CHEMMEDCHEM

CHEMISTRY ENABLING DRUG DISCOVERY

Accepted Article

Title: Monosaccharide derivatives with low nM lectin affinity and high
selectivity based on combined fluorine-amide, phenyl-arginine,
sulfur-1r, and halogen bond interactions

Authors: Fredrik Richard Zetterberg, Kristoffer Peterson, Richard
Johnsson, Thomas Brimert, Maria Hakansson, Derek T.
Logan, Hakon Leffler, and Ulf J Nilsson

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemMedChem 10.1002/cmdc.201700744

Link to VoR: http://dx.doi.org/10.1002/cmdc.201700744

A Journal of

emPubSoc

WI LEY-VCH www.chemmedchem.org ECRPS




ChemMedChem 10.1002/cmdc.201700744

WILEY-VCH

Monosaccharide derivatives with low nM lectin affinity and high

selectivity based on combined fluorine-amide, phernyl-arginine,

sulfur-1r, and halogen bond interactions

Fredrik R. Zetterberg,*™ Kristoffer Peterson,” Richard E. Johnsson,"” Tho
Hakansson, Derek T. Logan,®® Hakon Leffler, and UIf J. Nilsson*!

tructures with unnatural
the heparin  mimetic
of the uropathogeninic E.
ized interactions with CRD-
chains,”” sodium glucose transporter
the glifozin family,”” influenza

Abstract: The design of small and high affinity lectin inhibitors by modifying natur.
remains a major challenge because lectin natural ligand binding  chemical groups,
sites often are shallow and have polar character. We report that
derivatizing galactose with un-natural structural elements that form  coli adhesin Fi
multiple non-natural lectin-ligand interactions (orthogonal multipolar  lining tyrosine
fluorine-amide, phenyl-arginine, sulfur-r, and halogen bond) can  (SGLT2)
provide inhibitors with extraordinary affinity (low nM) for the model anamivir and Oseltamivir,” selectin
lectin, galectin-3, which is over 5 orders of magnitude higher than inhibitors, ased on optimized substituents on
the parent galactose, and, moreover, is selective compared to other  a sialic acid core structure,” and galectins,”'” the topic of this
galectins.

ilar to o’lectins, the galectin carbohydrate-binding site is
along the concave side of the ~130 amino acid B-
saNlwich carbohydrate recogniton domain (CRD).'"" The
ydrate binding site contains the galectin-defining
ide-binding site conferred by a conserved motif of about
ids. By itself, this subsite has weak binding to
galactosi ith Ky in the mM range. Addition of saccharides
on either side of the galactose can significantly enhance affinity,
but also decrease it. In the most commonly used galectin
saccharide inhibitors lactose, N-acetyl-lactosamine, and
alactoside the addition of a monosaccharide on the
ing side of the galactose increases affinity by 10-100 fold,
4S in the mid uM range. Previously we achieved much higher
inities (NM) by derivatizing such disaccharides with artificial
oieties that targets additional sites at either end, that is C3-
derivatization of N-acetyl-lactosamine and C3,C3'-derivatization
of thiodigalactoside with aromatic ester,"? amide,'®® 1% '3 or
triazole'® '™ moieties. Recenty we found that C3
multifluorinated phenyl groups providing orthogonal multipolar
fluorine-amide interactions strongly enhanced affinity for
galectin-3.'% ™3 This inspired attempts to replace the
monosaccharide at the reducing side of galactose with a less
polar aglycon, with the aim of still reaching high affinity while
keeping the galactose derivatized with a C3 trifluorophenyl
group. Indeed, with 4-methylphenylthio as the aglycon 1a, single
digit uM affinity for galectin-3 was reached.!"*?
Here we report further optimization of the thioglycosidic aglycon
on Village, SE-223 63 Lund, that affords galectin-3 inhibitors with low nM-affinities -
unprecedented for a monosaccharide galectin inhibitor. Series of
SARomics Bi Village, SE-223 63 Lund, B- (1b-c) and o-thio-D-galactopyranosides (2a-m) carrying the
same C3 4-(3,4,5-trifluorophenyl)-1H-triazole substituent were
synthesized (Scheme 1) and affinities compared with 1a using a
competitive fluorescence anisotropy assay (Tables 1-3).1'°

Lectin binding to glycoconjugates are rate-limiting in many
pathophysiological  processes!” including  host-pathogen
interaction, inflammation, immunity and cancer. Consequen
the discovery of drug-like inhibitors of such interaction
receiving significant attention.” However, finding small
affinity lectin inhibitors is a major challenge because the lectin
carbohydrate-binding sites tend to be polar and shallo
typically bind natural glycans with multiple hydro
sometimes enhanced by CH-m stacking of carb
onto aromatic amino acid side chains, and
highlighted contributions from conformational
usually results in weak-medium-to-affinity (uM-m
mono- or disaccharide, although exceptions are kno
challenge then is to find lectin inhibitors with drug like affini
low nM, and pharmacological properties that are much better
than the natural ligands. This has been,achieved in some ¢
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6c R'=3-chlorophenylthio
6e R'=phenylthio

6f R'=3-bromophenylthio  6d R'=4-chlorophenylthio
6g R'=3-iodophenylthio 6k R"=3,4-dichlorophenoxy
6h R'=3,4-dichlorophenylthio

6i R'=3-chloro-4-cyanophenylthio

6j R'=2,3-dichlorophenylthio

2g R'=3-iodophenylthi
2h R'=3,4-dichloroph

2a R'=4-methylphenylthio
2b R'=ethylthio

2c¢ R'=3-chlorophenylthio
2d R"=4-chlorophenylthio
2e R'=phenylthio

2f R'=3-bromophenylthio

Scheme 1. Synthesis of compounds 1a-c an
(a) 3,4,5-trifluorophenylacetylene, Cul, DIPE

R'-SH, CsCO; or NaH, 50°C,
(trimethylsilyl)ethynyl]lbenzen, Cul,
2h, 23-91% over two steps.

ene, 40°C; (h) NaOMe, MeOH,
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D-thio-galactopyranoside 2a
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Table 1. K4 (M) values for 1a-b and 2a-
competitive fluorescence polarization.mc]

an galectin-3 determined by

Compound Structure ’N
Y A

F (0]
X R?

4

1a R1|nethylphenylthio, R‘ 52014

2a AWM—methylpherI 0.33£0.033
1b %thv 5.1+0.53
2b R’ =ethylthio 1.0+0.087

7 W
Influence of phenyl aglycoln halogen substituents. To explore
these potentigl new interactions of the a-aglycon, we used the

(?

enyl 2e lar affinity as 2a) as a scaffold and examined
rent hal®en substituents. The 3-chloro 2c enhanced affinity
lectin-3 by another order of magnitude leading to K4 about
whereas the 4-chloro 2d did not. 3-Bromo (2f) and 3-iodo
lead to enhanced affinity. Introduction of an electron-
stituent, 4-chloro (2h) or 4-cyano (2i), next to
the 3-ch nhanced affinity further by a factor of about two,
reaching a femarkable Ky of 23 nM for 2i. In contrast, addition of
a 2-chloro to the 3-chloro 2j decreased affinity by one order of
magnitude. The f-anomer 1c of 2c had 30-fold lower affinity (Kq
.078 uM) for galectin-3, but was among the best B-
ers (cf. 1a and 1b in Table 1).

ence of the anomeric sulfur. The importance of the o-
omeric sulfur is apparent since the O-glycoside 2k had about
5-fold lower affinity (K4 0.49+0.024 uM) compared to the
corresponding S-glycoside 2h.

Structural analysis. The structure activity relationships (SAR)
described above suggests that the strong affinity enhancement
of some compounds with o-linked aglycons is due to a subtle
combination of different types of sterically precise interactions
with galectin-3. To analyze these further, complexes of the
galectin-3 CRD (galectin-3C) with one of the best a-glycosides
(2h) and an analogous p-compound (1c) were compared by X-
ray crystallography. The crystals diffracted to 1.2 and 1.5A,
respectively, and clear ligand density was observed for the
galactose residue and its 3C substituent. As expected, their
positions were essentially identical for the two compounds,
including the orthogonal multipolar ligand fluorine-amide
interaction with R144, 1145, and S237, and the ligand phenyl-
R144 side-chain stacking, and similar as observed earlier for
disaccharide derivatives'®@ (Figure 1c and d). The electron
density maps were weaker for the aglycons replacing glucose
and these showed double conformations for 1c (Figure 1a),
modeled with 0.3 and 0.7 occupancy. Despite this, the key
affinity enhancing atoms - the 3-chloro substituent of the phenyl
aglycon and the glycosidic sulfur - could be clearly identified,
and the phenyl ring modeled.

This article is protected by copyright. All rights reserved.
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Table 2. Ky (uM) values for 2c-j for human galectin-3 determined by

competitive fluorescence polarization.“oc] 14
Compound Ky
OH
N=N OH
F. ! o
N R y
E HOg R?
F
R3
2c R'=R’=H, R* =CI 0.049+0.0027
2d R'=R’=H, R® =CI 0.38+0.022
2e R'=R’=R’=H 0.52+0.038
2f R'=R’=H, R* =Br 0.031+0.0024
29 R'=R*=H, R? =| 0.058+0.0043
2h R'=H, R>=R’=CI 0.037+0.0010
2i R'=H, R’= Cl, R*=CN 0.047+0.0063
2j R'=R?=Cl, R®=H 0.85+0.031
G182
For both compounds 1¢ and 2h, the 3-chloro substitu
direction and position expected to form a halogen
backbone carbonyl oxygen of G182 in the
provides an explanation for the tenfold higher
2h over 2d and 2c over 2e. The 4-chloro of 2d and
in solution and cannot form a halogen bond with the prot
does not enhance affinity by itself (cf. 2d/2e). Halogen bo
strengths can be enhanced by increasing the size of the hglide
o-hole."™ One way is to replace the
larger halide; a small affinity enhanc
bromide 2f, but not with iodide 2g
large to fit. Another way to increase the siz
is to introduce an electron withdrawing group G182

2-chloro 2j decrease
conflict with the prote

sibly due to steric

Figure 1. A-B) Electron density map (grey mesh) 2|Fo| - |Fc| ac contoured at
10 for 1c and 2h in complex with galectin-3C. Galectin-3C in complex with C)
1c revealing fluorine-amide carbonyl interactions with residues R144, 1145,
and S237, and an X-bond interaction with G182 backbone carbonyl oxygen
and with D) 2h revealing fluorine-amide carbonyl interactions with residues
R144, 1145, and S237, a S-m interaction with W181, and an X-bond
interaction with G182 backbone carbonyl oxygen.

This article is protected by copyright. All rights reserved.
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The anomeric sulfur of the a-D-galactopyranoside 2h is
positioned near W181 suggesting a beneficial sulfur-r
interaction!'”! not shared by the p-galactosides. This could be an
important contribution to the affinity differences in the o/p
anomeric pairs 1a/2a (10 fold), 1b/2b (5 fold), and 1c/2c (30
fold). In addition, the oxygen analog 2k has a 15-fold lower
affinity than the corresponding thio-galactoside 2h, which also
supports the hypothesis of affinity enhancing effects of the o-
anomeric sulfur. The longer C-S bonds and/or smaller C-S-C
bond angle of the a-thio-galactosides 2a-2j may also be
important to place the aglycon in a favorable position compared
to the equivalent values for O to interact with galectin-3,
particularly for 3-chloro to form an optimal halogen bond.

The phenyl aglycon itself did not show evidence for any strong
interactions with the protein, which may explain why replacing it
with an aliphatic ethyl aglycon in 2b only led to a 2-fold
decrease in affinity (compared to 2a). Instead it may be more
important as a scaffold to position the phenyl 3-chloro
substituent to form a halogen bond with G182.

Galectin selectivity. Having arrived at monosaccharide inhibitors
with exceptional affinities for galectin-3, the important question
of selectivity for different members of the galectin family was
addressed (Table 3). In comparison with galectin-3, compound
2h had >100-fold lower affinity for most of the tested human
galectins, and 20 and 4-fold lower affinity for galectin-2 and the
C-terminal CRD of galectin-4, respectively. In contrast, methyl
a-D-galactopyranoside shows both poor affinity and selecti
for the galectins investigated. Hence, at least some of
specific interactions of the artificial substituents contributing to
the high galectin-3 affinity also contribute to the selectiy
other galectins.

Table 3. Ky (M) values of 2h and methyl a-D-galactopyran
galectins determined by competitive fluorescence polarizatio

Galectin 2h
1 3.7+0.15 >10000"
2 0.64+0.11 >20000

3 0.037+0.0010 ‘ 270019
4c? 0.13+0.012 \

aN° 2.9+0.40 W
A

8c?

8N°

9C? 6200+220

9N® 2800""%

[a] C-terminal domain.
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ccharide with
multipolar
, and halogen bond
affinities far surpassing
ts (e.g. about 100000

Conclusion. Derivatizing a low-affinity
functionalities forming a combination
fluorine-amide, phenyl-argj
interactions, results in lectin
those of common natural ligand

; removal of any of these
affinity. The compounds
inhibitors described and
g drug lead structures.

are the smallest h
thus constitute a

ride scaffolds as drug discovery
ially from the small, aromatic, and
lipophilic starting scaffolds typically generated by fragment-
based Ieadﬁeration or HTS strategies, and hence may also

ul alternative strategy for a broader range of

ental Section

Synthetic dures, crystallization experiments, and data collection
and refinemeht are described in the supplementary information.
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