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Abstract. Complex N-glycans of glycoproteins of the zona pellucida (ZP) of human oocytes
have been implicated in the binding of spermatozoa. The termini of these unusual bi-, tri-, and
tetra-antennary N-glycans consist of the tetrasaccharide sialyl-Lewis® (SLe"), which was
previously identified as the minimal epitope for sperm binding. We describe here the chemo-
enzymatic synthesis of highly complex tri-antennary N-glycans derived from ZP carrying SLe*
moieties at the C-2 and C-2’ arm and a sialyl-Lewis*-Lewis™ (SLe*-Le") residue at the C-6
antenna and two closely related analogs. The compounds were examined for their ability to
inhibit the interaction of human sperm to ZP. It was found that the SLe"-Le™ moiety is critical
for inhibitory activity, whereas the other SLe" moieties exerted minimal effect. Further studies
with SLe*-Le* and SLe* showed that the extended structure is the more potent inhibitor. In
addition, trivalent SLe*-Le* and SLe* were prepared which showed greater inhibitory activity
compared to their monovalent counterparts. Our studies show that although SLe™ can inhibit the

binding of spermatozoa, presenting this epitope in the context of a complex N-glycan results in
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a loss of inhibitory potential, and in this context only SLe"-Le* can make productive
interactions. It is not the multivalent display of SLe* on a multi-antennary glycan but the
presentation of multiple SLe*-Le™ on the various glycosylation sites of ZP that accounts for high

avidity binding.

1. Introduction

The first committed step of animal fertilization is the binding between an oocyte and sperm. A
specialized extracellular matrix surrounding the oocyte, called the zona pellucida (ZP) in
mammals, is crucial for this process by mediating species-restricted recognition between
gametes."” Human ZP is composed of 4 glycoproteins termed as ZP1, ZP2, ZP3 and ZP4 which
are organized into long cross-linked fibrils. Both ZP2 and ZP3 have been implicated as binding
partners for sperm to induce spermatozoa exocytosis.> *

A number of studies have indicated that glycans of the ZP glycoproteins are critical for

binding of mammalian sperm.>®"*

. These ZP glycans may take part in direct interactions with
the sperm ZP receptors or may provide the proper tertiary structure that increases the
availability of the ZP glycoproteins to their binding proteins on spermatozoa.* Recently, Dell
and coworkers determined the structures of human ZP glycans by employing ultrasensitive
mass spectrometry.’ This in-depth analysis showed the presence of bi-, tri-, and tetra-antennary
N-glycans, many of which terminate in SLe* epitopes. Heterogeneity of the bi-, tri-, and tetra-
antennary N-glycans was limited to differences in the length of the antenna and the level of
fucosylation. In healthy humans, where SLe* plays a key role in leukocyte trafficking, fewer
than 1% of N-glycans carry this structure and none were found with more than one SLe”
containing antenna.'’ On the other hand, SLe* epitopes are highly expressed by many human
cancer cells. ' The presence of SLe*-Le* epitopes is another unusual feature of a number of N-
glycans of ZP, and previously this structure was only found on tumor cells.’

It was shown that SLe* alone or conjugated to bovine serum albumin (BSA) for multivalent
presentation can partially inhibit the binding of human sperm to isolated human ZP in a
hemizona assay.9 Furthermore, the trisaccharide Lewis™ (Le*) had no effect on the binding of
sperm indicating that the sialic acid moiety of SLe™ is critical for recognition. The latter finding
was supported by the observation that an antibody against SLe™ can inhibit the binding of sperm

to ZP by ~60%, whereas this was not the case for an anti-Le" antibody.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201800451

We expected that the N-glycans of oocytes, which are modified by several SLe* moieties,

can bind with high avidity to sperm cells through multivalent interactions.'*"?

In this regard, the
binding of multiple ligands expressed on a single entity to multiple receptors on a
complementary entity can result in a substantial increase in functional affinity and is common
in glycan-mediated biological recognition events. The glycoprotein ZP3 has three identified N-
glycosylated sites (Asnl25, Asnl47 and Asn272),'* and thus, it is possible that the binding
avidity between sperm and the ZP is further increased by the presentation of three N-glycans
each carrying several SLe* moieties. Since glycan structures are highly heterogeneous when
isolated from natural sources, the identification of the biological relevant epitope is very
challenging. Synthetic chemistry can address this challenge by providing well-defined glyco-
structures for interrogation of glycan-receptors interactions.'>'®

We report here the chemo-enzymatic preparation of three synthetically challenging tri-
antennary N-glycans (1, 2 and 3). Compound 1 is a representative structure of a tri-antennary N-
glycan derived from human ZP carrying a SLe™ moiety at the C-2 and C-2’ arm and a SLe*-Le"
residue at the C-6 antenna (Fig. 1). Compounds 2 and 3 are positional isomers of each other and
are derived from 1 where one of the SLe* moieties is replaced by Le*. The compounds were
evaluated as inhibitors of the binding of human sperm to ZP, and surprisingly it was found that
the SLe™-Le* moiety at the C-6 antenna contributes significantly to the inhibitory potential of
the N-glycans, whereas the other SLe" epitopes exerted a minimal effect. Further studies with
SLe*-Le* (4) and SLe* (5) showed that the extended structure is the more potent inhibitor. In
addition, trivalent SLe*-Le* and SLe* (7-8) were prepared and these compounds exhibited
greater inhibitory potency compared to their monovalent counterparts, indicating that the

interaction of multiple glycan epitopes on the surface of oocytes with multiple receptors on

sperm cells results in high avidity of binding.
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Figure 1. Structures of N-glycan derivative 1 found on human ZP and analogs thereof (2, 3), SLe™ and

Le" containing oligosaccharides 4-6 and glycodendrimers 7-9.

2. Results and Discussion

2.1 Chemoenzymatic synthesis. The synthesis of N-glycans such as 1 represents a formidable
challenge due to their asymmetrical architecture. Although N-glycans are usually
asymmetrically branched, synthetic efforts have almost exclusively focused on the preparation

. : 17,18,19,20,21,22,23
of simpler symmetrical structures, '"'%!1%-20-212%

This stems from the difficulties of controlling
diversification at the various branching sites, especially when several different complex
terminal structures need to be appended. Recently, we reported a flexible approach for the
preparation of asymmetrical multi-antennary glycans. It employs protected pentasaccharide 10**
(Scheme 1) that is modified at positions where branching points in N-linked glycans can occur®
with the orthogonal protecting groups levulinoyl (Lev), fluorenylmethyloxycarbonate (Fmoc),
allyloxycarbonate (Alloc), and 2-naphthylmethyl (Nap). These protecting groups can
sequentially be removed and chemically glycosylated using benzylated or acetylated N-
acetylglucosamine (GlcNAc) and N-acetyllactosamine (LacNAc) donors (e.g. 11, 12 and 13)*.
Removal of all protecting groups, except the acetyl esters, gives precursor glycans that at each
antenna can selectively be extended by a panel of glycosyltransferases to give highly complex

asymmetric N-glycans. We employed this methodology to chemically synthesize

decasaccharide 19, which was then extended by a panel of glycosyltransferases to provide the
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target glycans 1-3. Thus, the Fmoc group of 10 was selectively removed by the hindered base
triethylamine to give an alcohol that was glycosylated with 11 using triflic acid as the promoter
to provide heptamer 14 in 91% yield over 2 steps (Scheme 1). Next, the Alloc protecting group
of 14 was selectively removed with Pd(PPhs)s and the resulting acceptor 15 was glycosylated
with 12 to provide nonasaccharide 16 in 52% yield as only the [-anomer due to neighboring
group participation of the Troc functionality at C-2 of the glycosyl donor. The Lev ester of 16
was selectively cleaved with hydrazine acetate to give 17, which was then coupled with
glycosyl donor 13 to afford decasaccharide 18 in an excellent yield of 75%. Partial deprotection
of the latter compound was accomplished by a three-step procedure to give target compound 19
entailing the removal of Troc protecting groups with zinc in acetic acid, acetylation of the
resulting free amines with acetic anhydride in methanol, and finally catalytic hydrogenolysis of

the benzyl and Nap ethers.
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Scheme 1. Chemical synthesis of precursor decasaccharide 19 for enzymatic extension.
For the preparation of glycan 1, the acetyl esters of 19 were cleaved by treatment with

ammonium hydroxide and the two LacNAc moieties of the resulting compound 20 were

sialylated enzymatically using a-2,3-sialyltransferase from Pasteurella multocida (02,3SiaT) in
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the presence of cytidine 5'-monophospho-N-acetylneuraminic acid (CMP-Neu5SAc), and
alkaline phosphatase from calf intestine (CIAP) to give 21 (Scheme 2). The dodecasaccharide
was then fucosylated with o-1,3-fucosyltransferase (al,3FucT) from Helicobacter pylori,
guanosine 5'-diphospho-L-fucose (GDP-Fuc) and CIAP resulting in the formation of the bis-
fucosylated derivative 22. Next, the GIcNAc moiety of the C-6 antenna was converted into
LacNAc by employing a f-1,4-galactosyltransferase from bovine milk (GalT-1), uridine 5’-
diphosphogalactose (UDP-Gal), and CIAP to give 23. Treatment of the latter compound with [3-
1,3-N-acetylglucosaminyltransferase from Helicobacter pylori ($1,3GlcNAcT), UDP-GIcNAc,
and CIAP resulted in the selective addition of a f(1,3)-linked GIcNAc moiety to the LacNAc
moiety of the $1-6 branch to provide glycan 24. This branch was further extended by GalT-1 to
give 25, which was sialylated and fucosylated to give the target glycan 1. Interestingly, when
02,3SiaT from Pasteurella multocida was employed for the sialylation of 25, no product
formation was observed. However, switching from the bacterial enzyme to the mammalian
sialyltransferase (ST3Gal-IV) resolved the issue. Intermediate 25 could also be fucosylated with
al,3FucT to give glycan 3, which has a Le*-Le™ epitope at the C-6 arm, and SLe* moieties at
the C-2 and C-2’ antennae. After each enzymatic transformation, the product was purified by
size exclusion column chromatography using Sephadex G-25 gel filtration and the resulting
compounds were fully characterized by NMR spectroscopy (800 or 900 MHz) and mass
spectrometry of the permethylated derivatives. If any starting material was detected by mass
spectrometry, the compound was resubjected to the enzyme and sugar nucleotide until a

homogeneous product was obtained.
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Scheme 2. Chemoenzymatic synthesis of human ZP N-glycan derivatives 1 and 3. Reagents and
conditions: a) NH4OH, H,0; b) 02,3SiaT, CMP-Neu5Ac, CIAP, sodium cacodylate buffer (pH 7.3), 37
°C; ¢) al,3FucT, GDP-Fuc, CIAP, MnCl,, Tris buffer (pH 7.5), 37 °C; d) B1,4GalT, UDP-Gal, CIAP,
MnCl,, Tris buffer (pH 7.5), 37 °C; e) B1,3GlcNAcT, UDP-GIcNAc, CIAP, MgCl,, HEPES buffer (pH
7.3), 37 °C; f) ST3Gal-1V, CMP-Neu5Ac, CIAP, sodium cacodylate buffer (pH 7.3), 37 °C.

Glycan 2, which has unique appendages at the C-2, C-2’ and C-6 arm, was prepared starting
from precursor compound 19. In this case, the C-2 arm of 19 was selectively sialylated with
a2,3SiaT from Pasteurella multocida, which was followed by base treatment and fucosylation
to give SLe* and Le* moieties at C-2 and C-2’, respectively. The C-6 antenna was then
extended into an SLe™-Le” residue as described for compound 1 (for details see Scheme S1)

Recent advances in glycomics have highlighted the importance of multivalent presentation
of glycan epitopes in order to significantly increase the avidity and specificity of protein-
carbohydrate interactions.”® Synthetic multivalent scaffolds are powerful tools for displaying
multiple copies of monomeric glyco-epitopes in a controlled spatial arrangement.”’ Therefore,

we first synthesized monomeric azido-linkered Le*, SLe* and SLe*-Le* using a chemo-
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enzymatic approach and attached these to pentaerythritol-based scaffold modified with alkynes
for trivalent presentation. Briefly, the azido-SLe*-Le® 4 was synthesized by subjecting
chemically synthesized azido-LacNAc (32) (for synthesis see SI) to mammalian B-1,3-N-
acetylglucosaminyltransferase (B3GnT2), UDP-GIcNAc and CIAP, followed by treatment with
GalT-1, UDP-Gal and CIAP to produce the azido-di-LacNAc 33. Sialylation of 33 followed by
bis-fucosylation using ST3Gal-IV and mammalian o-1,3-fucosyltransferase (FUTS)
respectively, yielded target azido-SLe*-Le* 6. Similarly, sialylation and fucosylation of 32
provided azido-SLe" 5, while fucosylation of 32 gave azido-Le* 6 (Scheme 3A). Finally, azido-
SLe*-Le* 4, -SLe™ 5 and -Le™ 6 were conjugated to the pentaerythritol-based scaffold displaying
three alkyne functionalities (37) (for details see Scheme S3) using Cu-catalyzed alkyne-azide
cycloaddition (CuAAC), followed by purification using Sephadex G-25 gel filtration, to
provide the trivalent glycoconjugates 7, 8 and 9, respectively (Scheme 3B).

A
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Scheme 3. Preparation of glycodendrimers 7-9. A) Chemoenzymatic synthesis of linkered SLe*-Le™ (4),
SLe™ (5) and Le™ (6). Reagents and conditions: a) B3GnT2, UDP-GIcNAc, CIAP, MnCl,, HEPES
buffer (pH 7.3), 37 °C; b) GalT-1, UDP-Gal, CIAP, MnCl,, Tris buffer (pH 7.5), 37 °C; ¢) ST3Gal-1V,
CMP-Neu5Ac, CIAP, sodium cacodylate buffer (pH 7.3), 37 °C; d) FUTS5, GDP-Fuc, CIAP, MnCl,,
Tris buffer (pH 7.5), 37 °C. B) Chemical synthesis of glycodendrimers 7-9 using CuAAC.

2.2 Biological evaluation. The hemizona assay was employed to determine the effect of the
synthetic glycans on sperm-ZP binding. In this assay, non-living human eggs are bisected to
generate two equivalent hemispheres of ZP (hemizona). The influence of a compound of

interest on capacitated sperm binding can then be evaluated by an internally controlled
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comparison because of matched hemizona surfaces. Due to the limited availability of human
eggs, each compound was examined at one concentration (200 uM, 10 replicates) at which
differences in potency should be detectable. As anticipated, the number of sperm bound to the
hemizona was significantly decreased after treatment with SLe* whereas this was not the case
for Le* (Figure 2). Interestingly, treatment with SLe*-Le* led to a greater reduction in sperm
binding compared to SLe*. The complex tri-antennary glycans 1 and 2, which contain an
extended SLe*-Le* moiety at the C-6 antenna and additional SLe" residues at the other arm(s),
gave a similar reduction in sperm-hemizona binding compared to SLe*-Le". Importantly, glycan
3, which has SLe" moieties at the C-2 and C-2° arm and a Le*-Le”* residue at the C-6 antenna
was much less potent compared to monomeric SLe", highlighting the importance of glyco-
epitopes topology for stronger binding.

This surprising observation led us to investigate the effect of multivalent presentation of key
monomeric epitopes such as Le*, SLe* and SLe™-Le*, on egg-sperm binding. Inhibition
experiments with trivalent derivatives 7-9 showed a similar trend in inhibitory activity as their
monomeric structures, with trivalent SLe*-Le™ (7) being the most potent compound whereas no
activity was observed for the Le*-containing derivative 9. Interestingly, trivalent SLe™ (8) and
SLe*-Le* (7) exhibited greater inhibitory potency than their monovalent counter parts SLe™ and
SLe*-Le", respectively, confirming that not only the glycan-structure is highly important for
proper egg-sperm binding but also that the multi-presentation of the epitopes is a key factor for

enhancing the interaction between the glycan and its receptor.
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Figure 2. Hemizona binding index (HZI) of capacitated spermatozoa incubated in the presence of Le*,
SLe*, SLe*Le* (4-6), glycans 1-3, or glycodendrimers 7-9 compared with medium alone (control). All
compounds were assessed for HZI at 200 u M. The dendrimer concentration is based on molar

concentrations of SLe*. Data represents mean + SEM (n = 10). *P<0.05, **P<0.01 compared with SLe*.

3. Conclusions

A previous study indicated that SLe*-containing N-glycans of human oocytes are involved in
human sperm-oocyte binding.” The data presented here demonstrates that SLe*-Le* is actually
the key epitope that facilitates this interaction. Although the tetrasaccharide SLe* can inhibit
oocyte-sperm binding in the hemizona assay, it was found that presenting this epitope in the
context of a complex N-glycan results in a loss of inhibitory potential. During the past decade,
it has become clear that glycan binding proteins can recognize with high selectivity relatively
small oligosaccharide motifs that are often found at termini of complex glycans.*® For example,
Galectins recognize terminal LacNAc moieties, Siglecs bind 2,3- or 2,6-sialylated LacNAc, and
Selectins complex SLe" structures. A more complex picture of protein-glycan recognition is
emerging in which the topology of a complex glycan can modulate terminal glycan

ss 0 21,29.30,31,32,33,34
recognition.” T T

It has, however, been difficult to examine, in a systematic way, such
features of glycan-protein binding. This study shows that contemporary chemo-enzymatic
synthesis can provide highly complex asymmetrical N-glycans such as 1, as well as closely
related analogs that can probe in a systematic manner which features of complex glycans are

involved in the binding to proteins. We have also found that the presentation of the SLe*-Le*

10
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epitope on a trivalent scaffold results in a greater inhibitory potential compared to the
monovalent counterparts. These results are in agreement with the previous observation that
attachment of multiple copies of SLe* to BSA provides a conjugate that exhibits inhibitory
potential at lower concentrations. While the protein receptor is currently unknown,™ it is likely
that sperm cells express multiple receptors that can bind to SLe*-Le* containing glycans.
Furthermore, ZP3, which is abundantly expressed by oocytes, has three sites of N-glycosylation
that can carry glycans such as 1. Thus, it is likely that the interaction of multiple glycan
epitopes on the surface of oocytes with multiple receptors on sperm cell, results in high avidity
of binding. This study indicates that it is not the presentation of multiple SLe" epitopes within a
single N-linked glycan, but the presentation of multiple N-glycans carrying a SLe*-Le™ epitope
that contributes to high avidity binding.
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