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Synthetic MUCL1 glycopeptide bearing pGalNAc-Thr as Tn antigen isomer induces
antibodies production against tumor cells
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Marcelo Fiori Marchiori,* Emanuela laccarino,”® Menotti Ruvo,” Marcelo Dias-Baruffi* and Ivone
Carvalho®
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b. Istituto di Biostrutture e Bioimmagini, CNR, via Mezzocannone, 16, 80134, Napoli,
Italy
c. Second University of Naples, via Vivaldi, 43, 81100, Caserta, Italy

Abstract

This study presents the synthesis of the novel protected O-glycosyl amino acids fGalNAc-SerOBn (1
and BGalNAc-ThrOBn (2) as mimetics of the natural Tn antigen (aGalNAc-Ser/Thr), along with th
solid-phase assembly of the glycopeptides NHAcSer-Ala-Pro-Asp-Thr[aGalNAc]-Arg-Pro-Ala-Pro-Gly
BSA (3-BSA) and NHAcSer-Ala-Pro-Asp-Thr[GalNAc]-Arg-Pro-Ala-Pro-Gly-BSA (4-BSA), bearin
aGalNAc-Thr or BGalNAc-Thr, as mimetics of MUC1 tumor mucin glycoproteins. According to ELIS/
tests, mice immunizations with pGalNAc-glycopeptide 4-BSA induced higher sera titers (1:320000) i
compared to immunizations with aGalNAc-glycopeptide 3-BSA (1:40000). Likewise, flow cytometn
assays showed higher capacity of the obtained anti-glycopeptide 4-BSA antibodies to recognize MCF-’
tumor cells. Cross recognition between immunopurified anti-BGalNAc antibodies and aGalNAc
glycopeptide and vice versa was also verified. Lastly, molecular dynamics simulations and surfaci
plasmon resonance (SPR) showed that fGalNAc-glycopeptide 4 can interact with a model antitumo
monoclonal antibody (SM3). Taken together, these data highlight the improved immunogenicity of th
unnatural glycopeptide 4-BSA, bearing BGalNAc-Thr as Tn antigen isomer.
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1. Introduction

Mucins are highly O-glycosylated (up to 80% of carbohydrates by weight) glycoproteins, containing
typical tandem repeat motifs rich in serine (Ser) and threonine (Thr), which represent potential sites for
abundant O-glycosylation. Characteristically, the sugar residue directly linked to these amino acids is 2-
acetamido-2-deoxy-o-D-galactopyranose (a-D-GalNAc). 2 Mucins are present on cell surfaces of many
epithelial tissues, for instance, respiratory mucosa, reproductive system and gastrointestinal tract, among
others, where they exert essential roles of protection, hydration and lubrication. Additionally, apart fron
these primary functions, mucins are also involved in complex biological processes, such as cel
differentiation, signaling, adhesion and migration, fertilization, infections and inflammation.t * 4
tumor-related mucins (e.g MUC1, MUC4 and MUC16), however, the glycosylation process i
deregulated, resulting in abnormal, incomplete and truncated glycans, where the exposure o
overexpression of O-a-D-GalNAc residue, also denominated Tn antigen when linked to the amino acic
Ser/Thr (aGalNAc-Ser/Thr), is a common feature. > ©!

Among different classes of tumor mucins, MUCL1 is the most extensively studied, as it is present ol
nearly all epithelial tissues, being strongly overexpressed on epithelial tumor cells, where it i
characteristically changed if compared with the glycan profile of MUC1 on normal cells, particularly, i
the extracellular domain.® 7 & Thus, a variable number (25-125) of tandem repeat sequence!
(HGVTSAPDTRPAPGSTAPPA) can be observed, containing five potential O-glycosylation (O
aGalNAc) sites (Scheme 1A).[" ¥ Due to its functional properties of adhesion, invasion and metastasis
besides association to several types of cancer, such as breast, prostate, lung and pancreas, Tn antigen i
known as tumor associated carbohydrate antigen (TACA) and is considered a clinically relevant tumo
marker.™® Thus, Tn antigen up-regulation acts as a signature associated with malignancy and, since it
occurrence in normal tissues is limited, it represents a potential target for development of synthetic
antitumor vaccines.!®

Accordingly, new synthetic methods for obtaining Tn antigen as well as its counterpart analogs have
been constantly investigated.'” To date, several Tn antigen analogs have been reported for use as vaccine

13]

constructs, for instance, C-glycosides,** S-glycosides,** deoxyfluoro sugarst*® ! and Tn
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glycopeptides mimics containing non-natural amino acids.!*” 8 C-glycosides and S-glycosides are more
stable toward enzymatic and chemical hydrolysis than natural Tn, as they have the interglycosidic oxygen
replaced by methylene group or sulfur, respectively.™ ' Deoxyfluoro Tn analogs possessing fluorine
atom in substitution of a sugar hydroxy group are supposed to enhance both the immunogenicity and the
bioavailability of the antigen, considering the absence of fluorine in most organisms and its high bond
strength to carbon.™ The use of non-natural amino acids, such as o-methylserine or those containing
long aliphatic side chains, has proved to be effective for obtaining non-natural Tn peptide-linked vaccine
with improved immunogenicity.'”” 81 The application of Cu(l)-assisted 1,3-dipolar azide-alkyn:
cycloaddition (CuAAC) reactions between propargylated o-GalNAc sugar and azido-functionalize
amino acids, or vice-versa, represents another strategy for synthesis of triazole-derived Ti
neoglycopeptide vaccines with advantageous physicochemical properties, inherent to the triazol
group.*?!

However, despite the vast repertoire of Tn antigen (aGalNAc-Ser/Thr) and related glycopeptide:
analogs described so far, there are only few studies concerning the synthesis of its corresponding
stereoisomer  (BGalNAc-Ser/Thr).”  Furthermore, comparative immunological assays involvin
glycopeptides bearing the distinct isomers have not been described yet. As judged by its structura
similarity to Tn antigen, differing only on the anomeric configuration, fGalNAc-Ser/Thr may be i
frontline building block for development of antitumor vaccines, depending on its efficiency for inducin
active immunity. In this regard, the crystal structure of the antitumor monoclonal antibody SM3 (SM:
mADb), able to recognize the fundamental epitope of the MUCL1 peptide (SAPDTRPAP) and th
corresponding glycopeptide [SAPDT(O-aGalNAC)RPAP], may represent a model for theoretica
investigations of the BGalNAc-Ser/Thr core as a novel Tn mimic.[*8 24

Therefore, this paper presents the synthesis of the novel protected O-glycosyl amino acids
BGalNAc-SerOBn (1) and PGalNAc-ThrOBn (2) as mimetics of the natural Tn antigen (aGalNAc-
Ser/Thr) (Scheme 1B), along with the solid-phase assembly of the MUC1 glycopeptides NHAcSer-Ala-
Pro-Asp-Thr[aGalNAc]-Arg-Pro-Ala-Pro-Gly-BSA (3) and NHAcSer-Ala-Pro-Asp-Thr[GalNAc]-Arg-

Pro-Ala-Pro-Gly-BSA (4), bearing aGalNAc-Thr or BGalNAc-Thr (Scheme 1C). The immunological
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assays comparing the antibodies production against tumor cells induced by glycopeptides 3-BSA and 4-
BSA, as well as their theoretical and experimental capacities to interact with a model antitumor
monoclonal antibody (SM3) by corresponding molecular dynamic simulations and surface plasmon

resonance (SPR) assays, will also be reported herein.

(SCHEME 1)
2. Results and Discussion

2.1. Synthesis

The target glycopeptides NHAcSer-Ala-Pro-Asp-Thr[aGalNAc]-Arg-Pro-Ala-Pro-Gly-BSA 3 anc
NHAcSer-Ala-Pro-Asp-Thr[GalNAc]-Arg-Pro-Ala-Pro-Gly-BSA 4 were obtained by solid-phasi
synthesis, which involved the previous preparation of the glycosyl amino acids aGalNAc-ThrOH (Tn) (5
and BGalNAc-ThrOH (6) as building blocks for obtaining corresponding tumor MUC1 fundamenta

scaffold and its counterpart analog.

2.1.1. Synthesis of glycosyl amino acids

Owing to the polyfunctionality of carbohydrates and amino acids, the synthesis of glycosyl amin
acids demands the utilization of specific protecting groups, which must be suitably selected considering
the lability of the glycosidic bond under acidic conditions and the possibility of B-elimination reaction:
under strong basic conditions.’?? Moreover, specific stereoselective methods are essential for synthesis o
distinct O-glycosyl amino acids isomers (o and B),[23] requiring the use of glycosyl donors containing
non-participating or participating groups at C-2 for synthesis of 1,2-cis (aGalNAc-Ser/Thr) or 1,2-tran:
glycosides (BGalNAc-Ser/Thr), respectively.* 2% One of the most frequently employed strategy for
synthesis of glycosyl-amino acids relies on Koenigs-Knorr method,?® which involves the use of glycosyl
halides, such as chlorides, bromides and iodides, as glycosyl donors, along with typically heavy metal
salts as catalysts.””” 28 For instance, silver salts (Ag,CO3/AgCIOs, AgOTH),? trimethylsilyl triflate

(TMSOTH),B? dimethyl(methylthio)sulfonium triflate (DMTST)® and mercury salts (HgBr,, HgCl,,
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Hg(CN),)? are some representative catalysts used in Koenigs-Knorr type glycosylation reactions,®
since they are effective to assist leaving group displacement by complexation with anomeric halides.

In this context, for synthesis of the glycosyl amino acid aGaINAc-ThrOH (Tn) 5 we made use of
our established glycosylation method using HgBr,, by which glycosylation of FmocThr benzyl ester (7)
with the azido-derived glycosyl donor aGalNsCl (8),1*¥ unable to exhibit neighboring group effect,
afforded exclusively the o isomer aGalNs-ThrOBn (9) (78%) (Scheme 1S).24 Subsequently, the sugar
azido group of 9 was reductively acetylated using zinc powder in THF-acetic anhydride-acetic acid, ant
its benzyl ester group was removed by standard hydrogenation reaction (10% Pd-C/H,, 1 h),*4 giving th
aGalNAc-ThrOH 5 (60%) to be utilized in the solid-phase synthesis of glycopeptide 3 (Scheme 1S)
Regarding the synthesis of p-linked GalNAc amino acids, Danishefsky et al. reported the synthesis of th
tumor associated Lewis’ (Le¥) pentasaccharides bearing both aGalNAc- and PGalNAc-Ser (anomeri
mixture o/f 3:1) by careful glycosylation conditions utilizing an azido-functionalized glycosyl donor ant
TMSOTT as catalyst, followed by conversion to acetamides; however, similar glycosylation reaction witt
threonine acceptor afforded only the o derivative.®! In fact, our described HgBr, catalyzed glycosylatiol
reaction of FmocSer benzyl ester (10) with aGaIN3Cl 8 led to the predicted o glycoside (50%), along witt
very low yield of BGalN3-SerOBn (4%), whereas none of the azido threonine-derived p-anomer could b
obtained by glycosylation of threonine acceptor 7 with the donor 8.% Thus, the fact that glycosylatior
reactions utilizing the azido-donor 8 were ineffective to get both fGalNAc-Ser/Thr, prompted us to appl
an alternative route using the glycosyl donor aGalNACcCI (11), possessing an acetamide C-2 participatin
group. Firstly, the synthesis of the donor 11 was carried out by peracetylation (Ac,O/ Py) of 2-amino-2
deoxy-D-galactose hydrochloride (12), followed by treatment with acetyl chloride and HCI (g) for 18 h
being obtained in 85% yield (Scheme 2).!*! This synthetic procedure differs from those previousl
described conditions that utilize the titanium tetrachloride (TiCl,) as catalyst, affording 11 in similar
yield.B® Subsequently, glycosylation reactions of FmocSer benzyl ester 10 or FmocThr benzyl ester 7
with the obtained aGalNAcCI 11, in the presence of 1,2-dichloroethane as solvent and HgBr, as catalyst,
afforded exclusively the novel protected BGalNAc-SerOBn 1 (55%) or BGalNAc-ThrOBn 2 (52%) after

purification by column chromatography, highlighting the applicability of HgBr, as a catalyst also for this
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particular glycosyl donor 11 (Scheme 2). Noteworthy, these moderate yields are comparable to other
related B-glycosyl amino acids described in the literature.” The structures of the B isomers 1 and 2 were
confirmed by *H NMR spectroscopy, being identified characteristic doublets at & 4.60 (J1» 8.3 Hz) and &
4.65 (J12 8.3 Hz), confirming their B configuration. ESI-MS analysis also showed characteristic adducts
for 1 ([M+H]" 747.2762) and 2 ([M+H]" 761.2916). The glycosyl amino acid pGalNAc-ThrOBn 2 was
next submitted to hydrogenation reaction for removal of its benzyl ester group, affording pGalNAc-
ThrOH 6 (88%) as prompt intermediate for solid-phase synthesis of glycopeptide 4 (Scheme 2)
Regarding glycosyl amino acid 1, though this work did not involve its use for synthesis of glycopeptide:
3 and 4, it can be a valuable building block for future synthesis of other MUC1 glycopeptide analogs witt

distinct glycosylation patterns.

(SCHEME 2)

2.1.2. Solid-phase synthesis of glycopeptides 3 and 4

Moving towards the MUCL glycopeptides 3 and 4, solid-phase glycopeptide synthesis (SPPS) wa:
employed, utilizing commercial Wang resin pre-loaded with Fmoc-Gly (0.65 mmol/g resin) as the solit
support and following the orthogonal Fmoc-based SPPS.**8 Thus, after removal of N-Fmoc groups witt
50% morpholine in DMF, the amino acids building blocks were coupled in the presence of the coupling
reagents PyBOP/HOBt and N,N-diisopropylethylamine (DIPEA), in DMF. Optimal coupling time:
ranged from 6 h to 24 h for the incorporation of single amino acids, depending on preceding peptid
sequence. For incorporation of the more sterically and electronically demanding glycosyl amino acids !
or 6 the coupling times typically ranged from 24 h to 30 h.

The synthesis of glycopeptides 3 and 4 was initiated by cleavage of the Fmoc group from Fmoc
Gly-Wang resin, followed by nine rounds of coupling-deprotection with sequential incorporation of
Fmoc-ProOH, Fmoc-AlaOH, Fmoc-ProOH, Fmoc-Arg(Pbf)OH, aGalNAc-ThrOH 5 or pGalNAc-ThrOH
6, Fmoc-Asp(OtBu)OH, Fmoc-ProOH, Fmoc-AlaOH and Fmoc-SerOH, thus completing the preparation
of the protected, resin-bound glycopeptides (13) and (14) (Scheme 3). The obtained peptide coupling

efficiencies, as judged by measuring the released dibenzofulvene from the product, varied with the
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position in the peptide chain: Prol (70%), Alal (80%), Pro2 (75%), Arg (72%), aGalNAc-ThrOH 5
(52%), PGalNAc-ThrOH 6 (50%), Asp (60%), Pro3 (70%), Ala2 (85%) and Ser (80%).1%% *I
Subsequently, the obtained glycopeptides 13 and 14 were N-acetylated (Ac,O/ pyridine) for capping of
terminal NH;, and then cleaved from resin by treatment with aqueous TFA (80%), with concomitant
removal of Pbf and OtBu protecting groups of the corresponding Arg and Asp amino acids. Lastly,
removal of the sugar acetate protecting groups with catalytic NaOMe in MeOH gave crude glycopeptides
3 and 4, which were then analysed and purified by reversed-phase HPLC. As confirmed by NMR *H an
ESI-MS analysis, the isolated peaks corresponded to glycopeptides 3 and 4, along with residua
glycopeptides containing Arg(Pbf) due to incomplete removal of this protecting group. Thus, NMR 't
spectra of glycopeptides 3 (18%) and 4 (15%) showed for both compounds methylene and methyl signal:
of amino acids between 3.0-1.12 ppm, 2 x NHAc, Hgasp, Signals between 2.82-2.70 ppm, as well a
characteristic signals for sugar H-2 of 3 (3.95 ppm, dd, J;, 3.6 Hz, J,310.8 Hz), and 4 (3.75 ppm, dd, J;,
8.5 Hz, J,3 10.9 Hz ). ESI-MS analysis also showed characteristic adducts for 3 (observed [M + 3NH4]
1266.5413) and 4 (observed [M + 3NH,]" 1266.5303).

Envisioning further use in immunization assays, glycopeptides 3 and 4 were conjugated to BS#
carrier protein. Thus, the coupling reactions of 3 and 4 to BSA were performed in aqueous Na,HPO
buffer at pH 9.0, in the presence of the reagents EDCI and NHS (Scheme 3).I" % The conjugate
glycopeptides were purified by ultrafiltration against deionized water using a membrane of 3 kDa. The
loading rates of the glycopeptides 3-BSA and 4-BSA conjugates were determined by MALDI-TOF mas
spectrometry, being found one or two molecules of 3 (67500.6) and 4 (68827.6), respectively, linked t

one BSA protein.

(SCHEME 3)
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2.2. Immunological assays

2.2.1. ELISA assays

In order to verify the capacity of glycopeptides 3-BSA and 4-BSA conjugates to induce a humoral
immune response, each synthetic glycopeptide (10 pg) in combination with complete Freund’s adjuvant
(CFA) were injected into different groups of four Balb/c mice. After an interval of two weeks, the second
and third immunizations were performed with incomplete Freund’s adjuvant (IFA). Prior to the first
immunization and two weeks after the third immunization, blood was drawn from the eyelid vein of eact
mouse, and the obtained sera were used for analysis of the induced antibodies by enzyme-linket
immunosorbent assay (ELISA)."" *2 For comparative purposes, another group of four Balb/c mice wa:
immunized solely with BSA under the same conditions described for glycopeptides 3-BSA and 4-BSA
with subsequent sera collection and analysis by ELISA. In the ELISA tests, the microtiter plates wert
coated separately with glycopeptides 3-BSA and 4-BSA, as well as only with BSA as control. The ser:
were titrated at increasing dilutions (1:2500 a 1:2560000) in a phosphate buffered saline (PBS) solution
The antibodies concentrations were detected photometrically (450 nm) by using a secondary anti-mous
antibody conjugated to horseradish peroxidase (HRP).[*¥! The titers of the ELISA tests were determined t
be approximately 1:40000 and 1:320000 for mice immunized with glycopeptides 3-BSA and 4-BSA
respectively, and using these corresponding conjugates as coats. However, when coated exclusively witt
BSA, lower corresponding titers of 1:20000 and 1:40000 were verified for mice immunized witt
glycopeptides 3-BSA and 4-BSA, as expected. For immunizations with BSA and its use as coat the tite
of the ELISA test was close to 1:160000 (Figure 1). Thus, according to the obtained results, the employe
mice immunization protocol proved to be effective to induce the production of antibodies against th
antigenic structures of glycopeptides 3—-BSA and 4-BSA related to MUC1 tumor mucins. Moreover, i
order to estimate the relative efficient immune reaction of anti-glycopeptide 3—-BSA and anti-glycopeptide
4-BSA antibodies in the polyclonal sera from immunized mice, 1 puL of each serum was incubated with
PBS containing 3% BSA (m/v) for 1 h at room temperature, prior to additional ELISA assays (as
previously described). This step allowed the depletion of non-specific anti-BSA antibodies, resulting in a

decreased OD for all tested sera (p<0.05). However, this reduction was much less pronounced for

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201600473
glycopeptide 4-BSA antisera (Figure S9), suggesting that the polyclonal serum from mice immunized
with glycopeptide 4-BSA is richer in specific antibodies that recognize glycopeptide 4 epitopes. In fact,
this result added to the higher sera titers induced by the glycopeptide 4-BSA, containing the glycosyl-
amino acid BGalNAc-ThrOH 6, if compared to the glycopeptide 3—-BSA bearing the natural tumor antigen
aGalNAc-ThrOH 5 (Tn), highlights the increased immunological potential of this unnatural B-configured
building block, translating into an advantageous aspect for development of an antitumor vaccine, since it

Is not present in normal and tumor cells found in mammals.

(FIGURE 1)
2.2.2. Flow cytometry assays

Flow cytometry assays were subsequently performed to evaluate the binding of the glycopeptide:
3-BSA and 4-BSA induced antibodies to cells of epithelial breast tumor (MCF-7).5% %2 Previous to thes
assays, anti-MCF-7 sera was obtained for use as reference by immunization of four Balb/c mice witl
MCEF-7 cells, following the conditions cited above. Thus, MCF-7 cells were incubated with glycopeptide:
3-BSA and 4-BSA induced antisera at increasing dilutions (1:400 a 1:8000), along with MCF-7 antiser:
(1:1000). After washing, secondary antimouse-lgG antibodies from goat conjugated to a fluorescent labe
(AlexaFluor 488) were added to the cells, which were then acquired and analyzed by flow cytometry. Thi
cells recognized by the antibodies from the mouse antisera showed fluorescence and were countec
separately (right area-P3). According to Figure 2A, cells treated with preimmune sera as negative contro
did not show positive staining, appearing in the left area (P2). The MCF-7 cells that were incubated witl
the corresponding MCF-7 antisera (1:1000) as positive control were all labeled and appeared in the righ
area (Figures 2A, 3). When MCF-7 cells were incubated with glycopeptides 3-BSA and 4-BSA antisera
they were somehow recognized by these antibodies, being verified for glycopeptide 3-BSA antisera
binding values (percentage of positive staining) of 37% (1:400 and 1:800), 15% (1:1000), 12% (1:2000),
8% (1:4000) and 6% (1:8000) (Figures 2B and 3), whereas glycopeptide 4-BSA antisera displayed higher
binding values at increased dilutions, as follows, 54% (1:400), 50% (1:800), 18% (1:1000), 16%

(1:2000), 15% (1:4000) and 10% (1:8000) (Figures 2C and 3).
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Therefore, it is possible to assert that the obtained flow cytometry data using MCF-7 cells are in
accordance with ELISA results, strictly based on the synthetic glycopeptides 3-BSA and 4-BSA. In fact,
the observed binding capacities of glycopeptides 3-BSA and 4-BSA antisera towards MCF-7, mainly at
1:400 and 1:800 dilutions, are very significative, considering the high complexity of the natural MUC1
tumor mucins expressed by MCF-7 cells, whose essential scaffold is being mimicked by glycopeptides 3
and 4. Moreover, the higher binding to MCF-7 cells presented by glycopeptide 4-BSA antisera, if
compared to the glycopeptide 3-BSA antisera, reinforces the improved immunogenicity of th

glycopeptide 4—BSA, containing the unnatural glycosyl-amino acid fGalNAc-ThrOH 6.

(FIGURE 2)

(FIGURE 3)

2.2.3. Immunopurification of antisera and binding to glycopeptides 3 and 4

In order to better assess the recognition between aGalNAc- and BGalNAc-glycopeptides and thei
corresponding anti-glycopeptides 3 and 4 antibodies, and to evaluate their cross recognition capacity
antisera were immunopurified and evaluated by ELISA assays. Their immunopurifications were carrie
out by initial immobilization of BSA-free glycopeptides 3 (aGalNAc) and 4 (BGalNAc) on the Sepharos:
4B resin through their C-terminus after introduction of an hexamethylenediamine moiety, being thei
couplings to the resin monitored via HPLC analysis of glycopeptides on the supernatants. By this method
estimated incorporation values of 75% (about 1.3 mg) and 72% (about 1.3 mg) were verified for thi
aGalNAc- and BGalNAc-glycopeptides, respectively. Anti-glycopeptides 3 and 4 antibodies were thel
captured by the corresponding immobilized glycopeptides. After purification about 154 pg (0.22 mg/mL
700 pL) antibodies were recovered from the anti-a serum and about 91 pg (0.13 mg/mL, 700 pL) from
the anti-p serum.

Subsequently, recognition between aGalNAc- and pGalNAc-glycopeptides and corresponding anti-
glycopeptides 3 and 4 antibodies, as well as the cross recognition between aGalNAc-glycopeptide and

anti-pGalNAc-glycopeptide antibodies and vice versa, were assessed by ELISA. In a preliminary
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experiment performed by coating BSA-conjugated glycopeptides 3 and 4 the expected strong binding
(about 1.5 absorbance) was observed between immunopurified antibodies and the respective antigens
(Figure 4). Interestingly, also a remarkable recognition was observed between anti-aGalNAc antibodies
and PGalNAc-glycopeptide, and between anti-BGalNAc antibodies and aGalNAc-glycopeptide (on
average 1.0 and 0.8 absorbance, respectively), even at 0.1 pg/mL antibodies. These findings suggest that
antibodies raised with the fGalNAc-glycopeptide 4 can be recognized by the aGalNAc variant; therefore,
such antibodies have the potential to also recognize the natural Tn tumor antigen. Importantly, very weal
binding was recorded for the immunopurified anti-aGalNAc and anti-BGalNAc antibodies to immobilize
BSA, thus indicating that they selectively recognize the antigens and not the carrier used fo
immunization (Figure 4). In addition, binding of immunopurified anti-aGalNAc and anti-BGalNA
antibodies to asialo-submaxillary mucin, which commonly expresses the alpha-anomer, was also assesset
by ELISA assays, being verified that both anti-aGalNAc and anti-BGalNAc antibodies bound to asialo

submaxillary mucin (See Supplementary Information, Figure S10).

(FIGURE 4)

2.3. Molecular dynamics simulations and surface plasmon resonance (SPR) assays with a mode
antitumor monoclonal antibody

Considering the better immunogenicity observed for the glycopeptide 4-BSA, bearing the glycosyl
amino acid pGalNAc-ThrOH 6, we asked whether or not it could interact with a model anti-MUC1 mAb
specifically SM3, since it is the only anti-MUC1 mAb for which there is a crystallographic structure.

Accordingly, molecular dynamics simulations were carried out using the crystallographic comple;
consisted of the SM3 mAb complexed with a nine-residue MUC-1 derived peptide (SAPDTRPAP)
(Figure 5A),Y from which two distinct SM3-peptide complexes differing only by the O-glycosylation
type at the Thr residue (o or B GalNAc-Thr) were built, representing the glycopeptides 3 and 4 (Figure
5B-C).

(FIGURE 5)

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201600473

According to molecular dynamics simulations, applying Chil dihedral angle of +60°, the
interactions between the SM3 mAb and the glycopeptides 3 (a) and 4 (B) does not show major deviations
from the crystallographic structure.? The carbohydrate moieties of both glycopeptides interact with SM3
via hydrogen bonds with Tyr-32L and Asn-53L (Figure 6A-B), suggesting that SM3 can also
accommodate the B-configured glycopeptide. This finding prompted us to further investigate the SM3-
aGalNAc 3 and SM3-BGalNAc 4 glycopeptides interactions experimentally.

(FIGURE 6)

Thus, SPR binding experiments of aGalNAc- and BGalNAc-glycopeptides were performed witt
immobilized SM3 mAb. Firstly, aGalNAc-glycopeptide 3 was injected at increasing concentration:
starting from 50 nM. As shown in Figure 7A, classical binding and dissociation curves were observed bu
no saturation was observed up to 2 uM. A rough estimation of the KD obtained by fitting the dissociatior
and association curves between 50 and 400 nM gave a value of about 52 nM. In relation to BGalNAc
glycopeptide 4, no binding was detected for concentrations below 500 nM (Figure 7B). Curves for thi
concentrations between 500 nM and 2 pM were very noisy and the maximum RU signal was about 25%
that achieved with the aGalNAc-glycopeptide 3 at the same concentrations. A very rough estimation o
the KD obtained by fitting dissociation and association curves at 500 nM, 1 uM and 2 uM gave a value 0
about 20 pM, which is quite similar to the reported binding affinity (KD 24 pM) between SM3 and tht
unglycosylated peptide.”! In fact, this pGalNAc- KD value is higher than that estimated with th
aGalNAc-glycopeptide variant, but it is still a representative binding to SM3 mAD.

(FIGURE 7)

3. Conclusions

In summary, we have synthesized the novel protected O-glycosyl amino acids BGalNAc-SerOBn 1
and BGalNAc-ThrOBn 2 as mimetics of the natural Tn antigen (aGalNAc-Ser/Thr), along with the solid-
phase assembly of the glycopeptides NHAcSer-Ala-Pro-Asp-Thr[aGalNAc]-Arg-Pro-Ala-Pro-Gly-BSA
(3-BSA) and NHAcSer-Ala-Pro-Asp-Thr[pGalNAc]-Arg-Pro-Ala-Pro-Gly-BSA (4-BSA), bearing

aGalNAc-Thr or BGalNAc-Thr, as mimetics of MUC1 tumor mucin glycoproteins. In this regard, HgBr»-
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catalysed glycosylations, broadened applied to the glycosyl donor aGalNAcCI 11, afforded exclusively
the pB-configured glycosyl amino acids 1 and 2.

According to ELISA tests, mice immunizations with fGalNAc-glycopeptide 4-BSA induced higher
sera titers (1:320000) if compared to immunizations with aGalNAc-glycopeptide 3-BSA (1:40000).
Likewise, flow cytometry assays showed higher capacity of the obtained anti-glycopeptide 4-BSA
antibodies to recognize MCF-7 tumor cells, as judged by the corresponding binding values of 37% and
54% verified for glycopeptides 3-BSA and 4-BSA antisera at 1:400 dilution. Cross recognition betweer
immunopurified anti-pGalNAc antibodies and aGalNAc-glycopeptide and vice versa was also verified
Lastly, molecular dynamics simulations and surface plasmon resonance (SPR) showed that fGalNAc
glycopeptide 4 can interact with a model antitumor monoclonal antibody (SM3). Overall, experimenta
and theoretical data highlight the improved immunogenicity of the unnatural glycopeptide 4-BSA
bearing pGalNAc-Thr as Tn antigen isomer, representing a frontline glycopeptide for development o

antitumor vaccines.

4. Experimental

4.1. General

All chemicals were purchased as reagent grade and used without further purification. Reaction
were monitored by thin layer chromatography (TLC) on 0.25 nm precoated silica gel plates (Whatman
AL SIL G/UV, aluminium backing) with the indicated eluents. Compounds were visualized under U\
light (254 nm) and/or dipping in ethanol—-sulfuric acid (95:5, v/v), followed by heating the plate for a fev
minutes. Column chromatography was performed on silica gel 60 (Fluorochem, 35-70 mesh). Nuclea
magnetic resonance spectra were recorded on Bruker Advance DRX 300 (300 MHz), DPX 400 (400
MHZz) or DPX 500 (500 MHz) spectrometers. Chemical shifts (5) are given in parts per million downfield
from tetramethylsilane. Assignments were made with the aid of HMQC and COSY experiments.
Accurate mass electrospray ionization mass spectra (ESI-HRMS) were obtained using positive or
negative ionization modes on a Bruker Daltonics MicroOTOF 1l ESI-TOF mass spectrometer. MALDI-

TOF analyses were acquired using positive ionization mode on an UltrafleXtreme (Bruker, Billerica)
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mass spectrometer. Absorbance of 96-well ELISA plates was measured at 450 nm using a
spectrophotometer SpectraMax - Molecular Device. FACS analysis were performed using a FACSCanto

Il flow cytometer equipped with FACS Diva software (BD).

4.2. Synthesis

4.2.1. 2-Acetamide-3,4,6-tri-O-acetyl-2-deoxy-a-D-galactopyranosyl chloride 11
2-Amino-2-deoxy-D-galactose hydrochloride 12 (200 mg, 0.928 mmol) was treated with Ac,0O (1..
mL) and pyridine (2.0), and stirred at room temperature for 15 h. The obtained mixture was then extractec
with 10% HCI and saturated NaHCO3; and concentrated in vacuo, affording the peracetylated product 2
acetamide-1,3,4,6-tri-O-acetyl-2-deoxy-o-D-galactopyranosyl as a pale viscous oil (350 mg, 0.89 mmol
96%). The obtained compound (300 mg, 0.77 mmol) was treated with acetyl chloride (5 mL), previousl\
saturated with HCI gas, and then stirred at 40°C for 18 h. The obtained amber mixture was diluted ir
dichloromethane, extracted with saturated NaHCOg, dried over MgSO, and concentrated in vacuo. Afte
purification by silica gel column chromatography (EtOAc/Hex 7:3, v/v), the chloride 11 was obtained a
an yellowish solid in 85% yield (238.6 mg, 0.65 mmol). J4 (CDCl3, 300 MHz) 6.26 (1H, d, J;, 3.6 Hz
H-1), 5.65 (1H, d, J 9.3 Hz, NHCO), 5.47 (1H, d, J 1.8 Hz, H-4), 5.29 (1H, dd, J34 3.3 Hz, J,511.1 Hz
H-3), 4.80 (1H, dt, J1, 3.6 Hz, J,3 11.2 Hz, H-2), 4.49 (1H, t, J 6.2 Hz, H-5), 4.19 (1H, dd, Js¢, 6.2 Hz
Jeasp 11.4 Hz, H-6a), 4.09 (1H, dd, Jse, 6.7 Hz, Jeaep 11.4 Hz, H-6b), 2.17, 2.06, 2.03, 2.0 (12H,4 s

CH5CO).

4.2.2. General procedure for glycosylation reaction

A mixture of 2-acetamide-3,4,6-tri-O-acetyl-2-deoxy-a-D-galactopyranosyl chloride 11 (2 equiv.)
and N-(fluoren-9-ylmethoxycarbonyl)-serine/threonine benzyl ester 7/10 (1 equiv.), (prepared from
commercially available amino acid Fmoc-serine/threonine by treatment with caesium carbonate and
benzyl bromide in DMF), in 1,2-dichloroethane (2.0 mL) was refluxed for 20 to 22 h with mercuric

bromide (2.25 equiv.) and followed by TLC (EtOAc/hexane 7:3, v/v). The resulting amber mixture was
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concentrated in vacuo and the residue was purified by a silica gel column chromatography

(EtOAc/hexane 7:3, VIv).

N-(Fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-p-D-galactopyranosyl)-
L-serine benzyl ester 1

Following general glycosylation procedure, the reaction mixture of 11 (40 mg, 0.11 mmol) and 10
(22.5 mg, 0.054 mmol), in 1,2-dichloroethane (3.0 mL) was refluxed for 20 h with mercuric bromide (4(
mg, 0.11 mmol), affording the B anomer 1 as an amorphous solid (22.4 mg, 0.029 mmol, 55%) afte
purification by silica gel column chromatography (EtOAc/hexane 7:3, v/v). [a]p?> —23.2 (¢ 0.2 CHCIs). &,
(CDCl3, 500 MHz) 7.70 (2H, d, J 7.0 Hz, CH Fmoc arom.), 7.59-7.54 (2H, m, CH Fmoc arom.), 7.35
7.24 (9H, m, CH Bn arom., CH Fmoc arom.), 5.75 (1H, d, J 8.0 Hz, NH Ser), 5.27 (1H, d, J34 29 Hz, H
4), 5.16-5.11 (3H, m, CH, Bn, H-3), 4.60 (1H, d, J1, 8.3 Hz, H-1), 4.49-4.44 (1H, m, CH Ser), 4.42-4.3!
(2H, m, CH, Fmoc), 4.21 (1H, dd, J 3.4 Hz, J 10.6 Hz, CH,a Ser), 4.18-4.13 (1H, m, CH Fmoc), 4.07
4.01 (2H, m, H-6a, H-6b), 3.98-3.93 (1H, m, CH,b Ser), 3.84-3.81 (1H, m, H-2), 3.76 (1H, t, J 6,5 Hz, H
5), 2.09, 2.07, 1.95 (12H, 3s, COCHj3). ¢ (CDCls, 125 MHz) 129.0, 128.6, 128.2, 127.5, 125.5, 120..
(CH Fmoc arom., CH Bn arom.), 101.4 (C-1), 70.9, 69.8, 69.0 (C-5, C-3, CH; Ser), 67.7, 67.2, 66."
(CH2Bn, CH; Fmoc, C-4), 61.3 (C-6), 54.5 (CH Ser), 51.7 (C-2), 47.2 (CH Fmoc), 23.1 (NHCOCH,)

20.8 (OCOCH3). ESI-HRMS: calculated for CagHs3N,013 [M+H]" 747.2760, found 747.2762.

N-(Fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-p-D-galactopyranosyl)-
L-threonine benzyl ester 2

Following general glycosylation procedure, the reaction mixture of 11 (111 mg, 0.30 mmol) and
(64.6 mg, 0.15 mmol), in 1,2-dichloroethane (4.0 mL) was refluxed for 22 h with mercuric bromide
(109.8 mg, 0.30 mmol), affording the p anomer 2 as an amorphous solid (60.1 mg, 0.078 mmol, 52%)
after purification by silica gel column chromatography (EtOAc/hexane 7:3, v/v). [a]lo® —19.5 (c 0.2
CHCI3). 64 (CDCl3, 500 MHz) 7.69 (2H, d, J 7.5 Hz, CH Fmoc arom.), 7.57 (2H, d, J 7.3 Hz, CH Fmoc

arom.), 7.37-7.20 (9H, m, CH Bn arom., CH Fmoc arom.), 5.80 (1H, d, J 9.1 Hz, NH Thr), 5.57 (1H, d, J 8.1
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Hz, NHAG), 5.23 (1H, d, J 3.1 Hz, H-4), 5.16 (1H, m, H-3), 5.13 (2H, AB, Jag 12.5 Hz, CH, Bn), 4.57 (1H,
d, J12 8.3 Hz, H-1), 4.42-4.25 (4H, m, BCH Thr, aCH Thr, CH, Fmoc), 4.17 (1H, t, J 7.0 Hz, CH Fmoc), 4.0
(1H, dd, Js 7.5 Hz, Jeag 11.4 Hz, H-6a), 3.95 (1H, dd, Js5 6.5 Hz, Jeags 11.2 Hz, H-6b), 3.80 (1H, dd, J;,
8.4 Hz, J,310.6 Hz, H-2), 3.67 (1H, t, J 6.5 Hz, H-5), 2.06, 1.96, 1.93, 1.88 (12H, 4s, COCHj), 1.13 (3H, d, J
6.2 Hz, CH; Thr). 8¢ (CDCls, 125 MHz) 128.7, 128.3, 127.8, 127.8, 127.2, 125.2, 120.0 (CH Fmoc arom.,
CH Bn arom.), 99.0 (C-1), 74.8 (BCH Thr), 70.6 (C-5), 69.0 (C-3), 67.4 (CH,Bn), 66.9 (CH, Fmoc), 66.5
(C-4), 61.1 (C-6), 58.7 («CH Thr), 51.8 (C-2), 46.9 (CH Fmoc), 22.7 (NCOCHj), 20.7, 20.6, 20.!

OCOCHS3), 17.3 (CH3 Thr). ESI-HRMS: calculated for C4oHasN2013 [M+H]* 761.2916, found 761.2916.
(

N-(Fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-p-D-galactopyranosyl)-
L-threonine 6

A solution of N-(fluoren-9-ylmethoxycarbonyl)-O-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-p-D
galactopyranosyl)-L threonine benzyl ester 2 (60.1 mg, 0.078 mmol) in MeOH (2.5 mL) was treated witl
glacial AcOH (0.25 mL) and 10% Pd/C (30 mg), being stirred under H, (~1.5 atm) for 1 h. The reactior
mixture was then filtered through Celite, concentrated in vacuo and purified by column chromatograph
(DCM-MeOH 9:1 v/v), affording the product 6 as an amorphous solid (48 mg, 0.078 mmol, 88%). &
(CD3;0D, 400 MHz) 7.69 (2H, d, J 7.5, CH Fmoc arom.), 7.58 (2H, t, J 7.1, CH Fmoc arom.), 7.30-7.1¢
(4H, m, CH Fmoc arom.), 5.22 (1H, d, J 2.5 Hz, H-4), 4.99 (1H, dd, J34 3.1, Jo3 11.2, H-3), 4.52 (1H, d, .
8.3 Hz, H-1), 4.30-4.21 (3H, m, BCH Thr, aCH Thr, H-2), 4.13 (1H, t, J 7.0 Hz, CH Fmoc), 4.09-3.90 (4H
CH, Fmoc, H-6a, H-6b, H-5), 1.97, 1.91, 1.87, 1.84 (12H, 4s, COCHj3), 1.09 (3H, d, J 6.0 Hz, CH3 Thr). &
(CDCl3, 100 MHz) 126.3-119.1 (CH Fmoc arom., CH Bn arom.), 99.5 (C-1), 75.7 (BCH Thr), 70.7 (C-3)
69.8(C-5), 66.8 (CH, Fmoc), 66.6 (C-4), 66.2 (C-2), 60.9 (C-6), 58.7 (aCH Thr), 46.7 (CH Fmoc), 21.3
19.4 (OCOCH3), 16.4 (CH3 Thr). ESI-HRMS: calculated for C33HasN,0O13 Na™ [M+Na]* 693.2266, founu

693.2269.

4.2.3. General method for glycopeptide synthesis
The glycopeptides 3 and 4 were assembled manually using a fritted glass reaction vessel with

nitrogen purging for effective mixing. Pre-loaded FmocGly-Wang resin (typically 100 mg) was swollen
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in CHCI, for 2 h and then washed with DMF (3x). Deprotection of the N-a-Fmoc group was carried out
using 50% morpholine-DMF followed by filtration and washing with DMF (3x). Coupling reactions were
performed with 2.0 mol equiv of Fmoc-amino acid and coupling agents (PyBOP and HOBL) dissolved in
DMF, and the base DIPEA. Coupling times were variable, ranging from 6 h to 24 h for the amino acids
and between 24 h and 30 h for the glycosyl-amino acids 5 and 6. The reaction mixtures were filtered after
each coupling and the resin washed three times with DMF, CH,Cl, and MeOH. After drying in vacuo,
small aliquots of resin (1 mg) were treated with 20% morpholine in DMF for removal of NFmoc grouj
and consequent generation of dibenzofulvene product which absorb UV strongly (290 nm), offering
potential for monitoring of coupling reactions by spectrophotometer. After removal of the NFmoc grouj
of the last amino acid, the glycopeptides were N-acetylated with Py and Ac,0 and then cleaved from resil
in the presence of aqueous 80% TFA. After cleavage was complete, the solutions were filtered to remove
the cleaved resin, concentrated and then treated with 1M sodium methoxide solution in MeOH fo
removal of the sugar acetate protecting groups. The purification of the obtained glycopeptides 3 and -
was carried out on Shimadzu Shim-PaK HPLC equipment using a C18 reversed-phase column Shim
PacK CLC-ODS (M) column (250 x 4.6 mm), under gradient conditions (A: 0.1% TFA/ H,0, B: MeCN
0-70% B, within 30 min.), at a flow rate of 1.0 mL min.™, with UV detection (224 nm). Under thes:

conditions the retention times for glycopeptides 3 and 4 were 25.8 min and 25.3 min, respectively.

NHACcSer-Ala-Pro-Asp-Thr[aeGalNAc]-Arg-Pro-Ala-Pro-Gly-OH 3

Using the standard peptide synthesis procedure outlined, followed by purification by reversed-phast
HPLC, glycopeptide 3 was obtained as an amorphous solid (15.0 mg, 0.012 mmol, 18 %). tR (224 nm) -
25.8 min; 8y (D20, 400 MHz) 4.52-4.48 (2H, m, Hyrh, Hoser), 4.41-4.38 (2H, M, Hypro, Hoarg), 4.30 (2H
m, 2Hqal, 4.20 (1H, m, Hgmr), 3.95 (1H, dd, J1, 3.6 Hz, J,310.8 Hz, H-2), 3.87 (1H, t, J 6.2 Hz, H-5),
3.83-3.61 (11H, m, 2H-6, H-3, H-4, 3Hspro. CHaciy, 2Hpser), 3.54-3.50 (3H, M, Hapro), 3.07 (1H, t, J 7.3 Hz,
Hsarg), 2.82 (1H, dd, J 6.8 Hz, J 17.0 Hz, Hgasp), 2.70 (1H, dd, J 6.7 Hz, J 17.0 Hz, Hgasp), 2.18-2.10 (3H,
m, Hgpro),1.95, 1.93 (6H, 2 s, 2 X NHCOCHs3), 1.84-1.69 (6H, m, Hgpro, Hypro), 1.35 (4H, d, J 5.5 Hz,

2Hparg, 2Hyarg), 1.25 (6H, d, J 7.3 Hz, CH3 Ala), 1.12 (3H, d, J 6.2 Hz, CH3 Thr). ESI-HRMS: calcd. for
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CsoHsoN14O21 3NH," [M + 3NH,]": 1266.6637, found: 1266.5413. Residual glycopeptide containing

Arg(Pbf) - ESI-HRMS: calcd. for Ce3HgsN14024S [M + Na]*: 1487.6335, found: 1487.6091.

NHAcSer-Ala-Pro-Asp-Thr[pGalNAc]-Arg-Pro-Ala-Pro-Gly-OH 4

Using the standard peptide synthesis procedure outlined, followed by purification by reversed-phase
HPLC, glycopeptide 4 was obtained as an amorphous solid (13.0 mg, 0.010 mmol, 15 %). tR (224 nm) =
25.3 min; 8y (D20, 400 MHz) 4.47-4.39 (2H, m, Hyrhr, Hoser), 4.35-4.33 (2H, M, Hopro, Haarg), 4.31-4.2f
(2H, m, 2H,ar, 4.13-4.10 (1H, m, Hgry), , 3.88-3.77 (4H, H-5, 3Hspro), 3.75 (dd, Ji2 8.5 Hz, Jo3 10.9 Hz
H-2), 3.70-3.56 (8H, 2H-6, H-3, H-4, CHagyy, 2Hgser), 3.53-3.49 (3H, m, Hapro), 3.09 (1H, t, J 7.3 Hz
Hsarg), 2.81 (1H, dd, J 6.9 Hz, J 16.8 Hz, Hgasp), 2.73 (1H, dd, J 7.3 Hz, J 17.1 Hz, Hgasp), 2.18-2.10 (3H
m, Hgpro), 1.96, 1.93 (6H, 2 s, 2 x NHCOCHs), 1.83-1.69 (6H, m, Hgero, Hypro), 1.35 (4H, d, J 5.5 Hz
2Hparg 2Hyarg), 1.25 (6H, m, CH3 Ala), 1.00 (3H, d, J 6.3 Hz, CHs Thr). ESI-HRMS: calcd. fo
CsoHsoN14O21 3NH," [M + 3NH4]": 1266.6637, found: 1266.5303. Residual glycopeptide containing

Arg(Pbf) - ESI-HRMS: calcd. for Cg3HgsN14024S [M + Na]*: 1487.6335, found: 1488.6071.

4.2.4. General procedure for coupling of glycopeptides 3 and 4 to BSA

Glycopeptides 3 and 4 (2.5 mg, 2 umol, 45 eq.) were dissolved in water (200 uL) and treated witl
the coupling reagents EDCI (380 pg, 2 umol) and HOBt (270 pg, 2 umol). The reaction mixtures wert
allowed to stand at room temperature with occasional gentle mixing and after 50 min they were added t
a solution of BSA (1.5 mg) in Na;HPO, buffer (20 mM, pH 9.0, 200 uL), previously precooled to 4°C
The solutions were then reacted for 48 h at room temperature and subsequently purified by ultrafiltratior
(AMICON ULTRA-0.5-MWCO 3 kDa). After lyophilization the obtained conjugates (approximately 7.
mg) were analyzed by MALDI-TOF MS, being verified for glycopeptides 3- and 4-BSA corresponding

peaks of mass 67500.6 and 68827.6, consistent with 1 and 2 epitopes per BSA.
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4.3. Immunological assays

4.3.1. Mice Immunization

A solution of 10 ug of BSA (control) or glycopeptides 3 and 4-BSA conjugates in PBS, in
combination with complete Freund’s adjuvant (CFA), was injected into 4 different Balb/c mice. After an
interval of two weeks, the second and third immunizations were performed utilizing an emulsion with
incomplete Freund’s adjuvant (IFA). The immunization protocol for MCF-7 cells was similar to that usec
for glycopeptides 3 and 4-BSA, with utilization of 1 x 10° of lysed MCF-7cells, obtained by extractior

with cell lysis buffer. Preimmune sera were collected from all mice previously to immunization.

4.3.2. Enzyme-Linked Immunosorbent Assay (ELISA)

96-Well ELISA plates were coated with glycopeptides 3 or 4-BSA in phosphate buffer solutiol
(PBS), or only with BSA (control), and incubated overnight at 4 °C. The plates were then washed witl
PBS buffer and blocked with 3% gelatin in 0.05% Tween PBS buffer for 2 h at 37 °C. After washing witt
0.05% Tween PBS buffer, the plates were incubated with different dilutions of preimmune and immun
sera from all mice (ranging from 1:2500 to 1:2560000) in 0,05% Tween PBS for 2 h at 37 °C
Subsequently, the wells were washed and incubated with horseradish peroxidase conjugated to rabbi
anti-mouse 1gG Ab for 1 h at 37 °C. The plates were then washed and the substrate solution of 3,3",5,5’
Tetramethylbenzidine (TMB) and H,O, were added. After 10 min the solution of 2N sulfuric acid wa
added and the absorbance of each well was measured at 450 nm using a spectrophotometer (SpectraMax

Molecular Device).

4.3.3. Flow cytometry analysis

Freshly harvested MCF-7 cells were washed with cold PBS and incubated with F.R blocking
solution for 1 hour in ice bath. Then, cells were washed thrice (300 x g, 5 min.), and separated in flow
cytometry tubes (1x10° cells per tube) for subsequent incubation with different dilutions of preimmune
and immune sera from mice immunized with glycopeptide 3- and 4-BSA (ranging from 1:400 to 1:8000)

in cold PBS and ice bath. Control cells were incubated with sera from those mice immunized with MCF-7
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extract. After 1 h, cells were washed three times and goat antimouse-lgG antibodies labeled with
fluorescent dye (AlexaFluor 488) were added to the cells. After staining, cells were analysed by flow

cytometry with a FACSCanto flow cytometer equipped with FACSDiva software (BD Biosciences).

4.3.4. Immunopurification of antisera and binding to glycopeptides 3 and 4
Immobilization of peptides on Sepharose 4B resin

aGalNAc-glycopeptide 3 (1.7 mg, 1.4 umol) and BGalNAc-glycopeptide 4 (1.8 mg, 1.5 pmol) were
coupled to an NHS-activated Sepharose 4B Fast flow resin (NHS: N-hydroxy-succinimmide) to perforn
immunopurification of anti-glycopeptides 3 and 4 antibodies. The two glycopeptides had no free amine:
for direct coupling, but they contained one C-terminal carboxyl group. We therefore pre-treated the resit
in order to introduce an amino group and then conjugate glycopeptides 3 and 4 through a canonica
EDC/NHS chemistry. The resin had a nominal substitution of 16 to 23 umol NHS/mL drained medium
Two 200 puL resin aliquots (about 3 — 8 umol NHS groups) were washed twice with cold 1 mM HCI anc
then with cold water. Solvents were removed by centrifugation. Resins were then treated witl
hexamethylenediamine by suspending them in 500 puL of 1.0 M reagent in 50 mM phosphate buffer pF
8.0 and left under stirring overnight at 4 °C. Resins were then washed extensively with phosphate buffer
Glycopeptides 3 and 4 were preactivated by dissolution in 600 uL of 0.05M NHS/0.2M EDC in water
After 30 minutes solutions were transferred onto the two separate resins. Couplings of the NHS
preactivated glycopeptides to the amine groups on the resin were allowed to proceed overnight and wer:
monitored by RP-HPLC by taking resin samples (50 pL) at t=0 and after the overnight coupling. For thq
HPLC analysis, resin samples were centrifuged at 13000g and the supernatants analyzed on a C1¢
monolithic ONYX column 50 x 2 mm ID operated at 0.6 mL/min, applying a gradient of CH3;CN, 0.1%
TFA from 1% to 70% in 15 minutes. The resin was finally washed twice with NaAc 0.1 M pH 5.0 anu
PBS pH 7.5.
Antibodies Immunopurification

Resins were equilibrated in PBS pH 7.5. Anti-aGalNAc-glycopeptide 3 and anti-pGalNAc-
glycopeptide 4 sera (500 uL) were incubated with the corresponding resin-immobilized glycopeptides for

16 h under gentle shaking at room temperature. Supernatants were then recovered and resins were washed
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5 times with PBS pH 7.5. Resins were then treated with 350 uL 10 mM NaOH for 10 minutes under
gentle shaking. Supernatants were removed by centrifugation and immediately neutralized with 2M TRIS
pH 7.0. The presence of antibodies was assessed by SDS-PAGE analysis of the bound fraction. Protein
concentration was assessed by the Bradford method.

ELISA assays

ELISA was used to monitor the binding of immunopurified antibodies to the corresponding
immunogens (aGalNAc-glycopeptide 3 and pGalNAc-glycopeptide 4) and cross recognition of anti
aGalNAc-glycopeptide antibodies to BGalNAc-glycopeptide and viceversa. The glycopeptides 3 and -
were used as BSA-conjugates to improve plate adsorption. Initial binding assays were performed by
coating BSA-glycopeptides 3 and 4 on microtiter plates at 10 pg/mL, 1 pg/mL and 0.1 pg/mL dissolve
in PBS (100 pL, overnight, triplicate wells). To exclude the immunopurified antibodies that recogniz:
BSA used as carrier for immunization, wells were coated with 10 pg/mL BSA and probed with the tw«
different anti-glycopeptide 3 and anti-glycopeptide 4 antibodies. After extensive washing with PBS, well
were blocked by incubation with 300 pL of 3% BSA w/v for 3h at room temperature. Immunopurifiec
anti-aGalNAc and BGalNAc-glycopeptide antibodies were then dispensed in the wells both at 1 pg/ml
and incubated for 1h at 37 °C (100 pL). After washing, wells were treated with goat anti-mouse-HRF
1:1000 (1 pg/mL) for 1h at 37 °C (100 pL). After washing, wells were treated with o-phenylenediamin
dihydrochloride 0.4 mg/mL in 0.1 M citric acid and 0.2 M Na,HPO, buffer (pH 4.8) and adding 0.:
uL/mL of 30% H,0, as substrate (100 pL). The chromogenic reaction was stopped adding 50 pL 2.5 M
H,SO, and absorbance at 490 nm was read using an EnSpire multiwell reader (Perkin Elmer). Thi

obtained data were averaged, blanks subtracted and plotted using GraphPad vers. 4.

4.4. Surface plasmon resonance assays (SPR)

SPR assays were performed using the anti-MUC1 SM3 monoclonal antibody (ABCAM,
concentration 1 mg/mL) and the two synthetic glycopeptides 3 and 4. All binding assays were performed
on a Biacore 3000 instrument (GE Healthcare). A CM5 sensor chip was functionalized with the anti-
MUC1 SM3 monoclonal antibody running the Wizard method and applying a standard amine coupling

chemistry.*Y Firstly, the sensor chip surface was activated with EDC/NHS. Then SM3 at 10 pg/mL was
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injected (70 puL) in NaAc 10 mM pH 4.0. When ligand immobilization was complete, 1M ethanolamine,
pH 8.5 was passed over the chip. After a washing pulse with NaOH 10 mM and baseline equilibration, we
estimated an immobilization level of about 7000 Response Units (RUs). The reference channel was
deactivated by treatment with 1 M ethanolamine after the NHS/EDC activation. Signals from this channel
were subtracted from those of the sample channel. All binding assays were conducted at 25 °C, at a
constant flow rate of 20 pL/min using HBS-EP as running buffer. The samples of glycopeptides 3 and 4
were prepared in HBS-EP buffer and a total volume of 60uL of each analyte solution was injected ontc
the surface at increasing concentrations providing a dose-response signal. Overall binding events wert
monitored for 550 sec; the association step for 180 sec while the dissociation step for 370 sec and afte
each injection the chip surface was regenerated with NaOH using a range of concentrations compriset
between 2 uM and 0.05 uM. Fitting of binding data was performed by using BIAevaluation softwark
(version 4.1), adopting the 1:1 Langmuir binding model to extrapolate kinetic and thermodynamit
parameters. ka stands for association constant, kd stands for dissociation constant and KD stands fo
apparent affinity constant. The final dissociation constant value (KD) reported for each analyte was th

average between the three KD values extrapolated from every channel.

4.5. Molecular dynamics simulations

All simulations were performed with the GROMACS 5.0.4 simulation package!®® using thi
AMBER99SB-ILDN forcefield® combined with the Glycam06 parameters for carbohydrates anc
glycoproteins*”! and TIP3P water model using PBC in a triclinic box in which the ionic strength was se
to 150 mM with Na* and CI". The time-step value was 2 fs with water and non-water bonds constraine
by the LINCS and SETTLE algorithms, respectively. All intermolecular interactions were treatec
explicitly inside 1 nm cutoffs and the long-range electrostatic interactions were treated by PME.

The initial states of systems were according to the crystallographic structure of the SM3 antibody
complexing the MUC1 9-mer peptide (PDB 1D 1SM3).1Y) The glycosylated peptides were built with the
GLYCAM-Web server (http://glycam.org/). The dihedral angle 1 of the glycosylated Thr residue was +60°
as in the crystallographic structure!?! and other published reports. 2 !

The fully solvated, electrically neutral systems at the desired ionic strength were energy minimized
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using the steepest descent algorithm. During the equilibration phase, temperature was set to 309 K by the
v-rescale thermostat and pressure to 1 bar by the Berendsen barostat. Temperature and pressure were kept
at the same values during production runs by the Nosé-Hoover thermostat and Parrinello-Rahman
barostat. Total simulation time was 1 ns for the equilibration phase and 100 ns for the production phase
for each system.

Images were generated with PyMOL. The hardware used for preparative and equilibration steps of
the molecular dynamics simulations was composed by virtual machines hosted at the University of Séc
Paulo cloud computing infrastructure. A total of 4 virtual machines, each with 8 Intel Xeon cores at 2.4(
GHz and 32 GB RAM, were used. The production step were performed with the DAVInCI supercompute
located at Rice University (Texas-USA), through a scientific collaboration agreement with the University
of S&o Paulo (Sao Paulo-Brazil). For each simulation, 36 processing cores at 2.83 GHz and 6 nVIDI/

Tesla M2050 GPUs were used.

Supporting Information Available: The Supporting Information encloses the 'H NMR, ESI-MS
MALDI-TOF analyses and chromatograms of the main compounds, as well as complementary figure:

related to biological assays.
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FIGURES AND SCHEMES

Scheme 1. (A) Schematic representation of MUC1 tandem repeat sequence containing Tn antigen
(aGalNAc-Ser/Thr). (B) Chemical structures of the protected O-glycosyl amino acids BGalNAc-SerOBn
1 and PGalNAc-ThrOBn 2 as Tn antigen analogs. (C) Chemical structures of the target MUC1
glycopeptides 3-BSA and 4-BSA.

Scheme 2. Synthesis of protected O-glycosyl amino acids BGalNAc-SerOBn 1, fGalNAc-ThrOBn 2 and
BGalNAc-ThrOH 6. Reagents and conditions: (i) Ac O/ pyridine; (ii). Acetyl chloride, HCI(g), 40°C, 1¢
h; (iii) HgBr,, 1,2-DCE, 90°C, 20 h; (iv) H,/Pd-C 10%, MeOH, 0.5 h.

Scheme 3. Solid phase synthesis of glycopeptides 3-BSA and 4-BSA. Reagents and conditions: i. 50%
morpholine in DMF; ii. Fmoc-ProOH, PyBOP, HOBt, DIPEA, iii. Fmoc-AlaOH, PyBOP, HOBt, DIPEA
Iv. Fmoc-Arg(Pbf)OH, PyBOP, HOBt, DIPEA; v. aGalNAc-ThrOH 5 or BGalNAc-ThrOH 6, PyBOP
HOBt, DIPEA; vi. Fmoc-Asp(OtBu)OH, PyBOP, HOBt, DIPEA; vii. Fmoc-SerOH, PyBOP, HOBt
DIPEA,; viii. Ac,0O/ pyridine; ix. TFA 80%; x. NaOMe, MeOH; xi. BSA, EDCI, NHS, Na,HPO,.

Figure 1. Sera titration from mice immunized with glycopeptides A) 3-BSA and B) 4-BSA by ELISA
ODysonm: optical density at 450 nm. m: Immunizations with glycopeptides 3—-BSA and 4-BSA and coating
with corresponding glycopeptides 3-BSA and 4-BSA. ¥ : Immunizations with glycopeptides 3—-BSA an(
4-BSA and coating with BSA. e: Immunizations with BSA and coating with BSA. A: Preimmune (PI
sera and coating with corresponding glycopeptides 3-BSA and 4-BSA.

Figure 2. Flow cytometry analysis of the binding (percentages of positive staining) of glycopeptides 3-
BSA and 4-BSA antisera to MCF-7 cells. A) MCF-7 cells incubated with preimmune (PI) and anti-MCF
7 sera (1:1000). B) MCF-7 cells incubated with glycopeptide 3-BSA antisera at increasing dilutions o
1:400 to 1:8000. C) MCF-7 cells incubated with glycopeptide 4-BSA antisera at increasing dilutions o
1:400 to 1:8000.

Figure 3. Percentages of positive staining, obtained by flow cytometry, of glycopeptides 3— and 4-BSA
antisera to MCF-7 cells. MCF-7 cells incubated with anti-MCF-7 sera (black bar) and preimmune (PI)
sera (white bars) at 1:1000 dilution, and with glycopeptide 3-BSA antisera (light grey bars) and
glycopeptide 4-BSA antisera (dark grey bars) at increasing dilutions of 1:400 to 1:8000.

Figure 4. Binding between anti-aGalNAc and anti-pGalNAc immunopurified antibodies to coated BSA-
conjugated glycopeptides 3 and 4, and BSA, at 10, 1 and 0.1 pg/mL.
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Figure 5. (A) Overall view of the simulated system. The SM3 monoclonal antibody chains A and B are
shown as green and cyan cartoons, respectively. The MUC1-derived glycopeptide is shown as spheres.
Yellow indicates a carbon atom, blue indicates nitrogen and red an oxygen. (B,C) Detailed view showing
the difference in the carbohydrate ring orientation between the o and BGalNAc glycopeptides 3 and 4

shown as sticks.

Figure 6. (A) Detailed view of the interaction between the carbohydrate moiety of the aGalNAc-
glycopeptide 3. Its carbohydrate moiety interacts with Tyr-32L and Asn-53L via hydrogen bonds. (B
Detailed view of the interaction between the carbohydrate moiety of the fGalNAc-glycopeptide 4. It
carbohydrate moiety also interacts with Tyr-32L and Asn-53L via hydrogen bonds.

Figure 7. Binding sensorgrams relative to the interactions of glycopeptide 3 (a) (A) and glycopeptide «

(B) (B) with immobilized SM3 MAb. Glycopeptides were injected at increasing concentrations betweer
50 nM and 2 uM.

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201600473

SCHEME 1

HO _OH

AcHN
aGalNAc

His

HGVTSAPD'll'RPAPGS'll'APPA Tandem repeat MUCH1

R R
(B)
AcO OAC NHFmoc
AcO O OWOBI—]
AcHN
R O
1R=H
2 R=CH,
(©) HN\\‘,NHZ
o) NH
HO OH
e o) - o) g . o) o) .
AcHN %N N N N N/\[(
H H H
o) o) o) o) o)
RO
3R= oGalNAc  HO,OH HO OH
- o) o)
4R=pGalNAc HO
AcHN AcHN
aGalNAc BGalNAc

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201600473

SCHEME 2
NHFmoc
HO OBn
OH OA RO OAc
HO AcO SDAC 10 R=H AcO o NHFmoc
0] . — '
HO&OH I AcO&% TR=CH; _ ACO& /OWOR
- ohIN
QI'NH3 i ACHNCI il c R O
12 " 1 R=H, R'=Bn
2 R=CHj,, R'=Bn
|v<A
6 R=CHa, R'=H

This article is protected by copyright. All rights reserved.



ChemBioChem

SCHEME 3

O Fmoc-HN. I | i
g

Wang resin
i, i, i, iii,
i, i, i, iv,
i,v, i, vi,
i, i, i, iii,
i, vii, i

HN NH-Pbf

mﬂﬁfiééﬁﬁjw

OA OA
13 R= aGalNAc AcO (C) AcO g
14 R= pGalNAc ACO ACO
AcHN AcHN
aGalNAc BGalNAc
viii, ix, X
HN NH,

o) NH
HO OH
. o) o) - o) g . o) o)
AcHN \HLN N N %N N/\[r
H H H
o) o) o) o)
RO
3R

= aGalNAc
4 R= BGalNAc

Xi

HN__NH,

o) NH
HO OH
. o) o) - o) g - o) o) -
AcHN %N N N %N N/\n/
H H H
o) o) o) o)
RO

3-BSA R= aGalNAc
4-BSA R= pGalNAc

This article is protected by copyright. All rights reserved.

10.1002/cbic.201600473

OO

OH



ChemBioChem

FIGURE 1

A)
1.0-

0.8+
0.6

0.4

OD450nm

0.2

0.0-

S O O OO O O O O H H H
ﬁ“ QQ QQ QQ QQ QQ QQ QQ ) QQ QQ
,\\'\r ,\\‘3 N ,"Q th Q)Q o S AN}

AR A N RN Y

Serum dilution

B)
1.0-

0.8+
0.6

0.4

ODy50nm

Serum dilution

This article is protected by copyright. All rights reserved.

10.1002/cbic.201600473



ChemBioChem 10.1002/cbic.201600473

FIGURE 2
- Preimmune sera Immune sera
A) 3
e 599 4%
8% " o MCFT cells
LE
m;‘o““ w o owt W
Glycopeptide 3-BSA
14400 . 1/300 _ 1/1000 _ 142000 144000 _ 143000
B) FE & ) H_q .
# 7% | 37.6% EE 14.8% _ 11.8% 8.6%
E =] 3 -
LS - 2z m ESA P e g2
Ug_: P3 ‘-’é_ &1 <83 P “g “sg P3
* = #
. wow? ot w - [ Y - wow owt ot woow wt w0 I "
Glycopeptide 4-B3A
1400 » 1/800 141000 . 1/2000 144000 . 1/3000
19 o] | a1 o | :
53.6% A0.4% 2] 18.1% # 16.7% °E 15.6%
LE E§_ - =
3g] » 32 = i 58 e I
Qg_ P3 “a3 P3 “gd ] “aj P3 “a3 L)
EE EE EE EE #
wioow' et - W . R L . w o ow' owt ot - wow' ot
FIGURE 3
80+
» 60+
]
[&]
o T
5 407
2]
=]
o
= 204
0- T T T T T T T
Q’\ Q\ QQ QQ QQ QQ QQ QQ Q\ QQ QQ QQS QQ QQ; QQ
& R Y R RS\ S S
&S NTORY KT ON NTORY NN
O , , 1 , . |
anti-glycopeptide 3 anti-glycopeptide 4

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201600473

FIGURE 4
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