl esters of the two epimeric pFCCs
(5a and 5b; Scheme 2) was achieved by electrolysis in a two
compartment cell: a deoxygenated solution of 4 in MeOH was
electrochemically reduced at an Hg electrode at — 1.3 V versus a
0.1 normal calomel electrode (NCE) reference.'? The reaction
mixture was analyzed and purified by HPLC (see Figure 1 and
Scheme 2). Four homogeneous fractions (5a’ (ca. 1%), 5a (12 %),
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5b (9%), and 5b’ (4.5%)) with UV/Vis spectra characteristic of
FCCs were obtained. Two slightly less polar major fractions (6a
(20%) and 6b (7%)) contained side products with a common
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Figure 1. Electrochemical reduction of 4. Analysis of the reaction mixture by
HPLC (fractions are labeled according to the compound number given in the text;
* signifies an unidentified fraction with a similar UV/Vis spectrum as 6a).
Conditions: Hypersil ODS 5 um; MeOH/water, gradient profile as indicated;
detection at 320 nm.

new chromophore. The molecular formula C;4H,,N,O;, consistent
with formal H, addition to 4, was derived by mass spectrometric
analysis of all six fractions.

The esters 5a and 5b were confirmed by spectroscopy as
37,3%-didehydro-132-methoxycarbonyl-174-methyl-4,5-seco-4,5-
dioxo-1,4,5,10,17,18,20-(22 H)-octahydrophytoporphyrinates:
The UV/Vis spectrum of 5a in MeOH showed absorption maxima
at 317 and 358 nm (Figure 2), similar to that of 5b and of the
pFCCs (2a and 2b).> 9 Likewise, the fluorescence spectra of 5a
and 5b in MeOH exhibited a maximum at about 436 nm, similar

0.6 1

0.5 1

200 300 400 500
A/nm  —

Figure 2. UV/Vis spectra of fractions 5a (—) and 6 a (---) from on-line diode-
array detection (see Figure 1 for the HPLC profile).

to that of the pFCCs. Analysis of 5a and 5b by NMR
spectroscopy (Figure 3) provided signal assignments for
31 Catoms, as well as of 38Hatoms, that is, of all of the
carbon-bound H atoms except for the exchanging H(C13?) atom.
The NOE data confirmed the suggested (relative) configurations
at C(13?), C(17), and C(18), and indicated that 5a and 5b were
C(1) epimers, but the question of the absolute configuration of
the C(1)atom in the FCCs is still unanswered.'¥ The minor
components 5a’ and 5b’ interconverted slowly with 5a and 5b,
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Figure 3. NMR characterization of rings A of 5a (top) and 6a (bottom). Left:
'H NMR signal assignments and NOE correlations from ROESY spectra (500 MHz,
CD;0D). Right: 3C NMR signal assignments from 'H,’*C-HSQC, and 'H,*C-HMBC
spectra of 5a (125 MHz, CD;0D) and 6a (75 MHz, CDCl, ); the arrows point from
the 'H site to the correlated *C sites.

respectively, by epimerization at C(13?) (as determined by HPLC
and NMR spectroscopy).

The UV/Vis spectra of the tetrapyrrole fractions 6a and 6b
showed two prominent absorption maxima at 317 and 416 nm
(Figure 2), which indicates they have a common chromophore
structure different from that of the FCCs. The NMR spectra of the
tetrapyrrole fraction 6a (Figure 3) enabled assignment of all the
39 carbon-bound H atoms and of 34 C atoms, and showed 6a to
be a 3'-dehydro-132-methoxycarbonyl-174-methyl-4,5-seco-4,5-
dioxo-2,4,5,10,17, 18,(22H)-heptahydrophytoporphyrinate. A
similar NMR analysis indicated 6 b to have the same constitution
as 64, but to differ in the configuration at C(132). Both fractions
(6a and 6b) were roughly (1:1) mixtures of two epimers
(epimeric at C(2)) with a uniform E configuration of the exocyclic
double bond C(3)—C(3"). The electroreduction of 4 to 6a/6 b thus
leads to a bilin with a -ethylidene function in an unprecedented
and remarkably efficient way.!"¥

The stereo-unselective reduction of 4 to the FCC methyl esters
5a and 5b and to their isomers 6a and 6b proceeds by a
sequence of one-electron reduction and protonation steps
similar to an electrochemical ecec mechanism.l'! These trans-
formations may involve protonation steps other than those
reflected by the product structures: a third chromophore type,
with absorption maxima near 320 and 460 nm, can be observed
transiently (at partial conversion) by HPLC analysis.

Our studies indicate RCC to have an inherent propensity for
reduction to FCCs by one-electron reducing agents, which is
consistent with the noted absence of a cofactor in RCCR. These
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findings suggest the major tasks of the reductase in the
enzymatic formation of pFCCs to concern the regio- and stereo-
selective protonation steps (besides the rapid interception of
oxygenase-bound RCC) and recruitment of reduced ferredoxin.
In addition, as the half-wave potential for the reduction of 4/'% is
more negative than that of ferredoxins,'® the protein-induced
modulation of the redox properties of the elusive enzyme-
bound form of RCC may be another crucial factor in enzymatic
pFCC synthesis (this is the subject of further electrochemical
studies).

The electroreduction of 4 into two types of isomeric reduction
products (such as 5a and 6 a, see Scheme 2) is reminiscent of the
spectrum of ferredoxin-dependent enzymatic biliverdin reduc-
tions, which provide phycobilins in plants, cyanobacteria, red
algae, and cryptomonads.'” '® The reduction of 4 to 5a and 6a is
specifically reminiscent of the reductions of the heme catabolite
biliverdint” to the phycobilins 15,16-dihydrobiliverdin or phyto-
chromobilin by ferredoxin-dependent bilin reductases,® which
indeed show sequence homology to RCCR.' These reductases
may also share a functional similarity with RCCR: A parallel
between chlorophyll breakdown in vascular plants® and heme
catabolism in photoorganisms!'® ' becomes apparent.

The reduction of the formylbilin 4 to 5a and 5b opens up a
non-enzymatic preparative route to “primary” FCC's, which
appear fleetingly as the first non-green catabolites of chlorophyll
breakdown in higher plants. The availability of 5a and 5b
enables chemical investigations of the tautomerization of FCCs
to nonfluorescent chlorophyll catabolites (NCCs), such as Cj-NCC
(7; Scheme 1). Such studies may help to judge the role of
possible enzyme catalysis in this late transformation during
chlorophyll breakdown in higher plants.

Experimental Section

A solution of 4 (1.0mg, 1.56 umol), LiClIO, (0.1 M) and phenol
(0.5mm) in MeOH (30mL) in the cathode compartment of an
electrolysis cell in a glove box (N,, <10 ppm O,) was reduced at
— 1.3V versus a 0.1n calomel reference electrode (0.1 NCE) at an Hg
electrode. A solution of 4 (10.4mg, 16.2 umol)"! and phenol
(15.0 mg, 160 umol) in MeOH (2.6 mL, 0.038m LiClO,) was continu-
ously added slowly over 2 h, so that the current remained constant at
325+£25pA. Analysis by HPLC (see Figure1) indicated nearly
complete conversion after a consumption of 3.76 C (2.2 Fmol™',
150 min). The crude product (diluted with CH,Cl,, extracted with
100 mm potassium phosphate at pH 7, and dried) was purified by
HPLC (column: Hypersil ODS 5 um 21.6 x 250 mm; eluent: 0 - 68 min
62:38 vol% MeOH:H,0, after 60 min 72:28 vol% MeOH:H,0; flow:
10 mLmin~"; UV detection: 320 nm). Fractions were collected after
40 (5a’), 48 (5a), 57 (5b), 64 min (5b’), 85 (6a), and 93 min (6 b). Each
fraction was diluted with water (1:1), loaded on a Sep-Pak
C,g cartridge, washed with water (ca. 20 mL), and eluted with MeOH
(3.5 mL). The solvents were evaporated in vacuo at T<0°C to give
0.1 mg (0.9%) of 5a’, 1.3 mg (11.4%) of 5a, 1.0 mg (8.6%) of 5b,
0.5 mg (4.4%) of 5b’, 2.3 mg (20.1 %) 6 a, and 0.8 mg (7 %) 6 b, overall
52.4%.

Selected spectroscopic data: 'H NMR (500 MHz) and *C NMR
(125MHz) in CD50D, signal assignment from 'H,*C-HSQC, and
H,'3C-HMBC. FAB-MS: positive ion mode, glycerol matrix. 5a: UV/Vis
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(MeOH): 4.« (loge)=317.5 (4.37), 358.5 (4.24); 'H NMR: 6 =0.98 (t,
J=78Hz H;—C(8?), 1.11 (d, J=6.8 Hz, H;—C(18")), 1.64 and 1.92 (2 x
m, H,—C(177)), 2.05 (s, H;—C(2")), 2.12 (s, H;—C(12"), 2.25 (s, H;—C(7")),
2.27 (m, H,~—C(17%), 2.41 (g, J=7.8 Hz, H,—C(8")), 2.43 (m, H=C(17)),
2.66 (m, H—C(18)), 2.67 (m, H,—C(20)), 3.01 (dd, J=16.6, 3.9 Hz,
Hs—C(20)), 3.60 (s, H;—C(17%)), 3.73 (s, H;—C(13°)), 4.00 (s, H,—C(10)),
449 (m, H—C(1)), 5.36 (dd, /=11.7, 2.0 Hz, H;,—C(3?), 6.16 (dd, J=
17.6, 2.0 Hz, Hy,ns—C(32), 6.46 (dd, /=176, 11.7 Hz, H—C(3")), 9.37 (s,
H—C(5)); *C NMR: 6 =8.8 (C(7"), 9.1 (C(12")), 12.6 (C(2")), 15.3 (C(8?)),
17.6 (C(8"), 18.1 (C(18")), 23.5 (C(10)), 28.9 (C(17"), 31.6 (C(17?), 34.4
(C(20)), 47.7 (C(17)), 51.8 (C(18)), 52.0 (C(17°)), 52.9 (C(13°)), 58.6 (C(1)),
112.5 (C(12)), 119.4 (C(3?), 126.3 (C(8)), 126.9 (C(3"), 127.1 (C(13)),
129.5 (C(6)), 129.6 (C(3)), 133.8 (C(7)), 136.1 (C(11)), 136.4 (C(9)), 156.1
(C(2)), 170.5 (C(13%), 174.8 (C(17%), 174.9 (C(4)), 1778 (C(5)),
186.1(C(19)); FAB-MS: m/z(%): 644.4(45), 643.4(100, exp. mass for
[M-+H]*: 643.317+0.005), 521.3(29) [M-+H—C,HgNO]*, 506.2(15)
[IM+H—CgH;;NOI*. 5b: UV/Vis (MeOH): A, (loge)=319 (4.33),
358.5 (4.17); '"H NMR: 6 =0.99 (t, J=7.8 Hz), 1.11 (d, /=78 Hz), 1.72
and 1.90 (2 x m), 2.07 (s), 2.13 (s), 2.24 (s), 2.27 (m), 2.40 (m), 2.43 (m),
2.61 (m), 2.64 (m), 3.08 (dd, J=17.6, 3.9 Hz), 3.59 (s), 3.72 (s), 4.01 (s),
4.49 (m), 5.37 (dd, J=11.7, 29 Hz), 6.19 (dd, /=176, 2.9 Hz), 6.51 (dd,
/=176, 11.7 Hz), 9.36 (s); *C NMR: 6 =8.7, 8.9, 12.2, 15.2, 174, 17.9,
23.1,28.7,31.4, 33.9, 474, 51.8 (C(17°)), 52.7 (C(18)), 52.7 (C(13%)), 58.2,
112.4,119.2,126.2, 126.6, 127.0, 129.7,129.7,133.9, 136.2, 136.7, 155.8,
170.6, 174.9, 177.6, 186.0; FAB-MS: m/z(%): 643.4(100, exp. mass for
[M-+H]*: 643.320 £ 0.007). 6a: UV/Vis (MeOH:H,0 (4:1)): A, (rel &) =
317 (1.00), 416 (0.57); '"H NMR: 6=0.99 and 1.00 (2 x t, J=78 Hz,
H,—C(8%), 1.12 and 1.13 (2 x d, J=78 Hz, H,—C(18")), 1.44 and 1.45
(2 xd, J=78Hz H;—C(2"), 1.71 and 1.94 (m, H,—C(17"), 1.97 (d, J=
78 Hz, H,—C(3?), 2.03 (s, H;—C(12"), 2.27 (s, H;—C(7"), 2.32 (m,
H,—C(17?), 2.39 (m, H=C(17)), 2.44 and 245 (2xq, J=78Hz
H,—C(8"), 2.72 (m, H—C(18)), 3.62 and 3.63 (2 x s, H;—C(17%)), 3.73
(s, H;—C(13%)), 3.83 (m, H—C(2)), 4.05 (s, H,—C(10)), 4.45 (s, H—C(13?)),
5.48 (s, H—C(20)), 6.75 (m, H—C(3")), 9.39 (s, H—C(5)); *C NMR (75 MHz,
CDCl;, 25°C): 0 =8.8 (C(7")), 9.2 (C(12"), 14.5 (C(8?), 14.7 (C(3?), 16.6
(C(8"), 18.9 (C(18"), 19.2 (C(2"), 22.8 (C(10)), 278 (C(17"), 30.9
(C(17%), 36.3 (C(2)), 46.1 (C(17)), 49.2 (C(18)), 51.5 (C(17°), 52.3
(C(13%), 60.5 (C(132), 91.5 (C(20)), 111.6 (C(12)), 111.7 (C(15)), 124.9
(C(8)), 126.8 (C(13)), 128.7 (C(6)), 131.0 (C(9)), 131.3 (C(7)), 133.0 (C(3)),
133.8 (C(11)), 134.1 (C(3"), 154.1 (C(16) or C(14)), 157.7 (C(1)), 168.4
(C(13%), 170.5 (C(4)), 172.7 (C(173)), 176.6 (C(5)), 179.8 (C(19)), 185.9
(C(13"); FAB-MS: m/z(%): 644.4(55), 643.4(100, exp. mass for [M+
H]*: 643.312+0.005), 507.2(10, [M-+H —CgH;NO]*). 6b: UV/Vis
(MeOH:H,0 (4:1)): A, (rel.€)=317 (1.00), 416 (0.57); '"H NMR: 6 =
0.97 (m), 112 and 1.13 (2 xd, J=6.8Hz), 1.43 and 145 2 xd, J=
7.8 Hz), 1.50 and 1.69 (m), 1.99 (d), 2.03 and 2.04 (2 x s), 2.27 (s), 2.30
(m), 2.43 (m), 2.61 (m), 2.69 (m), 3.64 and 3.65 (2 x s), 3.72 (s), 3.83 (M),
4.04 (s), 4.32/4.33 (d), 5.47 (s), 6.77 (m), 9.39 (s); FAB-MS: m/z(%):
643.4(100, exp. mass for [M+H]*: 643.317 £ 0.004).
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Thymidylate kinase (TMPK) belongs to the nucleoside mono-
phosphate kinase family, which catalyses the reversible transfer
of a phosphoryl group from adenosine triphosphate (ATP) to a
nucleoside monophosphate (NMP). TMPK is essential for cell
proliferation and has been studied intensively over the last few
years because of its role in the activation of antiviral drugs such
as 3'-azido-3'deoxythymidine (AZT).'3! Characterization of My-
cobacterium tuberculosis TMPK® in our laboratory revealed new
structural and catalytic features, which render this enzyme a
potential target for antituberculosis drugs.

Nucleotide analogues that are involved in cell growth or
division, for example monophosphate derivatives, cannot enter
cells and consequently cannot be delivered as active drugs.
Monophosphate derivatives cross the cell membrane barrier in
their nonphosphorylated form, and are then converted by
intracellular kinases into the corresponding nucleotides, as
occurs in HIV therapy with AZT or other nucleoside analogues.
In the particular case in which TMPK is the drug target, a
thymidine (dT) analogue could be activated by thymidine kinase
(TK), which converts the analogue into the corresponding
monophosphorylated compound (dTMP). However, a search of
the M. tuberculosis genome® did not identify a gene coding for a
TK. This result is in keeping with previous biochemical studies
indicating a lack of TK activity in mycobacteria.®

The absence of TK seems on first inspection to be a severe
limitation on the use of thymidine analogues or related
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compounds as antituberculosis drugs. However, we tested the
effect of dT on M. tuberculosis TMPK, and were surprised to find
that it is a competitive inhibitor (Table 1). It has an inhibition
constant (the dissociation constant for the enzyme -inhibitor
complex, K) of the same order of magnitude as the dissociation
constant (K, for dTMP —enzyme complex. This property, which
is common to TMPKs from various organisms (Table 1), was not
observed with M. tuberculosis adenylate and cytidylate kinases in
the presence of adenosine or cytidine, respectively (data not
shown). To rationalize this observation, we set up a modeling
and docking study with the MODELLER™ and FlexX programs.®
We made a visual inspection of the modeled complexes, and
analyzed the ligand - protein contacts. The TMPKs of Haemophi-
lus influenzae and Yersinia pestis, which are highly similar to the
TMPK of Escherischia coli (60 and 70% identity, respectively),
were automatically modeled by using an expected low root
mean square deviation (RMSD) with respect to the known
structure of E. coli TMPK." Bacillus subtilis TMPK, which is 30%
identical to E. coli TMPK, was modeled following our recently
described approach.™ While the catalytic residues appeared
strictly conserved, several substitutions were observed in the
vicinity of the bound dTMP (Table 2). Thymine, thymidine, and
dTMP were successively docked in the solved crystal structures
(E. coli™ and M. tuberculosis® TMPKs) or in the modeled struc-
tures (Y. pestis, H. influenzae, and B. subtilis TMPKs). The docking
program performed well and placed all the compounds similarly
in the five TMPKs (the expected RMSD with the actual position
was roughly 1 A as estimated by comparison with known crystal
structures). The calculated binding energies were in agreement
with the experimental data, except for B. subtilis TMPK. The FlexX
energy showed a decrease in binding energy in enterobacterial
TMPKs caused by the Phe —Leu and Leu—Lys substitutions
shown in Table 2. The K/K,, ratio was higher for Y. pestis and
H. influenzae TMPKs than for E. coli TMPK. This result correlated
well with the appearance of a net positive charge at the entrance
of the active site caused by the Leu55Lys substitution. Discrep-
ancies between the theoretical and experimental affinities for
B. subtilis TMPK could be a result of Pro101 substitution, which
might cause steric hindrance between the proline side chain and
the carbonyl 04 atom of dT (04 -C, Pro 101 distance =29 A). A
P101A mutant was modeled and tested in order to evaluate this
hypothesis. An affinity similar to that of E. coli and M. tuberculosis
TMPKs was found for thymine and dT with this mutant. Other
factors, however, might be responsible for the unexpected lower
affinity of B. subtilis TMPK for dT than for dTMP (Table 1). One of
these factors could be the presence of an asparagine instead of
an aspartic acid at position 155 (Table 2) in B. subtilis TMPK (see
below).

Compounds other than dT were also tested on M. tuberculosis
TMPK (Table 3) to verify the possibility that other nucleosides can
also have an affinity for TMPK in the same range as the
corresponding nucleoside monophosphate. Two main pairs of
compounds were investigated: 5Br-dUMP and 5Br-dU, ana-
logues modified at the 5-position of the base moiety, and 3'-
azido-3'deoxythymidine monophosphate (AZTMP) and AZT,
modified at the 3’-position of the pentose. In both cases, the
affinity of the substrate analogue for M. tuberculosis TMPK was
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Table 1. Comparison of the binding dffinities of dTMP, dT and compounds 2, 3, and 4 for TMPKs from various organisms.[

Organism Ko, dTMP [pum]®) K dT [um] (K, dT)/(K,, dTMP) Ki 2 [um] K: 3 [um] K 4 [um]
M. tuberculosis 4.5 27 6.0 74 12 89
E. coli 15 19 13 97 33 105
Y. pestis 45 112 25 283 1530 1260
H. influenzae 20 49 25 13.7 1570 463
B. subtilis 10 124 124 261 5350 853

[a] Assay conditions are described in the Experimental Section. [b] Values for M. tuberculosis were taken from Munier-Lehmann et al.,*! for E. coli and Y. pestis,
from Chenal-Francisque et al.,'" and for H. influenzae and B. subtilis, from L. Tourneux (personal communication).

Table 2. Conservation and specific substitution within the active site of various TMPKs.[!

Organism Base Sugar Phosphate

M. tuberculosis N100 5104 F70 D9 D163 Y165 A49 A35 Y39
E. coli T105 Q109 F74 E12 D157 1159 L55 R39 -
H. influenzae S102 Q106 L71 E12 D154 1156 K55 R39 -

Y. pestis S103 Q107 L72 E12 D155 1157 K55 R39 -

B. subtilis P101 Q105 Y70 E12 N155 L157 L54 R38 -

[a] Single-letter nomenclature is used for the amino acids. [b] In M. tuberculosis TMPK, S104 is hydrogen-bonded to the substrate through a water molecule that

was included during the docking. The substrate moiety, with which the given residue interacts, is indicated in the text.

Table 3. Nucleoside versus nucleotide affinity parameters of M. tuberculosis
TMPK !

Compound K., or K; [uM]
5Br-dUMP 33

5Br-dU 5
AZTMP 10
AZT 28

[a] Assay conditions were the same as in Table 1.

comparable to the affinity of the corresponding nucleoside
(Table 3).

The absence of TK in M. tuberculosis might be overcome by the
fact that dT itself has a good affinity for the corresponding TMPK.
This unexpected property also raises the possibility of enhancing
the specific delivery of compounds to bacteria within macro-
phages by modifying the 5-position of dTMP. Such modifica-
tions may also decrease toxicity by reducing interaction with the
host cellular TK. Synthesis of thymidine analogues modified on
the 5’-position is outlined in Scheme 1. The K; values measured
for compounds 2, 3, and 4 with different bacterial TMPKs are
given in Table 1. To test the predictive power of the modeling/
docking strategy, we studied the relative affinity of compound 3
for the various TMPKs (Tables 1 and 4). Replacement of the 5'-OH
group on dT by an amino group only slightly affected the affinity
for M. tuberculosis TMPK. On the contrary, repulsion of the amino
group by the specific Asn155 substitution was expected in
B. subtilis TMPK (C5'-N;Asn 155 distance=4.7 A), since other
bacterial TMPKs possess an aspartate at position 155 (Table 2).
The very marked effect observed, correlated to this particular
Asp155Asn substitution in B. subtilis TMPK, suggested that a
direct hydrogen bond is formed in other TMPKs complexed with
compound 3. Similar repulsion might be expected from the
lysine side chain present in H. influenzae and Y. pestis TMPKSs, but
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Scheme 1. Synthesis of compounds 1-4. See the Experimental Section for
conditions. Ts = tosyl = toluene-4-sulfonyl.

Table 4. FlexX scores and number of contacts (given in brackets) between the
docked ligand and the protein.

Organism Thymine dTMP dT Compound 3
M. tuberculosis —25(10) —35(15) —29(11) —26(13)

E. coli —22(10) —35(17) —28 (11) —31(12)

H. influenzae —18(5) —-23(12) - —20(10)

Y. pestis —16 (6) —25(10) —14 (6) —15(8)

B. subtilis —14 (8) —23(10) —-15(9) —16 (8)

the flexible nature of this side chain did not allow precise
modeling of the interaction. FlexX energy ranks and experimen-
tal data were in good agreement.

The analogues described here are original because they are
membrane-permeable and do not require phosphorylation to be
active. Ongoing work aims to generate new compounds to gain
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better insight into sequence - structure - function relationships.
Cumulative substitutions of the various functional groups tested
here would be one experimental approach. Crystallization of
those complexes that largely deviate from the theoretical
modeling could be another goal.

Experimental Section

Chemical synthesis: Treatment of thymidine with p-tolylsulfonyl
chloride in pyridine at 0°C yielded the 5'-sulfonate derivative 1
(72%). Displacement of the 5'-sulfonyl group with sodium azide in
DMF at 80 °C gave the 5'-azido derivative 2 (79 %). Hydrogenation of
2 in ethanol in the presence of palladium on charcoal resulted in an
83% yield of 5'-amino-2',5’-dideoxythymidine (5'NH,-dT, 3). Acetyla-
tion of 3 with acetic anhydride followed by mild saponification
yielded the N-acetylated derivative 4 (78 %). Compounds 1, 2, and 4
were purified by silica gel chromatography. Compound 3 was
purified by reversed-phase high pressure liquid chromatography. All
nucleoside analogues were characterized by NMR spectroscopy.

TMPK assays: The reaction medium (0.5 mL final volume) contained
50 mm Tris(hydroxymethyl)aminomethane-HClI pH 7.4, 50 mm KCl,
2 mm MgCl,, 0.2 mm NADH, 1 mm phosphoenol pyruvate, and 2 units
each of lactate dehydrogenase, pyruvate kinase, and nucleoside
diphosphate kinase. Activity was determined by using the coupled
spectrophotometric assay at 334 nm (0.5 mL final volume) in an
Eppendorf ECOM 6122 photometer.'” One unit of enzyme activity
corresponds to 1 pmole of the product formed in 1 minute at 30°C
and pH 7.4. The concentration of ATP was kept constant at 0.5 mm.
The concentrations of dT analogues and dTMP were varied between
0.05 and 0.8 mm.

This work was supported by grants from the Institut Pasteur, the
Institut National de la Santé et de la Recherche Médicale, and the
Centre National de la Recherche Scientifique (URA 2185 and 2128,
and UMR 5048). We are grateful to S. Michelson for her fruitful
comments, O. Barzu for support and constructive criticism, and
A.-M. Gilles for the kind gift of some TMPKGs.
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Free heme is a potent peroxidase; it readily reacts with H,0, and
is then capable of a wide variety of oxidation reactions." The
heme group of cytochrome c (cytc) can be expected to be an
equally competent producer of free radicals, but its intrinsic
peroxidase activity is suppressed by the protein matrix.”! This is
of vital importance to the living cell because free radicals derived
from oxygen play a key role in aging and its pathophysiology.®
Herein, we quantify the suppression of the inherent peroxidase
activity of heme by the protein matrix of cytc. We show that the
peroxidase activity of unfolded cytc is similar to that of
microperoxidase-8 (MP-8).1

The protein used here is the well-studied cytochrome ¢-550
(cytc550) from Paracoccus versutus.”! Its peroxidase activity has
been characterized.”? It is a Class | cytc, closely related both to
the archetypal mitochondrial cytc proteins, and to numerous
other, bacterial c-type cytochromes.

Addition of the common denaturing agent guanidinium
hydrochloride (Gdn-HCI) to ferricytc550 causes the protein to
unfold, as was observed by using the following indicators
(Figure 1).”7In Figure 1A, the tryptophan fluorescence is plotted
as a function of Gdn-HCl concentration. Unfolding causes the
structure of cytc550 to expand and leads to an increased average
distance between its tryptophan residues and the covalently
bound heme group. This results in a less efficient energy transfer
from the tryptophan residues to the heme moiety, and
consequently the tryptophan fluorescence increases upon
unfolding.®! Secondly, unfolding leads to changes in the optical
spectrum. The dominant effect is a transition of the heme iron
center from low spin to high spin, caused by the loss of the
native methionine ligand (Figure 1B).” '@ Finally, Figure 1C
demonstrates that an increase in Gdn - HCl concentration causes
the peroxidase activity of cytc550 to rise dramatically (about
1200-fold).”” No such activity is seen when any of the compo-
nents (Gdn-HCl, cytc550, H,0,, or the reducing substrate,
guaiacol (gc)) are left out of the reaction mixture.”? The activity
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better insight into sequence - structure - function relationships.
Cumulative substitutions of the various functional groups tested
here would be one experimental approach. Crystallization of
those complexes that largely deviate from the theoretical
modeling could be another goal.

Experimental Section

Chemical synthesis: Treatment of thymidine with p-tolylsulfonyl
chloride in pyridine at 0°C yielded the 5'-sulfonate derivative 1
(72%). Displacement of the 5'-sulfonyl group with sodium azide in
DMF at 80 °C gave the 5'-azido derivative 2 (79 %). Hydrogenation of
2 in ethanol in the presence of palladium on charcoal resulted in an
83% yield of 5'-amino-2',5’-dideoxythymidine (5'NH,-dT, 3). Acetyla-
tion of 3 with acetic anhydride followed by mild saponification
yielded the N-acetylated derivative 4 (78 %). Compounds 1, 2, and 4
were purified by silica gel chromatography. Compound 3 was
purified by reversed-phase high pressure liquid chromatography. All
nucleoside analogues were characterized by NMR spectroscopy.

TMPK assays: The reaction medium (0.5 mL final volume) contained
50 mm Tris(hydroxymethyl)aminomethane-HClI pH 7.4, 50 mm KCl,
2 mm MgCl,, 0.2 mm NADH, 1 mm phosphoenol pyruvate, and 2 units
each of lactate dehydrogenase, pyruvate kinase, and nucleoside
diphosphate kinase. Activity was determined by using the coupled
spectrophotometric assay at 334 nm (0.5 mL final volume) in an
Eppendorf ECOM 6122 photometer.'” One unit of enzyme activity
corresponds to 1 pmole of the product formed in 1 minute at 30°C
and pH 7.4. The concentration of ATP was kept constant at 0.5 mm.
The concentrations of dT analogues and dTMP were varied between
0.05 and 0.8 mm.

This work was supported by grants from the Institut Pasteur, the
Institut National de la Santé et de la Recherche Médicale, and the
Centre National de la Recherche Scientifique (URA 2185 and 2128,
and UMR 5048). We are grateful to S. Michelson for her fruitful
comments, O. Barzu for support and constructive criticism, and
A.-M. Gilles for the kind gift of some TMPKGs.

[1]1 A.Lavie, N. Ostermann, R. Brundiers, R. S. Goody, J. Reinstein, M. Konrad, I.
Schlichting, Proc. Natl. Acad. Sci. USA 1998, 95, 14045.

[2] A. Lavie, M. Konrad, R. Brundiers, R.S. Goody, I. Schlichting, J. Reinstein,
Biochemistry 1998, 37, 3677.

[3] J.F. Nave, B. Neises, A. Eschbach, Nucleosides Nucleotides 1996, 15, 1469.

[4] H. Munier-Lehmann, A. Chaffotte, S. Pochet, G. Labesse, Protein Sci. 2001,
10, 1195.

[5] S.T. Cole, R. Brosch, J. Parkhill, T. Garnier, C. Churcher, D. Harris, S.V.
Gordon, K. Eiglmeier, S. Gas, C. E. Barry llI, F. Tekaia, K. Badcock, D. Basham,
D. Brown, T. Chillingworth, R. Connor, R. Davies, K. Devlin, T. Feltwell, S.
Gentles, N. Hamlin, S. Holroyd, T. Hornsby, K. Jagels, B. G. Barrell, Nature
1998, 393, 537.

6] H. Saito, H. Tomioka, J. Gen. Microbiol. 1984, 130, 1863.

71 A. Sali, T.L. Blundell, J. Mol. Biol. 1993, 234, 779.

8] B. Kramer, M. Rarey, T. Lengauer, Proteins 1999, 37, 228.

9] 1. Lidela Sierra, H. Munier-Lehmann, A. M. Gilles, O. Barzu, M. Delarue, J.
Mol. Biol. 2001, 311, 87.

[10] C. Blondin, L. Serina, L. Wiesmuller, A. M. Gilles, O. Barzu, Anal. Biochem.

1994, 220, 219.
[11] V. Chenal-Francisque, L. Tourneux, E. Carniel, P. Christova, I. Li de la Sierra,
O. Barzu, A. M. Gilles, Eur. J. Biochem. 1999, 265, 112.

Received: August 28, 2001 [Z291]

110

© WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

Effect of the Protein Matrix of
Cytochrome c in Suppressing the
Inherent Peroxidase Activity of Its
Heme Prosthetic Group

Rutger E. M. Diederix, Marcellus Ubbink,* and
Gerard W. Canters?!

KEYWORDS:

heme oxidative stress

cytochrome ¢
protein folding - radicals

proteins

Free heme is a potent peroxidase; it readily reacts with H,0, and
is then capable of a wide variety of oxidation reactions." The
heme group of cytochrome c (cytc) can be expected to be an
equally competent producer of free radicals, but its intrinsic
peroxidase activity is suppressed by the protein matrix.”! This is
of vital importance to the living cell because free radicals derived
from oxygen play a key role in aging and its pathophysiology.®
Herein, we quantify the suppression of the inherent peroxidase
activity of heme by the protein matrix of cytc. We show that the
peroxidase activity of unfolded cytc is similar to that of
microperoxidase-8 (MP-8).1

The protein used here is the well-studied cytochrome ¢-550
(cytc550) from Paracoccus versutus.”! Its peroxidase activity has
been characterized.”? It is a Class | cytc, closely related both to
the archetypal mitochondrial cytc proteins, and to numerous
other, bacterial c-type cytochromes.

Addition of the common denaturing agent guanidinium
hydrochloride (Gdn-HCI) to ferricytc550 causes the protein to
unfold, as was observed by using the following indicators
(Figure 1).”7In Figure 1A, the tryptophan fluorescence is plotted
as a function of Gdn-HCl concentration. Unfolding causes the
structure of cytc550 to expand and leads to an increased average
distance between its tryptophan residues and the covalently
bound heme group. This results in a less efficient energy transfer
from the tryptophan residues to the heme moiety, and
consequently the tryptophan fluorescence increases upon
unfolding.®! Secondly, unfolding leads to changes in the optical
spectrum. The dominant effect is a transition of the heme iron
center from low spin to high spin, caused by the loss of the
native methionine ligand (Figure 1B).” '@ Finally, Figure 1C
demonstrates that an increase in Gdn - HCl concentration causes
the peroxidase activity of cytc550 to rise dramatically (about
1200-fold).”” No such activity is seen when any of the compo-
nents (Gdn-HCl, cytc550, H,0,, or the reducing substrate,
guaiacol (gc)) are left out of the reaction mixture.”? The activity
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Figure 1. Equilibrium unfolding of ferricytc550 by Gdn-HCI. A) Fluorescence
(excitation: 295 nm, emission: 360 nm). B) Optical absorbance. The intensity of
the band at 623 nm is typical of high-spin heme groups.”’ C) Peroxidase activity,
that is, spectrophotometrical measurement of the absorbance of oxidized
guaiacol (tetraguaiacol) at 470 nm after addition of H,0,. All experiments were
performed in 100 mm sodium phosphate (pH 5.0, 25°C). [cytc550] was 2 um in the
fluorescence and UV/Vis measurements, and 1 um in the peroxidase assay (with
10 mm H,0, and 10 mm guaiacol). Data were fitted (solid lines) assuming a two-
state model of unfolding with linear baselines.!""!

increase seen in Figure 1C correlates well with the unfolding
monitored by fluorescence and UV/Vis spectroscopy (Fig-
ure 1A, B).I"

The peroxidase activity of fully unfolded cytc550 depends
strongly on the pH value (Figure 2 A). The shape of the curve is
ascribed to the involvement of two acid - base transitions. One
of these transitions is the change from high to low spin
undergone by unfolded cytc550 as the pH value is increased
(Figure 2B).”! This transition presumably involves occupation of
the sixth coordination position of the heme iron center by a
strong ligand,” which blocks the incoming peroxide from that
site. The second acid-base transition is thought to involve
deprotonation of H,0,.1'? Like other small inorganic ligands, the
HO,~ anion is expected to bind much more strongly to the
heme-iron than H,0, (compare with CN~ versus HCN).'"¥ This is
reflected in the mode of action of natural peroxidases, in which
the distal histidine plays a very important role as a base catalyst
and deprotonates the incoming H,0,."
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Figure 2. pH dependence of unfolded cytc550. A) Peroxidase activity. Concen-
trations of cytc550, H,0, and guaiacol were 1 um, 0.1 mm, and 10 mm, respectively,
in 100 mm sodium phosphate and 6 m Gdn - HCl (25°C). The data (e) were fitted
assuming that only high-spin cytc550 and HO,™ are active (—). The fit yielded
pK, values of 6.4(+0.1) and 8.3(+0.1) for the spin-state transition and H,O,
deprotonation,'? respectively. B) Position of the main visible absorption band
(Soret) of unfolded cytc550. The data (o) were fitted to a single pK, value of
6.6(£0.2) (—).

To assess the kinetic mechanism of the peroxidase activity of
unfolded cytc550, the dependence of the reaction rate on gc and
H,O, concentrations was determined (Figure 3). The data fit
satisfactorily (solid lines) to a ping-pong mechanism.!"™ The H,0,
concentration at which the reaction rate is half its maximum,
K02, is much lower for unfolded cytc550 at pH 5.0 (236 4 14 mm)
than for native cytc550 (> 1m, data not shown). These values

254
2.04
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T ]
»w 154
]
g
o +
5§ 1.0 +
< +
<
0.54
¥ b4d %
0.0 T T T T 1
0 50 100 150 200 250
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Figure 3. Peroxidase activity as a function of H,0, and guaiacol. Conditions:

1 um cytc550, 100 mm sodium phosphate (pH 5.0), and 6 m Gdn - HCI (25 °C). H,0,
dependence was probed at 0.25 (¥), 1.0 (e), 2.5 (+), 5.0 (0), 10.0 (1), 20.0 (e), and
50.0 (m) mm guaiacol. All datapoints were fitted together to a ping-pong
mechanism."’!
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indicate that unfolding leads to an active site that is much more
accessible to the substrate.

It is interesting to compare the peroxidase activities of
unfolded cytc550, MP-8,* 7 and native cytc550%% with each
other. Below 1mm H,0, the activity of all three species is
described by a bimolecular rate equation.!'® It emerges that the
bimolecular rate constant k., ['® of unfolded cytc550 (3 x
103m~'s™; pH5.0, 10 mm gc, 6m Gdn-HCI) is similar to that of
MP-8 (1.3 x 10°m~'s™"; pH 5.5, 3-4.5mm gc, 0.5m Gdn-HCI)7P!
but much larger than that of native cytc550 (2.6m~'s™'; pH 5.0,
25 mm gc, data not shown). Unfolding the protein surrounding
the heme group of cytc550 thus has the same effect as clipping
the protein away (as in MP-8). In both cases, the peroxide
substrate has improved access to the heme iron center in the
absence of both a rigid protein matrix and a strong sixth ligand.

Native cytc550 can catalyze H,0,-driven oxidations, but with a
very low rate of reaction.” Clearly, the protein matrix provides
excellent suppression (> 1000-fold) of the inherent peroxidase
activity of the heme group. The key factor is probably that the
correctly folded protein provides a strong sixth ligand, which
blocks the heme iron center from the incoming peroxide
molecule. This conclusion was apparent from the pH depend-
ence of the peroxidase activity under denaturing conditions:
low-spin unfolded cytc550, the principal species at high pH
values, has a negligible activity compared to high-spin unfolded
cytc550. Thus, even when it is unfolded, cytc550 has no
peroxidase activity when a strong sixth ligand is present (as in
the low-spin case).

The Gibbs free energy for unfolding (AG,, is 6.6 kcalmol~" for
cytc550 when the two-state unfolding model is applied (Fig-
ure 1). Under native conditions, this corresponds to one
unfolded species for every 70000 protein molecules. In 6m
Gdn-HCl, however, the activity is approximately 1200-fold
higher than normal, and not 70 000-fold. Therefore, under native
conditions partially unfolded, high-spin species are present
which dominate the peroxidase activity. In agreement with this
conclusion, the region around the native methionine ligand is
known to have a lower AG,, than the global AG,for Class | cytc
proteins such as cytc550.1'7

Any environmental stimulus which leads to the formation of
(partially) unfolded species is likely to induce peroxidase activity
in cytc550 and hence may stimulate free-radical formation in the
living cell. It is the robustness of the native protein structure that
prevents peroxidase activity in cytc550.
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