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Abstract

This short report describes the preliminary results of the synthesis of glycopeptides bearing complex type
biantennary sialylglycans. Using the latest efficient auxiliary for peptide-peptide coupling reactions, we
successfully synthesized glycopeptides.
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Introduction

Carbohydrates and their oligomers, glycans, play important roles in many biological events such as cell-cell
interactions, immune system regulation, and protein activity stabilization.*

Glycans are roughly divided into three groups, as glycoproteins, glycolipids, and glucosaminoglycans.
Glycoproteins have asparagine-linked N-glycans and threonine- or serine-linked O-glycans.? The N-linked
glycans are further divided into three subgroups such as complex type, high-mannose type, and hybrid type.
The biosynthesis of glycoproteins begins in the endoplasmic reticulum, where high-mannose type glycans are
attached to the proteins. Depending on their maturation processes in the second organelle (Golgi apparatus),
high-mannose type glycans are converted into complex type sialylglycans. Hybrid type glycans possess parts of
both the high-mannose type and complex-type in a glycan structure.

However, glycan sequences made in the biosynthetic pathway are not regulated by the gene. Enzymes
such as glycosyltransferases and glycosidases regulate the construction of glycan structures. However, the
enzymatic regulation results in considerable heterogeneity in the glycan structure.* Therefore, glycans on the
cell surface and in body fluid show considerable structural diversity, and therefore, we could not identify
which glycans are essential for the individual biological events.

In addition to this, a small amount of homogeneous glycans can be isolated from a natural source, but this
amount is not enough for extensive investigation of glycobiology. As a result, the study of glycan functions has
been hindered.
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Figure 1. Synthesis of sialylglycopeptide by solid phase peptide synthesis (SPPS). Fmoc-amino acids were used
for the conventional SPPS method. Fmoc: fluorenylmethoxycarbonyl; PEGA: poly(ethylene glycol)-
poly(dimethylacrylamide) copolymer; HMPA linker: hydroxymethylphenoxyacetic acid; MNST: 1-
(mesitylenesulfonyl)-3-nitro-1,2,4-triazole; HATU: 2-(1H-9-azobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphonate; Opfp: pentafluorophenol.
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In order to solve these problems, many groups have developed the chemical or enzymatic synthesis of
glycans and glycoconjugates.>® In particular, the Kunz group has extensively studied the synthesis of
glycopeptides over a long period of time.'* They efficiently synthesized Fmoc-protected sugar amino acid for
solid phase glycopeptide synthesis'®> and studied protecting group such as allyloxycarbonyl group'® and 3-(3-
pyridyl)allyloxycarbonyl group.!” Furthermore, they developed a special linker, Hycron linker, which detaches
glycopeptides from resins under the neutral conditions.'® This efficient system vyielded acid-labile
glycopeptides.

Our group has also studied glycopeptide synthesis (Figure 1). However, the synthesis of oligosaccharides
was difficult for us to provide a suitable amount for SPPS and therefore our group employed a semi-synthetic
method of N-glycans. Fortunately, we isolated a homogeneous complex type biantennary N-linked
sialylglycan from egg yolk.*® After peptidase digestion, asparagine was protected with an Fmoc group, and two
carboxylic acids of sialic acids were efficiently protected with benzyl esters to give Fmoc-Asn-(glycan)-OH 1.
We then used 1 for glycopeptide synthesis (Figure 1).2° We performed SPPS toward PEGA resin having acid-
labile linker and then added Fmoc-Asn-(glycan)-OH 1. After glycopeptide synthesis was complete, the target
glycopeptide 2 was detached from the resins by acid-cleavage. We found that the sialic acid groups were
stable even under strongly acidic conditions due to the benzylesterification. However, this SPPS method has a
drawback. Since we could not use an excess amount of the valuable Fmoc-Asn-(glycan)-OH 1, the total
synthetic yield from coupling the first amino acid to the resin was not high. In addition to low vyields,
aspartimide derivative was formed from Fmoc-Asn-(glycan)-OH 1 during the glycopeptide coupling.?! Despite,
these disadvantages, we did manage to use this method for practical glycopeptide syntheses. Based on a
highly supportive and inspiring discussion with Prof. Kunz at a scientific conference, we began work that could
finally be published.?°

In the past decade, glycopeptide syntheses has dramatically improved®?? and recently, glycopeptide
syntheses are used for glycoprotein syntheses.?? These researches use efficient peptide-peptide coupling
reactions. Peptide-peptide coupling is an essential reaction and native chemical ligation (NCL) has been used
for the synthesis of proteins.”> However NCL requires cysteine residue at the NCL site. Therefore,
supplementary methods have been used to provide cysteine surrogates, such as B-mercaptoamino acids and
auxiliary systems.?

Under these circumstances, Prof Seitz group developed an excellent auxiliary for peptide-peptide coupling
reactions (Figure 2).2>2% We had an interest in whether his robust auxiliary could couple bulky Asn-(glycan)-OH
and peptide. This short paper reports the preliminary results of this new reaction.
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Figure 2. New auxiliary for peptide-peptide coupling.
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Results and Discussion

Synthesis of auxiliary

The Seitz group reported a very efficient auxiliary for peptide coupling.?>2?® Therefore, we examined the same
auxiliary for glycopeptide synthesis. This aromatic auxiliary bears a thiol instead of a cysteine to assist NCL, but
this auxiliary can be removed from peptides via radical reactions. The Seitz group extensively studied the
mechanism of the auxiliary detaching from the peptides after NCL-type reactions.
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Figure 3. Synthesis of 2-mercapto-2-phenethyl auxiliary 8 from 1-phenylethane-1,2-diol 3. TrtCl: Trityl chloride;
MsCl: methansulfonyl chloride; DIEA: diisopropylethylamine.

However, as the starting material for the synthesis of Seitz’s auxiliary was difficult to obtain in Japan, we
studied an alternative synthetic route that uses commercially available substrate 3 (Figure 3). Trityl protection
toward the primary alcohol of 3 gave 4 in 92% yield. Then, mesylation and substitution with thioacetate
yielded compound 5 in 72% vyield (2 steps). After the acetate group was removed (yield = 84%), we found that
the trityl group of 6 could migrate to the thiol group under acidic conditions, which successfully yielded
primary alcohol 7 in 78% vyield. Finally, Dess-Martin oxidation yielded the desired auxiliary substrate 8 in 70%
yield.

Preparation of Asn-(complex type sialyl glycan)-OH
Because we could prepare the Seitz’s auxiliary, next we examined the modification of Asn-glycan 9%° with the
auxiliary (Figure 4). For the modification, we explored various reductive-amination conditions and found that
picoline borane conditions were more efficient than NaBH3CN conditions, because glycan dissolves in water,
but not in organic solvent. Toward an amino group of Asn-(glycan)-OH 9, we added auxiliary under the
reductive amination condition. Extensive optimizations enabled us to obtain the target 10 in moderate yield
(55%).

In order to perform peptide-coupling reaction at the C terminal of Asn-(glycan)-OH, we examined selective
esterification of two sialic acids. We had already established the selective benzyl esterification of sialic acid,?°
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therefore we employed the same conditions using Cs2CO3 and subsequent phenacyl (Pac) esterification.?” This
condition successfully yielded the Phenacyl-esterified TrtS-Aux-Asn-(glycan-Pac)-OH 11 (44%). This product
was characterized by *H, 13C, and HSQC NMR analyses (supporting information).
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Figure 4. Synthesis of complex type biantennary sialyloligosaccharide bearing the auxiliary.
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We next examined peptide ligations between model peptides and auxiliary-bearing Asn-(glycan)-OH 11
(Figure 5). The trityl group of the auxiliary could be removed by trifluoroacetic acid/triisopropylsilane
(TFA/TIPS) to yield 12. All peptide coupling reactions employed conventional NCL conditions.?> We prepared
short three model peptide-thioesters 13-15 by the safe Boc-SPPS.?” These model experiments efficiently
yielded ligation products 16-18, which were monitored by reverse phase HPLC. These results proved that
Seitz’s auxiliary works well for glycopeptide synthesis.

The next step of our glycopeptide synthesis was the coupling reaction of another peptide at the C-terminal
of TrtS-auxiliary-Asn-(glycan-Pac)-amino acid 11. We first attempted to couple peptide-Asn-(glycan-Pac)-SR, a
glycopeptide-thioester, with another peptide. However, peptide-Asn-(glycan-Pac)-SR formed aspartimide 20
before the coupling reaction could proceed. We could not optimize this reaction to avoid the aspartimide
formation; therefore, we studied direct coupling with amino acid-hydrazide 19 as a model compound. We
employed low-temperature conditions to avoid unexpected asparagine epimerization and aspartimide
formation. This direct coupling was already demonstrated by the Unverzagt group.?® We confirmed that this
direct coupling reaction could yield the desired TrtS-auxiliary-Asn-(glycan-Pac)-amino acid-NHNHBoc 21. Here,
we used a mono amino acid hydrazide, but we confirmed that long peptide-hydrazides could be coupled at the
C-terminal of Fmoc-Asn-(glycan)-OH.

Finally, we confirmed that the trityl group of the auxiliary, as well as the t-Bu and t-Boc groups, were
removed by TFA/TIPS or TFA/H20 conditions to give the corresponding product 22 in moderate yield. As the
Seitz group already demonstrated the detachment of the auxiliary by radical reactions, our data indicates that
Seitz’s auxiliary can be used for glycopeptide synthesis as well.
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Conclusions

We investigated auxiliary-based glycopeptide synthesis using Seitz’s auxiliary for efficient peptide coupling.
We are currently optimizing the conditions for this method to be used for practical glycopeptide syntheses.

Experimental Section

General. 'H and '3C NMR spectra were recorded on a 400 MHz spectrometer (Bruker Avance Ill). All *H
chemical shifts are reported in parts per million (ppm) relative to D20 (4.79 ppm). Mass spectra were recorded
on a Bruker Esquire 3000P"s, or an amaZon ETD mass spectrometer.

Compound 4. 1-Phenylethane-1,2-diol 3 (3.96g, 28.9 mmol), trityl chloride (8.77g, 31.8 mmol) and DMAP (354
mg, 2.89 mmol) were stirred in pyridine (72 mL) at 50 °C. After the completion of reaction, the mixture was
evaporated and the resultant syrupy residue was dissolved into EtOAc and the organic phase was washed with
brine and then water. After concentration of organic phase, purification of the residue on a silica gel column
(Hex: EtOAc=11:1) gave product 4 (10.1 g, 92%). ESI mass calcd. for C27H240, [M+Na]™ 403.2 Found. 403.3; H
NMR (CDCls3, 400 MHz) 6 : 7.43-7.14 (m,20H), 4.71 (m,1H), 3.33 (dd,1H, 4.1, 9.8 Hz), 3,29 (dd,1H, 9.36, 9.8 Hz),
2.89 (bd,1H).

Compound 5. To a solution of compound 4 (7.11 g, 18.7 mmol) dissolved in DCM (95 mL) was added
disopropylethylamine (6.5 mL, 37.4 mmol) and then methanesulfonyl chloride (1.75 mL, 22.4 mmol) at 0 °C.
The mixture was stirred at room temperature for 5 min. The reaction mixture was diluted with DCM and
organic phase was washed with brine and water. Organic phase was dried over MgS04 and then concentrated
in vacuo. The residue was dried up in vacuo for 1 h and then the residue was dissolved into DMF (250 mL). To
this mixture was added KSAc (4.27 g, 37. 4 mmol) and then the mixture was stirred at 40 °C. After the reaction
completed, the mixture was diluted with EtOAc and the organic phase was washed with brine and then water.
The organic phase was dried over MgS04 and then concentrated in vacuo. Purification of the residue on a silica

gel column (Hex: EtOAc=1:1) gave product 5 (5.82 g, 71%). ESI mass calcd. for Ca9H260,S [M+Na]* 461.2
Found. 461.3, *H NMR (CDCls, 400 MHz) & : 7.37-7.15 (m, 20H), 4.85 (dd,1H, 6.1, 6.1 Hz), 3.45 (d,1H), 3,41
(d,1H), 2.30 (S,3H).

Compound 6. To a solution (MeOH:EtOAc =4:1, 118 mL) including compound 5 (5.19 g, 11.9 mmol) was slowly
added hydrazine-H,0 (0.87 mL, 17.9 mmol) and then the mixture was stirred at room temperature. After 1 h,
the solution was diluted with EtOAc and the organic phase was washed with brine and water. The organic
phase was dried over MgS04 and then concentrated in vacuo. Purification of the residue on a silica gel column
(Hex: EtOAc=3:1) gave product 6 (3.98 g, 84%). ESI mass calcd. for C27H240S [M+Na]™ Cal. 419.2 Found. 419.4,

IH NMR (CDCls, 400 MHz) 6 : 7.40-7.14 (m,20H), 4.10 (ddd,1H, 5.1, 6.7, 6.7 Hz), 3.48 (dd, 1H, 6.3, 9.4 Hz), 3.42
(dd, 1H, 7.4, 9.4 Hz), 2.20 (d,1H, 5.1Hz).

Compound 7. Compound 6 (3.58 g, 9.03 mmol) was dissolved into a solution (HCOOH:Et,0 =1:1, 30.0 mL) and
then the mixture was stirred at room temperature. After 30 min, piperidine (ca 50 mL) was slowly added to
the solution at 0 °C. The solution was diluted with EtOAc and the organic phase was washed with sodium
bicarbonate solution, brine and water. The organic phase was dried over MgSO4 and then concentrated in
vacuo. Purification of the residue on a silica gel column (Hex: EtOAc=6:1) gave product 7 (2.80 g, 78%). ESI
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mass calcd. for Co7H240S [M+Na]™ 419.2 Found. 419.3, *H NMR (CDCls;, 400 MHz) 6 : 7.44-7.01 (m), 3.46
(m,1H), 3.38 (dd,1H, 5.8, 7.6 Hz), 3.29 (m,1H), 1.50 (t,1H, 6.6 Hz).

Compound 8. To a solution of DCM (50.0 mL) including compound 7 (1.94 g, 4.91 mmol) and sodium
bicarbonate (29 mmol) was dropwisely added a solution of DCM (48 mL) including Dess-Martin periodinane
(2.29 g, 5.40 mmol). The mixture was stirred at room temperature. After 10min the organic phase was dilute
with Et20 and then the organic phase was washed with sodium bicarbonate solution, brine and water. The
organic phase was dried over MgSO4 and then concentrated in vacuo. Purification of the residue on a silica gel

column (Hex: EtOAc=1:3) gave product 8 (1.35 g, 70%). ESI mass calcd. for C27H220S [M+Na]* 417.1 Found.
417.2; [M+K]*433.2 Found. 433.3, 'H NMR (CDCls, 400 MHz) & : 9.00 (d,1H, 3.4 Hz), 7.44-7.21 (20H,m), 3.99
(d,1H, 3.4 Hz).

Compound 10. Complex type biantennary disialyloligosaccharide 9 (51.4 mg, 21.4 umol) was dissolved into
water (0.6 mL). To this solution was added a solution of DMF (1.8 mL)-iPrOH (0.2 mL) containing compound 8
(124 mg, 321umol) and then HCOOH (0.13 mL) was added to this mixture. Next, to this mixture was added
picoline-borane (36.1 mg, 0.321 mmol) was added and then the mixture was stirred at 30 °C. After 22h, the
product was directly purified on a gel permeation column (Sephadex LH-20, H,O:MeCN = 1:1) and the fractions
containing product were pooled and then lyophilized. Purification of the residue by reverse phase HPLC (C18,
H20 to 60% MeCN gradient system) gave product 10 (34.6 mg, 55%), ESI mass calcd. for C115H166N80esS [M+H]
*2716.0 Found. 2715.8.

Phenacyl-esterification of glycan. A solution (H20, 5.0 mL) containing compound 10 (15.1 mg, 5.56 umol) was
passed through a short column of Dowex 50 WX8 (H* form) to make free carboxylic acids and the column was
washed with the second portion of water. All eluents were pooled and then was lyophilized. The residue was
dissolved into H,O (7.5 mL) and then pH was adjusted to 4.0 by the addition of a solution of Cs,COs3 (50.0
mg/mL). After lyophilization, the residue was dissolved into DMF (5.6 mL). To this solution was added
phenacyl bromide (7.7 mg, 38.9 umol) and the mixture was stirred at room temperature for 6 h. The product
was directly purified on a gel permeation column (Sephadex LH-20, H,O:MeCN = 1:1) and the fractions
containing product were pooled and then lyophilized. Purification of the residue by reverse phase HPLC (C18,
50 mM NH4OAc: MeCN 70:30 to 40: 60 for 60 min gradient system, 2.5 mL/min) gave product 11 (7.1 mg,
43%), ESI mass: calcd. for C131H17sNsOgsS [M+H]™ 2951.1 Found. 2952.0. *H NMR (CDCls, 400 MHz) & : 8.2 (d

2H), 7.85, 7.72, 7.54 (each t), 7.5-7.3 (m), 5.82, 5.74 (each 2H, each 16.7 Hz), 5.30, 5.11 (each s, each 1H, Man
H1), 4.51 (bd, 2H Gal H-1), 4.35, 4.26, 4.22 (bs, each 1 H, Man H2), 2.73 (bdd, 2H, NeuAc H3eq), 2.22, 2.20 (s,
each 3H, Ac), 2.19, 2.10 (s, each 6H, Ac x 2), 2.08, 2.07(s, each 3H, Ac).

Ligation experiments by auxiliary group. The peptide-thioesters (mercaptoethanesulfonate ester) 13-15 was
prepared by the improved safe-Boc-SPPS method. Removal of trityl group was performed by trifluoroacetic
acid and triisopropylsilane (95:5) at room temperature to give 12. After concentration, the product was
purified by HPLC reverse phase HPLC (C18, 50 mM NH4OAc: MeCN 70:30 to 40: 60 for 60 min gradient system,
2.5 mL/min). To start the ligation, HS-Asn-(glycan)-OH having an auxiliary 12 (2.5 mM) was dissolved a solution
(200 mM sodium phosphate buffer, pH 7.0) containing peptide-thioester (5.0 mM), 6.0 M Guanidine-HCI, and
tris(2-carboxyethyl)phosphine (TCEP, 20 mM) and 4-mercaptofenyl acetic acid (MPAA, 40 mM). The reaction
mixture was incubated at room temperature and the reactions were monitored by HPLC.

In terms of HPLC system, solution-A (0.1% HCCOH) and solution-B (0.09% HCOOH in 90% MeCN solution) were
used for gradient system.

Synthesis of glycopeptide H2N-ALLH-Asn(Glycan)-OH (16). The reaction was monitored by reverse phase HPLC
(A:B solutions = 80:20 to 50:50 for 15 min, 0.2 mL/min, C-18 Proteonavi column, Shiseido Ltd). During the
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reaction, Pac ester was partially deprotected in the presence of MPAA. Therefore coupling yield was estimated
after removal of all Pac ester with 200 mM sodium 2-mercaptoethanesulfonate (MESNa) and 0.5 puL
piperidine. ALLH-Asn(Glycan)-OH was obtained in 88%. ESI mass calcd. for C117H186N1406sS [M+H]* 2908.1;
Found.2908.2.

Synthesis of glycopeptide, H:N-ALLS-Asn(Glycan-Pac)-OH (17). The ligation reaction was performed following
the same procedure as in the preparation of HoN-ALLH-Asn(Glycan)-OH. During ligation reaction, Pac group
was partially removed. The coupling yield was estimated both Pac-protected and deprotected products as
total yield (77%) ESI mass calcd. for C130H196N12071S [M+H]* 3094.18; Found.3094.32.

Synthesis of glycopeptide, H2N-ALLV-Asn(Glycan-Pac)-OH (18). The ligation reaction was performed with the
same procedure in the preparation of H,N-ALLH-Asn(Glycan)-OH. During ligation reaction, Pac group was
partially removed. The coupling yield was estimated both Pac-protected and deprotected products as total
yield (67%). ESI mass calcd. for C132H200N12070S [M+H]* 3106.22 Found.3106.38.
Fmoc-Ser(O-tert-Bu)-NHNHBoc. Commercially available Fmoc-HN-Ser(O-tBu)-OH was converted into H;N-
Ser(O-tBu)- NHNHBoc by two steps conversion. Fmoc-HN-Ser(O-tBu)-OH (1.22 g, 2.45 mmol) was dissolved
into DMF (12.0 mL) and then tert-butyl carbazate (1.73 g, 13.0 mmol) and DIC-HCI (1.86 g, 9.7 mmol) were
added. The mixture was left at room temperature for 30 min. The mixture was diluted with EtOAc and washed
with brine and water and the organic phase was concentrated in vacuo. Purification of the residue on a silica
gel (Hex:EtOAc = 1:1) gave Fmoc-Ser(O-tert-Bu)-NHNHBoc (1.17 g, 90%). ESI mass calcd. for C7H3sN306
[M+Na]* 520.2 Found. 520.2. *HNMR (CDCls, 400 MHz) & : 7.65-7.25 (m,10H), 5.70 (s,1H), 4.40 (d,2H), 4.32
(s,3H), 3.81 (s,1H), 1.26 (s,9H).

H2N-Ser(O-tert-Bu)-CONHNHBoc (19). Fmoc-Ser(O-tert-Bu)-CONHNHBoc (1.22 g, 2.45 mmol) and piperidine
(2.0 mL) were stirred in DMF (8.0 mL) at room temperature. The mixture was azeotropically dried with toluene
in vacuo. Purification of the residue by reverse phase HPLC (0.1% TFA: 0.1%TFA in 90% MeCN from 80:20 to
50:50 gradient syste for 30 min, 2.0 mL/min, capcellpack column) gave HN-Ser(O-tert-Bu)-CONHNHBoc 17
(390.6 mg, 58%). ESI mass calcd. for C12H25N304 [M+H] " 276.2, Obsd. 276.1

Coupling of TrtS-auxiliary-Asn-(glycan-Pac)-OH 11 with H2N-Ser(O-tert-Bu)-CONHNHBoc (19). H,N-Ser(O-tert-
Bu)-CONHNHBoc 19 (0.93 mg, 3.39 umol) and PyBOP (0.88 mg, 1.70 umol) was dissolved into DMF-DMSO (1:1,
68 pL) and to this solution was added Fmoc-Asn(glycan-Pac2)-OH 11 (1.0 mg, 0.34 umol). To this solution was
added DIEA (0.41 uL, 2.37 umol) and the mixture was stirred at 0 °C. Purification by reverse phase HPLC
(Cadenza M column, Kyoto, A: B solution 75:25 to 5: 95 for 15 min, 0.2 mL / min) give product 21 (ca 52%). ESI
mass calcd. for C143H201N11069S [M+H] ™ 3209.2, Obsd. 3209.3

Synthesis of HS-auxiliary-Asn-(glycan-Pac)-Ser-CONHNH: (22). The trityl group, t-Bu and Boc group could be
removed with TFA:TISP (95:5) at 0 °C. After completion, the mixture was concentrated in vacuo. HPLC

purification gave 22. ESI mass calcd. for C115H171N11067S [M+H] " 2811.00, Obsd. 2810.9

Supplementary Material

H, 13C NMR spectra, Mass data, and HPLC profiles of compounds.
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