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&Anticancer Agents

Heterovalent Glycodendrimers as Epitope Carriers for Antitumor
Synthetic Vaccines

Carlo Pifferi,[a] Baptiste Thomas,[a] David Goyard,[a] Nathalie Berthet,[a] and
Olivier Renaudet*[a, b]

Abstract: The large majority of TACA-based (TACA = Tumor-

Associated Carbohydrate Antigens) antitumor vaccines
target only one carbohydrate antigen, thereby often result-
ing in the incomplete destruction of cancer cells. However,

the morphological heterogeneity of the tumor glycocalix,
which is in constant evolution during malignant transforma-

tion, is a crucial point to consider in the design of vaccine
candidates. In this paper, an efficient synthetic strategy

based on orthogonal chemoselective ligations to prepare

fully synthetic glycosylated cyclopeptide scaffolds grafted

with both Tn and TF antigen analogues is reported. To eval-

uate their ability to be recognized as tumor antigens, direct
interaction ELISA assays have been performed with the anti-
Tn monoclonal antibody 9A7. Although both heterovalent

structures showed binding capacities with 9A7, the presence
of the second TF epitope did not interfere with the recogni-

tion of Tn except in one epitope arrangement. This hetero-
valent glycosylated structure thus represents an attractive

epitope carrier to be further functionalized with T-cell pep-

tide epitopes.

Introduction

Carbohydrate-based vaccines have recently emerged as a
promising approach in cancer immunotherapy. This major ach-
ievement is the result of decades of efforts during which im-

munologists, glycobiologists, and chemists have joined forces
to design synthetic or semi-synthetic structures to selectively

eradicate malignant cells by the immune system.[1–5] The iden-
tification of aberrant glycosylation patterns at the surface of
cancer cells, namely TACAs (Tumor-Associated Carbohydrate
Antigens), which discriminate healthy and malignant tissues is

indisputably the source of inspiration in this field.[6–9] The over-
expression of these antigens as membrane glycoproteins or
glycolipids has consequences in signal transduction and tumor
cell metastasis[10, 11] and often correlates to poor prognosis.[12, 13]

Although a small minority of cancer patients has shown a nat-

ural production of anti-TACA antibodies, these glycans are
rarely capable of inducing a robust immune response due to

their intrinsic nature.[14] As a matter of fact, some TACAs are

also expressed at low levels in normal tissues, making them to
be perceived as “self-antigens” by the human immune

system.[15] Moreover, the nature of immune response against

TACAs lacks the sustain of activated T-helper cells, which pro-
motes the proliferation and differentiation of B-cells, leading to

the production of high-affinity IgG antibodies.[16] To induce
such a T-cell-dependent response, the design of carbohydrate-
based vaccines requires protein or peptide carriers containing

known T-cell epitopes.[17–20] Alternatively, a toll-like receptor
(TLR) ligand can be included in the vaccine formulation to pro-

mote antigen-presenting cells (APC) maturation and subse-
quent cytokine release to enhance the potency of the antigen-
specific immune response.[21]

Over the last years, many advances have contributed to the

development of TACA-based conjugate vaccines.[22–25] First, the
development of powerful chemical synthesis of oligosacchar-
ides and chemoenzymatic strategies allowed for minimized
batch-to-batch variations due to the heterogeneity of extract-
ed glycans, to obtain higher quality carbohydrate epi-

topes.[26–28] Secondly, it was clearly established that TACAs
should preferentially be presented in a multivalent display to

mimic the native structures expressed on tumors and promote
the efficient delivery of the vaccine prototype to B-cells by
virtue of cell receptor cross-linking and endocytosis.[29–31] In ad-

dition, unnatural TACAs can be introduced in conjugated vac-
cines to increase their resistance towards endogenous glyco-

sylhydrolases and the immunogenicity of the constructs.[32, 33]

In other studies, protein carriers[34, 35] have been replaced with
well-defined, fully synthetic and non-immunogenic scaffolds

featuring clustered carbohydrate epitopes and immuno-stimu-
lant peptide sequences.[36] The development of less toxic adju-

vants and self-adjuvanting multi-component vaccines has also
been investigated, resulting in remarkable immunological ef-

fects.[37–45] Finally, when many structures only present the car-
bohydrate moiety of the TACA instead of the native glycopep-

[a] C. Pifferi, Dr. B. Thomas, Dr. D. Goyard, Dr. N. Berthet, Prof. Dr. O. Renaudet
Univ. Grenoble Alpes, CNRS, DCM UMR 5250
38000 Grenoble (France)
E-mail : olivier.renaudet@univ-grenoble-alpes.fr

[b] Prof. Dr. O. Renaudet
Institut Universitaire de France
103 boulevard Saint-Michel, 75005 Paris (France)

Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under https ://doi.org/10.1002/
chem.201702708.

Chem. Eur. J. 2017, 23, 16283 – 16296 T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16283

Full PaperDOI: 10.1002/chem.201702708

http://orcid.org/0000-0003-4963-3848
http://orcid.org/0000-0003-4963-3848
https://doi.org/10.1002/chem.201702708
https://doi.org/10.1002/chem.201702708


tide antigen, more relevant results have been obtained com-
pared to when the TACA are linked to an amino acid of the

native peptide fragment.[30, 46–48] However, despite these impor-
tant improvements, no carbohydrate-based antitumor synthet-

ic vaccine has succeeded in clinical trials.[49]

One critical but underestimated aspect in the design of anti-

tumoral vaccines is the morphological heterogeneity of the
tumor glycocalix, which is in constant evolution during malig-
nant transformation.[50–54] The large majority of vaccines target

only one carbohydrate antigen expressed on tumors, which re-
sults in the incomplete destruction of cancer cells and neglect
a compelling population of transformed cells. Therefore, it ap-
pears essential to consider the heterogeneous expression of
TACAs to activate different population of B-cells and thus stim-
ulate a multi-faceted response against a large population of

tumors present at different stage of the disease.[55] Following

this idea, the first semi-synthetic vaccine candidates combining
multiple TACAs have been pioneered by the Danishefsky

group.[56] It was demonstrated that when the highly immuno-
genic Keyhole Limpeth Hemocyanin (KLH) protein carrier is

functionalized with different TACAs (i.e. , Globo-H, Ley, and Tn
antigens), a similar antibody response was generated in

murine models compared with co-administration of the indi-

vidual monomers. More interestingly, the antibodies raised
against the multi-antigenic construct showed equal or higher

reactivity towards human cell lines expressing native antigen
forms. The same group further extended this approach with an

unimolecular pentavalent construct featuring Globo-H, STn, Tn,
GM2, and TF antigens (Figure 1 A).[57] This second-generation

vaccine showed promising preclinical results, being capable of

producing excellent IgG and IgM antibody titers against all five
antigens in mice models, when administered in the presence

of QS-21 adjuvant. This vaccine prototype is currently under
phase I clinical trial against ovarian cancer. Although this ap-

proach opens promising perspectives in immunotherapy and
was recently used only in semi-synthetic glycoprotein/glycoli-

pid-based approaches,[30, 58] no fully synthetic vaccine prototype

displaying different associations of TACAs have been described
so far.

Herein, we report an efficient synthetic strategy based on or-
thogonal chemoselective ligations to prepare vaccine candi-

dates combining several carbohydrate antigens. For this pur-
pose, we focused our attention on the preparation of glycosy-
lated cyclopeptide scaffolds grafted with both Tn and TF anti-
gen analogues, and dedicated to be further functionalized
with T-cell peptide epitopes (Figure 1 B).[33, 41, 59–62] We next eval-

uated through direct interaction ELISA assays the ability of our
multivalent glycoclusters to interact with monoclonal anti-Tn
antibody to assess whether the presence of a second epitope
(i.e. , TF) could interfere with the specific recognition of the Tn
moiety.

Results and Discussion

The development of efficient methodologies to prepare heter-

ovalent glycostructures represents not only a synthetic chal-
lenge, but also an important progress to deepen the influence
of glycoheterogeneity in interaction between carbohydrates
and antibodies or lectins.[63, 64] In the course of our recent stud-
ies in this field, we envisioned to build our multivalent Tn–TF-

based heterovalent glycodendrimers, that is, compounds 1 and
2 (Figure 2), by using two orthogonal reactions: oxime ligation
(OL) and copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC).[65–67] Considering that our target molecules should

contain carbohydrates in a separated (1) or shuffled (2) fashion,
we have designed a divergent strategy that requires the syn-

thesis of functionalized building blocks: i) Two “central” cyclo-

peptidic cores containing two aminooxy groups and two
serine residues (3) on the upper domain of the scaffold, or four

aldehyde groups (4) ; ii) Three additional cyclopeptidic “arms”
bearing one aminooxy group on the lower domain and four

serine residues on the upper domain (5), one aldehyde and
four azido groups (6), or one aminooxy, two serines and two

Figure 1. A) Unimolecular pentavalent construct by Danishefsky’s group. B) Our multivalent Tn/TF-based glycocluster.
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azides (7) ; iii) Aminooxy-Tn (8) and propargyl-TF (9) modified

antigens (Figure 2).

Synthesis of carbohydrate antigens

The aminooxy-Tn 8 has been prepared following the strategy

reported by our group.[68] The propargylated TF antigen 9 was

synthesized as shown in Scheme 1. Reaction of 1,3,4,6-tetra-O-
acetyl-2-azido-2-deoxy-b-d-galactopyranose 10[54] with prop-

argyl alcohol yielded compound 11[69] as an inseparable
anomeric mixture. Subsequent treatment with thioacetic acid

in pyridine led to the desired 2-acetamido derivative 12.[70]

Separation of the anomers could be achieved at this stage and

compound 12 was then deacetylated and selectively protected

on positions 4 and 6 to give the glycosyl acceptor 13. Trime-
thylsilyl trifluoromethanesulfonate-promoted glycosylation

with trichloroacetimidate 14 yielded disaccharide 15 that was
fully deprotected to afford propargyl-TF 9.

Synthesis of cyclopeptidic “cores” and “arms”

The synthesis of compounds 1 and 2 is based on a divergent

modular approach in which a central scaffold (“core”) has first
to be functionalized with four “arms”, and successively with

modified TACAs. The first step of the synthetic route involved

the solid phase peptide synthesis of the orthogonally protect-
ed sequence A on the Fmoc-Gly-SASRINTM resin (Fmoc = 9-fluo-

renylmethoxycarbonyl), in which we introduced the dipeptide
building block 16[71] to reduce the number of steps in solution.

After cleavage from the resin support in mild acidic conditions
and cyclization in diluted DMF/CH2Cl2, compound 17 was ob-
tained with an overall yield of 54 %. Compound 17 underwent

palladium-catalyzed deprotection of allyloxycarbonyl (Alloc)
groups; the two resulting free amino groups in the upper
domain were reacted with (Boc-aminooxy)acetic acid N-hydrox-
ysuccinimide ester[72] to afford fully protected intermediate 18.

The core scaffold 3 was obtained after treatment of 18 with
TFA in the presence of a mixture of triisopropylsilane

(TIS), water and hydroxylamine as scavengers
(Scheme 2). The key intermediate 3 shows: (i) Two
aminooxy groups, prone to react under oxime liga-
tion conditions; (ii) Two serine residues as masked a-
oxo aldehyde residues; and (iii) A free amino group

on the lysine side-chain, on the lower domain.[73]

The synthesis of the “right arm” 6 was performed

starting from the synthesis of the sequence B, where

6-azido-N-Fmoc-norleucine 19[74] has been included.
Cleavage from the resin and subsequent cyclization

gave compound 20 with a 48 % overall yield. Remov-
al of acid-labile protecting groups of compound 20
afforded intermediate 21, presenting four azido
groups on the upper domain and a serine residue in

Figure 2. General divergent strategy for the synthesis of heteroglycoclusters 1 and 2.

Scheme 1. Synthesis of the propargylated TF antigen 9. Reagents and conditions:
[a] Propargyl alcohol, BF3·Et2O, CH2Cl2, 40 8C, 8 h, 85 %; [b] AcSH, pyridine, r.t. , overnight,
70 %; [c] MeONa/MeOH (pH 10), r.t. , 2 h, 95 %; [d] PhC(OMe)2, camphorsulfonic acid (CSA),
CH3CN, r.t. , 72 h, 92 %; [e] Trimethylsilyl trifluoromethanesulfonate (TMSOTf), CH2Cl2,
@15 8C, 30 min, 75 %; [f] 70 % AcOH/H2O, 60 8C, 4 h, 85 %.
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the lower domain. This last residue was treated with sodium

periodate to give the a-oxo aldehyde-containing intermedi-
ate 6. In order to prevent the formation of undesired over-oxi-

dation side products, the reaction was stopped by RP-HPLC
purification after 40 minutes of reaction (Scheme 3).

Synthesis of cyclopeptidic “arms” of scaffold 2 started with
compound 22, featuring two protected serine residues, two

azido residues, and one amino residue protected with 1-(4,4-di-

methyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) group in the
lower domain, which was obtained from the solid phase pep-

tide synthesis of sequence C. Cleavage from the resin in mild
acidic conditions, followed by cyclization afforded the desired

compound with an overall yield of 55 %. Deprotection of Dde

by means of a 2 % solution of hydrazine monohydrate in N,N-

Dimethylformamide (DMF) afforded compound 23, the free
amino group was functionalized with (Boc-Aminooxy)acetic

acid N-hydroxysuccinimide ester and the resulting crude treat-
ed with a strong acidic deprotection cocktail to simultaneously

cleave Boc and tert-butyl groups (Scheme 4). “Cyclopeptide
arm” 7 was obtained in good yields (44 % overall) after RP-

HPLC purification.

Molecular assembly of the dendritic cores by OL

Conjugation between central scaffold 3 and “right arm” 6 was

carried out via oxime ligation, in the presence of a 0.1 % TFA

solution in H2O/CH3CN (1:1, pH 2.2) at 37 8C for
30 minutes, to afford compound 24 in excellent

yield (75 %) and purity. Oxidative cleavage of serine
residues of compound 24 by treatment with sodium
periodate gave compound 25, which subsequently
underwent oxime ligation with the “left arm” 5[60] to

afford 26 in good yields (60 % over two steps). Com-
pound 27 was obtained upon treatment of 26 with

sodium periodate and subsequent direct purification
by HPLC (Scheme 5). The resulting multivalent scaf-
fold 27, featuring eight a-oxo aldehyde and eight

azido functionalities displayed in separated “arms”,
was thus ready for the final conjugation step, featur-

ing saccharide epitopes 8 and 9, respectively
through both oxime ligation and copper(I)-catalyzed

azide-alkyne cycloaddition.
For the synthesis of the “shuffled” heterogly-

cocluster 2, we envisaged a divergent strategy em-

ploying the “core” scaffold 4[75] displaying four a-oxo
aldehyde groups. This central unit was reacted with

6 equivalents of aminooxy-containing “cyclopeptide
arm” 7 under oxime ligation conditions to give com-

Scheme 2. Synthesis of “core” cyclopeptide 3. Reagents and conditions: [a] 1 % TFA/ CH2Cl2, 10 V 10 min.; [b] PyBOPS (1.2 equiv), DIPEA (2.0 equiv), DMF/CH2Cl2

(1:1), 0.5 mm linear peptide, r.t. , 30 min, 54 % overall ; [c] Pd(PPh3)4 (0.3 equiv), PhSiH3 (25 equiv), dry DMF/CH2Cl2 (1:1), r.t. , 30 min; [d] (Boc-aminooxy)acetic
acid N-hydroxysuccinimide ester (1.2 equiv), DIPEA (1.5 equiv), dry DMF, r.t. , 20 min, 72 % over two steps; [e] 94 % TFA, 2 % TIS, 2 % H2O, 2 % NH2OH, r.t. , 3 h,
93 %.

Scheme 3. Synthesis of “right arm” cyclopeptide 6. Reagents and conditions: [a] 1 % TFA/
CH2Cl2, 10 V 10 min; [b] PyBOPS (1.2 equiv), DIPEA (2.0 equiv), DMF/CH2Cl2 (1:1), 0.5 mm
linear peptide, r.t. , 30 min, 48 % overall ; [c] 96 % TFA, 2 % TIS, 2 % H2O, r.t. , 3 h, 96 %;
[d] NaIO4 (10 equiv), H2O, r.t. , 40 min, 71 %.
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pound 28. The subsequent oxidative cleavage of serine resi-

dues afforded the desired compound 29 in good yields (68 %
over two steps). (Scheme 6)

Functionalization of the dendrimers with TACAs by OL and
CuAAC

With multivalent scaffolds 27 and 29 in hand, we proceeded

with a sequential one-pot strategy in which the first coupling
involved the oxime ligation between aminooxy-Tn 8 and the

eight aldehyde residues displayed on the multivalent scaffolds.

As described above, reaction conditions involved 1.5 equiva-
lents of aminooxy-saccharide per aldehyde, in a water/acetoni-

trile mixture containing 0.1 % of TFA. The reaction mixture was
incubated at 37 8C and after 30 minutes LC-MS analysis
showed complete conversion in the octa-Tn intermediate.

Phosphate buffer solution (PBS, pH 7.4, 10 mm) was added to
the reaction mixture in order to adjust the pH, then propargyl-

TF 9 was added to the crude, along with CuSO4, tris(3-hydroxy-
propyltriazolylmethyl)amine) (THPTA) and sodium ascorbate

Scheme 4. Synthesis of “arm” cyclopeptide 7. Reagents and conditions: [a] 1 % TFA/ CH2Cl2, 10 V 10 min; [b] PyBOPS (1.2 equiv), DIPEA (2.0 equiv), DMF/CH2Cl2

(1:1), 0.5 mm linear peptide, r.t. , 30 min, 55 % overall ; [c] 2 % N2H4/DMF, r.t. , 20 min. , 94 %; [d] (Boc-aminooxy)acetic acid N-hydroxysuccinimide ester
(1.2 equiv), DIPEA (1.5 equiv), dry DMF, r.t. , 20 min; [e] 94 % TFA, 2 % TIS, 2 % H2O, 2 % NH2OH, r.t. , 3 h, 86 % over two steps.

Scheme 5. Synthesis of multivalent scaffold 27. Reagents and conditions: [a] 0.1 % TFA in H2O/CH3CN (1:1), 37 8C, 30 min, 75 %; [b] NaIO4 (20 equiv), H2O, r.t. ,
40 min, 70 %; [c] 0.1 % TFA in H2O/CH3CN (1:1), 37 8C, 30 min, 85 %; [d] NaIO4 (80 equiv), H2O, r.t. , 40 min, 78 %.
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(Scheme 7).[76] RP-UPLC-MS analysis showed complete conver-

sion after 1.5 hours reaction at room temperature (See the
Supporting Information for chromatographic and ESI+ data).

Despite the structural complexity of these compounds, in

addition to classic mass spectrometry and analytical chroma-
tography, we have confirmed the correct functionalization of

Scheme 6. Synthesis of multivalent scaffold 29. Reagents and conditions: [a] 0.1 % TFA/H2O, 37 8C, 30 min, 87 %; [b] NaIO4 (80 equiv), H2O, r.t. , 40 min, 78 %.

Scheme 7. Synthesis of compounds 1 and 2. Reagents and conditions: [a] 0.1 % TFA in H2O/CH3CN, 37 8C, 30 min; [b] CuSO4 (1.5 equiv), Na ascorbate
(15 equiv), THPTA (8 equiv), PBS (pH 7.4, 10 mm), r.t. , 90 min.
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heteroglycoclusters 1 and 2 by 1H-NMR. Characteristic signals
for anomeric protons of Tn (&5.6 ppm) and TF (&5.0 ppm),

oxime protons (&7.8 ppm) and 1,4-triazole protons
(&8.0 ppm) have been detected and integrated to show the

expected ratio (Figure 3).

ELISA direct interaction assays

Before undertaking immunological assays in mice, we decided

to evaluate first the ability of our multivalent glycosylated scaf-
folds to interact with monoclonal anti-Tn antibody. This repre-

sents an essential step to validate before going further in the
synthesis of antitumor vaccines. Firstly because an efficient rec-

ognition of membrane-bound antibodies is a prerequisite for

the stimulation of B-cells,[77] and secondly because the pres-
ence of the TF epitope could interfere with the specific recog-

nition of the Tn moiety. To perform this binding study with the
heteroclusters 1 and 2, we have synthesized the hexadecava-

lent homocluster 30 (p. S29, Supporting Information), featuring
sixteen copies of Tn antigen, the tetravalent homoclusters 32
and 33 (pp. S35 and S37, Supporting Information), grafted with

N-acetyl glucosamine, and the tetravalent heterocluster 31
(p. S32, Supporting Information), that will be used as controls

(Figure 4 A).
We have selected the monoclonal antibody 9A7, which has

been shown to have good to excellent ability to recognize Tn-
positive human cancer cells such as MCF-7, LS174T, and

Jurkat.[78] Each molecule have been coated at different concen-

trations into microtiter wells and their ability to be recognized
by the anti-Tn MAb (9A7) was studied. Compound concentra-

tion giving the same absorbance value at 490 nm was used as
the indicator of the recognition ability by 9A7 (Figure 4 B). Al-

though the best interaction was observed for the hexadecava-
lent homoglycocluster 30, hexadecavalent heteroglycoclus-

ters 1 and 2 were both recognized by the anti-Tn mAb, keep-

ing in mind that 30 displays a 2-fold increased Tn ratio com-
pared to 1 and 2. More interesting was the high sensitivity of

the anti-Tn mAb to the epitope presentation. A significant dif-
ference was observed in the mAb recognition of 1 and 2 vary-

ing only by the TF and Tn epitopes distribution on the scaffold.
Compound 1 showed a lower efficiency than 30, presumably

because the number of Tn antigens (i.e. , eight) is half lower
than in the most active compound 30 (i.e. , sixteen). By con-
trast, compound 2 which displays a similar number of Tn than

1 was found to be less efficient. These results clearly indicate
that the TF epitope interfere with the Tn recognition by 9A7

only in compound 2. These results could be alternatively inter-
preted as a consequence of the differences in the spatial distri-
bution and interspace distances between the Tn antigens in
compounds 1 and 2. Although, the tetravalent heterogly-
cocluster 31 failed to show a significant interaction with 9A7,

suggesting that only two copies of Tn is not sufficient for an
efficient recognition. As expected, the tetravalent homoclus-

ters 32 and 33 used as negative control did not show any
signal, thus confirming the absence of unspecific interactions
between 9A7 and similar carbohydrates, and/or the peptide
scaffold itself.

Conclusion

To conclude, we report the first full synthesis of glycosylated
scaffolds as carriers of cancer-related antigens for vaccine

design. By using OL and CuAAc ligations, we have prepared
two hexadecavalent glycodendrimers with high yield and

purity grafted with both Tn and TF antigen analogues in differ-
ent topological arrangement. To evaluate their ability to be

recognized as tumor antigens, direct interaction ELISA assays

have been performed with the anti-Tn monoclonal antibody
9A7. This study has highlighted that either the presence of the

second TF epitope or the epitope distribution itself interfere
with the recognition of Tn in compound 2 whereas no signifi-

cant decrease of binding has been observed for compound 1.
Considering that an efficient recognition by B-cell antigen re-
ceptor (i.e. , membrane-bound antibody) is crucial for activation

of the immune system,[76] the identification of this heterovalent
glycosylated structure represents a key step toward the design

of synthetic vaccines. This epitope carrier will be functionalized
with T-cell peptide epitopes following a procedure described

recently in our group.[33] Results of immunological evaluation
of the derived antitumoral vaccine candidate will be reported

in a near future.

Experimental Section

General procedures

All chemical reagents were purchased from Aldrich (Saint Quentin
Fallavier, France) or Acros (Noisy-Le-Grand, France). All protected
amino acids and Fmoc-Gly-SasrinS resin were obtained from Ad-
vanced ChemTech Europe (Brussels, Belgium). For peptides and
glycopeptides, analytical RP-HPLC was performed on a Waters
system equipped with a Waters 2695 separations module and a
Waters 2487 Dual Absorbance UV/Vis Detector. Analytical RP-HPLC
was carried out at 1.23 mL min@1 (Interchim UPTISPHERE X-SERIE,
C18, 5 mm, 125 V 3.0 mm) with UV monitoring at 214 nm by using a
linear A–B gradient (buffer A: 0.09 % CF3CO2H in water; buffer B:
0.09 % CF3CO2H in 90 % acetonitrile). Purifications were carried out
at 22.0 mL min@1 (VP 250 V 21 mm nucleosil 100-7 C18) with UV
monitoring at 214 and 250 nm by using a linear A–B gradient. Ana-
lytical RP-UPLC was carried out at 0.6 mL min@1 (Phenomenex WI-
DEPORE XB- C18, 3.6 mm, 50 V 2.1 mm) with UV monitoring at
214 nm by using a linear C–D gradient (buffer C: 0.1 % CH2O2 in
water; buffer D: 0.1 % CH2O2 in acetonitrile). For carbohydrate de-
rivatives, moisture-sensitive reactions were performed under an
argon atmosphere by using oven-dried glassware and reactions
was monitored by using TLC with silica gel 60 F254 precoated
plates (Merck). Spots were inspected by UV light and visualized by
charring with 10 % H2SO4 in EtOH for carbohydrates. Silica gel 60
(0.063–0.2 mm or 70–230 mesh, Merck) was used for column chro-
matography. 1H and 13C NMR spectra were recorded on Bruker
Avance 400 MHz or Brucker Avance III 500 MHz spectrometers and
chemical shifts (d) were reported in parts per million (ppm). Spec-
tra were referenced to the residual proton solvent peaks relative to
the signal of CDCl3 (d= 7.26 and 77.0 ppm for 1H and 13C) and D2O
(4.79 ppm for 1H), assignments were performed by using GCOSY
and GHMQC experiments. Standard abbreviations s, d, t, dd, br s,
m refer to singlet, doublet, triplet, doublet of doublets, broad sin-
glet, multiplet, respectively. The anomeric configuration was estab-
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Figure 3. A) 1H NMR (D2O, 400 MHz) zoom of 1; B) 1H NMR (D2O, 400 MHz) zoom of 2 ; C) ESI+-MS spectrum of 1; D) ESI+-MS spectrum of 2 ; E) Analytical RP-
HPLC profile of 1; F) Analytical RP-HPLC profile of 2.

Chem. Eur. J. 2017, 23, 16283 – 16296 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16290

Full Paper

http://www.chemeurj.org


lished from J1,2 coupling constants. HRMS and ESI-MS spectra of
peptides and glycopeptides were measured on an Esquire 3000
spectrometer from Bruker or on an Acquity UPLC/MS system from
Waters equipped with an SQ Detector 2. Bovine Serum Albumin
(BSA), SIGMA FAST O-phenylenediamine dihydrochloride (OPD), 96-
well microtiter Nunc-Immuno plates (Maxi-Sorp) and goat anti-
Mouse IgG-HRP-linked antibody were purchased from Sigma–Al-
drich. Monoclonal antibody anti-Tn (9A7) was kindly given by Prof.
R. Lo-Man (Institut Pasteur, Paris, France). The microtiter plate
reader was a POLARstar Omega (BMG LABTECH).

Procedure for solid-phase peptide synthesis

Assembly of protected linear peptide was performed manually or
automatically (Syro II, Biotage) by employing solid-phase peptide
synthesis (SPPS) protocol using the Fmoc/tBu strategy and the

Fmoc-Gly-SasrinS resin (loading = 0.7 mmol g@1). Coupling reactions
were performed using, relative to the resin loading, 1.5–2 equiv of
N-Fmoc-protected amino acid in situ activated with PyBOP (1.5–
2 equiv) and N,N-diisopropylethylamine (DIPEA, 3–4 equiv) in DMF
(10 mL g@1 resin) for 30 min. Coupling reaction was checked by
2,4,6-Trinitrobenzenesulfonic Acid (TNBS) test using a solution of
1 % trinitrobenzenesulfonic acid in DMF. N-Fmoc protecting groups
were removed by treatment with piperidine/DMF (1:4, 10 mL g@1

resin) for 10 min. The process was repeated three times and the
resin was further washed five times with DMF (10 mL g@1 resin) for
1 min. The peptide was released from the resin by treating 10
times with a cleavage solution of TFA:CH2Cl2 (1:99). The combined
cleavage fractions were concentrated under reduced pressure, ice-
cold Et2O was added to induce precipitation and the linear peptide
was obtained as a white powder after filtration and used without
any further purification.

Figure 4. A) Compounds tested in ELISA assay; B) Interaction curves of the monoclonal antibody Anti-Tn 9A7 with the glycoconjugates 30 (&), 1 (~), 2 (&),
31 (*), 32 (V), 33 (~).
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Procedure for peptide cyclization

All linear peptides were dissolved in CH2Cl2 (0.45–0.50 mm) and the
pH of the solution was adjusted to 9 by addition of DIPEA. PyBOP
(1.2 equiv) was added and the reaction mixture was stirred at
room temperature for 30 minutes. The solvent was removed under
reduced pressure and precipitation from diethyl ether afforded de-
sired cyclic peptides as white solids.

Compound 1

To a solution of 27 (10.2 mg, 1.6 mmol) in a H2O/CH3CN (1:1,
1.0 mL) mixture containing 0.09 % CF3CO2H, 8 (4.6 mg, 19.5 mmol)
was added and the reaction heated at 37 8C without stirring. After
30 minutes, RP-UPLC showed complete conversion to the octa-Tn
derivative: tR = 2.37 min. (5–60 % solv.D in 3.0 min.) (Figure S1). ESI+

-MS m/z (Average MW) Elemental analysis calcd (%) for
C331H530N111O118 [M++5 H]5 + : 1590.5, found: 1590.2; calcd for
C331H529N111O118 [M++4 H]4 + : 1987.9, found: 1987.7.

To this mixture, 9 (8.3 mg, 19.7 mmol) was added, then 1.0 mL of
PBS buffer (pH 7.4, 10 mm) was added and the solution degassed
by argon bubbling for 15 minutes. A separate solution, containing
CuSO4 (0.5 mg, 2.0 mmol), THPTA (5.7 mg, 13.1 mmol) and sodium
ascorbate (10.4 mg, 23.9 mmol) in previously degassed PBS buffer
(1.0 mL, pH 7.4, 10 mm) was added to the reaction mixture. After
90 minutes stirring at room temperature, RP-UPLC showed com-
plete conversion to compound 1: tR = 1.40 min. (5–60 % solv.D in
3.0 min.) (Figure S3). ESI+-MS m/z (Average MW) Elemental analysis
calcd (%) for C467H747N119O206 [M++6 H]6 + : 1887.4, found: 1887.4.

ChelexS resin was added to the reaction mixture and stirred for
30 minutes at room temperature in order to remove residues of
copper. The crude was then purified by preparative RP-HPLC and
lyophilized to afford 10.2 mg of pure 1 (55 % yield). Analytical RP-
HPLC: tR = 7.54 min. (0–40 % solv.B in 15 min.).

Compound 2

Compound 2 was obtained in 60 % yield (10.0 mg) by following
the same procedure reported above, starting from 9.2 mg
(1.5 mmol) of compound 29 (see the Supporting Information). ESI+

-MS m/z (Average MW) Elemental analysis calcd (%) for
C467H747N119O206 [M++6 H]6 + : 1887.4, found: 1887.5. Analytical RP-
HPLC: tR = 7.60 min. (0–40 % solv. B in 15 min).

Compound 3

A solution containing trifluoroacetic acid (TFA), triisopropylsilane
(TIS), water and hydroxylamine (2.0 mL, 94:2:2:2) was added to 18
(22.1 mg, 11.3 mmol) and the mixture stirred at room temperature
for 3 hours. After addition of ice-cold Et2O (10 mL) and filtration of
the precipitate, the crude product was purified via preparative RP-
HPLC to give, after lyophilization, compound 3 (14.1 mg) in 93 %
yield. ESI+-MS m/z (Monoisotopic MW) Elemental analysis calcd (%)
for C57H102N19O18 [M++H]+ : 1340.8, found: 1340.4; Elemental analysis
calcd (%) for C57H103N19O18 [M++2 H]2 + : 670.9, found: 670.5;
C57H107N19O18 Na3 [M++6 H++3 Na]9 + : 157.2, found: 157.0. Analytical
RP-HPLC: tR = 4.00 min. (0–30 % solv. B in 15 min.).

Compound 6

To a solution of 21 (50.7 mg, 41.9 mmol) in H2O (2.0 mL), sodium
periodate (89.6 mg, 419 mmol) was added and the reaction mixture
stirred at room temperature for 30 minutes. Direct RP-HPLC purifi-
cation, followed by lyophilization afforded compound 6 (35.1 mg)

in 71 % yield. HRMS (ESI+-TOF) m/z (Monoisotopic MW) Elemental
analysis calcd (%) for C49H78N23O12 [M++H]+ : 1180.6200, found:
1180.6211; Elemental analysis calcd (%) for C49H79N23O13Na
[M++H2O++Na]+ : 1220.6125, found: 1220.6138. Analytical RP-HPLC:
tR = 6.78 min. (5–100 % solv.B in 15 min.).

Compound 7

To a solution of anhydrous DMF (5 mL) containing DIPEA (13 mL,
74.6 mmol), compound 23 (69.4 mg, 44.5 mmol) and (Boc-Amino-
oxy)acetic acid N-hydroxysuccinimide ester[56] (14.1 mg, 48.9 mmol)
were added. After 20 minutes stirring at room temperature the sol-
vent mixture was concentrated under vacuum and ice-cold Et2O
was added to induce precipitation. The resulting yellowish precipi-
tate was filtered, dried and used for the next step without any fur-
ther purification. The crude product was added of a cocktail con-
taining TFA, TIS, water and hydroxylamine (5.0 mL, 94:2:2:2) and
the reaction stirred at room temperature for 3 hours. After addition
of ice-cold Et2O (30 mL) and filtration of the precipitate, the crude
product was purified via preparative RP-HPLC to give, after lyophili-
zation, compound 7 (50.5 mg) in 86 % yield over two steps. HRMS
(ESI+-TOF) m/z (Monoisotopic MW) Elemental analysis calcd (%) for
C55H95N22O16 [M++H]+ : 1319.7296, found: 1319.7302; Elemental anal-
ysis calcd (%) for C55H94N22O16Na [M++Na]+ : 1341.7116, found:
1341.7123. Analytical RP-HPLC: tR = 3.52 min. (5–100 % solv. B in
15 min.).

Propargyl (b-d-galactopyranosyl)-(1–3)-2-acetamido-2-
deoxy-a-d-galactopyranoside (9)

A solution of compound 15 (250 mg, 0.37 mmol) in 70 % aqueous
acetic acid (2.5 mL) was stirred at 60 8C for 4 hours. The mixture
was concentrated under reduced pressure and co-evaporated with
toluene. The residue was solubilized in dry methanol (5 mL) and a
solution of sodium methoxide in methanol was added to reach ap-
proximately pH 9. The solution was stirred at room temperature
overnight and neutralized with Amberlite IR-120 H+ . The resin was
filtered off, washed with methanol and the filtrate was concentrat-
ed under reduced pressure to afford the title compound after pre-
cipitation (MeOH/CH2Cl2) as a white amorphous solid (147 mg,
0.35 mmol, 95 %); 1H NMR (400 MHz, CD3OD) d= 5.02 (d, 1 H, J =
3.7 Hz, H-1), 4.48 (dd, 1 H, J = 3.7, 11.1 Hz, H-2), 4.40 (d, 1 H, J =
7.6 Hz, H-1’), 4.31 (dd, 1 H, J = 2.4, 15.9 Hz, CH2CCH), 4.25 (dd, 1 H,
J = 2.4, 15.9 Hz, CH2CCH), 4.17 (d, 1 H, J = 2.2 Hz, H-4’), 3.91 (dd, 1 H,
3.0, 11.1 Hz, H-3), 3.85 (tap, 1 H, J = 6.0 Hz, H-5’), 3.81 (d, 1 H, J =
2.9 Hz, H-4), 3.75 (dd, 2 H, J = 6.9, 11.3 Hz, H-6a, H-6’a), 3.70 (dd, 2 H,
J = 5.1, 11.4 Hz, H-6b, H-6’b), 3.50–3.56 (m, 2 H, H-2’, H-5’), 3.44 (dd,
1 H, J = 3.2, 9.7 Hz, H-3’), 2.85 (t, 1 H, J = 2.3 Hz, CH2CCH), 1.97 ppm
(s, 3 H, acetyl). Those data are in agreement with the literature.[79]

Propargyl 2-acetamido-4,6-O-benzylidene-2-deoxy-a-d-gal-
actopyranoside (13)

To a suspension of propargyl 2-acetamido-2-deoxy-a-d-galactopyr-
anoside64 (1.285 g, 4.95 mmol, 1 equiv) and benzaldehyde dimethyl
acetal (1.116 mL, 7.43 mmol, 1.5 equiv) in dry acetonitrile was
added camphorsulfonic acid (115 mg, 0.49 mmol, 0.1 equiv). The
mixture was stirred at room temperature for 48 hours. The reaction
was quenched with triethylamine (0.3 mL) and concentrated under
reduced pressure. The crude mixture was purified over silica gel
chromatography (CH2Cl2/MeOH 98:2) to afford the title compound
as a white amorphous solid (1.550 g, 4.46 mmol, 90 %); 1H NMR
(400 MHz, [D6]acetone) d= 7.54–7.56 (m, 2 H, H-Ar), 7.32–7.39 (m,
3 H, H-Ar), 6.95 (d, 1 H, J = 7.8 Hz, NH), 5.65 (s, 1 H, CHPh), 5.07 (d,
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1 H, J = 3.5 Hz, H-1), 4.38 (tdap, 1 H, J = 8.6, 3.5 Hz, H-2), 4.30 (dap,
1 H, J = 3.4 Hz, H-4), 4.29 (dd, 1 H, J = 16.0, 2.5 Hz, OCH2CCH), 4.25
(dd, 1 H, J = 16.0, 2.5 Hz, OCH2CCH), 4.17 (dd, 1 H, J = 12.4, 1.6 Hz,
H-6a), 4.13 (dd, 1 H, J = 12.5, 1.7 Hz, H-6b), 3.88 (ddd, 1 H, J = 11.1,
9.2, 3.4 Hz, H-3), 3.79 (dap, 1 H, J = 1.1 Hz, H-5), 3.75 (d, 1 H, J =

9.2 Hz, OH-3), 2.97 (t, 1 H, J = 2.4 Hz, CH2CCH), 1.91 ppm (s, 3 H,
acetyl) ; 13C NMR (100 MHz, [D6]acetone) d= 170.9 (C=O, acetyl),
139.9 (C-Ar), 129.4 (CH-Ar), 128.7 (2 V CH-Ar), 127.3 (2 V CH-Ar),
101.4 (CH-Ph), 98.3 (C-1), 80.3 (CH2CCH), 76.9 (C-4), 76.1 (CH2CCH),
69.8 (C-6), 68.2 (C-3), 64.4 (C-5), 55.4 (CH2CCH), 51.1 (C-2), 22.9 ppm
(CH3, acetyl) ; HRMS (ESI+-TOF) m/z (Monoisotopic MW) Elemental
analysis calcd (%) for C18H22NO6 [M++H] + : 348.1447, found:
348.1445.

Propargyl (2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-(1–3)-
2-acetamido-4,6-O-benzilidene-2-deoxy-a-d-galactopyrano-
side (15)

A solution of 13 (430 mg, 1.23 mmol, 1 equiv) and 2,3,4,6-tetra-O-
acetyl-a-d-galactopyranosyl trichloroacetimidate (912 mg,
1.85 mmol, 1.5 equiv) in dry dichloromethane (10 mL) was stirred
for 1 hour under argon at room temperature in the presence of ac-
tivated 4 a molecular sieve. trimethylsilyl trifluoromethanesulfonate
(45 ml, 0.25 mmol, 0.2 equiv) was added at @15 8C and the reaction
was stirred at @15 8C for 30 minutes, quenched with triethylamine
(50 ml), filtered on a celite pad and concentrated under reduced
pressure. The crude mixture was purified over silica gel chromatog-
raphy (CH2Cl2/MeOH 98:2) to afford the title compound as a white
amorphous solid (503 mg, 0.74 mmol, 60 %). 1H NMR (400 MHz,
CDCl3) d= 7.51–7.54 (m, 2 H, H-Ar), 7.32–7.38 (m, 3 H, H-Ar), 5.64 (d,
1 H, J = 9.1 Hz, NHAc), 5.54 (s, 1 H, CH-Ph), 5.37 (d, 1 H, J = 3.3 Hz, H-
4’), 5.18 (dd, 1 H, J = 10.3, 7.9 Hz, H-2’), 5.12 (d, 1 H, J = 3.5 Hz, H-1),
4.97 (dd, 1 H, J = 10.3, 3.5 Hz, H-3’), 4.75 (d, 1 H, J = 7.9 Hz, H-1’),
4.70 (ddd, 1 H, J = 3.6, 9.1, 11.4 Hz, H-2), 4.02–4.30 (m, 7 H, H-4, 2 V
H-6, 2 V H-6’, 2 V CH2CCH), 3.95 (dd, 1 H, J = 3.2, 11.2 Hz, H-3), 3.89
(tap, 1 H, J = 5.9 Hz, H-5’), 3.69 (tap, 1 H, J = 10.3 Hz, H-5), 2.46 (t, 1 H,
J = 2.4 Hz, CH2CCH), 2.14, 2.04, 2.03, 1.99, 1.96 ppm (5 s, 15 H, 5 V
CH3, acetyl) ; 13C NMR (125 MHz, CDCl3) d= 170.7, 170.6, 170.4,
170.3, 170.2 (5 V C, acetyl), 128.5 (C-Ar), 128.3 (CH-Ar), 126.7 (2 V CH-
Ar), 126.6 (2 V CH-Ar), 100.8 (C-1’), 97.0 (C-1), 78.6 (CH2CCH), 75.4
(CH2CCH), 72.7 (C-5’), 71.0 (C-3’), 70.9 (C-5), 69.0 (C-3), 68.6 (C-2’),
68.0 (C-4), 66.9 (C-4’), 62.6 (C-6), 61.3 (C-6’), 55.3 (CH2CCH), 53.6 (C-
2), 23.6, 20.9, 20.9, 20.8, 20.7 ppm (5 V CH3, acetyl) ; HRMS (ESI+

-TOF) m/z (Monoisotopic MW) Elemental analysis calcd (%) for
C32H40NO15 [M++H]+ : 678.6577, found: 678.6570.

Compound 17

Starting from 200 mg of Fmoc-Gly-SasrinS resin (loading =
0.7 mmol g@1), linear sequence A was synthesized according to the
procedure for solid-phase peptide synthesis and cleaved to its
resin support to give the corresponding linear peptide. HRMS (ESI+

-TOF) m/z (Monoisotopic MW) calcd for C84H146N17O25 [M++H]+ :
1794.0706, found: 1794.0641.

Following the procedure for peptide cyclization, cleaved sequen-
ce A gave compound 17 (134 mg) in 54 % overall yield after RP-
HPLC purification and lyophilization. HRMS (ESI+-TOF) m/z (Monoi-
sotopic MW) calcd for C84H144N17O24 [M++H]+ : 1776.0600, found:
1776.0605; Elemental analysis calcd (%) for C84H143N17O24Na
[M++Na]+ : 1797.0390, 1797.0406. Analytical RP-HPLC: tR = 9.62 min.
(5–100 % solv. B in 15 min.).

Compound 18

To a solution of 17 (72.3 mg, 40.7 mmol) in a mixture of anhydrous
DMF/CH2Cl2 (1:1, 10 mL), phenylsilane (250 mL, 2.0 mmol) and
Pd(PPh3)4 (9.4 mg, 8.13 mmol) were added and the reaction stirred
at room temperature for 30 minutes. MeOH (5 mL) was added to
the mixture and the reaction stirred until production of CO2

ceased. The reaction mixture was concentrated under vacuum and
ice-cold Et2O (20 mL) was added to induce precipitation. The re-
sulting yellowish precipitate was filtrated, dried, and used without
any further purification for the subsequent step. To a solution of
the crude mixture in anhydrous DMF (5 mL), DIPEA (22 mL,
126 mmol) and (Boc-Aminooxy)acetic acid N-hydroxysuccinimide
ester[71] (25.8 mg, 89.5 mmol) were added. After 20 minutes stirring
at room temperature, the reaction mixture was directly purified via
preparative RP-HPLC and lyophilized to give compound 18
(57.2 mg) in 72 % yield over two steps. HRMS (ESI+-TOF) m/z (Mon-
oisotopic MW) Elemental analysis calcd (%) for C90H157N19O28Na
[M++Na]+ : 1975.1343, found: 1975.1371. Analytical RP-HPLC: tR =
9.72 min. (5–100 % solv. B in 15 min.).

Compound 20

Starting from 200 mg of Fmoc-Gly-SasrinS resin (loading =
0.7 mmol g@1), linear sequence B was synthesized according to the
procedure for solid-phase peptide synthesis and cleaved to its
resin support to give the corresponding linear peptide. HRMS (ESI+

-TOF) m/z (Monoisotopic MW) Elemental analysis calcd (%) for
C59H101N24O15 [M++H]+ : 1385.7878, found: 1385.7856.

Following the procedure for peptide cyclization, cleaved sequen-
ce B gave compound 20 (91.9 mg) in 48 % overall yield after RP-
HPLC purification and lyophilization. HRMS (ESI+-TOF) m/z (Monoi-
sotopic MW) Elemental analysis calcd (%) for C59H99N24O14 [M++H]+ :
1367.7773, found: 1367.7745; Elemental analysis calcd (%) for
C59H98N24O14Na [M++Na]+ : 1389.7592, found: 1389.7561. Analytical
RP-HPLC: tR = 8.52 min. (5–100 % solv. B in 15 min.).

Compound 21

A solution containing trifluoroacetic acid (TFA), triisopropylsilane
(TIS) and water (2.0 mL, 96:2:2) was added to 20 (78.5 mg,
57.4 mmol). After 3 hours stirring at room temperature the reaction
mixture was added to ice-cold Et2O (10 mL) and the resulting pre-
cipitate was filtrated and dried. After RP-HPLC purification and lyo-
philization, compound 21 (64.7 mg) was obtained in 96 % yield.
HRMS (ESI+-TOF) m/z (Monoisotopic MW) Elemental analysis calcd
(%) for C50H83N24O12 [M++H]+ : 1211.6622, found: 1211.6602. Analyti-
cal RP-HPLC: tR = 6.59 min. (5–100 % solv. B in 15 min.).

Compound 22

Starting from 200 mg of Fmoc-Gly-SasrinS resin (loading =
0.7 mmol g@1), linear sequence C was synthesized according to the
procedure for solid-phase peptide synthesis and cleaved to its
resin support to give the corresponding linear peptide. HRMS
(ESI+-TOF) m/z (Monoisotopic MW) calcd for C81H138N21O21 [M++H]+ :
1741.0376, found: 1741.0366; calcd for C81H137N21O21Na [M + Na]+ :
1763.0196, found: 1763.0176. Following the procedure for peptide
cyclization, cleaved sequence C gave compound 22 (132.7 mg) in
55 % overall yield after RP-HPLC purification and lyophilization.
HRMS (ESI+-TOF) m/z (Monoisotopic MW) calcd for C81H136N21O20

[M++H]+ : 1724.0300, found: 1724.0282; Elemental analysis calcd (%)
for C81H135N21O20Na [M++Na]+ : 1745.0090, found: 1745.0078. Analyti-
cal RP-HPLC: tR = 9.60 min. (5–100 % solv. B in 15 min.).
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Compound 23

To a 2 % solution of hydrazine monohydrate (5.0 mL), 22 (90.3 mg,
52.4 mmol) was added and the reaction stirred at room tempera-
ture for 20 minutes. The solvent mixture was concentrated under
vacuum and directly purified via preparative RP-HPLC to give, after
lyophilization, compound 23 (76.8 mg) in 94 % yield. HRMS (ESI+

-TOF) m/z (Monoisotopic MW) Elemental analysis calcd (%) for
C71H124N21O18 [M++H]+ : 1558.9433, found: 1558.9458. Analytical RP-
HPLC: tR = 8.65 min. (5–100 % solv. B in 15 min.).

Compound 24

To a mixture of H2O/CH3CN (1:1, 1.0 mL) containing 0.09 %
CF3CO2H, 3 (12.1 mg, 9.0 mmol) and 6 (31.9 mg, 27.0 mmol) were
added and the reaction mixture was heated at 37 8C for 30 mi-
nutes. RP-HPLC purification, followed by lyophilization, afforded
pure compound 24 (24.7 mg) in 75 % yield. ESI+-MS m/z (Average
MW) Elemental analysis calcd (%) for C155H253N65O40 [M++2 H]2 + :
1833.5, found: 1833.5; calcd for C155H254N65O40 [M++3 H]3 + : 1222.7,
found: 1222.6; Elemental analysis calcd (%) for C155H254N65O40

[M++3 H++Na]4 + : 922.8, found: 922.8. Analytical RP-HPLC: tR =
8.17 min. (5–100 % solv. B in 15 min.).

Compound 25

To a solution of 24 (22.3 mg, 6.1 mmol) in in H2O (2.0 mL), sodium
periodate (26.1 mg, 122 mmol) was added and the reaction mixture
stirred at room temperature for 30 minutes. Direct RP-HPLC purifi-
cation, followed by lyophilization afforded compound 25 (16.5 mg)
in 75 % yield. ESI+-MS m/z (Average MW) Elemental analysis calcd
(%) for C153H246N63O42Na [M++H2O++H++Na]2 + : 1831.5, found: 1831.5;
Elemental analysis calcd (%) for C153H246N63O42Na2

[M++H2O++H++2 Na]3 + : 1228.7, found: 1228.6; Elemental analysis
calcd (%) for C153H246N63O42Na3 [M++H2O++H++3 Na]4 + : 927.2, found:
927.2. Analytical RP-HPLC: tR = 8.49 min. (5–100 % solv. B in
15 min.).

Compound 26

To a mixture of H2O/CH3CN (1:1, 1.0 mL) containing 0.09 %
CF3CO2H, 25 (16.0 mg, 4.4 mmol) and 5[45] (19.0 mg, 13.2 mmol)
were added and the reaction mixture was heated at 37 8C for
30 minutes. RP-HPLC purification, followed by lyophilization, afford-
ed pure compound 26 (24.1 mg) in 85 % yield. ESI+-MS m/z (Aver-
age MW) Elemental analysis calcd (%) for C275H457N103O78 [M++4 H]4+

:1613.6, found: 1613.5; calcd for C275H458N103O78 [M++5 H]5 + : 1291.0,
found: 1291.0; Elemental analysis calcd (%) for C275H459N103O78

[M++6 H]6 + : 1076.0, found: 1076.1; Elemental analysis calcd (%) for
C275H460N103O78 [M++7 H]7 + : 922.5, found: 922.5. Analytical RP-HPLC:
tR = 7.23 min. (5–100 % solv. B in 15 min.).

Compound 27

To a solution of 26 (23.6 mg, 3.7 mmol) in H2O (2.0 mL), sodium pe-
riodate (62.6 mg, 293 mmol) was added and the reaction mixture
stirred at room temperature for 30 minutes. Direct RP-HPLC purifi-
cation, followed by lyophilization afforded pure compound 27
(17.7 mg, 78 % yield). ESI+-MS m/z (Average MW) Elemental analy-
sis calcd (%) for C267H416N95O78 [M++3 H]3 + : 2068.2, found: 2067.7; El-
emental analysis calcd (%) for C267H417N95O78 [M++4 H]4 + : 1551.4,
found: 1551.1; Elemental analysis calcd (%) for C267H418N95O78

[M++5 H]5 + : 1241.4, found: 1241.1. Analytical RP-HPLC: tR = 8.11 min.
(5–100 % solv.B in 15 min.).

Compound 28

To a mixture of H2O/CH3CN (1:1, 1.0 mL) containing 0.09 %
CF3CO2H, 4[59] (7.6 mg, 6.1 mmol) and 7 (48.1 mg, 36.4 mmol) were
added and the reaction heated at 37 8C for 30 minutes. RP-HPLC
purification afforded, after lyophilization, pure compound 28
(34.2 mg) in 87 % yield. ESI+-MS m/z (Average MW) Elemental anal-
ysis calcd (%) for C275H457N103O78 [M++4 H]4 + :1613.6, found: 1613.5;
calcd for C275H458N103O78 [M++5 H]5 + : 1291.0, found: 1291.1; Elemen-
tal analysis calcd (%) for C275H459N103O78 [M++6 H]6 + : 1076.0, found:
1076.2. Analytical RP-HPLC: tR = 4.31 min. (5–100 % solv. B in
15 min.).

Compound 29

Compound 29 was obtained in 73 % yield (15.3 mg) by following
the same procedure reported above, starting from 21.8 mg
(3.4 mmol) of compound 28. ESI+-MS m/z (Average MW) Elemental
analysis calcd (%) for C267H416N95O78 [M++3 H]3 + : 2068.3, found:
2068.5; calcd for C267H417N95O78 [M++4 H]4 + : 1551.4, found: 1551.7;
Elemental analysis calcd (%) for C267H418N95O78 [M++5 H]5 + : 1241.4,
found: 1241.6; C267H423N95O78 [M++10 H]10 + : 621.2, found: 620.9. An-
alytical RP-HPLC: tR = 8.08 min. (5–100 % solv. B in 15 min.).

Enzyme-linked immunosorbent assay

96-well microtiter Nunc-Immuno plates (Maxi-Sorp) were coated
with serial two-fold dilutions of each glycoclusters in PBS buffer
pH 7.4 (from 100 mm to 3 nm, 100 mL per well,) for 1 h at 37 8C. The
wells were then washed with T-PBS (3 V 100 mL per well, PBS pH 7.4
containing 0.05 % (v/v) Tween 20). This washing procedure was re-
peated after each incubation step. The coated microtiter plates
were then blocked with BSA in PBS (3 % w/v, 1 h at 37 8C, 100 mL
per well). Primary mouse anti-Tn monoclonal antibody (9A7) was
then added (100 mL per well) and plates were incubated for 1 h at
37 8C. The Anti-Tn antibody interaction with the coated glycoclus-
ters was revealed by using goat anti-mouse IgG peroxidase conju-
gate 1:1000 (100 mL per well, incubation 1 h at 37 8C) and o-phenyl-
diamine/H2O2 substrate (OPD 100 mL per well). The reaction was
stopped after 10 min by adding H2SO4 (30 % v/v, 50 mL per well)
and the absorbance was measured at 490 nm. Glycoclusters pre-
senting four GlcNAc residues (32, 33) were used as control for spe-
cificity. The optical density (OD at 490 nm) was plotted against the
logarithm of the concentration for each glycocluster. The sigmoidal
curves were fitted using Origin v6.1 software.
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