N
N

N

HAL

open science

Polyvalent Transition-State Analogues of Sialyl
Substrates Strongly Inhibit Bacterial Sialidases

Coralie Assailly, Clarisse Bridot, Amélie Saumonneau, Paul Lottin, Benoit

Roubinet, Eva-Maria Krammer, Francesca Francois, Frederica Vena, Ludovic

Landemarre, Dimitri Alvarez Dorta, et al.

» To cite this version:

Coralie Assailly, Clarisse Bridot, Amélie Saumonneau, Paul Lottin, Benoit Roubinet, et al.. Polyvalent
Transition-State Analogues of Sialyl Substrates Strongly Inhibit Bacterial Sialidases. Chemistry - A

European Journal, 2020, 10.1002/chem.202004672 . hal-03003079

HAL Id: hal-03003079
https://hal.science/hal-03003079
Submitted on 13 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03003079
https://hal.archives-ouvertes.fr

Polymers of a transition-state sialyl cation strongly inhibit

bacterial sialidases.
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Abstract: Bacterial sialidases (SA) are validated drug targets
expressed by common human pathogens such as Streptococcus
pneumoniae, Vibrio cholerae or Clostridium perfringens. Non-
covalent inhibitors of bacterial SA capable of reaching the
submicromolar level are rarely reported. We developed multi- and
polyvalent compounds based on the transition state sialyl cation 2-
deoxy-2,3-didehydro-N-acetylneuraminic ~ (DANA). Poly-DANA
inhibits the catalytic activity of SA from S. pneumoniae (NanA) and
the symbiotic microorganism B. thetaiotaomicron (BtSA) at the
picomolar and low nanomolar levels when expressed in moles of
molecules and of DANA, respectively. Each DANA grafted to the
polymer surpasses the inhibitory potential of the monovalent analogue
by more than four orders of magnitude, which represents the highest
multivalent effect reported so far for an enzyme inhibition. The
synergistic interaction was shown to operate exclusively in the
catalytic domain, offering interesting perspectives for the multivalent
inhibition of other SA families lacking such as a carbohydrate-binding
domain, such as viral, parasitic or human SA.

Introduction

Sialidases (SA) are a family of exoglycosidases hydrolysing sialic
acid, a negatively charged a-keto monosaccharide with nine
carbon backbone atoms displayed at the outermost end of
glycans, glycoproteins or glycolipids. SA are widely present in
animal species, and unbalanced human SA activity plays a crucial
role in diabetes, inflammation, cancers and cardiovascular and
lysosomal storage diseases. [l SA are also common virulent
factors of pathogenic microorganisms, enabling them to develop
biofilms, to feed on host sialic acid, or to infect cells by unmasking
binding ligands. SA are therefore particularly relevant targets for
the development of anti-infective therapies against viruses,
bacteria, fungi and parasites. Considering the rapid development
of antimicrobial resistance to prescribed antibiotics or antifungals,
there is an urgent need to develop therapeutic approaches

targeting such new virulent factors. Active research in this domain
was rewarded by the approval of anti-influenza drugs such as
oseltamivir (Tamiflu) and zanamivir (Relenza) blocking viral SA
and preventing virion release and spread from the infected cells.
There has been less success with bacterial, fungal or parasitic
SAs, and there are few reports of inhibitory activities for bacterial
SA in the nanomolar range.?% The most promising inhibitors of
bacterial and human SA (NEU1-4)# are based on 2-deoxy-2,3-
didehydro-N-acetylneuraminic ~ (DANA), a transition-state
analogue of the sialyl cation after SA cleavage (Figure 1A). DANA
modifications with adequate pharmacophores at the C-5 or C-9
positions were shown to improve affinity and selectivity for specific
hNEU isoenzymes.!"4-8 The group of Chen developed triazole-
linked peptide in C-9 position of DANA with micromolar and
selective inhibition of V. cholerae SA.Y)

Virulent factors interfering with host sialoglycans may also be
efficiently targeted or inhibited with synthetic glycoclusters
bearing several copies of the sialic acid epitope. These
multivalent inhibitors proved particularly effective for lowering the
binding ability of human adenovirus or influenza virus strains, by
blocking trimeric sialic acid binding proteins at the surface of the
viral capsides.['®' The viral neuraminidase, a homotetrameric
enzyme allowing virions release from cell surfaces after sialic acid
cleavages, was also efficiently inhibited by the same approach.
Oligo- and poly-mers of the drug zanamivir (ZV), showed
impressive in vivo protection of infected mice, higher than the
parent ZV.['-'"] Polymeric ZV are however not suited for bacterial
SA inhibition. First SA catalytic domains do not arrange in
multimers at the bacterial surface, and second the ZV ligand
displays only a weak binding affinity for these enzymes due to
different active site architectures.!"8l

Bacterial SAs from the GH33 family share a six-bladed B-propeller
catalytic domain (CAT), often flanked with a lectinic domain or
carbohydrate-binding module (CBM). The role of these CBM is
not clearly understood, but they were proposed to significantly
improve the enzymatic catalytic efficiency for polysialylated



surfaces.['” Inspired by these results, we recently designed non-
hydrolysable polyvalent thiosialosides to bind to the CAT and
CBM domains simultaneously. These sialoclusters displayed
submicromolar binding inhibition capacity and inhibitory activity
for the pathogenic SA from Vibrio cholerae (VcSA) and
Streptococus  pneumoniae  (NanA).?  Each clustered
thiosialoside showed enhanced inhibitory capacity up to three
orders of magnitude compared with relevant monovalent
references.

Surprisingly, these synergistic inhibitory effects were also
observed for NanA catalytic domains alone (CAT), truncated from
CBM. More potent CAT binder than the millimolar affinity
thiosialosides may therefore provide higher levels of inhibition.
These results also suggested that CAT domains of SA are
sensitive to multivalent inhibitory effects as previously shown with
multivalent iminosugars and specific glycosidases.?™?4 In this
work, we select the DANA ligand to develop the first class of multi-
and polyvalent sialyl cation transition-state inhibitors of bacterial
SA (Figure 1B). The DANA-clusters inhibition potentials were
assessed towards SA from Bacterioides thetaiotaomicron (BtSA),
and Streptococcus pneumoniae (NanA) both belonging to the
GH33 family These enzymes were produced both in their full
length (CAT+CBM) and as CAT domains alone (for NanA).

A) Potent monovalent inhibitors based on DANA
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The SA from B. thetaiotaomicron, a symbiotic commensal
microbe of the intestinal tract, has a unique CBM at the N-terminal
end of the CAT that, shares low sequence similarity (6 to 10%) to
other CBM present in the CAZY database. A specificity of this SA
is that the CAT and CBM domains are very close to each
other(17A) compared with the same two SA domains of other
pathogenic bacteria.?® To date, little attention has been payed to
the inhibition of SA from commensal bacteria despite their
potential interest as an obesity-regulating target.!?%!

S. pneumoniae remains a major cause of respiratory infections
such as pneumonia, sinusitis or otitis, which can progress to forms
of purulent meningitis. The S. pneumonia SA NanA, is expressed
by 100% of strains and is an established virulence factor
contributing to infection and virulence.[?!

Here, we designed synthetic DANA clusters with an
unprecedented level of inhibitory capacity for GH 33 family SA
enzymes. We studied the inhibitory capacity and binding
interaction of the compounds on the full length BtSA and NanA
and on the truncated NanA catalytic domain (NanA-CAT).
Structural information on ligand binding was obtained from a
NanA-CAT co-crystal structure, molecular dynamic simulation on
DANA-NanA complexes and dynamic light scattering (DLS)
experiments.

\ VeSA, K;=73 nM

B) This work: DANA-clusters for the multivalent inhibition of bacterial sialidases
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Figure 1. A) The most potent SA inhibitors previously reported were obtained by making structural modifications (shown in light blue) at C-4, C-5, and C-9 positions
of DANA, a pan-inhibitor of bacterial SA with K in the pM range. These modifications were rewarded by the launch of zanamivir (Relenza®),?”! an oral drug to treat
influenza, and by the identification of potent and selective inhibitors of human neuraminidase (NEU1)!" and Vibrio cholerae sialidase (VcSA).F! B) In this work we
propose an alternative strategy to potently inhibit bacterial SAs. DANA clusters were designed as multivalent transition-state inhibitors of bacterial SAs. The efficiency
of the mono- and multivalent DANA derivatives 2, 4, 5, 7, 9 and 10 (in brown) was compared with mono- and multivalent analogues 1, 3, 6, 8 bearing non-

hydrolysable thiosialoside substrates (in blue).



Results and Discussion

Previously described thiosialosides 1 and 3?0 and new
compounds 6 and 8 were first designed to compare the
potential of the multivalent DANA with these substrate
analogues.

Three types of DANA clusters were selected to provide
potential multivalent inhibitory effects on bacterial SAs (Figure
1B). These compounds bear chemical groups attached to
DANA structurally identical to the monovalent reference 1,
which is necessary to calculate potential synergistic multivalent
effects while excluding different binding signatures due to
specific interactions in proximity to the binding site. The
divalent DANA 4 and 5 with short and long spacer arm lengths,
respectively, are potentially able to interact in the primary and
a putative secondary binding site at the protein surface.
Different levels of binding efficiency are expected depending
on the spacer arm length. We previously estimated from
polymer theory that the selected spacer arms for 4 and 5,
bearing 10 and 30 PEG units, attain average distances of 22
and 33 A, respectively.??! As previously observed with lectins,
this value should match the distance between two protein
binding sites for an optimal fit.?8) The a-cyclodextrin (CD)
scaffold of compound 7 was selected for a planar orientation of
six DANA ligands. CD can be easily derivatized at the primary
rim, a feature largely exploited for the design of
glycoclusters.?*-3" These size-controlled DANA-clusters were
completed by two different types of DANA polymers 9 and 10
obtained by RAFT polymerization and ROMP, respectively.
Glycopolymers designed for lectin inhibition have already been
shown to provide large affinity enhancements for their targets
due to their high density sugar contents, large distance
spanning, and high adaptability.3233 Members of this panel of
compounds display unique topologies and architectures
resulting from their different scaffolds. This structural diversity
should cover the requirement for expected multivalent
interaction through chelate, aggregative or statistical binding.

The synthesis was started by the chemical functionalization of
DANA by an alkyne group, to subsequently graft the ligand on
azido-armed EG, cyclodextrin or polymeric scaffolds by
conventional copper-catalysed azide-alkyne cycloaddition
(CuAAc). DANA was modified at C-9, a position previously
shown to accept a wide range of chemical group (Figure 1A),
and not buried in SA binding sites.[34

First, we adapted previously described procedures for the five-
step synthesis of 11 (supp. mat). Briefly, protected N-acetyl-
neuraminic acid was chlorinated in the anomeric position with
acetyl chloride,%%! and treated with DBU to form the intra-
cyclic double bond. Acetate deprotection of the hydroxyl
groups was followed by selective C-9 activation with p-toluene
sulfonyl chloride in pyridine. Unstable compound 1157 was
readily protected with acetates in pyridine to form 12. The tosyl
group was substituted with potassium thioacetate in DMF to
give 13 with a moderate yield of 56%. Diverse bases were
envisaged for the selective thiol deprotection followed by an in
situ alkylation with propargyl-bromide. The best reaction yields
were obtained with an equimolar mixture of sodium methyl
thiolate and potassium carbonate. After flash chromatography
purification, 14 was deprotected with lithium hydroxide to form
the expected compound 15 quantitatively.
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Scheme 1. Synthesis of alkynyl-DANA 10. i) Ac20, pyr, 0°C—rt, 1d, quant,
ii) KSAc, DMF, 60°C, 80 min, 56%, iii) NaSMe, K.COs, MeOH, 0°C, 30 min,
then propargyl bromide, 0°C—rt, 2h, workup, , evaporation, iv), pyr, Ac20,
rt,12H 90% over 3 steps, v) LiOH, MeOH, rt, 24h, quant.

The synthesis of mono-azido-EG; 20, di-azido-EG11, 27 21, 22
and peracetylated azido-EG3-CD 23 (Scheme 3) was
described in previous articles.?>3" The two polyvalent azides
17 and 19 were obtained as depicted in Scheme 2. 2-Vinyl-4,4-
dimethyl-5-oxazolone (VDM)B383 was polymerized by
reversible addition-fragmentation chain transfer (RAFT)
polymerization to form the poly(VDM)ss 16 with 35%
conversion (the conversion of the monomer was deliberately
limited in order to access well-defined polymers®®39) after
precipitation in hexane (M, = = 7800 g.mol', DP, =z = 54,
M. = 8300 g.mol" and B = 1.14). Polymer 18 was prepared
by ring-opening metathesis polymerization (ROMP) of
norbornenyl azlactone (NBAzl) using ruthenium-based
Grubbs’ third generation catalyst leading to a poly(NBAzl)1s5 of
My = 23700 g.mol™, DP, yyr = 115, M]/&zc = 25300 g.mol,
D = 1.12.4041 The azlactone moieties of polymers 16 and 18
were easily reacted with one equivalent of amine 12 to form
the corresponding azido-polymers 17 and 19, respectively, as
demonstrated by 'H NMR spectroscopy and SEC analysis
(Ml = 16300 g.mol!, Dgec = 1.31 and MYt = 51100 g.mol
1, D =1.16 for 17 and 19, respectively).
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Scheme 2. Synthesis of azido-polymers 17 and 19 from VDM and NBAzl. i)
2-cyanoprop-2-ylbenzodithioate, AIBN 60°C, 24h, 35% ii) 11-Azido-3,6,9-
trioxaundecan-1-amine, THF, 40°C, 26h, quant.

The azido-functionalized scaffolds 20-23 and azido polymers
17, 19 were engaged in a copper-catalysed azide alkyne
cycloaddition with acetyl-protected or unprotected DANA



derivatives 14, 15, and thiosialoside 24. Azide conversion was
followed by 1H NMR and FT-IR and exclusive formation of the
1,4-triazole regioisomers 25-29 was demonstrated by the large
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Scheme 3. Chemical synthesis of compounds 1-9.

Once the chemical synthesis has been achieved, we checked
that the introduction of a triazole moiety and EG linker at the
C-9 position of DANA did not impair ligand-binding ability in the
SA catalytic domains. The NanA-CAT was produced,
purified,”® and co-cristallized either with DANA or compound
2, using the sitting-drop (vapor diffusion) method. Good
diffraction-quality data for DANA-NanA-CAT and 2-NanA-CAT
were collected and resolved at 2.7 A and 1.9 A, respectively,
using the previously described NanA-CAT structure from PDB
entry 2YA5 as a model for molecular replacement.l'®! Ligand 2
was shown to interact in the catalytic pocket of NanA-CAT and
adopts a similar orientation in NanA-CAT as with DANA (Figure
2) or the influenza drug zanamivir.'®¥ Three arginines make
four strong salt bridges (3.0 A) with the carboxylic acid oxygens
of DANA, of which Arg706 forms a bifurcated interaction to
orient the inhibitor in the pocket (Figure 2A). Arg332 and
Arg648 each make a single salt bridge with an oxygen of the
carboxylic group, symmetrically on each side of the ligand. The
second face of their guanidinium groups is charge-
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compensated in salt bridges with Glu753 and Glu632,
respectively.

The similar orientation of the DANA in DANA-NanA-CAT and
2-NanA-CAT indicates that chemical modification of C9 on the
glycerol tail of DANA does not impair binding (Figure 2B). A
small difference is seen between these crystal structures in
that a fourth arginine, Arg351, contributes a salt bridge (3.0 A)
with O4 of ligand 2, whereas in the complex with DANA this
bond remains a long-distance interaction (3.7-3.8 A). The other
changes are situated at the exit of the pocket, where Tyr680
and Asp587 change their hydrogen bond pattern and
orientation, due to the modification of O9 to a sulfur atom and
linkage to the triazole group.

Molecular dynamics (MD) simulations were performed on the
crystallized NanA-CAT complex with monovalent 2’ (2 with one
PEG linker instead of four, Figure S25) and on docking results
of monovalent 2’ to NanA-CBM (Figure 3).



Figure 2. Binding of monovalent 2 in NanA-CAT. (A) Electron density of 2 in the binding site of the catalytic domain of NanA-CAT (PDB entry code: 7A5X). (B)
Superposition, using secondary structure matching (SSM)®“3 of monovalent 2 (yellow) and DANA (blue) bound in the NanA-CAT binding site showing a similar
orientation of the functional groups and amino-acid ligands in the catalytic site. The figures have been prepared (A) using COOT# and (B) PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC.)

To estimate the relative binding preferences of 2’ for the two Compound 2’ binds almost exclusively to the NanA-CAT
protein domains, we used two quantities: Neng, Which domain (Neno/ Niwi=4/4 and T=100%) and in contrast to the
represents the number of simulations (out of four=N;) in which NanA-CBM simulations (Nens/ Noi=0/4 and T=0.02%) does not
the compound remains bound at the end of the 30 ns leave the binding site.

simulations and T, which represents the time percentage of the
simulations in which the ligand is found in the active site.

Figure 3. Binding criteria used in the MD simulations. Compound 2’ was defined as bound when salt bridges with binding site arginine residues were kept. To
measure that in the (A) NanA-CAT the distance with Arg706 (d1) had to be kept below 6 A and in addition at least one of the two other saltbridges d2 and d°2) had
to be below 6 A at the same time; and B) for NanA-CBM two distances (d1 and d2) had to concurrently be below 6 A. The distance d1/d2/d"2 is defined as between
the carbon atom of the guanidinium arginine sidechain group of corresponding residues and the carbon atom of the C2 positioned carboxylate group of the sugar
moiety of compound 2’. The saltbridge length are shown in green and given in A.

As the specific binding of 2 in the SA catalytic domain is (whole or truncated) fused with an affinity tag is described in
established, the inhibitory capacity of compounds 1-10 was the supplementary material. The inhibitory activity of
assessed against NanA-CAT, NanA and BtSA. The full compounds 1-10 was studied with the substrate 2'-(4-
procedure to produce and purify these recombinant proteins methylumbelliferyl)-a-D-N-acetylneuraminic ~ acid  (4-MU-



NANA), releasing the fluorescent 4-methylumbelliferone (Aex =
360 nm and 2em = 455 nm) after enzymatic sialic acid
hydrolysis. Molecular concentration values required to inhibit
50% of the enzymatic activity of NanA-CAT, NanA and BtSA
measured in moles of molecules (ICso™) are listed in Table 1.
As polymers 8-10 possess a large average number of DANA
ligands (54 or 115), their IC5°' value may be considered to
give an inflated inhibitory potency result. We therefore also
expressed the inhibitory capacity of polymers 8-10 in mol of
DANA (valency-corrected ICsM°' x V= ICs"°) instead of
molecules. Monovalent compound 2 was used as a relevant
reference to calculate potential synergistic inhibitory effect due
to multivalency. The enhancement factor for each clustered
DANA is provided here by the valency-corrected relative
inhibitory potency (RIPVe= IC50(2) / V x IC5oM!).

Monovalent DANA 2 showed significantly lower ICsq values (3-
10 fold) for NanA, NanA-CAT and BtSA compared with the
ones measured for thiosialoside 1, (either measured in this

study, Table 1 or previously reported).?” These results are in
accordance with previously observed micromolar ICso of DANA
towards NanA,*? and confirm the superiority of this transition-
state inhibitor compared with sialoside substrate analogues.
Compared with 2, divalent DANA 4 and 5 showed only a
moderately improved inhibitory capacity for NanA and NanA-
CAT but a strong multivalent effect was observed on BtSA.
Compound 5 is a strong inhibitor (ICso = 46 nM) for this enzyme
also showing high selectivity towards NanA (ICso = 44 uM).
Each of the two DANA groups of 5 are about 900-fold more
potent than the monovalent reference 2. Further increasing the
DANA valency with hexavalent CD 7 led to significantly higher
inhibitory potency for NanA (ICso = 0.29 uM, RIPV¢ = 59) and
very strong inhibition of BtSA (ICso = 2.4 nM, RIPV¢ = 5763).
When the divalent and CD scaffolds are decorated with
thiosialosides (cpds 3 and 6), much less potent analogues
were obtained with ICs: in the micromolar range at best.

Table 1. Inhibitory activity of compounds 1-10. Molecular and valency-corrected inhibitory concentration values (ICso™ and 1Csi', respectively) are given in
micromolar units for new compounds 2, 4-10 and previously reported compounds 12% and 3%, The valency-corrected relative inhibitory potencies (RIPY®) showed

the enhancement factor of each clustered DANA compared with 2.

Cpds NanA NanA-CAT BtSA
Cpds  Valency | ICso™ (ICs0) RIPYC Cs0i (ICs0™®) RIPVC Caoi (M) RIPiVC
-« - 1 1042 + 201 0.1 426453 02 271+9 0.3
= 1 1035 1 97 + 11 1 83+ 11 1
ee 206 + 236 0.25 258 + 2 02 >1000 <0.1
ee 51 10 7747 06 0.81+0.04 51
.?. 2 445 1 392 1.2 0.046 + 0.002 902
: 6 >1000 <0.1 92153 0.05 13+0.2 11
# 6 0.29 +0.02 59 2402 8 0.0024 +0.0002 5763
qf{b 54 20 <0.1 0.199 £ 0.052 12 61 <0.3
2% . (>1000) S (8:2) S (327£1)
% b v 5 0.00014 £8.10% 13376 0.00055+3.10° 3222 0.00048 £1.10° 3192
9% (00077 £4.107) © (0.030+2.109) : (0.026£7.107)
© 0.000032£9.10° 27837 . 0.000690:810° 1243  : 0.000067£2.10° 10779

‘.1:0 115

: (0.0037 + 1.107)

[a] Values previously described values in ref 21

The flexible and rigid DANA polymers 9 and 10 proved highly
potent with unprecedented levels of inhibitory capacity for the
targets. The polymers reached picomolar and low nanomolar
levels in the inhibition for NanA, NanA-CAT when expressed in
moles of molecules or DANA groups, respectively. NanA-CAT
was more potently inhibited by the flexible poly-DANA 9 (IC5o™
= 550 pM, IC50¥¢ = 30 nM) while lower inhibitory values were
obtained with poly-DANA 10 and NanA (ICso™' = 32 pM, I1C50¥°
= 3.7 nM) or BtSA (IC5oM' = 67 pM, IC50¥¢ = 7.7 nM). For these
two polymers, each DANA ligand surpassed the inhibitory
capacity of the monovalent reference 2 by three (RIPV® 10-
BtSA = 1243, Table 1) to more than four orders of magnitudes

: (0.078 £ 10.10)

: (0.0077 £ 2.107)

(RIPVe 10-NanA= 27 837). We also determined the inhibitory
constants (Ki) and valency-corrected inhibitory constants (K;°)
for the DANA ligands attached to the two best inhibitors for
NanA and BtSA (9, 10 and 7, 10, respectively). As the
compounds are highly potent inhibitors, DANA concentration
used during the assay was not significantly higher than [SA]
and we had to apply the Morrison equation for tight-binding
inhibitors.#¢471 Indeed, equations of the Henri-Michaelis-
Menten type are only valid if the enzyme concentration is much
lower than the inhibitor concentration. We also assumed a
competitive binding mode for the multivalent DANA as
suggested from crystallography and MD simulations showing



DANA interaction in the catalytic binding pocket. The low K¢
values measured for the best inhibitors 9 (K¢ = 17.4 £1.7 nM)
and 10 (K¢ =16.2 + 1.9 nM) for NanA and, 7 (Ki = 0.56 + 0.23
nM) and 10 (K"° = 10.7 £ 1.6 nM) for BtSA, confirmed the
strong potency and synergistic effects offered by these
multivalent-DANA.

Next, we evaluated whether the strong inhibition of the
enzymatic activity provided by the multivalent DANA was
correlated with a strong binding affinity for the targets. More
precisely, we assessed whether the compounds could
efficiently prevent NanA and NanA-CAT binding to a labelled
multi-sialylated protein mimicking natural sialyl glycans at cell
surfaces. BtSA was not evaluated in this assay due to its much
lower binding affinity for the labelled protein. NanA constructs
were coated onto a microplate surface and labelled bovine
serum albumin (BSA) was coated with non-hydrolysable
thiosialosides.? This system, adapted from “lectin profiling”
technology, allowed determination of the half maximal
inhibitory concentrations of binding values ICbsy and to
calculate the valency-corrected relative inhibitory potency of
binding RIPbV® (Table 2).

The DANA derivatives showed ICbso™' one to two-order of
magnitude lower against NanA-CAT than against NanA,
meaning that the compounds are more efficient in blocking the
catalytic site alone compared to the full-length enzyme bearing
the CBM (sialoside-binding domain). NanA-CBM display a
higher intrinsic affinity for sialylated surfaces than do NanA-
CAT2% and the lower binding capacity of the compounds for
NanA compared with NanA-CAT, suggest that the DANA
ligands interact in the CAT domain only, as observed in our
structural and simulation data.

The binding inhibition potential observed with compounds 1-10
shows significant homologies with their inhibitory capacity
(except for 7 on NanA) because (i) the DANA derivatives are
significantly more potent than their sialoside derivatives, (ii) the
low-valency compounds 2-7 show a moderate level of
synergistic effects, if any, and (iii) the DANA polymers 9-10 are
highly potent inhibitors of NanA binding. These compounds
displayed picomolar ICbsg™ and low nanomolar ICbse"®
inhibition level. 10 was the most potent polymer with 1Cbso™'=
31 pM and ICbso"= 3.6 nM for NanA-CAT. 9-10 also display
outstanding multivalent effects for NanA with RIP'® values of
17242 and 38461 (Table 2), respectively. Thus, the DANA
polymers combine an outstanding potential for blocking the
enzymatic hydrolysis activities and binding capacities of NanA.
Both effects are also observed on the truncated domain NanA-
CAT, showing that DANA binding occurs at catalytic domains
as suggested by X-ray structural data and molecular dynamic
simulations (Figures 2, 3).

Dynamic light scattering (DLS) experiments were performed by
means of titration to polymer 10, carrying 115 DANA
molecules. DLS analysis showed that upon titration of the
sialidase proteins to polymer 10, the hydrodynamic radius (Rn)
for the protein peak doubles in size for those BtSA and NanA
proteins (Figures S17-S24). Thus, the multivalent DANA 10
has the potency to cluster SA catalytic domains in a similar
fashion to that previously reported between GalNAc binding
lectins and a submaxillary mucin polymer bearing ~2300 a-
GalNAc residues. The lectins displayed a much higher affinity
for the polymeric GalNAc, explained by a reduced off-rate of
the complex due to a lectin diffusion mechanism along the

GalNAc chain.® The high synergistic effects observed here
with multivalents 9 and 10 are likely due to a similar “bind and
jump” mechanism where the catalytic domain diffuses from one
DANA ligand to another.

Conclusion

In conclusion, we developed polymers of the sialyl cation
transition-state analogue DANA with unprecedented level of
inhibition for a bacterial SA of the GH 33 family. The DANA
clusters provided valency-corrected multivalent effects
exceeding four orders of magnitude on NanA or BtSA. As far
as we know, such a level of synergistic inhibition has never
been achieved with previously described multivalent enzyme
inhibitors. The improved inhibition and affinity being also
observed on the truncated catalytic domain NanA-CAT alone,
we forecast that this strategy may also be successful in
blocking other classes of biologically relevant bacterial, viral or
human SA lacking a CBM domain.

Table 2. Binding inhibition of compounds 1-10 in yM.

NanA NanA-CAT
Cpds  Val : ICbs RIPLYC s RIPbYC :
© (ICbso) © (ICbso") :
®— 1 sa0si000 006 M -
Iz— 1 | >500 1 24108 1
@& 2 | 8sos200® <028 | - -
&® , | 6020 >1.5 0.40 £0.05 3
.?. 2 | 310450 >0.8 0.20 £0.02 6
6 | 6015 >1.4 45%20 0.09
*’* 6 | >250 >0.3 0.9+0.1 0.4
qf{b 54 0.055 >166 0.014 3
2% © (3.015) © (0.820.1)
{54 0.00054 >17242 0.000068 648
\9\.‘4. (0.029 £0.004) (0.0037+0.0013)
: 115 0.00011 >38461 0.000031 667
‘1'10 . (0.013£0.002) . (0.0036£0.0012)
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