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Synthetic heteroglycoclusters are being subjected to increasing interest due to their potential to serve as selective ligands for carbo-

hydrate-binding proteins. In this paper, we describe an expedient strategy to prepare cyclopeptides displaying well-defined distribu-

tions and combinations of carbohydrates. By using both oxime ligation and copper(I)-catalyzed alkyne—azide cycloaddition, two

series of compounds bearing binary combinations of aMan, aFuc or fLac in an overall tetravalent presentation, and either 2:2 or 3:1

relative proportions, have been prepared.

Introduction

Multivalent interactions between carbohydrates and proteins
play key roles in diverse biological events, including
fertilization, cell-cell communication, host—pathogen inter-
actions, immune response and cancer metastasis [1]. Synthetic
molecules displaying multiple copies of a sugar binding motif,
called (homo)glycoclusters, represent attractive tools for
studying these complex recognition processes as well as for
developing biological applications, for example, the inhibition

of infections by pathogens such as viruses or bacteria [2-5]. In a

suitable density and spatial display, clusters of carbohydrate
indeed allow multiple contacts with a target protein, thus
increasing avidity by means of the “glycoside cluster effect”
[6,7]. While the recent progress in glycomics has led to the
design of glycoclusters active at nanomolar concentration
[8-10], the achievement of selective binding remains chal-
lenging because of the close structural similarities of the
binding sites of proteins specific for the same carbohydrate

moiety.
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Interestingly, recent reports have highlighted that the
association of different sugar units instead of a single motif,
namely heteroglycocluster, reflects the presence of sugars found
in native biological systems more closely than homoglyco-
cluster does. Although recognition mechanisms are not fully
understood, these studies suggest that heteroglycoclusters
should interact with proteins through distinct binding sites,
which may influence both affinity and selectivity [11-25]. In
this context, we previously reported a combinatorial procedure
to prepare libraries of heteroglycoclusters displaying sugars
and/or amino acids at randomized positions on a topological
cyclopeptide scaffold [26]. Deconvolution of the resulting
libraries by affinity chromatography allowed the selection of
heteroglycoclusters that were proved to be useful for exploring
the surrounding regions of the binding pocket in a model lectin.
Although it is easy to handle, this combinatorial procedure leads
to the formation of inseparable mixtures of regioisomers, which
precludes their utilization for further assays with relevant bio-
logical targets. In order to circumvent this drawback, we herein
report the synthesis of similar heteroglycoclusters by using a
protocol based on orthogonal chemoselective ligations. Two
series of compounds containing different combinations of two
different sugars have been designed (Figure 1). In one series
(heteroglycocluster 2:2), two aMan, aFuc and/or fLac are
conjugated at alternate positions into the tetravalent cyclopep-
tide sequence, whereas the second series (heteroglycocluster

3:1) contains one of a given sugar and three of another.

Results and Discussion
Glycoclusters are classically constructed from a molecular scaf-
fold containing multiple anchoring sites that can be functional-
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ized with sugars by using a single coupling reaction. By
contrast, the chemical access of heteroglycoclusters is not trivial
because it requires the controlled conjugation of different sugars
at a precise position into the scaffold to obtain a well-defined
distribution. Taking advantage of our experience in bioconjuga-
tion methods, we decided to explore two chemoselective strate-
gies to achieve this purpose. We first selected the oxime liga-
tion since we have previously used this approach successfully
for the preparation of sophisticated molecular systems, such as
synthetic vaccines [27,28], immunomodulators [29], lectin
ligands [30] or vectors of hepatocytes [31]. As the second
strategy, we have chosen the well-known copper(I)-catalyzed
alkyne—azide cycloaddition (CuAAC) [32,33], which is inten-
sively exploited for the conjugation of sugars to both molecular
and biological systems [34,35]. Besides being fully compatible
with carbohydrate and peptide chemistries, oximation and
CuAAC reactions offer the advantage of being orthogonal
[36,37], therefore allowing a controlled assembly process with a
minimized risk of side reactions. The 2:2 series of heteroglyco-
clusters was prepared from the aminooxy [38-40] and propargyl
[41] glycosides 1-3 (Figure 1) and the cyclopeptide 4
(Scheme 1). This scaffold containing two lysines (Lys) func-
tionalized with an aldehyde and two norleucines (Nle) bearing
an azide group was prepared by using a strategy adapted from
the procedure described previously [42].

In the first step, two copies of aminooxy aMan 1a, aFuc 2a and
BLac 3a were coupled to 4, affording divalent oxime-linked
compounds 5-Man, 5-Fuc, and 5-Lac, respectively. The oxime
ligation was performed at 37 °C in aqueous acidic buffer with
2 equiv of sugars per anchoring site. After 3 h, complete reac-

a) c) O = a-D-Man = a-L-Fuc
OH R
H
HO 20 o
HO OH
HO OH
1a:R = -ONH2 2a:R = _ONH2
Series 2:2 1b: R =-OCH,C=CH 2b: R = -OCH,C=CH
b) o = f-D-Lac
OH
HO OH
U
HO
OH 0
OH
3a: R = -ONH,
Series 3:1 3b: R=-OCH,C=CH

Figure 1: (a) Schematic representation of a heteroglycocluster of the 2:2 series containing Man and Fuc. (b) Schematic representation of a heterogly-
cocluster of the 3:1 series containing Lac and Man. (c) Structure of carbohydrates used for the construction of heteroglycoclusters.
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Scheme 1: Synthesis of heteroglycoclusters of the 2:2 series. Reagents and conditions: (i) 0.1% TFA in H2O; (ii) Cu micropowder, t-BuOH, AcONH4
100 mM pH 7.4 (1:1, v/v). The wavy bond represents the aliphatic part (i.e., (CH2)4) of the lysine (Lys) and the norleucine (Nle) side chain.

tions were observed by analytical HPLC. The excess of sugar
was then quenched by the addition of acetone, and the resulting
crude mixtures were used for CUAAC without further purifica-

tion. The efficiency of CuAAC clearly depends on the experi-

mental conditions [34,35]. The choice of the solvent and of the
copper(l) catalyst (delivered either using Cul, copper micro-
powder, or CuSO4 and sodium ascorbate as reducing agent) and

the utilization of microwave or ultrasonic irradiation are para-
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meters that can influence the reaction kinetics, improve the
yields and sometimes prevent side reactions. In a previous
study, we observed that a tetravalent glycocluster can be
obtained in good yields and as a unique 1,4-regioisomer by
using a catalytic amount of copper micropowder in a mixture of
isopropanol and ammonium acetate buffer [42]. Therefore we
decided to follow similar conditions in this study with propargyl
glycosides aMan 1b, aFuc 2b and BLac 3b. Here again, each
reaction occurred quantitatively, as shown in RP-HPLC profiles
of the crude reaction mixtures (see Supporting Information
File 1). After removal of solid copper by filtration and semi-
preparative HPLC, six tetravalent heteroglycoclusters
combining two sugars (e.g., 6-Man/Fuc, 6-Man/Lac, 6-Fuc/
Man, 6-Fuc/Lac, 6-Lac/Man and 6-Lac/Fuc) were obtained in
excellent conversion rate and purity and unambiguously charac-

terized by mass spectrometry (Table 1).

To demonstrate the reliability of our protocol, a new series of
3:1 heteroglycoclusters was prepared from the same carbohy-
drate building blocks and the cyclopeptide 7. Similar experi-
mental conditions were followed, with the exception of the stoi-
chiometry of reagents (see Experimental section). In this series,
one oxime linkage was formed from 7 by using aminooxy
aMan 1a, aFuc 2a and BLac 3a, and three CuAAC reactions
were subsequently performed with propargyl glycosides aMan
1b, aFuc 2b and BLac 3b as described above (Scheme 2).

No difference in reactivity from the previous 2:2 series was

observed, thereby confirming the efficiency of this strategy for
the preparation of well-defined heteroglycoclusters.

Table 1: Outcome of the orthogonal ligation procedure.
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Conclusion

In this paper we have described an expedient and controlled
assembly protocol to prepare heteroglycoclusters similar to
those obtained previously from randomized combinatorial
libraries [26]. Following two orthogonal chemoselective reac-
tions, cyclopeptides 4 and 7 were successively reacted with
aminooxy glycosyls 1-3a and propargyl glycosides 1-3b.
Twelve novel oxime and triazole linked-heteroglycoclusters
displaying well-defined distributions and combinations
of carbohydrates were thus obtained in excellent yields and
purity.

Experimental
Standard procedures for the heteroglyco-

cluster assembly

Series 2:2

A solution of 4 (4.0 mg, 3.4 umol) and 2a (2.6 mg, 14.2 umol,
4 equiv) was stirred at 37 °C in 0.1% TFA in H,O (400 pnL).
After 3 h, analytical HPLC revealed the total conversion of 4a
into 5-Fuc. Analytical HPLC: tg 9.34 min (gradient: 5 to 100%
B in 20 min); ESI"-MS (m/z): [M + Na]® calcd for
CgoHogN2gO22Na, 1471.7; found, 1471.8. After the addition of
acetone (100 puL) to the crude, the reaction mixture was
lyophilized, then resuspended with +-BuOH/AcONH4 100 mM
pH 7.4 (500 pL, 1:1 v/v). Compound 1b (4.0 mg, 10.5 pmol,
3 equiv) and copper micropowder (455 pg, 7.0 umol) were next
added to the solution and the resulting mixture was left under
stirring at room temperature. After 4 h, copper was removed by
centrifugation and the supernatant purified by semipreparative
HPLC. Compound 6-Fuc/Man was obtained in 91% yield

compound yield? MS calcdP® MS found® tr (min)d
6-Man/Fuc 83% 1885.9 (C78H124N20034) 1886.0 7.79
6-Man/Lac 99% 2242.9 (CgoH145N20046) 22423 7.43
6-Fuc/Man 98% 1885.9 (C7gH124N20034) 1886.0 7.73
6-Fuc/Lac 98% 2210.0 (C90H145N20044) 2210.3 7.62
6-Lac/Man 94% 22429 (CgoH145N20046) 2242.2 7.31
6-Lac/Fuc 93% 2210.0 (C90H145N20044) 2210.3 7.60
8-Man/Fuc 85% 1880.9 (C7gH126N21032) 1881.1 7.88
8-Man/Lac 87% 2415.0 (Cg7H156N21050) 24154 7.30
8-Fuc/Man 91% 1912.9 (C79H126N21034) 1913.2 7.66
8-Fuc/Lac 90% 2400.0 (Cg7H156N21049) 2399.3 7.46
8-Lac/Man 89% 2092.0 (CgsH136N21040) 2091.2 7.46
8-Lac/Fuc 91% 2043.9 (CgsH136N21037) 2043.1 7.83

@Yields were calculated by integrating the peak corresponding to the expected compound in the crude HPLC profile. Isolated yields are given in the
Experimental section. PCalculated mass for [M + H]*. °MS analysis was performed by electrospray ionization method in positive mode. 9RP-HPLC

retention time using a linear gradient A/B, 95:5 to 0:100 in 20 min, flow: 1.0 mL/ min, A = 214 nm and 250 nm (column: nucleosil 300-5 C1g; solvent A:
0.09% TFA in H20, solvent B: 0.09% TFA in 90% acetonitrile).
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Scheme 2: Synthesis of heteroglycoclusters of the 3:1 series. Reagents and conditions: (i) 1a, 2a or 3a, 0.1% TFA in HyO; (ii) 1b, 2b or 3b, Cu micro-

powder, -BuOH, AcONH4 100 mM pH 7.4 (1:1, viv).

(5.9 mg). Analytical RP-HPLC: #g 7.73 min (gradient: 5 to
100% B in 20 min); '"H NMR (400 MHz, D,0) & 8.07 (s, 1H,
Hy,), 8.06 (s, 1H, Hy,), 7.81 (s, 1H, Hyy), 7.80 (s, 1H, Hy),
5.62 (d, Jip = 4.0 Hz, 1H, H-1pyc), 5.60 (d, J; » = 4.0 Hz, 1H,
H-1gyc), 4.99 (bs, 2H, 2H-1y1an), 4.86-4.68 (m, 6H, 2Hg1 ys/Nie»
2CH2pr0pargy1)’ 4.47-4.35 (m, 10H, 2HozLys/Nle’ 2CH2eNtes
2HgAlas 2Hgpro), 4.16-3.63 (m, 28H, 2CH34Gly, 2CH25pr0,
2H-2pye, 2H-3pye, 2H-4pyc, 2H-5pye, 2H-2Man, 2H-3Man,
2H-4Man, 2H-SMan, 2CH2-6)\an), 3.36-3.20 (m, 4H, 4Hgy ys),
2.39-2.29 (m, 2H, 2Hgpy,), 2.16-1.27 (m, 36H, 4CHppLys/Nle
4CH28Lys/Nlea 4CH2yLys/Nles 2H[iPrOs 2CH2yPro’ 2CH310), 1.22
(d, Js.6 = 6.0 Hz, 6H, 2CH3pyc); ESI™-MS (m/z): [M + H]*
calcd for C7gH | 24N20034, 1885.9; found, 1886.0. Compounds
6-Man/Fuc, 6-Man/Lac, 6-Fuc/Lac, 6-Lac/Man and 6-Lac/
Fuc were prepared following the same experimental conditions.

Series 3:1

A solution of 7 (6.6 mg, 5.9 umol) and 2a (2.2 mg, 1.2 umol,
2 equiv) was stirred at 37 °C in 0.1% TFA in H,O (600 pL).
After 3 h, analytical HPLC revealed the total conversion of 7
into the corresponding monovalent intermediate. Analytical
HPLC tg 10.57 min (gradient: 5 to 100% B in 20 min);
ESI*-MS (m/z): [M + H]" calcd for C5oHg4N> {017, 1274.6;
found, 1274.8. After the addition of acetone (100 puL) to the
crude, the reaction mixture was lyophilized, then resuspended
with --BuOH/AcNH4 100 mM pH 7.4 (600 pL, 1:1 v/v).
Compound 1b (10 mg, 27 pmol, 4.5 equiv) and copper micro-
powder (600 pg, 10 pmol) were next added to the solution and
the resulting mixture was left under stirring at room tempera-
ture. After 4 h, copper was removed by centrifugation and the

supernatant purified by semipreparative HPLC. Compound
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8-Fuc/Man was obtained in 88% yield (10.0 mg). Analytical
RP-HPLC: tg 7.66 min (gradient: 5 to 100% B in 20 min);
'H NMR (400 MHz, D,0) & 8.05 (s, 1H, Hy,), 8.02 (s, 2H,
Hir), 7.79 (s, 1H, Hoyy), 5.61 (d, J1 2 = 4.0 Hz, 1H, H-1g), 5.60
(d, J12 = 4.0 Hz, 1H, H-1gyc), 4.99 (bs, 3H, 3H-1pap),
4.85-4.66 (m, 8H, 2Hgrys/Nles 3CH2propargyl)s 4-48—4.32 (m,
12H, 2HozLys/Nle, 3CHzeNles 2HgAlas 2Hgpro), 4.15-3.64 (m,
30H, 2CH2aGlya 2CHyspro, H-2pyc, H-3puc, H-4puc, H-5Fyc,
3H-2Man, 3H-3Man> 3H-4Man, 3H-5Man, 3CH2-6Man), 3.29-3.19
(m, 2H, 2Hgpys), 2.40-2.30 (m, 2H, 2Hppyo), 2.15-1.28 (m,
36H, 4CH2BLys/Nles 4CH26Lys/Nles 4CH2yLys/Nles ZHBPrOs
ZCHZ"{PTO’ 2CH3A13), 1.22 (d, J5’6 =6.6 HZ, 3H, CH3Fuc);
ESI"-MS (m/z): [M + H]" calcd for C79H 26N21034, 1912.9;
found, 1913.2. Compounds 8-Man/Fuc, 8-Man/Lac, 8-Fuc/
Lac, 8-Lac/Man and 8-Lac/Fuc were prepared under the same

experimental conditions.

Supporting Information

The Supporting Information file contains analytical details
of all heteroglycoclusters of series 2:2 (6-Man/Fuc,
6-Man/Lac, 6-Fuc/Man, 6-Fuc/Lac, 6-Lac/Man and
6-Lac/Fuc) and 3:1 (8-Man/Fuc, 8-Man/Lac, 8-Fuc/Man,
8-Fuc/Lac, 8-Lac/Man and 8-Lac/Fuc) described in this
article.

Supporting Information File 1

Crude RP-HPLC profiles and ESI-MS spectra for the
heteroglycoclusters.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-47-S1.pdf]
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