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Synthetic glycoclusters and their related biological applications have stimulated increasing interest over
the last decade. As a prerequisite to discovering active and selective therapeuticals, the development of
multivalent glycoconjugates with diverse topologies is faced with inherent synthetic and structural
characterisation difficulties. Here we describe a new series of molecularly-defined glycoclusters that
were synthesized in a controlled manner using a robust and versatile divergent protocol. Starting from a
Regioselectively Addressable Functionalized Template (RAFT) carrier, either a polylysine dendritic
framework or a second RAFT, then 16 copies of fGal, aMan, BLac or cancer-related
Thomsen-Freidenreich (oTF) antigen were successively conjugated within the same molecule using
oxime chemistry. We thus obtained a new generation of dendri-RAFTs glycoclusters with high
glycosidic density and variable spatial organizations. These compounds displaying 16 endgroups were
unambiguously characterized by NMR spectroscopy and mass spectrometry. Further biological assays
between a model lectin from Canavalia ensiformis (ConA) and mannosylated glycoclusters revealed a
higher inhibition potency than the tetravalent counterpart, in particular for the hexadecavalent
polylysine skeleton. Together with the efficiency of the synthetic and characterisation processes, this
preliminary biological study provided clear evidence of promising properties that make the second
generation of cyclopeptide-based glycoclusters attractive for biomedical applications.

Introduction

Understanding the carbohydrate/protein interactions that me-
diate biological processes clearly remains a major challenge in
glycoscience. To address this issue and discover new bioactive
molecules, extensive multidisciplinar research programs involving
both glycobiology and chemistry have been developed over the
past decade.! Unlike monovalent interactions that are weak
and unspecific, it was clearly demonstrated that high selectivity
and strong binding enhancement arise from multi-point contacts
between clusters of glycans and proteins.? This so-called ‘glycoside
cluster effect’ has deeply inspired the development of synthetic
molecules incorporating covalently bound clusters of carbohy-
drates (glycoclusters) that either mimic or inhibit recognition
processes involving bacterial toxins and vegetal or animal lectins,?
sometimes with subnanomolar affinities.* Interestingly, other
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studies focusing more on the recognition processes have notably
clarified the mechanistic parameters that may occur through
chelating, proximity/statistical or clustering effects, depending
on the tridimensional structures of both glycocluster and target
protein.® While giving useful guidelines, these findings also clearly
highlighted that an ideal system for amplified binding remains
extremely difficult to design.

Optimization of the biological potency of bio-recognizable gly-
coclusters closely depends on the number of carbohydrate copies
as well as their architecture. To this end, a large variety of synthetic
glycoclusters displaying variable topology, valency and density has
been explored so far. The typical approach to preparing such glyco-
conjugates consists of grafting carbohydrates onto either rigid or
flexible backbones such as polymers,® calixarenes,’ cyclodextrins,?
peptide dendrimers,” poly(amidoamine) (PAMAM) dendrimers,*
cyclopeptides,' oligonucleotides,'* fullerenes™ or nanoparticles.*
However, tuning the glycocluster’s structure is still faced with
inherent difficulties that result from the difficulties in synthesising
(i.e. chemical incompatibility, regio- and stereoselectivity, in-
complete reactions, purifications) and structurally characterising
highly glycosylated molecules.

As part of a long-term program to design new bioactive gly-
coconjugates, we previously reported a first generation of confor-
mationally stable cyclopeptide scaffolds, namely Regioselectively
Addressable Functionalized Templates (RAFTs),''* whose lysine
side chains of one addressable domain were decorated with four
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Fig. 1 General structure of the first and the second generation of cyclopeptide-based glycoclusters.

copies of either identical®® or different glycans.” Depending on the
expected biological application, the incorporation of additional
lysine(s) into the cyclopeptide sequence allowed the second
addressable domain to be functionalised. Some compounds were
thus proved to be very effective immunoactive compounds,*® albeit
exhibiting lectin binding with only modest affinities.’®* In order
to improve the recognition properties of those cyclopeptide-based
glycoclusters towards lectins in particular, we were interested in
the present study to develop new generations of compounds with
higher glycosidic valency, density and various levels of rigidity. By
analogy to the divergent strategy employed for glycodendrimer
fabrication,'*®? here we report a modular chemoselective strategy
to iteratively introduce either a flexible polylysine framework or
a constrained cyclopeptide onto a RAFT core, thus providing
two different hyperbranched skeletons in a controlled manner
(Fig. 1). Biologically relevant carbohydrates were next conjugated
to obtain new series of glycodendrimer-like structures, namely
dendri-RAFTs “RK-sugar,s” (i.e. with the RAFT-polylysine core)
and “RR-sugar;” (i.e. with the RAFT-RAFT core). The efficiency
of the assembly process was demonstrated through the preparation
of dendri-RAFTs incorporating sixteen copies of fGal, aMan,
BLac or Thomsen—Freidenreich (oTF) cancer antigen that were
characterized by bi-dimensional NMR experiments, mass spec-
trometry and probed with a model lectin.

Results and discussion
Synthesis of dendri-RAFTs

In this study, we selected an oxime-based strategy which has
proved to be perfectly suitable for the stepwise construction of
complex macromolecules, as shown in a wide range of biological
applications.! This approach consists of a chemoselective con-
densation between oxyamine- and aldehyde-containing molecules.
For the preparation of glycoconjugates,?? free reducing glycans
were covalently coupled to oxyamine-containing compounds
without a prior activation step. Depending on the nature of both
oxyamino derivative and glycan, the resulting glycoconjugates
were either obtained as an open-chain oxime or as a mixture of
o/ B pyranose/furanose neoglycosides in a molecular ratio that
remains difficult to control.® Alternatively, an efficient phase-
transfer catalysis procedure to stereoselectively incorporate the
B-oxyamine group at the anomeric carbon was described.** The
resulting glycosylhydroxylamines offer the advantages of being
highly reactive with aldehyde- or ketone-containing molecules,?

and more importantly of presenting a pre-defined anomer con-
figuration that is not affected during its conjugation. In our
laboratory, we extended the latter strategy by developing an
efficient synthetic route to prepare both oxyamino o- and S-
glycosyls from the corresponding glycosyl fluorides.® We thus
applied this methodology to a series of carbohydrate recognition
motifs ie. BGal 1,” oMan 2,2 BLac 3% and the cancer-related
antigen oTF 4, which were obtained in 5 to 16 steps then
successively conjugated to aldehyde-containing scaffolds using
oxime ligation (Fig. 2).
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Fig.2 Structure of oxyamino-glycosyls 1-4.

RR series. As mentioned above in the introduction, we
designed a second generation of glycocyclopeptides by introducing
various multivalent peptide skeletons onto the RAFT core in a
multistep divergent strategy. Starting from the RAFT-containing
aldehyde 5 described earlier,*® we first selected a second RAFT
molecule 6 containing an oxyamine functional group on one
addressable domain, whereas four serine residues were used as
masked aldehydes on the second domain (Scheme 1).

The ligation was performed in an aqueous buffer containing
trifluroracetic acid (TFA) instead of acetic acid, which was found
to react in certain cases with oxyamine groups to form the
corresponding hydroxamic esters. The expected conjugate 7 was
thus obtained in 0.1% TFA in H,O at 37 °C after 4 h with
a quantitative conversion ratio, as proved by HPLC analysis
(see the ESIT). In order to avoid time-consuming preparative
HPLC to remove the excess of 6, its oxyamine group was simply
quenched with acetone to render this compound unreactive in
the next step. Aldehyde groups were next generated from 7 by
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Scheme 1 Divergent strategy for the preparation of the hexadecavalent dendri-RAFTs RR-sugar,, 9-12.

the addition of sodium periodate® in the previous crude reaction
mixture. This one-pot procedure gave the resulting compound
8 containing sixteen aldehyde groups after 30 min and semi-
preparative HPLC, with an excellent yield (92%) and purity.
Whereas electrospray ionisation mass spectrometry (ESI) detected
the expected multicharged ions for this compound, the "H NMR
spectrum recorded at 400 MHz in D,O contained a signal at
5.33 ppm that showed that all sixteen aldehyde groups were
present in the hydrate form (see the ESIT). We finally generated
a series of four original RR-sugar,, glycoclusters varying in their
sugar head group. They were prepared from 8 under the oxime
coupling conditions described previously using a 10-fold excess of
oxyamino glycosyls 14 to ensure complete cluster formation. The
excess of free carbohydrate derivative was finally removed by semi-
preparative HPLC purification, producing the hexadecavalent
RR-sugar,; 9-12 in yields ranging from 65 to 88%. Despite steric
hindrance generated during the molecular assembly, HPLC traces
showed crude mixture without trace of truncated fragment in each
case, thus demonstrating the efficiency of our synthetic approach.

As another alternative, we investigated a convergent rather than
divergent assembly strategy to assemble mannosylated glycoclus-
ter 10 as illustrated in Scheme 2. In this case, tetravalent gly-
cocluster 13 was first prepared by oxime condensation between 5

and oxyamino mannosyl 2. The side chain of the central lysine was
next functionalized with oxyamino linker 14°* that was successively
deprotected by treatment under mild acidic conditions to yield
15. Surprisingly, oxime conjugation between this mannosylated
glycocluster 15 and 5 to generate the RR-oeMan,, 10 failed under
standard ligation conditions. In contrast with the crude mixture
of 10 previously obtained using the divergent protocol, HPLC
analysis here gave an unclean chromatogram (see the ESIY),
suggesting that side reactions might occur during the oxime
ligation. Whereas oxime linkages are well-known to be stable under
mild acidic conditions, even in the presence of a large excess of
oxyamino derivative,** we presume that this problem is certainly
due to the presence of the oxyamine function in the oxime-
containing molecule 15 itself, which could promote an intra-
or intermolecular frans-oximation side reaction. Unfortunately,
mass analysis of the reaction mixture did not find any signal to
confirm or exclude this hypothesis. Therefore, this result showed
this convergent approach to be completely unsuitable for the
construction of dendri-RAFTs and prompted us to discard it.

RK series. A second class of hexadecavalent dendri-RAFT
RK-sugar was then prepared. In this series, a branched polylysine
skeleton was attached onto the central RAFT core 16 to provide
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Scheme 2 Unsuccessful convergent strategy for the preparation hexadecavalent mannosyl cluster 10 from 15.

higher flexibility than in the previous RR-sugar,, series, in which
a conformationally constrained cyclopeptide was used for carbo-
hydrate presentation. A similar divergent approach including suc-
cessive periodate oxidation and oxime ligation was thus followed
for the construction of these RK-sugar,, derivatives (Scheme 3).
The aldehyde-containing molecule 16 was first conjugated with
the polylysine dendrimer 17*? in 0.1% TFA in H,O. After 4 h
at 37 °C, HPLC analyses showed pure crude reaction mixtures
and complete conversion of 16 into the corresponding conjugate.
This compound was consecutively oxidized with sodium periodate
to yield a dendrimeric skeleton containing sixteen aldehydes,
as confirmed by ESI and NMR experiments. The resulting
compound was finally glycosylated with oxyamino glycosyls 1-4,
thus producing RK-sugar,, glycoclusters in yields of 69-82% after
HPLC purification. As for the construction of the RR-sugar,
series, the coupling reactions with sugars occurred cleanly and no
trace of undesired products due to frans-oximation side reaction
or partial conjugation was observed by analytical HPLC.

Glycocluster characterization

One major limitation of the construction of complex macro-
molecules resides not only in the steric hindrance created during
stepwise synthesis, but also in characterization difficulties using
both NMR spectroscopy and mass spectrometry. This problem is
intensified with large molecules containing multiple glycosylation
sites such as glycoproteins.** Due to their high molecular weight
(7.6-12.5 kDa) and carbohydrate density, our dendri-RAFTs were
found to be subject to similar characterisation difficulties.

Final coupling assessment. While the expected number of
aldehyde groups was confirmed with "H NMR spectroscopy and
ESI spectrometry, the completeness of the final glycosylation
had to be ascertained, since partial defects could presumably be
difficult to detect.'® To confirm reaction completion, high-field
NMR spectroscopy experiments were performed in D,0. While
the low structural symmetry of both series of dendri-RAFTs
9-12 and 18-21 strongly complicate the signals’ resolution and
multiplicity in the "H NMR spectra, COSY experiments enabled

the unambiguous assignment of characteristic signals that corre-
spond to the anomeric and oxime protons. For each compound,
the integration of both signals (20 oxime protons and 16 anomer
protons) was in perfect agreement with the presence of 16 sugar
head groups.

'"H NMR resonance assignments. Complete bidimensional
NMR studies were next performed for mannosylated compounds
10 and 19. NMR data revealed a four-fold pseudo-symmetry that
resulted in an equivalent magnetic environment for symmetry-
related protons and, therefore, a dramatic degeneration of chem-
ical shifts. This was particularly true for compound 10, for
which only one cyclodecapeptide is observable. The individual
spin systems of peptide fragments were assigned based on an
analysis of through-space nuclear Overhauser effect NOESY) and
through-bond correlated (DQF-COSY, TOCSY) spectra using
well-established sequential strategy methods.** Nonpeptidic amide
bonds, e.g. between two lysines via an oxime linker, were confirmed
by visualising NOE correlations from the NHE proton of the lysine
side chain and the N=CH or the CH,O protons of the oxime
bond (Fig. 3). The assigned resonances are given in Table 1 for
compound 10 and in Table 2 for compound 19.

Structural calculations. While symmetry degeneration greatly
simplifies resonance assignment, structure calculations are more
complicated, since it becomes difficult to distinguish intramolec-
ular correlations from intermolecular ones. However, distance
constraints were unambiguously determined for both compounds,
particularly between two lysines linked by their side chains, hence
allowing correct orientation of the oxime bond. Models of the
solution structures were obtained and are represented in Fig. 4.
For more clarity, the four dendritic arms highlighted in yellow
were spread widely. The resulting molecular models clearly show
interesting differences, albeit showing similar size. Firstly, the
cluster of sugars in RR-oMan,, 10 appears more rigid and
constrained than in 19, presumably because the cyclopeptide
skeleton prevents flexibility. In contrast the structure of the second
RK-aMan; 19 is apparently much more flexible due to the
presence of the polylysine core. Secondly, even if the number of
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Fig.3 Expanded regions of NOESY spectra (500 MHz) in a 95% H,0/5% D,0O mixture showing NH-o. and NH-side chain correlations. A) RR-aMan,
10; B) RK-aMan,, 19. Residue numbering is given in Scheme 1 and 2, respectively.

mannosyl derivatives is identical in both molecules, the cluster
density seems to be rather different, as shown by the sugar
distribution onto the scaffold. The maximal distance between
sugar moieties, that represents the upper distance limits, can
indeed be estimated to be approximately 80 A and 70 A for

RR-aMan;, 10 and RK-aMan, 19, respectively, whereas the
sugars appear closer to each other in RR-aMan,, 10. We presume
that these differences in both cluster rigidity and carbohydrate
presentation might impact on their recognition properties with
lectins.
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Table 1 Proton chemical shift assignments for compounds RR-oMan ¢ 10*

Residue® HN Ho Hp Hy Others

Pro-1,6 4.36 2.03,2.31 1.97,2.11 CH,0 3.66, 3.84

Gly-2,7 8.64 3.78, 4.09

Lys-3,8 7.83 4.40 1.80 1.33 CH,6 1.53; CH,¢ 3.28; NHE 8.53
Ala-4 8.45 4.38 1.36

Lys-5 7.78 4.67 1.65, 1.79 1.40 CH,4 1.56; CH,¢ 3.29; NHE 8.50
Lys-9 8.43 4.26 1.78 1.38 CH,6 1.52; CH,¢ 3.24; NHE 8.08
Lys-10 7.80 4.68 1.63,1.78 1.36 CH,0 1.53; CH,¢ 3.29; NHE 8.53
CH,-O-ox 4.70

N=CH-ox 7.76,7.79

aMan 5.53 (H1) 4.14 (H2) 3.81 (H3) 3.65 (H4,5) 3.76, 3.84 (H6a, H6Db)

“ Proton assignments are in H,O at 25 °C. ® Residue numbering is given in Scheme 1.

Table 2 Proton chemical shift assignments for compounds RK-aMan,s 19°

Residue® HN Ho Hp Hy Others

Pro-1,6 437 2.03,2.30 2.02,2.08 CH,0 3.64,3.83

Gly-2,7 8.63 3.77, 4.09

Lys-3,8 7.83 4.40 1.75, 1.78 1.36 CH,6 1.51; CH,¢ 3.24; NH 8.47
Ala-4,9 8.41 4.36 1.35

Lys-5,10 7.78 4.65 1.62,1.75 1.36 CH,6 1.53; CH,¢ 3.25; NHE 8.49
Lys-11 8.72 4.38 1.81 1.40 CH,6 1.56; CH,¢ 3.28; NHE 8.56
Lys-12 8.42 4.26 1.79 1.36 CH,6 1.50; CH,¢ 3.19; NHE 8.21
Ala-13 8.27 4.27 1.37

Lys-14 8.14 422 1.70, 1.78 1.37 CH,6 1.50; CH,¢ 3.08; NHE 8.22
Lys-15 8.67 4.31 1.79 1.38 CH,6 1.56; CH,¢ 3.28; NHE 8.60
CH,-O-ox 4.69

N=CH-ox 7.76, 7.80

aMan 5.53 (H1) 4.12 (H2) 3.81 (H3) 3.63 (H4,5) 3.77, 3.85 (H6a, H6D)

“Proton assignments are in H,O at 25 °C. ® Residue numbering is given in Scheme 2.

MALDI-TOF characterization. While the peptide intermedi-
ates and the first generation of tetravalent glycoclusters reported
previously'®® were easily analysed by routine ESI, direct mass
analysis of these dendri-RAFTs compounds failed using similar
ESI procedures. This difficulty can certainly be attributed to the
presence of only one free lysine side-chain in dendri-RAFTs
9-12, whereas dendri-RAFTs 18-21 contain no protonation
site. In addition, together with the presence of salts, the well-
known fragmentation of oxime linkages observed by a tandem
quadrupole time-of-flight mass spectrometer with electrospray ion
source (ESI-QqTOF)* might cause a distribution of the molecular
ion signals between several species, thus precluding any signal
detections. Therefore, we expected that matrix-assisted laser des-
orption/ionization, time-of-flight mass spectrometry (MALDI-
TOF-MS) experiments would give better results. Despite inherent
difficulties associated with the MALDI detection of glycopep-
tides, it was demonstrated that a suitable choice of parameters,
including the desorption matrix, sample preparation, pH and
instrumental conditions can significantly improve the analysis of
glycoconjugates.’’

Their average molecular weight was thus successfully deter-
mined by MALDI-TOF. To perform these analyses, sample pre-
treatment in an OligoR3 microcolumn using a pH 8.1, 100 mM
ammonium acetate buffer and 2,5-dihydroxybenzoic acid as the
MALDI matrix was necessary to yield MALDI-TOF positive
spectra in linear mode. We thus obtained clean mass spectra
showing the expected molecular peak for each glycocluster with

partial fragmentation. All samples revealed a m/z signal of
[M+Na]* except for dendri-RAFT RK-aTF,s 21, which inter-
estingly produced a [M+Na,]* molecular ion when applying the
same experimental approach prior to MS analysis (Table 3).

On the other hand, the use of POROS 20 R2 (Applied
Biosystems, CA, USA) or Carbograph (Grace, IL, USA) resin
and also various washing protocols (0.1% ammonia solution,
0.1% ammonium acetate without pH adjustment, pure water, 0.1%
acetic acid or 0.1% trifluoroacetic acid instead of pH 8.1, 100 mM
ammonium acetate buffer) provided no or very poor MS signals.
Based on optimization experiments on the pre-cleaning method,
we can conclude that not only the type of chromatography resin
but also type of washing buffer used and its pH strongly affected
the obtained MS data. However, it should be mentioned that the
sample RR-aTF, 12 did not produce any MS signal whatever the
method.

Biological evaluation of mannosylated dendri-RAFT with ConA

To probe the binding properties of our dendri-RAFT, we chose
a model lectin from Canavalia ensiformis (ConA) whose mannose
binding sites are separated by about 65 A, hence appearing suitable
for multivalent interactions with our glycoclusters. Hexadecav-
alent dendri-RAFTs RR-oMan,; 10 and RK-ocMan,, 19 were
tested and compared with the tetravalent mannosylated com-
pound R-aMan, 13 using Enzyme-Like Lectin Assays (ELLA).*®
Methyl a-D-mannopyranoside was used as monovalent reference.

This journal is © The Royal Society of Chemistry 2011
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Table 3 MALDI-TOF MS analysis of RR-sugar,; 9-12 and RK-sugar,, 18-21¢

Compound Formula Calculated average mass Experimental mass Error (ppm)
RR-BGal,; 9 Ci70HgosNos O,7,Na 9299.4983 9297.7 165
RR-aMan,, 10 Ci29HgsNysO,7,Na 9299.4983 9298.0 161
RR-fLac 11 C7sHy65NgsOs5,Na 11893.7767 11892.5 107
RR-oTF 12 Cs07Hg13N 11,055,055 not detected

RK-fGal;, 18 CasHiss N7, O5sNa 7564.4792 7563.4 142
RK-aMany 19 CaosHyo N7, 0,5, Na 7564.4792 7563.7 103
RK-fBLacs 20 Ci9HgsN7,0p34Na 10158.7576 10156.9 183
RK-aTF 21 Ci24HgooNgyO,34 Na, 10838.5883 10836.5 192

“ MALDI-TOF MS data were obtained in 2,5-dihydroxybenzoic acid matrix and all samples revealed a signal of [M+Na]*, except the sample RK-oTF
21 which provided a [M+Na,]* using the approach described in the Experimental Section. The sample RR-aTF ¢ 12 did not reveal any MS signal.

Fig.4 Molecular modelling of: A) RR-aMan,, 10; B) RK-aMan,, 19.

This experiment measured the ability of serially diluted glycoclus-
ters to inhibit the binding between ConA labelled with horseradish
peroxidase (HRP) and a polymeric mannosylated ligand (PAA-
oMan) immobilized on the microtiter well. We thus obtained an
1C5, value that corresponds to the concentration necessary for 50%

inhibition and is assumed to be proportional to the corresponding
binding affinities.

As summarized in Table 4, the tetravalent compound R-aMan,
13 exhibited a modest ICs, (58 uM), which was only slightly
better than the methyl-o-D-mannopyranoside (199 uM). Indeed,
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Table4 ELLA data for binding inhibition of ConA-HRP with manno-
sylated glycoclusters®

Compound n*  1Cs/uM Rel. pot.©  Rel. pot./sugar?
aManOMe 1 199 1.0 1.0

R-aMan, 13 4 58 34 0.8

RR-aMan 10 16 3.6 55.3 34
RK-oMan, 19 16 0.7 284 17.7

RR-pGal;; 9 16  No inhibition — —

“Each experiment was performed in triplicate. * Number of sugar units
in the ligand. ©Relative potency = ICs(aManOMe)/1Cs (dendrimer).
4 Relative potency/sugar = relative potency/n.

this result is in perfect agreement with previous fluorescence
anisotropy’ and SPR™ studies showing that the multivalent
effect of this tetravalent glycocluster is almost negligible with
ConA. More interestingly, inhibitory potencies were obtained
with hexadecavalent RR-oMan,, 10 (ICs, 3.6 uM), whereas the
most significant effect was observed with RK-oMan,, 19 (ICs,
0.7 uM). Their relative inhibitory potencies were 55 and almost
300 times better than methyl-a-D-mannopyranoside, respectively.
When the relative potencies were expressed in terms of the number
of mannoside residues in each hexadecavalent molecule, the level
of inhibition was 3.4- and 17.7-fold higher with compounds 10 and
19, respectively. Taken together, these results clearly indicate that a
multivalent effect is occurring in the presence of a hexadecavalent
structure, in particular with compound 19. It should also be
mentioned that RR-fGal ¢ 9 was evaluated as the negative control,
since galactosylated ligands do not bind to ConA. No inhibition
was observed with this compound. This confirms that inhibitory
effects can be attributed to the mannose headgroup and its
presentation instead of the dendritic skeleton itself.

Conclusions

A new generation of structurally diverse glycoclusters was de-
scribed and studied in this paper. Two series of dendri-RAFTs
composed of polylysine (RK series) or cyclopeptide (RR series)
skeletons attached to a central cyclopeptide platform were de-
signed and synthesized in a controlled manner using an efficient
divergent protocol. Both families provided sixteen anchoring
sites that were easily functionalized by oximation with several
carbohydrate moieties, those being fGal, «Man, BLac or cancer-
related Thomsen—Freidenreich (TF). We thus obtained novel hex-
adecavalent dendri-RAFTs differing in their spatial arrangement
and glycosidic density as shown by NMR spectroscopy and
structural calculations. Despite being heavily glycosylated, these
compounds were next treated using an optimized pre-cleaning
protocol that allowed their unambiguous structural characteriza-
tion by MALDI-TOF-MS. It should be mentioned that the oxime
instability observed during MS analyses, in particular under highly
acidic conditions, does not preclude the utilization of oxime-
containing compounds in vitro and in vivo.®® To evaluate their
binding properties, preliminary recognition assays were finally
performed with the model lectin ConA. In comparison with the
mannosylated tetravalent structure 13, which showed negligible
multivalent interaction with ConA, hexadecavalent structures
exhibited a significant binding improvement, in particular with
RK-oMan,, 19. This result clearly confirms that not only the

carbohydrate copy number, but also the tridimensional structure
of the glycocluster affects its recognition properties. Although
these hexadecavalent compounds only differ in their peptide
skeleton, the higher inhibition potency induced by 19 might indeed
be explained by the higher degree of freedom of carbohydrates and
a suitable distribution for multivalent interaction. Together with
the efficiency of both assembly and characterization protocols,
these results clearly showed interesting recognition properties
that pave the way to the development of relevant biological
applications. In particular, intensive research towards the design of
potent inhibitors capable of blocking the early stage of pathogen
infections is currently underway in our laboratory.

Experimental
Materials and general procedures

All chemical reagents were purchased from Aldrich (Saint Quentin
Fallavier, France) or Acros (Noisy-Le-Grand, France) and were
used without further purification. Protected amino acids and
Fmoc-Gly-Sasrin resin were obtained from Advanced ChemTech
Europe (Brussels, Belgium), Bachem Biochimie SARL (Voisins-
Les-Bretonneux, France) and France Biochem S.A. (Meudon,
France). PyBOP was purchased from France Biochem. HRP-
labelled Concanavalin A (ConA-HRP), Bovine Serum Albumin
(BSA), methyl a-D-mannopyranoside and SIGMA FAST OPD
were purchased from Sigma-Aldrich. Polymeric a-D-mannose
(PAA-0-D-Man) was obtained from Lectinity Holding, Inc.,
Moscow. Optical density was measured with a microtiter plate
reader (SPECTRAmax, model PLUS384, Molecular Devices).
Reaction progress was monitored by reverse-phase HPLC on
Waters equipment using C,s columns. Analytical and preparative
separation was carried out at 1.3 mL min™ (Nucleosil 120 A
3 um Cy, particles, 30 x 4.6 mm?) and at 22 mL min™ (Delta-Pak
300 A 15 pm Cy particles, 200 x 25 mm?) with UV monitoring
at 214 nm and 250 nm using a linear A-B gradient (buffer A:
0.09% CF,CO,H in water; buffer B: 0.09% CF;CO,H in 90%
acetonitrile). Each intermediate peptide was analyzed by mass
spectrometry using electrospray ionization on a VG Platform Il in
positive mode. Mass spectra for hexadecavalent glycoclusters were
acquired on a Bruker-Daltonics MALDI-TOF/TOF UltraFlex
III (linear mode) after sample pre-treatment in an OligoR3 micro-
column (Applied Biosystems, USA) using 2,5-dihydroxybenzoic
acid as the matrix. '"H NMR spectra were recorded in D,O at
400 MHz with a Bruker Avance 400. TOCSY, DQF-COSY and
NOESY for compounds 10 and 19 were obtained in 95% H,0/5%
D,O at 500 MHz with a Varian Unity plus spectrometer.

Preparation of aldehyde scaffold RR-CHO, (8)

A solution of R-CHO,Lys 5 (5.7 mg, 4.0 umol) and R-Ser,ONH,
6 (48.2 mg, 24.0 umol) was stirred at 37 °C in 0.1% TFA in H,O
(4 mL, v/v). After 4 h, analytical HPLC found the quantitative
conversion of 5 into the RR-Ser,, 7. Analytical HPLC: R;:
5.5 min (gradient: 5 to 100% B in 15 min); ESI*-MS: calcd.
for C,HspoNosOgy 6939.0, found: m/z 6940.5 [M+H]*. After
the addition of acetone (100 pL) to the crude reaction mixture,
compound 7 was oxidized with sodium periodate (205 mg,
0.96 mmol) at room temperature. The crude mixture was finally
purified by semi-preparative HPLC after 1 h to obtain the
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aldehyde-containing peptide RR-CHO,s 8 (25 mg, 92%). Ana-
lytical RP-HPLC: R;: 5.8 min (gradient: 5 to 100% B in 15 min);
semi-preparative HPLC: R;: 15.0 min (gradient: 5 to 60% B in
30 min); ESI*-MS: caled. for C,g;3HypgN79Oy, 6442.0, found: m/z
6460.3 [M+H,0]*; '"H NMR (400 MHz, D,O): 6 = 7.82-7.77
(m, 4 H, 4xHox), 5.33-5.31 (m, 16 H, 16xCH(OH),), 4.77-4.73
(m, 8 H, 4xCH,0), 4.50-4.33 (m, 30 H, 30xH,), 4.16 (d, 10 H,
*Jiane = 17.7 Hz, 10xH,gy,), 3.94-3.78 (m, 20 H, 10xH, and
10xHs,,), 3.76-3.67 (m, 10 H, 10xHgp,) 3.36-3.18 (m, 48 H,
24xCH,,1y), 3.04 (t, 2 H, *J s = 7.7 Hz, CH,qy), 2.30-2.41 (m,
10 H, 10xHgp,,), 2.20-1.30 (m, 205 H).

Preparation of hexadecavalent RR-sugar,, (9)—(12)

RR-AGal (9). The aldehyde-containing peptide 8 (4.0 mg,
0.58 wmol) was dissolved in 0.1% TFA in H,O (0.6 mL, v/v) and
BGal 1 (3.6 mg, 18.5 umol) was added to the mixture which was
stirred at 37 °C. After 4 h, semi-preparative HPLC of the crude
mixture yielded the hexadecavalent galactosyl cluster 9 (4.5 mg)
in an 82% yield. Analytical RP-HPLC: R;: 5.6 min (gradient: 5 to
100% B in 15 min); semi-preparative HPLC: R,: 12.6 min (gradient:
5 to 60% B in 30 min); 6 = 7.88-7.78 (m, 20 H, 20xHox), 5.18-
5.12 (m, 16 H, 16xH1), 4.49-4.29 (m, 30 H, 30xH,), 4.15 (d, 10
H, *Jyune = 17.6 Hz, 10xH,g),), 4.05-4.02 (m, 16 H, 16xH4),
3.93-3.65 (m, 110 H, 16xH2, 16xH3, 16xHS, 32xH6, 10xHyqy,
20xCH,5,10), 3.38-3.23 (m, 48 H, 24xCH,, 1), 3.04 (t, 2 H, *J g, s =
8.0 Hz, CH,,yy,), 2.41-2.30 (m, 10 H, 10xHp,, ), 2.18-1.30 (m, 205
H); MALDI-TOF-MS (positive linear mode): calcd average mass
for Cs70HgosNoysO,74 9276.508, found: m/z 9297.7 [M+Na]*.

RR-eMany, (10). Compound 10 (6.0 mg, 88%) was obtained
by following a similar procedure. Analytical HPLC: R;: 5.7 min
(gradient: 5 to 100% B in 15 min); semi-preparative HPLC: R;:
13.1 min (gradient: 5 to 60% B in 30 min); 'H NMR resonance
assignments are given in Table 1; MALDI-TOF-MS (positive
linear mode): calcd average mass for CsoHgsNosOy7y 9276.508,
found: m/z 9298.0 [M+Na]*.

RR-fLac (11). Compound 11 (4.7 mg, 68%) was obtained by
following a similar procedure. Analytical RP-HPLC: R;: 5.4 min
(gradient: 5 to 100% B in 15 min); semi-preparative HPLC: R;:
12.0 min (gradient: 5 to 60% B in 30 min); '"H NMR (500 MHz,
D,0): 6 = 7.89-7.77 (m, 20 H, 20xHox), 5.27-5.21 (m, 16 H,
16xH1"), 4.76-4.74 (m, 8 H, 4xCH,0), 4.52 (d, 16 H, *J,, =
7.7 Hz, 16xH1), 4.50-4.30 (m, 30 H, 30xH,), 4.15 (d, 10 H,
2Jyane = 17.6 Hz, 10xH, gy ), 4.06-3.96 (m, 36 H, 16xH4, 10xH .y,
10xH,1), 3.94-3.75 (m, 138 H, 16xH3’, 16xH4’, 16xHS5, 16xHY’,
32xH6, 32xH6’, 10xHyp,), 3.72 (dd, 16 H, *J;, = 3.4 Hz, *J,; =
9.9 Hz, 16xH3), 3.67-3.58 (m, 32 H, 16xH2, 16xH2"), 3.38-3.22
(m, 48 H, 24xCH,,y,,), 3.04 (t, 2 H, *J .05 = 7.7 Hz, CH,,1 ), 2.42—
2.30 (m, 10 H, 10xHgp,), 2.20-1.30 (m, 205 H); MALDI-TOF-
MS (positive linear mode): caled average mass for CysH6sNosOasy
11870.7870, found: m/z 11892.5 [M+Na]*.

RR-0TF; (12). Compound 12 (3.6 mg, 65%) was obtained
by following a similar procedure. Analytical HPLC: R;: 5.5 min
(gradient: 5 to 100% B in 15 min); semi-preparative HPLC: R;:
11.6 min (gradient: 5 to 60% B in 30 min); 'H NMR (500 MHz,
D,0): 6 = 7.83-7.78 (m, 20 H, 20xH,,), 5.64-5.60 (m, 16 H,
16xH1"), 4.75-4.73 (m, 8 H, 4xCH,0), 4.60-4.53 (m, 32 H, 16xH]1,
16xH2’), 4.49-4.29 (m, 46 H, 16xH4, 30xH,,), 4.19-4.09 (m, 26 H,

16xH3", 10xH,gy;), 4.05 (bt, 16 H, *Js¢ = 6.0 Hz, 16xHY’), 3.97
(bd, 16 H, *J,5 = 3.1 Hz, 16xH4), 3.87-3.64 (m, 126 H, 16xH3,
16xHS, 32xH6, 32xH6’, 10xH 1y, 20xCHos,1), 3.59 (bt, 16 H, *J,
=7.8 Hz, 16xH2), 3.40-3.19 (m, 48 H, 24xCH,,, ), 3.08-3.02 (m,
2 H, CHyy,y,), 2.39-2.27 (m, 10 H, 10xHgp,,), 2.18-1.23 (m, 253 H);
MALDI-TOF-MS (positive linear mode): no signal was detected.

Preparation of the aldehyde scaffold RK-CHO

The aldehyde-containing RK-CHO,, was prepared successively
after oxime conjugation between R-CHO,Ala, 16 (5.0 mg, 4.0
umol) and polyKSer,ONH, 17 (38.1 mg, 24.0 umol) (RK-Ser,:
Analytical HPLC: R, = 7.4 min (5 to 40% B in 15 min, A = 214
and 250 nm); ESI*-MS (positive mode): caled for C,;¢H34N7, 04,
5203.9, found: m/z 5204.3 [M+H]*) then oxidation with sodium
periodate following the procedures described for 8. Analytical
HPLC: R, = 8.3 min (5 to 40% B in 15 min, A = 214 and 250
nm); semi-preparative HPLC: R: 13.6 min (gradient: 5 to 40%
B in 30 min); 'H NMR (400 MHz, D,0): 6 = 7.77-7.76 (m, 4
H, 4xH,,), 5.34 (s, 8 H, 8CH(OH),), 5.28 (s, 8 H, 8xCH(OH),),
4.75-4.68 (m, 8 H, 4xCH,0), 4.40-4.20 (m, 28 H, 28xH,), 4.12
(d, 2 H, *Jyoue = 17.5 Hz, 2xH,qy,), 3.88-3.63 (m, 6 H, 2xH gy,
2XCHys10), 3.30-3.18 (m, 40 H, 20xCH,,yy,), 2.92-2.36 (m, 8 H,
2XCHogpro, 2XCHyypy), 1.75-1.27 (m, 138 H); ESI*-MS: calcd for
Ca00H306N53sO4, 4707.0; found: m/z 4707.8 [M+H]*.

Preparation of hexadecavalent RK-sugar, (18)-(21)

RK-fGal;;s (18). Compound 18 (7.0 mg, 77%) was obtained by
following the oxime ligation procedure described for 9. Analytical
HPLC: R, = 8.0 min (5 to 40% B in 15 min, A = 214 and 250
nm); semi-preparative HPLC: R;: 12.4 min (gradient: 5 to 40% B
in 30 min); '"H NMR (500 MHz, D,0): § = 7.88-7.77 (m, 20 H,
20xH,,), 5.15-5.12 (m, 16 H, 16xH1),4.76-4.71 (m, 8 H, 4xCH,0),
4.45-423 (m, 28 H, 28xH,), 4.12 (d, 2 H, *Jyeusw = 17.8 Hz,
2xH,qy,), 4.03-3.99 (m, 16 H, 16xH4), 3.89-3.70 (m, 86 H, 16xH2,
16xH3, 16xHS, 32xH6, 2xHq)y, 2XCH,s,5,), 3.35-3.20 (m, 40 H,
20xCHays), 2.35-1.32 (m, 146 H); MALDI-TOF-MS (positive
linear mode): calcd average mass for CysHy,N7,Oysy 7541.4894,
found: m/z 7563.4 [M+Na]*.

RK-aMan,, (19). Compound 19 (7.7 mg, 73%) was obtained
by following the oxime ligation procedure described for 9.
Analytical HPLC: R, = 8.4 min (5 to 40% B in 15 min, A = 214
and 250 nm); semi-preparative HPLC: R;: 13.6 min (gradient: 5 to
40% B in 30 min;); '"H NMR resonance assignments are given in
Table 2; MALDI-TOF-MS (positive linear mode): calcd average
mass for CaosHu:N74Oys4 7541.4894, found: m/z 7563.7 [M+Na]*.

RK-fLacs (20). Compound 20 (10.0 mg, 82%) was obtained
by following the oxime ligation procedure described for 9.
Analytical HPLC: R, = 8.0 min (5 to 40% B in 15 min, A= 214
and 250 nm); semi-preparative HPLC: R;: 11.2 min (gradient: 5 to
40% B in 30 min); '"H NMR (400 MHz, D,0): 6 = 7.91-7.79 (m,
20 H, 20xH,,), 5.27-5.22 (m, 16 H, 16xH1’), 4.76-4.74 (m, 8 H,
4xCH,0),4.52(d, 16 H,°J,,=7.7Hz, 16xH1),4.47-4.26 (m, 28 H,
28xH,), 4.07-3.96 (m, 34 H, 16xH6a’, 16xH4, 2xH,q,), 3.93-3.75
(m, 118 H, 16xH3’, 16xH4’, 16xHS5, 16xHY’, 16xH6Y’, 32xHE,
2xHyay> 2XCHas,10), 3.73 (dd, 16 H, *J3, = 3.2 Hz, *J,; = 10.0 Hz,
16xH3), 3.68-3.59 (m, 32 H, 16xH2, 16xH2’), 3.37-3.24 (m, 40
H, 20xCH,,y,s), 2.36-1.27 (m, 146 H); MALDI-TOF-MS (positive
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linear mode): calcd average mass for Csy, Hy,N74O534 10135.7678,
found: m/z 10156.9 [M+Na]*.

RK-aTF¢ (21). Compound 21 (6.0 mg, 69%) was obtained by
following the oxime ligation procedure described for 9. Analytical
HPLC: R, = 7.9 min (5 to 40% B in 15 min, A =214 and 250 nm);
semi-preparative HPLC: R;: 12.0 min (gradient: 5 to 40% B in 30
min); '"HNMR (500 MHz, D,0): 6=7.80-7.76 (m, 20 H, 20xH,,,),
5.62-5.59 (m, 16 H, 16xH1"), 4.73-4.69 (m, 8 H, 4xCH,0), 4.56
(td, 16 H,°J,,=3.8,°J,5=11.5Hz, 16xH2"),4.51 (d, 16 H,*J,, =
7.6 Hz, 16xH1), 4.41-4.22 (m, 44 H, 16xH4’, 28xH,,), 4.15-4.07
(m, 18H, 16xH3’, 2xH,gy), 4.02 (bt, 16 H, *J 5 ¢ = 6.0 Hz, 16xHY),
3.93(bd, 16 H,3J,,=3.0 Hz, 16xH4), 3.83-3.62 (m, 102 H, 16xH3,
16xHS, 32xH6, 32xH6’, 2xH iy, 2XCHys,10), 3.58-3.52 (m, 16 H,
16xH2), 3.33-3.18 (m, 40 H, 20xCH,,,), 2.36-1.27 (m, 194H);
MALDI-TOF-MS (positive linear mode): calcd average mass for
Ci2aHgooNgpO34 10792.6088, found: m/z 10836.5 [M+2Na]*.

NMR spectroscopy

Peptide samples were dissolved in a mixture of 95% H,0/5%
D,O to a final concentration of 2-3 mM at 25 °C. A set of two-
dimensional (2D) spectra, including TOCSY,* DQF-COSY* and
NOESY* were acquired with 1.5 s steady state recovery time, mix-
ing times (7,,) of 60 ms for TOCSY and 250 ms for NOESY. Water
suppression was achieved by appending an excitation-sculpting
module® to the non-selective detection pulse and with selective
Gaussian-shaped pulses of 3-5 ms. The spin-lock mixing of the
TOCSY experiment was obtained with a DIPSI-2* pulse train
at yB,/2n = 9-10 kHz. The acquisitions were performed over
a spectral width of 10 ppm in both dimensions, with a matrix
size of 2048 data points in 7, and 256-512 points in ¢,, and 32—
64 scans/t,. All spectra were referenced with external TSP-d4.
Data processing and analysis were performed using Felix software
(version 2001, Accelrys, San Diego, CA, USA) with shifted (60—
90 degrees) square sinebell apodization and polynomial baseline
correction for NOESY data.

Distance restraints and molecular modelling

Approximate interproton distance restraints were calculated us-
ing the isolated two-spin approximation relationship, r; = ry
(ou/0y)"°, where o;; and oy, are the NOE intensities for the atom
pairs i, j and k, 1 separated by distances r; and ry, respectively.
A total of 17 distance restraints were used for compound 19
and 4 for compound 10. Restrained energy minimizations were
performed with the software Insight I1/Discover (Version 2005,
Accelrys, San Diego, CA, USA), using the set of distance restraints
determined by NMR. The selected force field was CVFF, and, to
shorten the range of Coulomb interaction, a distance-dependent
relative dielectric constant, ¢, was used (¢, = 4r). The structure
was subjected to 2500 iterations of steepest descent minimization,
followed by 2500 iterations of conjugate gradient minimization
and the convergence of minimization was followed until the RMS
derivative was less than 0.01 kcal mol™.

MALDI-TOF experiments

Mass spectra were acquired for all RAFT conjugatesina MALDI-
TOF/TOF UltraFlex I mass spectrometer equipped with a nitro-

gen laser (Bruker-Daltonics, Bremen, Germany) using an external
calibration of Protein Mixture 2 standard (Bruker-Daltonics,
Germany). A 50 mg mL™' solution of 2,5-dihydroxybenzoic acid
(DHB) in 50% CH;CN/0.1% CF;COOH was used as the MALDI
matrix and a 1.0 uL of pre-treated sample dissolved in water
was, after drying, overlaid with 0.5 pL of the matrix solution
on the target. The MALDI-TOF positive spectra were collected in
linear mode. Every sample before mass spectrometric analysis was
diluted in 20 pL 0.1% CF;COOH and pre-treated in an OligoR3
(Applied Biosystems, CA, USA) reverse phase microcolumn. The
prepared OligoR3 microcolumn (in Eppendorf gel-loader tips)
was regenerated with 100 uL 80% CH;CN, 0.1% CF;COOH,
washed with 100 pL 0.1% CF;COOH, and after loading 20 uL
of sample, washed again with 50 uL 0.1% CF,;COOH, 100 pL
100 mM CH;COONH, (pH 8.1), and 50 uL 0.1% CF;COOH. To
elute a sample, 40 UL of 80% CH;CN, 0.1% CF;COOH was used,
dried in a Speed-Vac, dissolved in 7 pL of deionized water and
loaded onto the MALDI target.

Enzyme-linked lectin assay (ELLA)

96-well microtiter plates (Nunc, MaxiSorp, Vienna, Austria) were
coated with polymeric a-D-mannose (PAA-aMan, 100 pL per
well, diluted from a stock solution of 5 pg mL™ in 0.01 M
phosphate-buffered saline (PBS), pH 7.4, containing 0.1 mM Ca**
and 0.1 mM Mn* for 1 h at 37 °C. The wells were then washed
with PBS containing 0.05% (v/v) Tween 20 (T-PBS, 3 x 100 uL per
well). The washing procedure was repeated after each incubation
throughout the assay. The wells were then blocked with BSA in
PBS (3% w/v, 100 uL per well) at 37 °C for 1 h. After washing,
the wells were filled with 100 uL of serial dilutions of peroxidase-
labelled concanavalin A (ConA-HRP) from 10™'-107 mg mL™ in
0.01 M PBS (pH 7.4) containing 0.1 mM Ca*, 0.1 mM Mn*
and BSA (0.3% w/v) and incubated at 37 °C for 1 h. The plates
were washed with T-PBS (3 x 100 uL per well) then the colour was
developed using 100 uL per well of 0.05 M phosphate-citrate buffer
containing O-phenylenediamine dihydrochloride (OPD, 0.4 mg
mL™") and urea hydrogen peroxide (0.4 mg mL™"). The reaction
was stopped after 10 min by adding H,SO, (30% v/v, 50 uL per
well) and the absorbance was measured at 490 nm in each well.
Blank wells contained citrate-phosphate buffer. The concentration
of ConA-HRP conjugate that read absorbance between 0.8 and 1
was used for inhibition experiments.

Inhibition experiments

The microtiter plates were coated with PAA-aMan as described
previously. Each inhibitor was added in serial two-fold dilutions
(60 uL per well) in PBS with ConA-HRP (60 uL) at the desired
concentration on Nunclon (Delta) microtiter plates and incubated
for 1 h at 37 °C. The above solutions (100 pL) were then
transferred to the mannose-polymer-coated microplates, which
were incubated for 1 h at 37 °C. The plates were washed with T-
PBS and the OPD substrate was added (100 uL per well). Colour
development was stopped after 10 min and the absorbances
were measured using a microtiter plate reader. The percentage
inhibition was plotted against the logarithm of the concentration
of the sugar derivatives. A sigmoidal curve was fitted and the
concentration at 50% inhibition of binding of the ConA to
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polymeric mannose-coated microtiter plate wells was determined
(ICsy). The percentages of inhibition were calculated as given in
eqn 1, where 4 = absorbance.

% inhibition = (Ao innibitory = A with inhibiton))/ Ao inhivitor) X 100 (1)

The IC;, values obtained from several independently performed
tests were in the range of +17%. Nevertheless, the relative
inhibition values calculated from independent series of data were
highly reproducible.
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