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Abstract

Modern drug discovery is mainly based on the de novo synthesis of a large number of compounds with a diversity of
chemical functionalities. Though the introduction of combinatorial chemistry enabled the preparation of large libraries
of compounds from so-called building blocks, the problem of successfully identifying leads remains. The introduction
of a dynamic combinatorial chemistry method served as a step forward due to the involvement of biological macromo-
lecular targets (receptors) in the synthesis of high affinity products. The major breakthrough was a synthetic method in
which building blocks are irreversibly combined due to the presence of a receptor. Here we present various receptor-ba-
sed combinatorial chemistry approaches. Huisgen’s cycloaddition (1,3-dipolar cycloaddition of azides and alkynes)
forms stabile 1,2,3-triazoles with very high receptor affinity that can reach femtomolar levels, as the case with acetylc-
holinesterase inhibitors shows. Huisgen’s cycloaddition can be applied to various receptors including acetylcholineste-
rase, acetylcholine binding protein, carbonic anhydrase-II, serine/threonine-protein kinase and minor groove of DNA.

Keywords: Drug design; Dynamic combinatorial chemistry; Huisgen’s cycloaddition; in sifu click-chemistry; Recep-

tor-accelerated synthesis; Receptor-assisted combinatorial chemistry

1. Introduction

The main focus of drug discovery is the identifica-
tion of compounds that can modify molecular targets as-
sociated with certain diseases inducing a positive respon-
se. While natural products have inspired the design of
most drugs in the past, the processes of lead discovery
and optimization today rely on the preparation of large
collections of new compounds, referred to as “libraries”.
Choosing large numbers of structurally diverse com-
pounds is primarily governed by the complexity of natu-
ral products, which increases the difficulty, time, and cost
of the preparation of such compounds. Also, as suggested
by a computational study by Bohacek er al., the total
number of “drug-like” compounds (< 30 non-hydrogen
atoms, < 500 Daltons; only H, C, N, O, P, S, F, Cl and Br;
stable in the presence of water and oxygen) is as large as
10% indicating that the vast majority of “drug-like” com-
pounds are yet to be discovered.! The introduction of
combinatorial chemistry seemed to resolve the problem
of preparing large libraries by focusing on building libra-
ries of more complex compounds from simple building
blocks. Building blocks are combined in a maximum

number of possible combinations through independent
synthesis. In the final step, each compound is indepen-
dently tested for activity.

Independent testing of a large number of newly
synthesized compounds significantly reduces the potential
of conventional combinatorial methods. However, by the
early 2000s, it became clear that conventional combinato-
rial chemistry turned out to be much less efficient than ex-
pected with only a few developed drugs reported and most
industrial combinatorial chemistry libraries were disban-
ded.?

In 1894, the German chemist Emil Fischer sugge-
sted a model of enzyme specificity by which an enzyme
and its substrate possess specific complementary geome-
tric shapes that fit exactly one into another like a lock and
key. Although this model is more than 100 years old, E.
Fischer’s idea is still valid. Dixon and Villar showed that a
protein can bind a set of structurally diverse molecules
with similar affinities in the nanomolar range, whereas
analogues closely related to one of the good binders show
only weak affinities (> 2.5 mM).? Chemists created an ap-
proach where novel potentially bioactive compounds are
not synthesized by pure statistical reorganization of joi-
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ning building blocks but forcing them in the right di-
rection by including a macromolecular target (receptor) it-
self in this process. This was done through the introduc-
tion of a receptor-assisted combinatorial chemistry
(RACC), sometimes also referred to as target-guided
synthesis (TGS).* In contrast to conventional combinato-
rial methods, in RACC the macromolecular target (protein
or DNA) is directly involved in the choice of joining buil-
ding blocks.

The concept of RACC can be divided into dynamic
combinatorial chemistry (DCC) and receptor-accelerated
synthesis (RAS), also called kinetically controlled TGS.
In DCC, the reaction that joins the building blocks is re-
versible, whereas RAS uses only reactive building blocks
joined irreversibly. The subset of RAS called in situ click
chemistry, which uses the Huisgen’s 1,3-dipolar cycload-
dition of azides and alkynes (Huisgen’s cycloaddition) to
irreversibly join the building blocks, will be covered with
special interest.>

2. Dynamic Combinatorial Chemistry
Method

Dynamic combinatorial chemistry is a subset of
RACC in which building blocks are joined through a re-
versible covalent reactions, generating a large equili-
brium-controlled library of compounds referred to as a
dynamic combinatorial library (DCL).”® The addition of
biological targets during the generation of DCL stabilizes
the library members with the highest affinity toward the
biological target, moving the equilibrium toward high-af-
finity members. A comparison of the composition of the
library with and without the biological target leads to the
identification of a hit compound. Therefore, the synthesis
and screening of library members are combined in one
step, which speeds-up the process of hit identification.

Moreover, hit identification is possible without any
specific receptor assays used. Instead, increased amounts
of the highest affinity library members are detected with
established analytical methods like HPLC, mass spectro-
metry (MS), NMR spectroscopy or even X-ray crystallo-
graphy.”!? It may be more advantageous for the library to
amplify many members with moderate affinities than just
a few with high affinities. This behaviour reflects the com-
plex nature of DCLs consisted of members interconnected
through a set of equilibrium reactions.!’ To address these
problems numerous theoretical studies of DCLs have
been done.'?'® The studies suggested that, unless excessi-
ve amounts of molecular target are used, good binders ha-
ve a high probability of being significantly amplified. Ho-
wever, a major limitation for application of DCC in drug
discovery is the limited number of reversible covalent
reactions appropriate to be used to synthesize DCLs. Drug
discovery applications of DCC require the following reac-
tion conditions: (i) reaction at a biologically relevant tem-

perature, (ii) compatibility with aqueous media, (iii) reac-
tion at (close to) physiological pH and (iv) compatibility
with the target functional groups.!”!® Compatibility with
aqueous media is the most challenging condition as there
are more reactions that have been developed in organic
solvents than under aqueous conditions, thus preventing
the use of a wider range of equilibration reactions. Addi-
tionally, the use of organic solvents in DCC is limited by
the strong tendency of solvents to denature the target
(enzyme, receptor, etc.). Examples of DCC applications
for the discovery of high affinity ligands for biological re-
ceptors have been reported, including formation of DCLs
of imines,'>? hydrazones,ﬂ’22 oxime ethers,” sulfides,?*
disulfides*® and alkenes.”

2. 1. Reversible Imine Formation

Huc and Lehn were the first to demonstrate the con-
cept of DCC application in drug discovery by identifying
inhibitors of carbonic anhydrase (CA) using a DCL of
imines formed from amines and aldehydes.'” In addition
to the fast and reversible nature of condensation between
amines and aldehydes to imines, reversible imine forma-
tion is very convenient for drug discovery because it
yields a Schiff base, a very common motive in metabolites
and biologically active compounds.®**! To detect products
by HPLC, they “locked-in” the equilibrium by irreversib-
le reduction of imines to corresponding amines using Na-
BH,CN to fix the composition of the library prior to de-
tection.

Hochgiirtel et al. created an imine library by con-
densing a diamine with more than fifty different ketones
in the presence of neuraminidase from an influenza virus
(Fig. 1).2° After reduction of imines, LC/MS analysis
identified several hits (1-4). The negative control experi-
ment included library synthesis in the presence of the bo-
vine serum albumin (BSA). The second control experi-
ment was carried out in the presence of the neuraminidase
and Zanamivir, a potent competitive inhibitor of the neu-
raminidase. On both occasions, initial hit 4 was identified.
The most abundant compound 3 lacked inhibitory po-
tency, whereas the strongest inhibitor 2 was amplified
three-fold less than 3. The authors suggested that this re-
sult could be explained by the lock-in reaction. Actual
molecular species undergoing equilibration are imines
and hemiaminals. The receptor amplifies the amount of
these intermediates that are then reduced to fix the library
composition. Reduced products have different structural
and electronic properties and their interaction with the
biological target may be worse, or better, than originating
intermediates. This represents a major drawback for the
application of reversible imine formation to the construc-
tion of DCLs in the presence of a biological target.

Recent progress in analytical methods used for
identification of binders from DCL had enabled access
to larger libraries. For example, Guo et al. introduced a
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Figure 1. Formation of a library of potential neuraminidase inhibitors by condensing a diamine with several ketones.”

protocol for analysis of imine-based DCL using a suitab-
le size-exclusion chromatography (SEC) column to re-
tain all non-binders from DCL followed by denaturation
of eluted protein-ligand complexes and MS analysis of
binders.*?

2. 2. Disulfide Interchange

To demonstrate utility of a disulfide interchange for
DCC approach, Ramstrom and Lehn designed a DCL of
disulfides capable of binding to concavalin A (Con A), a
member of lectins.”>** DCL of disulfide carbohydrate di-
mers (Table 1) was generated by incubating disulfide di-
mers with an initiating reagent dithiothreitol (DTT) ca-
pable of reducing some disulfides to thiols. DTT is oxidi-
zed to a stable 6-membered cyclic disulfide that should
not take part in the interconversion of the library disulfi-
des. Upon initiation, interconversion between disulfides

Table 1. Structures of the disulfide-linked carbohydrate dimers.?

occurred with the rate dependent on pH. At pH 7.4, a rea-
sonable rate of interconversion was obtained and receptor
binding was not affected. Disulfide interchange could be
stopped by lowering the pH (< 5) and final equilibrium di-
stribution of DCL analyzed by HPLC. In the absence of
any receptor, all expected ditopic combinations were ge-
nerated in approximately equal amounts. When a receptor
Con A was present during the interconversion, a signifi-
cant amount of the bis-mannoside (Man/Man) and the
mannose-containing heterodimers (Man/Gal, Man/Ara,
Man/Xyl) was found to be bound to the receptor.> Moreo-
ver, receptor-induced shifts in equilibrium resulted in the
amplification of mannose-containing dimers, which is in
accordance with concepts of the DCC approach.

One of the major drawbacks of using DCL of disul-
fides to identify potent inhibitors of protein targets is the
labile nature of disulfide bond. However, once identified
disulfide compounds can be replaced with their carbon

Compound® o/B R% R* R* R* RS n
RY, (Man/Man) o OH H H OH CH,OH 3
R' R o (Gal C,/Gal C)) B H OH OH H CH,OH 2
Ro (Gal C,/Gal C,) B H OH OH H CHOH 3
0 NH 3 3 2
R2 o (Glc/Glc) B H OH H OH CH,OH 2
(Ara/Ara) B H OH OH H H 2
(CH2), (Xyl/Xyl) B H OH H OH H 2
S
4
R* I
R® R (CH2),
[
s b
R H
# Man = D-mannose; Gal C, = D-galactose, n = 2; Gal C, = D-galactose, n = 3; Glc = D-glucose; Ara = L-arabinose; Xyl = D-xylose
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analogues, with bioisosteric thioether or amide linker in-
stead of the disulfide bond. Using modified MS analysis
that enables analysis of DCLs of thiols/disulfides under
non-denaturing conditions, Schofield et al. have identified
inhibitors to various protein targets by preparing carbon
analogues of identified disulfide compounds.*’*

2. 3. Reversible Acylhydrazone Formation

Ramstrom et al. developed DCLs of constituents
potentially capable of binding to plant Con A using re-
versible hydrazidecarbonyl/acylhydrazone inter-conver-
sion.?! Acylhydrazone libraries were generated from a
series of oligohydrazide core building blocks A-I and a
set of aldehyde counterparts 5-10 based on six common,
naturally occurring carbohydrates, potentially capable of
interacting with the binding site of Con A (Fig. 2). A set
of initial 15 building blocks could give rise to a library
containing at least 474 different species. Also, 15 sub-li-
braries were formed by mixing all building blocks except
one specific hydrazide or aldehyde building block under
the same conditions.?! Following equilibration libraries
were subsequently subjected to the lectin assay in which

CONHNH, CONHNH,
+ CONHNH, _ ( o (:\/
; CONHNH,

CONHNH,
H,NHNOC
H,NHNOCT N7 NCONHNH,
¢ I H
CONHNH;

the inhibitory potency of library constituents was moni-
tored.

The resulting inhibitory effects of the sub-libraries
have been matched to the activity of the complete li-
brary. The largest effect was noticed on the removal of
the mannose unit from complete DCL indicating that the
mannose unit is necessary for inhibition. Similarly, triva-
lent core building block G was the most active. The ef-
fect of the compound assembled from these two frag-
ments was estimated in a binding assay, resulting in an
IC,, value in the micromolar range (22 uM), indicating
that the DCC approach using reversible hydrazidecar-
bonyl/acylhydrazone interconversion enabled the identi-
fication of a novel tritopic mannoside showing potent
binding to Con A (Fig. 3).

However, the full potential of acylhydrazone-based
DCLs in drug discovery is somewhat limited because of
the requirement for acidic pH which is incompatible with
most protein targets. Greaney et al. have managed to cir-
cumvent this obstacle by introducing nucleophilic cataly-
sis of reversible acylhydrazone formation by using aniline
as a nucleophilic catalyst at less acidic pH and thus iden-
tify acylhydrazone inhibitors of GST isozymes.*>*
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Figure 2. A series of oligohydrazide A-I and aldehyde building blocks 5-10 generating an acylhydrazone dynamic combinatorial library of poten-

tial plant lectin Con A inhibitors.*!
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Figure 3. Compound 10,-G identified as the best binder to Con A (IC,, = 22 uM) from the acylhydrazone dynamic combinatorial library generated
from a series of oligohydrazide and aldehyde building blocks.*!
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Figure 4. Dynamic combinatorial library composed of glutathione (GSH) conjugates potentially capable of binding to glutathione S-transferase
(GST) generated from GSH, GSH analogues, and ethacrynic acid (EA).”’
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2. 4. Conjugate Addition of Thiols to Enones

Shi and Greaney extended the number of reversible
chemical reactions suitable for DCL generation by using
conjugated addition of thiols to enones.** Shi and Grea-
ney designed a biased DCL generated using glutathione
(GSH; 11), three GSH analogues 13-15, and the enone
ethacrynic acid (EA; 12) (Fig. 4)'37 Three analogues were
expected to be misfits for the G site of glutathione S-
transferase (GST) since the y-glutamyl residue is critical
for binding,*® thus biasing the DCL equilibrium composi-
tion in the presence of GST toward the GSH adduct 16.
EA is an inhibitor of GST and has provided a structural
scaffold for development of GST inhibitors. Blank DCL,

assembled in the absence of GST resulted in the distribu-
tion of four conjugates 16-19. Upon incubation with
GST from Schistosoma japonica (SjGST), DCL reduced
to the expected GS-EA adduct 16. Adduct 16 was increa-
sed from 35% of total conjugate concentration to 92% at
equilibrium, due to large differences in binding affinity
between 16 and peptides lacking the y-glutamyl residue.
Control experiments with BSA instead of SjGST produ-
ced no changes to the blank DCL composition, confir-
ming that the active site of SjGST is responsible in am-
plification of 16.

Shi et al. used the thiol addition methodology to cre-
ate new GST inhibitors from nonbiased DCLs. Since
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Figure 5. A nonbiased DCL of potential GST inhibitors generated from glutathione (GSH) and 14 enone ethacrynic acid analogues.*’
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structural features of the H site change across different
GST isozymes, the authors explored the H site of SjGST
by constructing a DCL with reversed stoichiometry from
that in biased DCL, whereby 14 EA analogues reacted
with GSH to afford 14 GS-EA adducts (Fig. 5). MS analy-
sis and deconvolution studies revealed that adducts 21a,m
and n were amplified in the presence of SjGST, while ad-
duct 21f was suppressed. To examine the inhibition po-
tency of SjGST, 21a, 21n, non-amplified adduct 21b, and
the suppressed adduct 21f were synthesized and their IC,
values measured. Results indicated that the extent of DCL
amplification reflected the relative binding affinities of
DCL components for the SjGST. Piperidine and leucine
amides 21a (IC,; = 0.61 uM) and 21n (IC,, = 1.40 pM)
were amplified from the library at the expense of the wea-
ker binder lysine amide 21f (IC,, = 8.2 uM). Moreover,
contrary to the proposed model structure of the
SJGST/GS-EA Michaelis complex which identified a se-
ries of residues that could interact with the EA carboxylic
acid group,® amplified adducts 21a and 21n indicated
that the carboxylic acid group of EA is not essential for
binding in the H site and may be extended without change
of inhibitory activity.

3. Receptor-Accelerated Synthesis

Receptor-accelerated synthesis (RAS), also called
kinetically controlled TGS, is a subset of RACC, which us-
es kinetic control to increase the relative amounts of the
highest-affinity library members during library genera-
tion.*** While the library members in the DCC approach
are generated via reversible reactions, RAS uses building
blocks which irreversibly combine into larger molecules.

Process of hit identification and optimization takes advan-
tage of combining synthesis and screening into one step
(Fig. 6). Step 1 includes synthesis of reactive building
blocks, while in step 2 these building blocks irreversibly
combine due to the presence of a receptor. The hit identifi-
cation consists of determining whether a formation of a
product is significantly accelerated in the presence of a tar-
get molecule (receptor).

The selectivity for one or more products over others
arises from two factors, one related to the binding of buil-
ding blocks to the receptor, and the other to the ability of a
receptor to accelerate their irreversible joining. With re-
gard to the binding of the starting building blocks to the re-
ceptor, simultaneous binding of highest-affinity building
blocks in close proximity leads to rate acceleration. Howe-
ver, upon joining the starting building blocks to the pro-
duct, the binding interactions of building blocks to the re-
ceptor may strengthen or weaken in accordance with the
Fischer’s lock and key model. Thus, highest-affinity buil-
ding blocks might not form a product with the highest affi-
nity for the receptor. As far as the ability of a given recep-
tor to promote the coupling of reactive building blocks is
concerned, it is important to note that receptors do not nor-
mally act as coupling catalysts. The demands for a reaction
suitable for RAS are different from the DCC approach or
from a conventional organic reaction. Ideally, complemen-
tary reactive groups should combine very slowly in so-
lution generating a stable product with no or only minor si-
de products. Kolb et al. identified Huisgen’s cycloaddition
as the one having the ideal reactivity profile for RAS.*'*
This methodology has been successfully applied in nume-
rous examples known as in situ click chemistry.* So far,
RAC approaches have included C-N bond formation,**¢
C-S bond formation,** C-C bond formation,”® and ami-

Step 2

RECEPTOR

\

RECEPTOR

RECEPTOR

RECEPTOR

Figure 6. Receptor-accelerated synthesis for hit discovery and optimization. Products are created from blocks properly stabilized within the receptor.
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de formation from thio acids and sulfonyl azides, also re-
ferred to as “sulfo-click reaction”.’’”> Some of these
approaches are described in more detail below.

3. 1. Substitution Reaction Using a Thiol
as the Nucleophile

Huc and Nguyen were the first to demonstrate the
utility of a substitution reaction using a thiol as a nuc-
leophile for the identification of an inhibitor via RAS ap-
proach.*’ This reaction is widely used in organic chemi-
stry since thiols are more reactive than alcohols. In initial
study, they chose to target a zinc-containing metalloenzy-
me, bovine CA-II (EC 4.2.1.1).%* CA-II isozymes play a
role in many important biological processes, including
respiration, bone respiration, calcification, acid secre-
tion, and pH control. The CA-II active site is a conical
cleft with the Zn(II) ion located at its bottom with two se-
condary hydrophobic binding sites located in close proxi-
mity of this cleft. They tested the ability of CA-II to acce-
lerate the formation of para-substituted aromatic sulfo-
namide inhibitors 24a—e using competition assays opti-
mized to limit side reactions, such as disulfide formation,
alkyl chloride hydrolysis, and trialkyl sulfonium forma-
tion (Fig. 7).

Thiol 22 was treated with two competing alkyl chlo-
rides in buffered water at pH 6 for 48 h, first in the absen-
ce of CA-II, then in the presence of CA-II. HPLC analysis
of the final thioether products confirmed that CA-II
strongly favours formation of more potent inhibitors. For
example, when chloride 23a competes with 23d, the yield

of more potent inhibitor 24d changes from 50% in the ab-
sence of CA-II to 92% in its presence. On the contrary,
when products have similar affinities for CA-II, their final
yields are negligibly affected by the presence of CA-II. To
confirm that CA-II serves as the reaction vessel, Huc and
Nguyen conducted several control experiments, including
varying CA-II concentration, replacing CA-II by BSA, re-
placing thiol 22 by a thiol that has no affinity for CA-II,
and adding an inhibitor of CA-II, methazolamide.’* All of
these experiments confirmed that the active site of CA-II
templates product formation.

Besides alkyl halides, thiols can also react with epo-
xide rings in protein-templated irreversible formation of
biologically active ligands. Okhanda et al. have utilized
such epoxide ring opening to identify inhibitors of recom-
binant human 14-3-3 protein, involved in immunoglobulin
class switching, via RAS approach.*®

3. 2. Amide Formation Between Thio Acids
and Sulfonyl Azides

The choice of biological target for the RAS or the
RACC is not limited to enzymes only. It has been shown
that RAS can be utilized to discover small molecules that
modulate or disrupt protein-protein interactions (PPIs)
called protein-protein interaction modulators (PPIMs).
PPIs are crucial for a large number of vital biological pro-
cesses and interesting in the development of novel thera-
pies for a variety of diseases.”> Among PPI targets for can-
cer treatment are also proteins of the Bcl-2 family. Some
of the Bcl-2 proteins act as anti-apoptotic proteins (Bcl-2,

buff
HgNO;SO—\ + R—Cl ﬁﬁ- HgNOgSO—\
SH P SR
22 23a-e 24a-e
COH
CO,Et COxH
NH,
S S S s S
SO,NH> SO;NH> SO,;NH> SO,;NH; SO;NH;
24a 24b 24¢ 24d 24e
Ki=770nM  K;=180nM  K;=130nM K;=84nM K; =59 nM

Figure 7. The formation of para-substituted aromatic sulfonamide inhibitors 24a—e of CA-IL.¥

Marakovic¢ and Sinko: The Lock is the Key: Development of Novel Drugs ...



Acta Chim. Slov. 2017, 64, 15-39

=n=0

»
,Amm 7

0O

-,

—u::C‘J
Z
=
é

ABT-737 NO;
K; (Bel-X;) < 1.0 nM

(]
() A J

ABT-263 F3
K; (Bel-X) < 1.0 nM
Figure 8. N-Acylsulfonamide compounds targeting Bcl-X, ."~?

Bcl-X; , and Mcl-1) and others as pro-apoptotic proteins. teins (Bad, Bim, and Noxa).”® Bcl-2 proteins play an im-
Pro-apoptotic proteins can be further classified into multi- portant role in the apoptosis. Most likely, apoptosis is ini-
domain BH1-3 proteins (Bax and Bak) and BH3-only pro- tiated by binding the BH3 domain of BH3-only proteins

NO,
O (0]
Il / \
N i N],—ﬁ NH S
TA2 S74
37°C,6h BelX,,
LC/MS-SIM phosphate buffer
pH =74
(0}
N—(: :)-4 0]
HN—S
||

SZATA2

K; (Bel-Xp) =19 nM
Figure 9. PPIM identification via sulfo-click RAS approach.®’

Marakovic and Sinko: The Lock is the Key: Development of Novel Drugs

23



24 Acta Chim. Slov. 2017, 64, 15-39

0 0 o 0

oh \\sff \\sfz \V.f
\N ,\I \/@ \NJ I ) " O
@ g )L
SZ1 S22
0 0 0 0
0N \‘S’i N Y
5
P \/\N Ph.,‘s AN
874 SIS SZ6
0 0
%62 WP o ‘\{’
L L -
LY oo g
H
N
\0
SZ7 Ph SZ8
Phag
\\J’/ o\\fP
S«
\©\/ \/O/ "
L
S5Z, X TA,
A
(, 0 0
s
HS HS HS
|
N N
TAl TA2

37°C, 6 h, LC/MS-SIM

_S N \\ -"f \\;i |

SZTTA2

00 O
\"f W Ki (Bel-Xy) = 11.6 mM

SZ9TAl

Ki(Bel-Xp)= 11.6 mM \\sff "
'\.
. s .\/\ U
SZATA9
\\ff

K; (Bel-Xy) = 37.5 nM
SZITAS

K (Bel-Xg) = 14.6 mM

l Bel-XL, phosphate buffer, pH = 7.4

Ph\

Figure 10. Screening of anti-apoptotic Bcl-X| via sulfo-click RAS approach for PPIM discovery.’!

Marakovic and Sinko: The Lock is the Key: Development of Novel Drugs



Acta Chim. Slov. 2017, 64, 15-39

into a hydrophobic groove on the surface of anti-apoptotic
proteins. Therefore, designing a molecule capable of mi-
micking the BH3 domain is a promising strategy for novel
anticancer treatments. Thus, N-acylsulfonamides 25,
ABT-737, and ABT-263, capable of disrupting Bcl-X -
Bad interaction, were prepared (Fig. 8).7"~

Hu et al. applied the RAS approach for the disco-
very of N-acylsulfonamide PPIMs.® They designed buil-
ding blocks structurally similar to ABT-737 and ABT-
263, having a sulfonyl azide or a thio acid functional
groups, and incubated these as binary mixture together
with Bcl-XL for 6 h. LC/MS analysis revealed that, of all
the 18 possible products, only N-acylsulfonamide
SZA4TA2 was detected (Fig. 9).

Control experiments involving incubation of reactive
building blocks in the absence of Bcl-X; or in the presence
of Bcl-X; and various BH3-containing peptides, confirmed
that the surface of Bcl-X; protein acts as a template for the
sulfo-click reaction. To generate new hit compounds, Kul-
karni et al. designed two sublibraries, one with thio acids
and the other with sulfonyl azides, among which were tho-
se with a structural resemblance to ABT-737 or ABT-263
and those that were randomly chosen.’® Eighty-one binary
mixtures containing one thio acid (TA1-TA9) and one sul-
fonyl azide (SZ1-SZ9) were incubated with the protein
Bcl-X, for 6 h at 37 °C (Fig. 10).

LC/MS analysis of binary mixtures with or without
Bcl-X; present during reaction resulted in elevated amounts
of SZ4TA2, and three new products SZ7TA2, SZ9TA1,
and SZ9TAG in the presence of Bcl-X; . Control experi-
ments with native and mutated pro-apoptotic Bim BH3
peptides and Bcl-X, proteins indicated that protein-templa-
ted N-acylsulfonamide formation happened solely at the
binding sites of Bcl-X| . In order to evaluate the IC,,, all
four hit compounds were subjected to dose-response stu-
dies and binding studies.®® All of the hit compounds show
high to modest affinity for Bcl-X; protein and can modulate
the interaction between Bcl-X; and BH3 peptide ligand.

Nature of sulfo-click reaction and substrate scope
challenge its applicability in the RAS approach. As thioa-
cids are nucleophilic, readily dimerize, and present storage
and stability issues, their preparation and handling is there-
fore very demanding.®’ Namelikonda et al. optimized the
one-pot deprotection/amidation variant of sulfo-click reac-
tion in the presence and absence of Bcl-X| starting from
the 9-fluorenylmethyl (Fm)-protected thioesters and sul-

Ry

fonylazides.”> Optimal deprotection of Fm thioesters
TAT1’-TA3’ prepared from thioacid building blocks
TA1-TA3 was achieved in one minute at room temperatu-
re with 3.5% 1,8-diazabicycloundec-7-ene (DBU)/DMF.
Resulting thioacids TA1-TA3 were immediately diluted
with methanol and incubated with sulfonylazides
SZ1-SZ6 as binary mixtures in the presence and absence
of Bcl-X| . Product analysis failed to detect an increased
amount of the previously reported hit compound SZ4TA2
in the presence of Bcl-X; , presumably due to the change in
pH of the incubation sample probably due to the strong ba-
sicity of DBU. Experiments were repeated with a weaker
base (5% piperidine/DMF), and the amount of SZ4TA2
was increased to the same level as before containing puri-
fied thioacid TA2. However, a side reaction producing pi-
peridine amide was observed, but this unwanted byproduct
did not interfere with Bcl-X; templated reaction.

4. In situ Click Chemistry

So far, only a RAS approach using a combination of
strong nucleophilic (basic) and electrophilic (acidic) buil-
ding blocks has been discussed. However, a subset of re-
ceptor-accelerated synthesis, termed in sifu click chemi-
stry, has been developed utilizing the Huisgen’s cycload-
dition,> a reaction independent to the acid-base reactivity
paradigm, as shown in literature.®*’

4. 1. The Huisgen’s 1,3-Dipolar
Cycloaddition

The Huisgen’s 1,3-dipolar cycloaddition of azides
and alkynes to form 1,2,3-triazoles is a model example
among the reactions that meet the criteria of click che-
mistry (Fig. 11).*' Originally introduced by Barry Shar-
pless in 1999, click chemistry refers to a group of reac-
tions that generate carbon-heteroatom bonds.

Click chemistry has been successfully applied in
many areas, including organic synthesis,®* "> bioconjuga-
tion,”*” drug discovery,***’®7" and polymer and material
sciences.”*®' Huisgen’s cycloaddition is preferred since
azides and alkynes are easy to implement and are inert in
the acidic/basic environments and under physiological
conditions. However, spontaneous cycloaddition is very
slow, since reaction proceeds only if azide and alkyne in-

“N—N=N N
© ® Ri~\~ Ri~y7
N N” SN
+ — + L
— R \ /
Rz R;

1,4-disubstituted 1,2,3-triazole
(anti-triazole)

1,5-disubstituted 1,2,3-triazole
(syn-triazole)

Figure 11. Huisgen’s 1,3-dipolar cycloaddition of azides and alkynes.*!
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teract properly oriented. It was only after the discovery of
dramatic rate acceleration of the azide-alkyne cycloaddi-
tion under copper(I) catalysis that it gained its popula-
rity.8>83 This reaction exclusively forms 1,4-disubstituted
1,2,3-triazoles (anti-triazoles). The 1,5-disubstituted
1,2,3-triazoles (syn-triazoles) are prepared by using mag-
nesium acetylides or ruthenium catalysis.’*35 Recently,
efficient recyclable nanocatalysts have been developed for
regioselective synthesis of 1,2,3-triazoles in water.®® Ther-
mal reaction is extremely slow and gives a mixture of iso-
mers which are chromatographically separable. In addi-
tion, 1,2,3-triazole moieties have some favourable physi-
cochemical properties attractive for application to the
drug discovery and biomedicine. They are very stable to
both metabolic and chemical degradation, being inert to
hydrolytic, oxidizing, and reducing conditions, even at
higher temperatures.”> Due to resemblance with amide

Ny

moiety in size, dipolar moment, and H-bond acceptor ca-
pacity, the 1,2,3-triazole ring can serve as its non-classic
bioisostere.***3788 Since 1,2,3-triazoles are basic aroma-
tic heterocyclic compounds, they are bioisosteres of aro-
matic rings and double bonds.®*%® Additionally, the afore-
mentioned physicochemical properties of 1,2,3-triazole
moiety together with similarity to amide bond, make it a
useful linker to generate “twin drugs”,**¢”%3 bidentate in-
hibitors, 3% linkers to immobilized fluorescent tags or
small molecules,”" and anion receptors.”

4. 2. In situ Click Chemistry Using
Acetylcholinesterase as a Template
Inspired by a report by Mock et al. on dramatic rate

acceleration of azide and alkyne cycloaddition by seque-
stering azide and alkyne moieties inside the cavity of cu-
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Figure 12. In situ click chemistry screening of binary mixtures of tacrine/phenylphenanthridinium-based building blocks for the discovery of biva-

lent inhibitors to AChE.*"%
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curbituril, a macrocycle made of glycouril, Lewis et al.
were the first to investigate the potential of Huisgen’s
cycloaddition for application to target-guided synthesis.”!
In their proof-of-concept study, they selected enzyme
acetylcholinesterase (AChE; EC 3.1.1.7) which plays a

vital role in neuro-transmission in central and peripheral
nervous system.”>*® The active site of AChE is a narrow
gorge with the catalytic binding site located at its bottom.
The second binding site, known as peripheral site, is at
the rim of the active site.”** Since reversible AChE inhi-
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Figure 13. A library of acetylene building blocks for in situ click chemistry screening of AChE.'%
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bitors are used clinically to treat neurodegenerative disor-
ders, such as Alzheimer’s disease,”® various small-mole-
cule ligands specific for each binding site have been de-
veloped, together with such which simultaneously bind
to both sites and therefore possess higher affinity for
AChE.” Moreover, dimerization of an inactive frag-
ment of a selective and potent reversible AChE inhibitor
Huperzine A has shown that an inactive ligand can be
transformed into highly potent inhibitors.'® To address
the possibility of self-assembly of bivalent AChE inhi-
bitors via Huisgen’s cycloaddition, Lewis ef al. used a li-
brary of known site-specific inhibitors based on tacrine (a
catalytic site binder with K; of 18 nM) and phenylphe-
nanthridinium (a peripheral site binder with K of 1.1
uM) derivatized with alkyl chains bearing terminal azide
and alkyne moieties (Fig. 12).°!%

Each of the binary mixtures was incubated with
ACHhE at room temperature for 6 days. Upon examination
of binary mixtures, it was established that only TZ2 +
PA6 combination gave a detectable amount of the triazole
product.'® Blocking the active site with reversible (tacri-
ne) or irreversible (diisopropyl fluorophosphate) inhibitor
blocked formation of the triazole product, confirming that
the active site is a template for reaction. HPLC analysis
revealed that the enzyme-templated product is exclusively
a syn-izomer. A comparison of the dissociation constant
of syn-TZ2PA6 (K, is 77 fM) and anti-TZ2PA6 (K is
720 fM) showed that AChE templated the formation of a
more potent inhibitor. Comparison of kinetic parameters
and literature data for related non-covalent inhibitors of
ACHhE, revealed that in situ generated syn-TZ2PA6 was
the most potent non-covalent AChE inhibitor known at the
time,9%-102-104

Manetsch et al. revisited the AChE system to screen
for additional in situ hits.'® LC/MS analysis revealed
three new hit compounds — TZ2PAS, TA2PZ6, and
TA2PZS - in addition to the TZ2PA6. All of the products
were identified as syn-isomers with dissociation constants
in femtomolar and picomolar range. Krasifiski et al. sub-
stituted phenylphenanthridinium moeity with aromatic
heterocycles that were not previously known to interact
with AChE while tacrine building block TZ2 was chosen
as an “anchor molecule” (Fig. 13).106

Analysis of binary TZ2/acetylene mixtures with
AChE revealed that only phenyltetrahydro-isoquinolines
PIQ-AS and PIQ-A6 formed significant amounts of tria-
zole products identified as syn-isomers. Incubation of a
mixture of 10 acetylene building blocks with TZ2 and
ACHhE gave only expected triazole products TZ2PIQ-AS5
and TZ2PIQ-A6 demonstrating the feasibility of multi-
component screening. With the equilibrium dissociation
constant of only 33 M, TZ2PIQ-AS surpasses the inhibi-
tion potency of syn-TZ2PA6.

Beside the development of potent reversible AChE
inhibitors for treating Alzheimer’s disease, another kind of
medical treatment has preoccupied the attention of researc-

hers in the field. Organophosphorus (OP) nerve agents ac-
ting as irreversible AChE inhibitors represent a constant
threat to the general population because of their use as
warfare agents in armed conflicts and terrorist attacks or as
pest control agents.'””'% Thus, the current therapy in case
of OP nerve agent poisonings includes an AChE reactiva-
tor of the quaternary pyridinium oxime family.'*''’ Ho-
wever, due to their permanent positive charge, these com-
pounds do not readily cross the blood-brain barrier and
thus cannot reactivate AChE in the central nervous sys-
tem.""" Therefore, attempts have been made to develop
centrally acting reactivators using click-chemistry ap-
proach.!'>!"3 The AChE related enzyme butyrylcholineste-
rase (BChE) is present in the plasma in high concentra-
tions and differs in the amino acid composition.!'*!'> BCh-
E is capable of hydrolyzing a variety of esters and plays an
important role in the bioconversion of carbamates and ot-
her ester-based prodrugs.'!*"''® Both AChE and BChE dis-
play selectivity and stereoselectivity in interaction with re-
versible or irreversible inhibitors, various esters and carba-
mates.'"”"'?* The in situ click-chemistry approach may
help in the development of novel chiral reactivators tailo-
red by cholinesterase itself thus avoiding cumbersome
synthetic procedures and/or enantiomer separation.

4. 3. In situ Click Chemistry Experiments
with Acetylcholine Binding Protein

Recently, Grimster et al. reported the preparation
of ligands for nicotinic acetylcholine receptors (nACh-
Rs) via in situ click chemistry thus expanding the tem-
plation potential of this approach to more flexible inter-
subunit binding sites.'** As a member of a superfamily of
neurotransmitter ligand-gated ion channels, nAChRs ha-
ve been investigated as therapeutic targets for medical
treatment of central nervous system (CNS) disorders
such as schizophrenia, nicotine addiction, and Alzhei-
mer’s disease.'”™'?” However, the development of novel
and potent ligands for specific receptor subtypes using
classical drug discovery approaches has been difficult
because of the nAChR membrane disposition, receptor
subtypes diversity, and the dynamic nature of the bin-
ding site. Grimster ef al. turned their attention to the in
situ click chemistry approach with the acetylcholine bin-
ding protein (AChBP) as a structural surrogate for n-
AChRs.'”* AChBPs are homologous to the N-terminal
210 amino acids in the extracellular receptor domain
with flexible subunit interface, thus imitating recognition
properties of nAChRs. Initially, screening the triazole li-
brary synthesized under standard Cu-catalyzed azide
alkyne cycloaddition reaction conditions against AC-
hBPs from Lymnaea stagnalis (Ls), Aplysia californica
(Ac), and the YS55W Aplysia californica mutant
(AcY55W) revealed compound 26 as the strongest bin-
der to all three nAChR surrogates, with the dissociation
constant in the nanomolar range for Ls AChBP (Fig. 14).
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Figure 14. Compound 26 with high affinity to Lymnaea stagnalis, Aplysia californica, and the YS5W Aplysia californica mutant AChBPs and con-
stituent alkyne 27 and azide 28 shown in retrosynthetic representation.'*
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Figure 15. In situ click chemistry screening of azide libraries 28a and 28b against alkyne 27.'**
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To confirm that flexible subunit interfaces in the
AChBPs are capable to template the formation of 26,
the constituent alkyne 27 and azide 28 were incubated
in the presence of Ls, As, and AcY55W AChBPs in so-
dium phosphate buffer at room temperature for 3 days.
Analysis of the reaction mixture by LC/MS—-SIM met-
hod confirmed that Ls AChBP successfully catalyzed
the formation of compound 26, while both Ac and
AcY55W AChBPs gave the product but in much lower
amount. Control reaction with Ls AChBP inhibited with
a known competing ligand methyllycaconitine (MLA)
gave a relatively low amount of product, thus confir-
ming that the ACh binding site at flexible subunit inter-
face indeed served as the template for the cycloaddition
reaction. The search for new compounds with improved
affinity and selectivity for closely related AChBPs con-
tinued using triazole 26 as a lead. Azide libraries 28a
and 28b comprising building blocks with quaternary ni-
trogen centers, were incubated with alkyne 27 in the
presence of Ls, As, and AcY5S5W AChBPs at room tem-
perature for 3 days (Fig. 15).

LC/MS-SIM analysis revealed that Ls AChBP ca-
talyzed the formation of triazole products 26, 38, 39, 40,
and 41 more efficiently than Ac or AcY55W AChBPs. It
was also shown that the amount of in sifu generated pro-
duct is related to its affinity to the specific AChBP. For in-
stance, the most amplified triazole 40 was shown to pos-
sess the highest affinity (K, = 0.96 nM) to Ls AChBP.
Next, the alkyne library with the previously tested quino-
lone derivative 27 and diversely substituted aryl pro-
pargyl ethers was incubated with azide 33 in the presence
of Ls, Ac, and AcYS5W AChBPs. LC/MS-SIM analysis
revealed that all of the tested alkynes underwent AChBP-
templated cycloaddition reactions with azide 33. Howe-
ver, the previously described triazole 40 was again for-
med in the highest amount with the highest affinity for all
AChBPs. Finally, azides 28-37 were mixed with alkynes
in the presence of Ls AChBP for 10 days. Analysis revea-
led that 40 was formed in the greatest amount, thus de-
monstrating that Ls AChBP can catalyze the formation of
the highest affinity product from a bulk of various azides
and alkynes present in the reaction mixture, analogously
to the AChE system. All in situ click chemistry experi-
ments with AChBPs included BSA control reaction
which exhibited no product formation. Crystal structure
of triazole 40 in complex with Ac AChBP confirmed a
bound conformation, and a pose predicted from previ-
ously seen conformations of quaternary amines that bind
to nAChRs through cation-quadrupole interactions invol-
ving m-electron-rich aromatic side chains (e.g., tryptop-
han).!?® Triazole moiety forms a hydrogen bond with a
neighbouring water molecule which again suggests that
precursors in in situ click chemistry drive a conformation
preferred by the triazole product rather than accommoda-
ting a conformation of the free protein, a fact previously
reported for the AChE system.

4. 4. DNA Minor Groove Templation Role

The templation potential of in situ click chemistry
can be expanded to the minor groove of double-helical
DNA, as shown by Poulien-Kerstien and Dervan'?’ and
more recently by Imoto et al.'* In their pioneer work,
Poulien-Kerstien and Dervan explored the Huisgen’s
cycloaddition to link two aromatic-substituted hairpin
polyamides capable of sequence-specific binding to DNA
in the DNA-templated reaction. Polyamides composed of
three aromatic amino acids, N-metylpyrrole (Py), N-
methylimidazole (Im), and N-methyl-3-hydroxypyrrole,
distinguish four Watson—Crick base pairs by a set of pai-
ring rules and represent a potential way to modulate trans-
cription.”® Longer binding-site size is considered to be
crucial for application in gene regulation since longer se-
quences should occur less frequently in genome leading to
the development of various polyamide motifs for selective
targeting.'**'** The most promising strategy came from
chemical ligation of two hairpin polyamides to form di-
mers."**!% However, though having an excellent affinity
and specificity to 10 base pair (bp) DNA sequences, hair-
pin dimers lack the cell and nuclear uptake properties of
smaller hairpins, apparently due to size and shape.'*® Six-
ring hairpin polyamides with alkyne 42a and 42b or azide
43a and 43b moieties with different linker lengths were
designed so that their matching sites are adjacent on the
DNA, which allows the formation of hairpin dimers in si-
tu (Fig. 16).137-140

Experiments were carried out at 37 °C at pH 7.0
with equimolar concentrations of one azide, one alkyne
and DNA duplex A (1 uM). When any pair of hairpin pol-
yamides (42a + 43a, 42a + 43b, 42b + 43a, 42b + 43b)
was combined in solution, HPLC analysis of the reaction
mixtures (verified using matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry) revealed
significant acceleration of formation of hairpin dimers in
the presence of DNA template with respect to the nontem-
plated reaction between 42a and 43a. The rate of dimer
formation from 42a and 43b was slower than the rate of
formation from 42a and 43a, presumably due to the addi-
tional flexibility in the linker of 43b, which allows the
reactants to more freely adopt nonproductive conforma-
tion. Also, the rate of product formation from pairings of
42b with 43a and 43b is decreased due to the differences
in the reactivity between 42a, activated with an electron
withdrawing group (EWG), and EWG-free alkyne 42b.
Moreover, when the alkynyl reactant is substituted with an
EWG, stereoelectronics of the reaction pathway favoured
formation of 1,4-regioisomer.'*! Thermal reaction bet-
ween 42a and 43a or 43b afforded predominantly the 1,4-
regioisomeric products, while DNA-templated reactions
afforded them exclusively. When the EWG-free alkyne
42b was paired with either 43a or 43b, each thermal reac-
tion produced two corresponding regioisomers in a ratio
of 1:1, while DNA-templated reaction produced only a
single isomer (42b + 43a) or a ratio of 3:1 (42b + 43b).
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Figure 16. DNA-templated dimerization of hairpin polyamides on DNA duplexes with hairpin binding sites separated with zero (A), one (B), or

two (C) base pairs.'*

DNA-templated cycloadditions were found to be
sensitive upon separation of the hairpin-binding sites with
additional bp. Thus, upon insertion of one bp between two
adjacent five bp hairpin-binding sites for the hairpin pol-
yamides 42a,b and 43a,b (DNA duplex B), the only pro-
duct formed from 42b and 43b was detected with about
50% yield. When two intervening bp were inserted (DNA
duplex C), no product was detected using various pairs of
hairpin polyamides. DNA-templated cycloadditions were
also found to be sensitive upon DNA sequence of the two
hairpin-binding sites, as illustrated by the mismatch tole-
rance study of optimal pair 42a and 43a. When a single bp
mismatch is present under azide hairpin polyamide-bin-
ding or under each of the two harpin-binding sites, the ra-
te of the hairpin dimer-forming cycloaddition is nearly
halved or lowered over 2.5 fold, respectively. However,
when the concentration of reacting hairpins 42a and 43a
was varied from 1 pM to 0.5 uM, a threshold concentra-
tion that defined the ability of hairpins to distinguish bet-
ween match site and double bp mismatch site was detec-
ted somewhere between 1 uM and 0.75 uM. The authors
suggested that, at some lower concentration, an additional
threshold exists that allows hairpins to distinguish the
match site from a single bp mismatch site, rendering the
possibility to increase the ratio of hairpin dimer formation

on match over mismatch DNA and the overall hairpin di-
mer yield.

Recently, Di Antonio et al. have demonstrated the
ability of the in situ click chemistry multicomponent ap-
proach to identify potent and selective small molecules
binding a region of chromosomes formed by guanine-rich
sequences of DNA called G-quadruplex (G4).'** In their
study, they selected G4 formed by the human telomeric
DNA (H-Telo).'*® No adduct was formed when the reac-
tion mixture was incubated in the absence of DNA, in the
presence of double-stranded DNA, or in the presence of
telomeric oligonucleotides pre-annealed to prevent G4
formation, thus confirming that H-Telo serves as a reac-
tion pot. Moreover, adducts obtained from a reaction con-
ducted in the presence of RNA G4-structure demonstrated
selective RNA versus DNA G4 structure binding. More
recently, Glassford er al. have expanded the templation
potential of the in situ click chemistry to E. coli 70S ribo-
somes or their 50S subunits and thus synthesized potent
macrolide antibiotics that target bacterial ribosome.'** Al-
so, the in situ click chemistry approach has been applied
to explore the conformational space of the ligand binding
site of a M. tuberculoisis transcriptional repressor EthR
which regulates the transcription of monooxygenase EthA
and thus controls the sensitivity of M. tuberculoisis to an-
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tibiotic ethionamide. The in situ formed inhibitor, dis-
played 10-fold higher activity than the starting azide, and
induced a significant conformational change of the li-
gand-binding domain of EthR.'*

o
\qnu
NH
H«N/LNH
‘ 0
N
4]
No
"N
T
N
0
N’k
H

H
N

&
/'\IorN

5. Iterative in situ Click Chemistry

In addition to the development of coupled bivalent
enzyme inhibitors targeting the active site, in situ click
chemistry can produce multivalent ligands active on pro-
tein surface, such as allosteric, interfacial, or non-func-
tional surface sites. Once a bivalent ligand has been for-
med via in situ approach from the corresponding azide
and alkyne building blocks, that biligand can serve as an
anchor ligand for the identification of a triligand, and so
forth, in a so-called iterative in situ click chemistry ap-
proach. This approach has been successfully introduced
by Agnew et al. to identify a triligand antibody-like cap-
ture agent against human or bovine CA-II (h(b)CA-II)
(Fig. 17).14
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Figure 17. Iterative in situ click chemistry approach for developing triligand capture agent for human or bovine carbonic anhydrase II (b(h)CA-II).'4
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The first anchor ligand was identified by screening a
comprehensive one-bead-one-compound (OBOC) peptide
library consisting of short chain peptides, against fluores-
cently labelled bCA-I1.'47148 Analysis of the position-de-
pendent frequency of amino acids identified the anchor li-
gand, a short heptapeptide comprised of non-natural D-
amino acids and a terminal, acetylene-containing amino
acid D-propargylglycine (D-Pra), showing an approxima-
tely 500 uM affinity for bCA-II. This anchor ligand was
used in the second screen against the OBOC peptide li-
brary, in which peptides were modified with an azide lin-
ker, in the presence of bCA-II to identify the triazole pro-
duct showing a 3 uM binding affinity for bCA-II. The
screen was repeated with this terminal D-Pra-containing
biligand as the new anchor unit to identify a triligand,
which exhibited strong binding affinities against bCA-II
(64 nM) and hCA-II (45 nM). However, no regioselecti-
vity was observed for the two triazoles in the triazole cap-
ture agent. On-bead, protein-templated triligand forma-
tion was confirmed by an enzyme-linked colorimetric as-
say containing a biotin conjugate of the biligand anc-
hor.'* The triligand was only formed in the presence of
b(h)CA-II, and not when b(h)CA-II was absent or other
proteins (transferrin, BSA) used instead. Similarly, on-
bead, protein-templated formation was not observed when
the incorrect biligand anchor was used. The triligand did
not interfere with bCA-II intrinsic esterase activity, which
indicated that it binds away from the active site.

The strategy described was also applied to identify a
high-specificity, triligand capture agent/inhibitor for Aktl
kinase.'”® Akt1 kinase is responsible for signal transduc-
tion from the plasma membrane to downstream effector
molecules that control cell growth, apoptosis, and transla-
tion.!>! To ensure the development of an allosteric site in-
hibitor, Millward et al. carried out an initial screen against
a large OBOC peptide library on a kinase preinhibited
with an ATP-competitive inhibitor, Ac7.° One of the N-
terminal azido-amino acid-containing peptides generated
in the initial screen showed almost 95% inhibition of the
Aktl kinase in the absence and presence of the conjugated
small molecule inhibitor and was therefore employed as
an anchor for biligand development (Fig. 18).

The most promising candidate from biligand screens
was modified with 5-hexynoic acid at the N-terminus and
used as an anchor ligand for triligand development which
finally resulted in the tertiary peptide containing two tria-
zole moieties. An analytical assay based on immune-
PCR'? revealed that the click reaction between the on-
bead secondary peptide and the soluble anchor peptide
was approximately 10-fold more efficient in the presence
of Aktl than in its absence, confirming the requirement
for the target protein to template the click reaction. The
biligand showed 100-fold improvement in its affinity for
Akt relative to the anchor peptide, while the triligand sho-
wed 2-3 fold affinity gain for Aktl (K; = 200 nM). The
specificity characterization of the anchor, biligand, and

triligand for a panel of His-tagged protein kinases revea-
led that the anchor was very specific for the Aktl protein,
with only modest cross-reactivity to GSK3 protein kina-
se. The biligand showed reduced specificity, with signifi-
cant binding to GSK3p. For the triligand, binding to
GSK3p was reduced to the level observed for the anchor
peptide. These observations indicate that large improve-
ments in affinity may come at the expense of reduced spe-
cificity, whereas increased specificity is not necessarily
accompanied by increased affinity. This inverse correla-
tion between affinity and selectivity is in accordance with
previous studies on small molecule protein kinase inhibi-
tors, '3 antibody—small molecule interactions,'>*
DNA-protein interactions,'> and protein—protein interac-
tions.'>® Measuring Aktl kinase activity under varying
substrate and triligand concentrations eliminated the pos-
sibility of a competitive mode of Aktl inhibition by the
triligand with respect to ATP and peptide substrates.'*
This confirmed that the triligand binds to a location away
from the active site of the kinase and that inhibition occurs
via an allosteric mechanism. Finally, the anchor, biligand,
and triligand were tested for the ability to recognize Akt
from the ovarian cancer cell line OVCAR3 in immunopre-
cipitation (IP) experiments. IP experiments confirmed the
increased affinity of the biligand relative to the anchor
peptide in OVCAR3 cell lysates from both cells stimula-
ted with a combination of epidermal growth factor (EGF)
and insulin and from untreated control cells. The triligand
showed somewhat increased IP of Akt relative to the bili-
gand only in lysates from induced cells. However, an
analysis of the total IP protein by SDS-PAGE electropho-
resis showed low non-selective binding for all ligands.
The authors observed IP of the protein that likely corres-
ponds to the GSK3[ kinase by the triligand, and to a les-
ser degree, by the anchor and the biligand."*® The underl-
ying rationale for GSK3 binding to ligands is yet to be ex-
plained. However, IP experiments confirm the increase in
capture efficiency of ligands, particularly in stimulated
cells, as they are being translated from anchor to triligand
with their affinity and selectivity criteria increased.

6. Conclusion

Receptor-based combinatorial chemistry is a promi-
sing strategy developed for identifying possible leads in
drug discovery whereby the biomolecular target of interest
is used to “fish out” building blocks that couple into high
affinity compounds. Theoretical studies have shown that,
unless excessive amounts of a molecular target are used,
high affinity compounds have a high probability of being
significantly amplified over other possible combinations of
building blocks. Also, any significantly amplified com-
pound is guaranteed to be a high affinity compound.

The examples listed in this review have illustrated
the potential of various receptor-based combinatorial che-
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mistry approaches to identify high affinity compounds
and, in some occasions, their potential to elucidate the
binding modes of substrates to their biomolecular target.

The in situ click chemistry approach combines buil-
ding blocks through 1,3-dipolar cycloaddition of azides
and alkynes (Huisgen’s cycloaddition). This approach is
predominantly used for the discovery of enzyme inhibi-
tors targeting enzyme active sites as illustrated with exam-
ples from the AChE system, although the templation po-
tential of this approach can be extended to more flexible
intersubunit binding sites and even minor groove of doub-
le-helical DNA. Examples from AChE and AChBP sys-
tems have shown that in situ click chemistry allows one to
freeze in-frame conformations that associate with high-af-
finity inhibitors and are normally not detected by conven-
tional structural methods. These findings set out a stage
for developing unusual strategies of drug design where the
most selective compounds would induce distinctive con-
formations of the target.

More efficient and synergistic approaches that com-
bine receptor based combinatorial chemistry with in silico
methods such as de novo structure based design (SBD) or
molecular docking studies limit the selection of the cou-
pling partners that have to be incubated with protein target
to the ones based on retrosynthesis of in silico designed
hits thus indicating that the full potential of receptor based
combinatorial chemistry in drug discovery is yet to be dis-
covered.'¥1%8
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Sodobno odkrivanje zdravil v glavnem temelji na de novo sintezah velikega $tevila spojin z razli¢nimi kemijskimi funk-
cionalnimi skupinami. Ceprav je kombinatorialna kemija omogogila pripravo velikih knjiznic spojin iz razli¢nih gradni-
kov, Se vedno ostaja teZava identifikacije spojin vodnic. Odkritje dinami¢nih metod kombinatorialne kemije predstavlja
korak naprej, saj pri sami sintezi visoko afinitetnih produktov vkljucuje bioloske makromolekularne tar¢e (receptorje).
Glavni preboj predstavlja sintezna metoda pri kateri se gradniki ireverzibilno poveZejo le ob prisotnosti receptorja.
Predstavljamo razli¢ne pristope v kombinatorialni kemiji, ki temeljijo na prisotnosti receptorjev. Pri Huisgenovi cikloa-
diciji (1,3-dipolarna cikloadicija azidov z alkini) nastanejo stabilni 1,2,3-triazoli; pogosto z zelo visokimi afinitetami do
receptorja, ki lahko doseZejo celo femtomolarno obmocje, kot prikazuje primer z inhibitorji acetilholinesteraze.
Huisgenovo cikloadicijo lahko uporabimo tudi pri razli¢nih drugih receptorjih: acetilholinesterazi; proteinih, ki veZejo
acetilholin; karboanhidrazi-1I, serin/treonin-proteinski kinazi in pri vezavi na mali Zleb DNA.
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