:@2 ChemPubSoc
e Europe

Inhibitors

DOI: 10.1002/chem.201602190

CHEMISTRY

A European Journal

Full Paper

Mechanistic Insight into Heptosyltransferase Inhibition by using

Kdo Multivalent Glycoclusters
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Francois Nierengarten, and Stéphane P. Vincent*®

/Abstract: The synthesis of unprecedented multimeric Kdo
glycoclusters based on fullerene and calix[4]arene central
scaffolds is reported. The compounds were used to study
the mechanism and scope of multivalent glycosyltransferase
inhibition. Multimeric mannosides based on porphyrin and
pillar[5]arenes were also generated in a controlled manner.
Twelve glycoclusters and their monomeric ligands were thus
assayed against heptosyltransferase WaaC, which is an im-
portant bacterial glycosyltransferase that is involved in lipo-
polysaccharide biosynthesis. It was first found that all the
multimers interact solely with the acceptor binding site of
the enzyme even when the multimeric ligands mimic the
heptose donor. Second, the novel Kdo glycofullerenes dis-

-

played very potent inhibition (K;=0.14 um for the best inhib-\
itor); an inhibition level rarely observed with glycosyltrans-
ferases. Although the observed “multivalent effects” (i.e., the
enhancement of affinity of a ligand when presented in a mul-
timeric fashion) were in general modest, a dramatic effect of
the central scaffold on the inhibition level was evidenced:
the fullerene and the porphyrin scaffolds being by far superi-
or to the calix- and pillar-arenes. We could also show, by dy-
namic light scattering analysis, that the best inhibitor had
the propensity to form aggregates with the heptosyltransfer-
ase. This aggregative property may contribute to the global
multivalent enzyme inhibition, but probably do not consti-
tute the main origin of inhibition. D

Introduction

Many important biological phenomena exploit an enhance-
ment of binding affinities of a ligand for its receptor because
of the presentation of the ligand in a multivalent fashion; that
is, in a “clustered manner"." For instance, protein-carbohy-
drate interactions frequently mediate the first step of the infec-
tion process for many pathogens including viruses, fungi, bac-
teria, and bacterial toxins.? However, individual interactions
between sugars and proteins are often very weak.” This poor
binding affinity can be fully compensated for by multiple si-
multaneous interactions between carbohydrate ligands and

[a] Dr. A. Tikad, H. Fu, Dr. C. M. Sevrain, Prof. S. P. Vincent
University of Namur (UNamur), Département de Chimie
Laboratoire de Chimie Bio-Organique
rue de Bruxelles 61, 5000 Namur (Belgium)

E-mail: stephane.vincent@unamur.be

[b] Prof. S. Laurent

University of Mons (UMONS), Service de Chimie Générale

Organique et Biomédicale, Laboratoire de RMN et d'Imagerie Moléculaire

Avenue Maistriau 19, 7000 Mons (Blegium)

Prof. S. Laurent
Center for Microscopy and Molecular Imaging (CMMI)
Avenue Adrienne Bolland 8, 6041 Gosselies (Belgium)

[c

[d] Dr. J.-F. Nierengarten
Laboratoire de Chimie des Matériaux Moléculaires
Université de Strasbourg et CNRS (UMR 7509)
Ecole Européenne de Chimie, Polymeres et Matériaux (ECPM) 25 rue Bec-
querel, 67087 Strasbourg Cedex 2 (France)

Supporting information and the ORCID number(s) for the author(s) of this

=

@ article are available under http://dx.doi.org/10.1002/chem.201602190.

Chem. Eur. J. 2016, 22, 1-10

These are not the final page numbers! 22

Wiley Online Library

their receptors.”* These affinity enhancements are usually
coined “multivalent” or “cluster” effects.”!

Carbohydrate processing enzymes being mostly monomeric,
it was totally counter-intuitive to believe that these enzymes
could be inhibited by multimeric species. Thus, the field of
multivalent glycosidase inhibition has been overlooked for
years.” However, multimeric iminosugars were recently as-
sayed against a range of glycosidases and displayed significant
multivalent effects against Jack Bean a-mannosidase and iso-
maltase.”? Our laboratory described in 2012 the multivalent in-
hibition of a glycosyltransferase (GT), another major class of
glycosyl processing enzymes.® Since then, multivalent inhibi-
tors have been developed for other biologically relevant glyco-
sidases such as [-glucocerebrosidase, trimming glucosidases
and golgi a-mannosidase.”®* Importantly, this unusual mode
of inhibition is not restricted to glycosyl processing enzymes
because early examples have proved that proteases®® and car-
bonic anhydrases (CAs)," including the tumor-associated CA
IX," are also prone to multivalent inhibition.

The biosynthesis of complex glycans involves the participa-
tion of a huge number of GTs, which catalyze the regio- and
stereo-selective transfer of a saccharide from a donor to an ac-
ceptor. Many of these enzymes are involved in key biological
processes such as cell adhesion and recognition, and signaling,
and some of them represent attractive targets for the treat-
ment of major pathologies such as cancer, inflammation, and
infectious diseases."? Our initial investigation in this field was
based on the inhibition of a therapeutically relevant'® bacteri-
al heptosyltransferase (WaaC) by glycofullerenes bearing 12
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Figure 1. Heptosylation of Lipid A-Kdo2 catalyzed by heptosyltransferase WaaC. Man =mannose; Hep =heptose; Oct =octose.

monosaccharides such as Cy(Hep),, (Figure 1).! In this case,
an inhibition enhancement of more than 45-fold was observed,
compared with the monomeric a-heptoside (which corre-
sponds to more than 3.7-fold affinity enhancement per sugar
unit). WaaC is a monomeric enzyme that binds a glycolipid
1 (Lipid A-Kdo,) as the acceptor substrate (Figure 1). Due to
the lipidic nature of the substrate, the reaction takes place at
a surface, more precisely at the cytoplasmic inner membrane.
Therefore, clustering or local concentration effects might ex-
plain why multimeric structures such as glycofullerenes inhibit
WaaC in a multivalent manner. Although the intimate mecha-
nism by which WaaC is inhibited by these multimeric struc-
tures remains obscure, we are convinced that these results are
significant because glycosyltransferases, in general, constitute
a fantastic class of targets not only for drug development but
also for deciphering their fundamental biochemical/biological
functions. As recently reviewed, little is known on the possible
mechanism(s) of multivalent enzyme inhibition.” As for lectins,
the inhibition level of a multimer may be enhanced by quick
rebinding processes, chelation and/or protein aggregation. An-
other interesting hypothesis is that multimeric species can
bind several binding pockets of a single enzyme, simultaneous-
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ly, or not.” This assumption is particularly relevant for glyco-
syltransferases which, by essence, display two adjacent recog-
nition sites: one for the so-called “acceptor”, to which a sugar
unit located in the “donor” binding site will be transferred. To
shed light on the mechanism of multivalent enzyme inhibition,
we decided (1) to identify first which binding pocket(s) is inter-
acting with glycofullerenes; (2) to quantify the influence of the
central scaffold on the affinity enhancement; (3) to determine
whether glycoclusters inhibit WaaC by aggregating the protein.
To answer these questions, we first planned to confirm that
glycofullerenes Cg(Man),,, Ceo(Hep);,, and Cgo(Oct);,, do bind in
the WaaC donor pocket (Man=mannose; Hep=heptose;
Oct=octose). Then, we designed a new series of glycofuller-
enes bearing multiple copies of the acceptor Kdo (see
Scheme 2). This new series of glycoclusters was expected to
allow us to compare the binding modes of acceptor or donor
mimics and thus define the best strategy to inhibit a glycosyl-
transferase in a multivalent fashion. To probe the influence of
the Cg, central scaffold on the inhibition process, we also pre-
pared a series of multimeric compounds with different core
units, namely calix[4]arene, pillar[5]arene, and porphyrin
(Scheme 3). These molecules were constructed to allow us to
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probe the effect of the sugar density/valency around the cen-
tral scaffold on the binding affinity towards the targeted
enzyme. In the next paragraphs, we will first describe the syn-
thesis of the clickable Kdo derivatives, then their grafting onto
a fullerene scaffold. Next, will be described the preparations of
the novel multimers based on calix-, pillar-arenes and porphy-
rin scaffolds. The biochemical investigations on the binding
modes and the mechanism of multivalent WaaC inhibition will
be detailed afterwards.

Results and Discussion
Synthesis of clickable Kdo derivatives

A family of unprecedented Kdo sugars bearing a terminal
alkyne a@-12a, f-12a, @-12b, and a-13a (Scheme 1) were thus
designed to allow their grafting to azidofullerene 14
(Scheme 2). For the present project, we wished to exploit a syn-
thetic pathway allowing the preparation of two distinct epi-
mers at C-4 and the two anomers of Kdo to probe the selectiv-
ity of the binding process with the targeted glycosyltransfer-
ase. In the literature, two main synthetic strategies have been
developed for the construction of Kdo octosides that are not
commercially available: a (Cs+C;) strategy from a pentose (p-
arabinose) or a (C;+C,) strategy from p-mannose."™ For this
study, we followed a very appealing strategy initially devel-
oped by Schreiber and collaborators that involves the known
acyclic perbenzylated p-arabinoside 4, and benzyl 2-(bromo-
methyl)acrylate (Scheme 1).1¢

OBn OBn ) OBn OBn "
_ i - ii
: CO,Me
—">CHo Y 2 -
OBn OBn R/S1:1  OBn OBnR'R?
4 5aR'= OTIPS, R, = H
5bR'=H, R?= OTIPS
AcO OAc
iv) V)
— —

R2

a-8a and B-8a R2=OTIPS, Ry =H, n=1
a-8b and B-8b R2=H, R, = OTIPS, n= 1
a-9a and B-9b R2 = OTIPS, R, = H, n = 4

a-10aR'=0OH, RZ2=H, n=1
B-10aR'=OH,R2=H,n=1
a-10b R'=H, RZ=0OH, n=1
a-11aR'"=0OH,R2=H,n=4
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The condensation was performed in the presence of chro-
mium(ll) chloride and gave the corresponding alcohols as an
inseparable mixture of two diastereomers. The latter were then
transformed into the corresponding triisopropylsilyl ethers to
afford the pure methyl acrylates 5a and 5b in 82% global
yield over two steps, as a near 1:1 ratio after purification by
flash chromatography. Starting from compound 5a, the first
assay of ozonolysis in a mixture of solvents (CH,Cl,/MeOH, 5:1)
at —78°C, followed by reduction with Me,S, afforded a-keto
ester 6a in only 30% vyield. Fortunately, the use of CH,Cl, as
sole solvent allowed us to generate methyl pyruvate 6a in
81% vyield (Scheme 1). Deprotection of perbenzylated a-keto
ester 6a was accomplished by hydrogenolysis catalyzed by
Pd(OH),/C in methanol, followed by peracetylation, to give per-
acetylated octoside 7a in 93% yield over two steps. Com-
pound 7a was thus easily prepared on a multigram scale. Dia-
stereoisomer 7b was then prepared from 5b by following the
same synthetic route. The key step was the glycosylation of
peracetylated Kdo 7a and 7b with propargyl alcohol and 5-
hexyn-1-ol as acceptors. After optimization, we found that
treatment of 7a with propargyl alcohol in the presence of
BF;-OEt, as a promoter in acetonitrile at 0°C gave the desired
alkynes a,-8a along with a desilylated byproduct a,f-10a
(Scheme 1). Whereas the separation of isomers a-8a and f3-8a
was easily achieved by silica gel chromatography, it was not
the case for @-10a and f-10a. Hence, to obtain a larger
amount of a-8a and f-8a, the mixture of a,B-10a, isolated
from the glycosylation of 7a, was immediately silylated under
standard conditions. The crude material could then be purified

OBn OBn
: co,Me )

OBn OBnR'R2 O

6aR'=OTIPS,R,=H
6b R'=H, R2= OTIPS

7aR'=OTIPS, R, =H
7b R'=H, R2= OTIPS

a-12aR'=0H,R2=H, n=1
B-12aR'=OH,R2=H, n=1
a-12bR'=H, R2=0OH,n=1
a-13aR'"=0H,R2=H,n=4

Scheme 1. Reagents and conditions: i) a) Methyl 2-(bromomethyl)acrylate, CrCl, THF, RT, 5 h; b) TIPSOT, 2,6-lutidine, CH,Cl,, 0°C-RT, overnight, 82% (R/S, 1:1)
[5a(35%), 5b (31%) and (5a, b) (16%) as a mixture]; i) a) O;, CH,Cl,, —78°C, 2 h; b) Me,S, —78°C to RT, 2 h, 6a (from 5a: 81%), 6b (from 5b: 87 %); iii) a)
Pd(OH),/C, H,, 1 atm, MeOH, RT, overnight; b) Ac,0, pyridine, 0°C to RT, overnight, 7a (from 6a: 93 %, o/} 7:3), 7b (from 6b 87 %, o/f} 7:3); iv) a) propargyl al-
cohol or 5-hexyn-1-ol, BF;:OEt,, CH,CN, MS (4 A), 0°C-RT, 1 h-3.5 h; b) TIPSOTY, 2,6-lutidine, CH,Cl,, 0°C-RT, 4 h-overnight, a,-8a (from 7a: 62%, a/p 6:4)
over two steps [a-8a (37 %), -8a (25%)], a,p-9a (from 7a: 56 %, o/f 6:4) over two steps [a-9a (34%), f-9a (22%)], a,B-8b (from 7b: 27 %, a/f 6:4) over
two steps [a-8b (16%), §-8b (11%)]; v) HF-py, THF, 0°C-RT, 24 h, a-10a (from a-8a: 89%), f-10a (from -8a: 85%), a-11a (from a-9a: 94%), «-10b (from a-
8b: 71 %); vi MeONa, MeOH, 0°C-rt, 30 min, a-12a (from a-10a: 98%), -12a (from p-10a: 98%), a-13a (from a-11a: 96 %), a-12b (from a-10b: 76 %).
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Scheme 2. Synthesis of the target glycofullerenes and their corresponding monomers by CuAAC.

by careful silica gel chromatography to provide a-8a and p-8a
in better yield.

To study the effect of linker length on the inhibition of hep-
tosyltransferase WaaC, 5-hexyn-1-ol was also used as an ac-
ceptor instead of propargyl alcohol to afford the desired sepa-
rable compounds a-9a and f-9a in 56% global yield. The
same sequence (glycosylation/silylation) starting from the epi-
meric Kdo 7b, gave the two anomers o-8b and B-8b in
a modest 27 % vyield, indicating a significant remote effect of
the substituent at C-4 on the glycosylation process.

The first attempts at desilylation of a-8a, f-8a, a-9a, and a-
8b using tetrabutylammonium fluoride (TBAF) were very dis-
appointing because of concomitant acetate migrations. We
eventually found that the final desilylations had to be carried
out with HF-pyridine. Finally, deacetylation of a-10a, f-10a, a-
10b, and a-11a was accomplished under Zemplén conditions
to provide the expected products @-12a, f-12a, a-12b, and
a-13a in good to excellent yields. The structures of all Kdo
monomers were fully ascertained by NMR spectroscopy using
'H, ®C, 'H-"H COSY, "H-"H NOESY and 'H-"*C (HMQC, HMBC) ex-
periments. The anomeric configurations of 8a, 8b, and 9a
were unambiguously confirmed by NOE experiments that evi-
denced through-space correlations between H-1’, H-4, and H-6
for all a-configured glycosides.

Synthesis of multimeric Kdo glycofullerenes

As previously reported for other glycofullerenes,”” we took ad-

vantage of the copper-catalyzed azide-alkyne cycloaddition
(CuAAQ) reaction for the grafting of twelve unprotected carbo-
hydrates (a-12a, f-12a, @-12b, and a-13a) on the known full-
erene core 14"® bearing twelve azides (Scheme 2). It was
found that the use of an excess of terminal alkyne building

Chem. Eur. J. 2016, 22, 1-10
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block (13 equiv) with a catalytic amount of copper sulfate
(1.2 equiv) and sodium L-ascorbate (2.4 equiv) in a ternary mix-
ture of solvent (tetrahydrofuran (THF)/dimethyl sulfoxide
(DMSO)/H,0, 3:1:1) under microwave irradiation at 80°C for
3 h, were the best conditions for complete conversion into the
dodeca-Kdo fullerenes. The products were then precipitated
with acetone and extensively centrifuged and washed with
methanol and THF. The residual solid was then dissolved in
water in the presence of a copper scavenger (QuadraSil™) to
eliminate the residual traces of copper.

The scavenger was removed by simple filtration and the fil-
trate was further purified by size-exclusion chromatography
(Sephadex™, G-25).'

All the final molecules displayed the characteristic *C NMR
patterns for symmetrical fullerene hexa-adducts and were char-
acterized by mass spectrometry. We could thus pursue our in-
vestigation by the synthesis of glycoclusters based on other
central scaffolds than a fullerene.

Synthesis of the calix[4]arene, pillar[5]arene and porphyrin
glycoclusters

We chose to synthesize novel glycoclusters based on a tetrava-
lent calix[4]arene scaffold that would allow the multimers to
be generated both as a Kdo methyl ester (KDO-ester-C[4]A,
Scheme 3) and a free acid (KDO-acid-C[4]A) and directly com-
pare them to the corresponding mannoside (Man-C[4]A) and
the fullerene Kdo methyl esters Cq,(Kdo1-4),,. Multimeric man-
nosides were selected because we showed, in our preliminary
study, that the dodecavalent mannoside Cg(Man),, (Figure 1)
was already a potent WaaC inhibitor. Thus, we would be able
to evaluate the effects of ligand distribution, valency and the
ligand itself (Kdo versus p-mannose). Calix[4]arenes are cone-
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Scheme 3. Synthesis of glycoclusters by CuAAC. Reagents and conditions: i) Amberlite resin OH™, IRN78, MeOH/H,0 3:1, RT, overnight; i) a) MeONa, MeOH,
RT; b) Dowex 50WX8-200 (H* form), MeOH/H,O (1:1); iii) a) MeONa, MeOH, RT, 1 h; b) NaOH (1 m), THF/H,O (1:1), RT, 1 h; ¢) Dowex 50WX8-200 (Et;NH* form),
MeOH/H,0 (1:1); iv) a) MeONa, THF/MeOH/H,0 (1:1:1), RT, 24 h; b) Dowex 50WX8-200 (H* form), THF/MeOH/H,0 (1:1:1).

shaped structures distributing four ligands. It is reasonable to
assume that they may bind a protein very differently than the
globular glycofullerenes. To push further this investigation, we
also synthesized a planar tetravalent porphyrin (Man-Por) and
a decavalent pillar[5]arene (Man-P[5]A) (Scheme 3). Indeed, the
valency and the specific spatial orientations of the mannosides
around the different selected scaffolds may impact the inhibi-
tion efficacy, as observed for other multivalent inhibitors.”
Compared with calix[4]arenes, pillar[5]arenes distribute the li-
gands on both sides of their hydrophobic central core.”” The
synthesis of clickable Kdo derivatives being very demanding,
we prepared the latter central scaffolds only in the mannose
series.

Azidated calix[4]arene 17 and porphyrin 18 were obtained
from the corresponding phenols and 3-azidopropyl tosylate in
N,N-dimethylformamide (DMF), in 76 and 62% yields, respec-
tively.?" Pillar[5]arene bearing deprotected mannosides Man-
PI5]A® was prepared by following the procedure developed
in our laboratory.?®" The peracetylated propargyl mannoside
16 was synthesized by classical procedures.”? Azidated scaf-
folds were coupled to the propargylated carbohydrates a-11a
and 16 through CuAAC in the presence of copper sulfate and
sodium L-ascorbate under microwave irradiation in THF/H,O
(3:1) at 80°C. Peracetylated glycoclusters 20-22 were isolated
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in yields ranging from 61 to 92% depending on the difficulties
of the purifications by silica gel chromatography. The depro-
tections of peracetylated scaffolds 21-22 were usually carried
out under Zemplén conditions followed by sodium exchange
with a Dowex® resin.

Calix[4]arene 20 was deprotected in one step by using
a basic anion-exchange resin Amberlite™ IRN78 (hydroxide
form) in (MeOH/H,0, 1:1) at room temperature.

Biochemical investigation

Our first objective was to confirm that glycofullerenes
Ceo(Man),,, Ceo(Hep)y,, and Cyo(Oct),, (represented in Figure 1),
do bind the WaaC donor pocket because they mimic the hep-
tose donor substrate. We thus began our study by measuring
the inhibition constants K; using Lineweaver-Burk plots. WaaC
activity was monitored by a coupled enzyme assay involving
pyruvate kinase (PK) and luciferase, as previously described."*”
For each heptosylation reaction, the newly formed ADP is con-
verted by PK into ATP, which is quantified by a luminescent lu-
ciferase-catalyzed reaction (see the Supporting Information).
The competition assays against ADP-heptose were per-
formed at 1 um of acceptor Re-LPS 3 (K,=1 um)"** and ADP-
heptose 2 at five different concentrations. The competition

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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assays against Re-LPS were performed at 1 um of donor ADP-
Heptose 2 (K,,=1 um)'® and Re-LPS 3, also at five different
concentrations. The initial velocities were determined from the
time course of each reaction, thus yielding the K values
(Table 1).

The Lineweaver-Burk plots (see Figure 2 and the Supporting
Information) indicated the competitive/uncompetitive charac-
ter of the inhibition process. As expected from our preliminary
study, the K, values measured for glycofullerenes Cg(Man),,,
Ceo(Hep);, and Cgo(Oct);,, were found in the low micromolar

Table 1. K; and inhibition modes of Cg,(Man);,, Ceo(Hep),,, and Cgo(Oct);,.
Entry Inhibitor Ki [um] Competitive inhibition against
ADP-heptose LipidA-Kdo
1 Ceo(Man),, 521 no yes
2 Ceo(Hep):, 31+3.7 no yes
3 Ceo(Oct);, 86+t18 no yes
A

[Cgp(Man)q21
. 12:‘,‘,."' [Cgo(Man)q2]
= 200uM
100pM
30pM
v ouM

A1V(min pM-')
11V(min pM-')

30uM
v 104M
opm

of 1 2 3 4

1[Re-LPSIuM™, 1/[ADP-Heptose] M,

0.20

Q
o

o
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CoolHep)ial (Coo(Hep)izl
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5

AV(min pM-1)
3

= 50uM
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v ooum
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e | oM
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!
U[Re-LPSIUM™!) 1/[ADP-Heptosel(uM™")

Figure 2. Competitive and uncompetitive inhibition of WaaC by C4,(Man),,
(plots A, B), Ceo(Hep);, (plots C, D), and C¢,(Oct),, (plots E, F), with respect to
Re-LPS (plots A, C, e) and ADP-heptose (plots B, D, F).

range (Table 1).”! However, to our great surprise, the inhibition

modes of all these heptose-like multimers were clearly uncom-
petitive towards ADP-heptose although they were designed to
mimic the donor substrate. Interestingly, they do bind the ac-
ceptor pocket in a competitive fashion, as clearly shown in
Figure 2, despite the significant differences between the man-
nose-configured inhibitors and the Kdo acceptor structure. The
characteristic plots of uncompetitive inhibition (plots B, D, F)
indeed show that the glycofullerenes bind the enzyme already
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linked to the ADP-heptose donor substrate, whereas plots A, C,
and E all show a competitive inhibition mode against the ac-
ceptor substrate. These unexpected results pushed us to inves-
tigate the mechanism of multivalent WaaC inhibition, using
glycoclusters mimicking Kdo, with C4 and other multivalent
scaffolds.

The relative affinities of the novel multimeric Ci,(Kdo1-4),,
for WaaC are reported in Table 2. For these experiments, ADP-
heptose (1 um) and Re-LPS (1 um) were incubated at 25°C for
30 min at concentrations close to their K. The reactions in the
presence or absence of inhibitors were quenched thermally
and the conversion into ADP was determined thanks to a read-
out mixture composed of PK, PEP (Phosphoenol pyruvate), luci-
ferin, and luciferase (see the Supporting Information for experi-
mental details). The results are gathered in Table 2.

Table 2. WaaC Inhibition data of the different glycoclusters and their cor-
responding monomers ([ADP-heptose]=1 um and [Re-LPS] =1 um).
Entry  Product 1Cs Inhibition Enhancement
[um] enhancement  per sugar®
1 Ceo(Kdo1),, 034+022 103 0.9
2 Kdo1 35+13 - -
3 Ceo(Kd02),, 134033 12 1.0
4 Kdo2 15£0.65 - -
5 Ceo(Kdo3);, 031+0.11 83 0.7
6 Kdo3 27+1.1 - -
7 Ceo(Kdo4),, 0.51£0.1 28 23
8 Kod4 14+1.8 - -
9 Man-C[4]A 196+ 14 2.1 0.5
10 Kdo-ester- 140+3.9 0.7 0.17
C[4]A
1 Kdo-acid-C[4]JA  86+10 - Ll
12 Man-Por 20+09 48 12
13 Man-P[5]A 34+77 2.8 0.28
14 Man 94+6.9 - -
[a] Calculated on a per-sugar basis =1Cs;monomer/(ICs,fullerene/valency).
[b] Not determined.

Kdo fullerenes C¢y(Kdo1-4),, displayed submicromolar inhibi-
tion levels against WaaC, which is an inhibition level rarely ob-
served with glycosyltransferases.'”? As expected, compound
Ceo(Kd02),,, displaying the wrong [ anomeric configuration,
was a poorer ligand, with an ICs, value one order of magnitude
lower when compared with the corresponding o epimer
(Table 2, entries 1 and 3). The ICs5, was also slightly increased
for the Kdo epimer at C-4 C¢,(Kdo4),, (entries 1 and 7) showing
an influence of the C-4 absolute configuration on the binding
process, especially for the monomers (entries 2 and 8). Similar
ICs, values were obtained for multimers Cg(Kdo1),, and
C4o(Kdo3),, demonstrating that the length of the spacer does
not affect the affinity of the Kdo ligand for WaaC (entries 1 and
5). The IC;, values obtained with these four dodecavalent gly-
cofullerenes correspond well with those measured for the cor-
responding monomers. Moreover, analysis of the enhancement
of affinity per sugar units (based on valency corrected ICs,
values) clearly shows that no or modest multivalent effect is

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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observed, except for glycofullerene Cq(Kdo4),,, for which an
enhancement factor of 2.3 was observed.

We then verified that the inhibitor Cg(Kdo1),, was indeed
competitive against the acceptor Re-LPS: Lineweaver-Burk
plots showed that it is effectively the case (see the Supporting
Information). The K; value for Cy(Kdo1),, was found to be
0.144 um, showing that this novel glycofullerene has a signifi-
cantly higher affinity for WaaC than the previously prepared
glycoclusters Cg(Man),,, Cgo(Hep),,, and Cgo(Oc),, (Figure 1).
Overall, these results showed that (i) potent inhibition levels
could be obtained by using multimeric Kdo; (i) the inhibition
levels depend on the absolute configuration of both C-1 and
C-4 of the Kdo ligand, especially for the monomers; (iii) the
multimers are competitive inhibitors of the acceptor. Together,
these results demonstrate that the new glycofullerenes tightly
bind the Kdo acceptor pocket of the glycosyltransferase.

These results are consistent with the tridimensional structure
of heptosyltransferase WaaC, which has been co-crystallized
with ADP and a fluorinated analogue of ADP-heptose.*” The
nucleotide-sugar binds the enzyme at the bottom of a deep
cleft, which would be consistent with an ordered bi-bi mecha-
nism in which ADP-heptose binds first, before the Kdo,-lipid A
molecule. Therefore, our results show that the synthetic glyco-
fullerenes cannot easily reach and bind the deeply buried hep-
tose pocket. They also evidence that multimeric glycosides can
exhibit a high avidity towards the more accessible acceptor
pocket. This enhanced avidity would also explain the some-
what lowered binding selectivity, possibly through the en-
hancement of nonspecific interactions (manno-configured gly-
coclusters bind the acceptor pocket).

We could now push further this investigation to determine
whether this novel mode of GlycT inhibition is dependent on
the central multimeric scaffold.

Influence of the central scaffold on the WaaC inhibition pro-
cess

In general, the ICs, values of the glycoclusters synthesized in
this study ranged from 0.3 to 140 um and no or modest multi-
valent effects were observed for WaaC (Table 2). The enhance-
ment is calculated on a “per-sugar” basis, taking into account
both the IC;, values of the control monomers (entries 2, 4, 6, 8
for the Kdo derivatives and entry 14 for all mannosides) and
the valency. The best enhancement was 12 for the tetravalent
porphyrin Man-Por (entry 12). As expected, Kdo-acid-C[4]A
showed a better inhibition than its ester congener Kdo-ester-
C[4]A, showing that this interaction is important, although not
essential in this particular case. Both Kdo-derived calix[4]arenes
were also better inhibitors than their corresponding manno-
side Man-C[4]A (entries 9-11), as expected for a binding pro-
cess involving the glycosyltransferase acceptor pocket.
Inspection of the inhibition values showed that the tetrava-
lent calix[4]arenes scaffold (Table 2, entries 9-11) gave much
higher ICs, values (> 86 um) compared with the tetravalent
porphyrin ManPor (2 um; entry 12), which proved that two
multimers of the same valency can display very different inhibi-
tion profiles. Interestingly, the three multimannosides of this
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series (the tetravalent Man-C[4]A and Man-Por, and the decava-
lent Man-P[5]A) gave very significantly different 1C;, values,
even when the inhibition values are valency-corrected. Global-
ly, the inhibitory order of the different scaffolds was: porphyrin
~ C4o> pillar[5]arene > calix[4]arene.

Several mechanisms may explain how monomeric proteins,
such as enzymes, are potently inhibited by multimeric ligands:
ligand rebinding processes, chelating or aggregative effects
are often invoked in the literature.””! Some recent experimental
data obtained on the multivalent inhibition of Jack Bean a-
mannosidase suggested that multimeric inhibitors may operate
by aggregating their target enzyme.® For instance, Gouin and
co-workers had shown that a porphyrin linked to four iminocy-
clitols was also a significantly better glycosidase inhibitor com-
pared with other scaffolds presenting the same iminocycli-
tols.”¥ We noted that glycoporphyrin Man-Por displayed mod-
erate solubilities in both water and DMSO, suggesting that the
porphyrinic scaffold itself is prone to self-aggregation. This ob-
servation, along with the literature data, pushed us to investi-
gate the size of the potential particles present in solution
when the targeted enzyme and the glycoclusters are alone in
solution and mixed together.

Probing an aggregative mechanism for WaaC inhibition

Dynamic light scattering experiments (DLS) were performed
with representative monomeric and multimeric inhibitors of
WaaC (Table 3). It is noteworthy that DLS values of Man-C[4]A,

Table 3. Hydrodynamic diameters of WaaC with or without ligands.”’

Entry Molecule(s) Diameter (nm)

1 WaaC 2343; 68+ 12"

2 Cyo(Kdo3);, 48+2

3 Cgo(Man),, 3.042

4 Ceo(Oct)y, 264+7

5 Kdo-ester-C[4]A 141+6

6 WaaC + Cgo(Kdo3);, 104 +47"); 750 + 204

7 WaaC + Cg(Man);, 3547; 138+ 46"

8 WaaC + Cgo(Oct);, 3447; 140+ 49%

9 WaaC + Kdo-ester-C[4]A 19+3;61+27%; 213+51

[a] Experimental conditions: The hydrodynamic diameter of protein/li-
gands complexes were determined in solution: Hepes (pH 7.5, 50 mm),
KCl (50 mm), MgCl, (10 mm), Triton (0.1%), WaaC (2.5 pm), Inhibitor
(250 pm), preincubation 30 min in buffer. [b] Highest distribution among

the particle size detected.

Kdo-acid-C[4]A, and Man-Por could not be measured because
of their limited solubility under the assay conditions. DLS
measurements of the multimers were performed in the ab-
sence (entries 2-5) and presence (entries 6-9) of enzyme and
it was found that compounds Cg(Man),,, Ce(Oct);,, and Kdo-
ester-C[4]A slightly aggregate WaaC, whereas strongest aggre-
gation was observed with Cg,(Kdo3);,.

This investigation showed first that the enzyme itself
(Table 3, entry 1) and two of the multimers (entries 3 and 4)
are self-aggregating. Thus, we first performed a kinetic study
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that confirmed that the observed particle sizes were stable
over time. Then, we analyzed the distribution of particle sizes
when the multimers were mixed with WaaC.

The largest aggregates were observed at 104 and 750 nm
after pre-incubation of Cg(Kdo3);, and WaaC for 30 min
(Table 3, entry 6). These particles are significantly larger than
the protein alone (entry 1), which unambiguously proves the
ability of this glycofullerene to aggregate the enzyme. Given
the self-aggregation propensity of the studied enzyme, it is dif-
ficult to precisely assess the exact number of protein mole-
cules that could be aggregated by C4(Kdo3),,. Interestingly,
this molecule is also one of the very best inhibitors of WaaC,
showing a potential correlation between the inhibition power
of this fullerene and its ability to form aggregates with its en-
zymatic target. These results show that aggregation can
indeed contribute to multivalent WaaC inhibition, and con-
firmed the potency of some of the multimers to form cross-
linked complexes with WaaC. However, these DLS experiments
do not show that aggregation is the primary cause of inhibi-
tion and they do not exclude other inhibition mechanisms
such as rapid rebinding of the ligands to the acceptor pockets
or other chelation binding modes.

Very recently, Compain et al. described the synthesis of mul-
tivalent cyclopeptoid-iminosugars that displayed a high-level
of multivalent inhibition effect against Jack Bean mannosid-
ases.”® Thanks to electron microscopy imaging, they could evi-
dence the formation of a strong chelate complex in which two
mannosidase molecules are cross-linked by one inhibitor.
These results corroborate those obtained by Gouin et al. with
the same mannosidase but also with a Golgi-localized a-man-
nosidase, and a homologue of human lysosomal a-mannosid-
ases for which dynamic light scattering experiments and
atomic force microscopy suggested a cross-linking mecha-
nism.”? These results reveal that multivalent enzyme inhibi-
tion, when observed, really depend on the enzyme itself. Our
group recently investigated the mechanism of multivalent gly-
cosidase inhibition by using a collection of novel homo- and
heterovalent glyco(mimetic)-fullerenes purposely conceived to
probe the contribution of noncatalytic pockets in glysosidases
to the multivalent inhibitory effect.”” An original competitive
glycosidase-lectin binding assay demonstrated that the multi-
valent derivatives and the substrate compete for low affinity
non-glycone binding sites of the enzyme, leading to inhibition
by a “recognition and blockage” mechanism. The latter study,
which was performed on three structurally distinct glycosidas-
es, showed that such an enhancement of nonspecific interac-
tions depend on the accessibility and conformational flexibility
of the catalytic pocket of the enzyme.

From the data detailed in the present study, with a glycosyl-
transferase, it is likely that the inhibition levels observed
against WaaC with the inhibitors mimicking the donor sub-
strate also result from the enhancement of nonspecific interac-
tions.
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Conclusion

We have reported the synthesis of unprecedented multimeric
Kdo glycoclusters based on fullerene and calixarene central
scaffolds to study the mechanism and the scope of multivalent
glycosyltransferase inhibition. Multimeric mannosides based on
porphyrin and pillar-arenes were also generated in a controlled
manner. Twelve glycoclusters and their monomeric ligands
were thus assayed against heptosyltransferase WaaC, which is
an important bacterial glycosyltransferase involved in lipopoly-
saccharide (LPS) biosynthesis. Important mechanistic conclu-
sions could be drawn from this study. First, the multimers in-
teract solely with the acceptor binding site of the enzyme
even if the multimeric ligand mimics the heptose donor.
Second, the novel Kdo glycofullerenes displayed inhibition
values in the nanomolar range, which is an inhibition level
rarely observed with glycosyltransferases. Although the ob-
served “multivalent effects” (i.e., the enhancement of the affini-
ty of a ligand when presented in a multimeric fashion) were, in
general, modest, a dramatic effect of the central scaffold on
the inhibition level was evidenced: the fullerene and the por-
phyrin scaffolds being by far superior to the calix- and pillar-
arene.

These results are consistent with the 3D structure of WaaC
that show that the donor binding pocket is deeply buried and
the acceptor pocket is much more accessible. The multivalent
enzyme inhibition observed in this study would thus result
from the enhancement of the affinity of ligands for the accessi-
ble acceptor binding pocket.

We could also show, by dynamic light scattering, that the
best inhibitor had the propensity to form aggregates with the
heptosyltransferase. This aggregative property may contribute
to the global multivalent enzyme inhibition, without being the
primary cause of inhibition.

Beyond the novel fundamental conclusions of this study,
these results will contribute to the design of a new generation
of inhibitors of glycosyltransferase, which is a central class of
biocatalysts in glycosciences. Ours results could also be ex-
trapolated to other kinds of enzymes possessing two or more
binding or recognition pockets. In a more applied approach,
multivalent enzyme inhibition may find therapeutic applica-
tions for instance when enzymes are exposed in a cell (or
virus) outer membrane, as already demonstrated with cancer
cells and HIV infection models.””

Experimental Section

All experimental details (synthetic procedures, NMR spectra and
biochemical data) are provided in the Supporting Information.
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Better together? The synthesis of un-
precedented multimeric Kdo glycoclus-
ters based on fullerene and calixarene
central scaffolds is reported (see figure).
The compounds were used to study the
mechanism and the scope of multiva-
lent heptosyltransferase inhibition,
which is an important bacterial enzyme.
The novel Kdo glycofullerenes displayed
very potent inhibition (K;=0.14 pm), at
a level that is rarely observed with gly-
cosyltransferases.
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