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In a series of recent developments, dynamic combinatorial
chemistry (DCC)! has proved its capacity to select potent
enzyme inhibitors.”] The success of these preliminary vali-
dation studies was mainly based on the use of a previously
known high-affinity scaffold® %1 that could reversibly self-
assemble with several complementary building blocks. This
process results in the formation of a dynamic library of
potential ligands in which the target of interest, which acts as a
thermodynamic trap, can select its best binder. When the
experimental conditions are properly chosen,®! binding leads
to an amplification of this particular compound which can be
detected by an appropriate analytical method such as HPLC.

In these early studies, the products that were selected bore
very close similarities, both in structure and affinity, to
previously known inhibitors of the target enzymes. We were
curious to challenge this process with an enzyme for which a
scaffold with relatively poor binding properties would hope-
fully direct members of the dynamic combinatorial library
(DCL) towards the active site. Such situations are frequently
found in glycobiology, an area of research that is rapidly
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becoming fundamental in the post-genomic era.™
Indeed, many carbohydrate-binding proteins
including enzymes (termed Group II proteins)®!
comprise shallow carbohydrate-binding sites that
result in relatively weak carbohydrate—protein
interactions with dissociation constants often in
the millimolar range. We therefore decided to
assess the capacity of DCC to probe such low
energy interactions and selected for an initial
proof-of-principle study a well-known and readily
available Group II glycosidase, namely hen egg-
white lysozyme (HEWL). Involved in peptidogly-
can degradation, HEWL is known to cleave N-
acetyl-glucosamine oligomers (chito-oligosac-
charides) into their smaller units, which, up to
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Scheme 2. Synthesis of carbohydrate scaffold A. a) PivCl, pyridine, CH,Cl,, 0°C,
2h (78%); b) 1) Tf,0, pyridine, CH,Cl,, —15°C, 1 h; 2) NaNO,, DMF, 20°C,

16 h; 3) NaHCOs, H,0, 20°C, 5 min (64%); c) 1) TF,O, pyridine, CH,Cl,, —15°C
1 h; 2) NaN,, Bu,NHSO,, DMF, 20°C, 16 h (61%); d) MeONa, MeOH, 20°C,
5d (84%); e) Hy, Pd/C (5%), MeOH, 20°C, 4 h (90%). Piv=pivaloyl, Tf=tri-
fluoromethylsulfonate, DMF = N,N-dimethylformamide.

the tetramer, behave as competitive inhibitors.[%)
The affinity of N-acetyl-p-glucosamine (D-
GlcNAc) for the HEWL-binding site lies in the
20-50 mM range, whereas chitobiose and chitotriose display
higher affinities.”? On the basis of this knowledge, we
designed a DCL of potential HEWL binders starting with a
D-GlcNAc (or p-Glc) motif as a scaffold and by using the
generation of imines to introduce diversity (Scheme 1). This
reversible connecting system, which functions under mild
conditions, has previously been reported to be suitable for the
formation of DCLs.*»%*]

Two amino-derived carbohydrate compounds (amines A
and B in the D-GlcNAc and D-Glc series, respectively) and six
differently substituted aromatic aldehydes (1-6) were
selected.’) A 4-methylumbelliferyl chromophore was intro-
duced at the anomeric position of the carbohydrate building
blocks A and B to allow equal HPLC detection of the
different library products at a specific near-UV wavelength
(A=322 nm). The aromatic motifs may “mimic”, after imine
formation, a second carbohydrate ring and potentially
interact with complementary aromatic residues of the binding
site. Stacking interactions between aromatic residues of the
amino acid side chains and the hydrophobic faces of
carbohydrates are a common feature of almost every
carbohydrate—protein complex studied until present.>®!"!
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Amine A was synthesized from N-acetyl-D-glucosamine
following the sequence presented in Scheme 2. The 4-
methylumbelliferyl glycoside 7 was obtained by Roy’s proce-
dure™ and by using Horton’s chloride.'” Regioselective
pivaloylation of hydroxyl groups at the 3 and 6 positions,™
followed by epimerization at C-4!" furnished the p-galacto
derivative 8. Triflate formation and nucleophilic substitution
by sodium azide provided the azido intermediate 9, which
after deprotection of the hydroxyl groups and catalytic
hydrogenation afforded amine A. A similar sequence was
applied to the preparation of amine B from D-galactose (see
Supporting Information).

When a mixture of amines A and B (0.4 mM) were
equilibrated with aldehydes 1-6 (0.4 mm each) at room
temperature in an aqueous phosphate buffer solution
(pH6.2) in the presence of sodium cyanoborohydride
(3.6 mm), slow formation of the amines through reduction
of the iminium species was observed. After 24 h, the twelve
expected products could be detected by reverse-phase HPLC
(Figure 1a). Equilibration of the same library in the presence
of HEWL (0.4 mMm) induced a detectable change in the
distribution of the amines in the mixture with enrichment of
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Scheme 1. Structures of the building blocks and components of the dynamic combinatorial library (DCL).
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Figure 1. Selected portion of HPLC chromatograms of the DCL made
from amines A and B, and aldehydes 1-6 over 24 h: a) in the absence
of HEWL and b) in the presence of HEWL (1 equiv). (* indicates re-
sidual 4-methylumbelliferone).

amines A2 and, to a lesser extent, A6 (resulting from
reductive alkylation of amine A with aldehydes 2 and 6,
respectively; see Figure 1b). Although HPLC-MS analysis
easily confirmed the structures, amplification of the active
components becomes difficult to evaluate when a strong
overlap occurs (see, for instance, amines A1 and B1 in
Figure 1), and this difficulty increases with the size of the
library.”'") We therefore constructed and analyzed sub-
libraries with amines A and B. As expected from the previous
experiments, amplification of amines A2 and A6 was
observed when comparing libraries synthesized from A in
the presence (Figure 2b) and in the absence (Figure 2a) of
HEWL. No amplification was detected in the presence of
HEWL in the sublibrary that was based on amine B (see
Supporting Information). This clearly indicates that the
enzyme selects amine A as a scaffold rather than amine B.
When the reaction was performed at a higher concentration
of HEWL (1.2 mwm), the amplification was significantly
enhanced (Figure 2¢). Also, the addition of chitotriose, a
good HEWL inhibitor, led to a reduction (0.4 mMm chitotriose,
not shown) or disappearance (1.2 mMm chitotriose, Figure 2d)
of the amplification effect.

All these simple experiments clearly indicate an amplifi-
cation of the library members selected through interaction
with the HEWL active site. Interaction of scaffold A with the
active site rather than scaffold B further indicates that the 2-
acetamido group is an essential feature for recognition of the
library members by HEWL.I™ ¥ The active site of the enzyme
is a cleft composed of six carbohydrate-binding subsites (A to
Fl'V or —4 to 42181). Subsites —4, —2, and +1 are p-GlcNAc-
binding sites which are sensitive to the acetamido substituent
by strict hydrogen-bonding and hydrophobic interactions,
whereas the three other sites are not.'"”! As chitotriose is
known to tightly bind to the —4 to —2 subsites,'”) the extra
stabilization of the precursors of amines A2 and A6 above
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Figure 2. Selected portion of HPLC chromatograms showing the prod-
ucts of the DCL prepared from amine A and aldehydes 1-6 over 24 h:
a) in the absence of HEWL, b) in the presence of 1 equivalent of
HEWL, c) in the presence of 3 equivalents of HEWL, and d) in the
presence of 1 equivalent of HEWL and 3 equivalents of chitotriose.

(* indicates residual 4-methylumbelliferone).

suggests that the D-GlcNAc scaffold may occupy subsite —2
with the selected aromatic motif occupying subsite —3.

If this reasoning is correct, amines A2 or A 6 may display
inhibitory activities which are comparable to that of chito-
biose.l"” To test this hypothesis, the most amplified compound
(amine A2, Scheme 3) was synthesized separately,”” and its
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Scheme 3. Amine A2, which results from reductive alkylation of amine
A with aldehyde 2.

inhibitory activity was measured and compared with the
chito-oligomers. We used the lysis rate of Micrococcus
lysodeikticus, a Gram-positive bacteria that is very sensitive
to HEWL,?"! as a measure of the enzyme activity. Line-
weaver—Burk analysis is presented in Figure 3. The inhibition
constants (K;) measured for N-acetyl-D-glucosamine and
chitotriose were the same as those reported (not shown).[”
The value found for chitobiose was in the range reported
(0.6 mM instead of 0.2 mM reported, see Supporting Informa-
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Figure 3. Lineweaver—Burk analysis (double reciprocal plot) of the
observed initial lysis rate (V) as a function of the concentration of

Micrococcus lysodeikticus ([S]) in the absence (0) and in the presence
(x) of amine A2 (214 uM).

tion). The inhibition assays carried out with amine A2
(Figure 3) yielded a competitive type of inhibition with a K;
value that was similar to the value observed for chitobiose
(K;=0.6 mm).

These results indicate an additional binding effect from
the aromatic motifs, with amine A2 being around 100-fold
more active than the starting N-acetyl-D-glucosamine. With
the peptidoglycan substrate, HEWL subsite —3 hosts a
carbohydrate moiety (a N-acetylmuramic acid unit) which is
known to interact with complementary aromatic residues
through stacking interactions.'”? The K; values, which are
similar for A 2 and chitobiose, suggest that the enzyme selects
from the DCL an aromatic motif with a precise substitution
pattern that best fits in subsite —3.

We have shown that hen egg-white lysozyme selects from
a dynamic library of potential active-site ligands an optimal
binder, which comprises an aryl group that mimics a
carbohydrate unit. In such a dynamic combinatorial assay,
the system has shown its capacity to discriminate subtle
affinity variations induced by the different substitutions on
the aromatic moiety of the aldehydes. Further structural
studies to confirm this hypothesis and experiments to develop
and extend this approach are currently in progress in our

group.

Experimental Section

Preparation of a DCL from amines A and B and aldehydes 1-6: Stock
solutions of amines A (12 mM) and B (2.4 mM) were prepared in
distilled water. Solutions of aldehydes (0.6 mMm) in phosphate buffer
(30 mm, pH 6.2) and sodium cyanoborohydride (36 mm) in distilled
water were prepared just prior to use. Solutions of amine A (16.7 pl),
amine B (83.5 pl), and the aldehydes (333 pul) were introduced into an
Eppendorf tube, which was equipped with a small magnetic stirrer
bar, and the volume was adjusted to 450 ul with distilled water. After
stirring, a 225-pl aliquot of the mixture was removed and introduced
into an Eppendorf tube that contained HEWL (1.5 mg, 1 equiv). Both
Eppendorf tubes were stirred for 30 min before solutions of sodium
cyanoborohydride (25 pl) were added. The resulting mixtures (250 pl)
were equilibrated at room temperature for 24 h. 20-ul aliquots were
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removed from these solutions and guanidine thiocyanate (4.7 mg), a
good denaturant of HEWL, was added prior to HPLC analysis to
ensure the release of any bound ligand from the active site. This
treatment was also applied in the control experiment without HEWL.
After 1 h, acetic acid (20 pl) was added, and the solution was diluted
with methanol (120 pl). Analytical chromatography was performed
on a JASCO LC-1500 system equipped with a Phenomenex LUNA
C18 (2) 5p reversed-phase HPLC column (150 x 4.60 mm) with UV/
Vis detection at A =322 nm. A binary solvent gradient (solvent A:
0.1% trifluoroacetic acid in 95:5 H,O/CH;CN, solvent B: 0.1%
trifluoroacetic acid in 95:5 CH;CN/H,O) was optimized to separate
most of the DCL compounds: from 90:10 A/B to 70:30 A/B over
20 min, with a flow rate of 0.8 mLmin'. HPLC peaks were assigned
by means of LC-MS analysis. Some products were synthesized and
characterized separately to validate their assignments on the chro-
matograms.
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