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Abstract: A practical approach towards N-glycopeptide syn-
thesis using an auxiliary-mediated dual native chemical
ligation (NCL) has been developed. The first NCL connects
an N-linked glycosyl auxiliary to the thioester side chain of an
N-terminal aspartate oligopeptide. This intermediate under-
goes a second NCL with a C-terminal thioester oligopeptide.
Mild cleavage provides the desired N-glycopeptide.

Glycoproteins play vital roles in a wide array of biological
activities, including cell-cell adhesion, cell differentiation, cell
growth, and tumor metastasis."! Furthermore, a host of major
illnesses, such as autoimmune diseases, infectious diseases,
and cancer” are caused by erroneous glycosylation of
proteins. Consequently, the development of new glycopep-
tide-based vaccines, diagnostics and therapeutics has gained
significant interests, stimulating the study of glycopeptide
synthesis.”!

Native chemical ligation (NCL) is one of the most useful
methods in protein synthesis. The NCL reaction enables an
amide bond to be formed between the N-terminal cysteine
residue of an unprotected oligopeptide and C-terminal
thioester residue of a second oligopeptide, via a reversible
trans-thioesterification step, followed by an irreversible intra-
molecular S- to N-acyl transfer. This permits the ligation of
unprotected peptide chains, in aqueous solution at neutral
pH, to form a longer peptide chain in near quantitative
conversion without any further manipulation. Since early
studies by Kent’s group,*! the potential of NCL has greatly
expanded beyond cysteine to include other ligation sites, such
as Ala,”! Phe [ Val,[! Thr,® and Lys" residues.

Even though NCL is a mature field, NCL in the context of
glycoprotein synthesis is progressing at a lesser pace. A
survey 1% of current methods of synthesizing N-glycoprotein
discussed the challenges of incorporating glycans into the
established workflow of peptide synthesis. SPPS methods can
provide glycopeptides about 20 amino acids long. Beyond
this, sporadic aggregations and side reactions often make
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further elongations impractical."'! Hence, additional ligation
sites are required for further NCL with other fragments to
obtain the final glycoprotein. Given the relatively low
abundance of cysteine in nature (ca. 1.7%), having this
residue at a strategically useful location is not always feasible.

In a stepwise synthesis (Scheme 1a), a natural cysteine or
a synthetic sulfur-containing amino acid in the vicinity of
glycan-linked-Asn residue is required. Otaka’s group recently
reported a thiolated asparagine as ligation linker for NCL.!?
The glycan is usually of full-length or could be introduced
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Scheme 1. Contemporary N-glycopeptide synthesis.
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through enzymatic trans-glycosylation after the ligation step.
In the sugar-assisted ligation approach (Scheme 1b), Wong’s
group™® demonstrated that a non-cysteine terminated glycan-
linked peptide fragment can be used to join another standard
thioester peptide. This allows less fragmentation of the
peptide synthetic plan, accelerating the assembly of the N-
glycopeptide. However, the sulfur appendage needs to be
installed on the sugar unit, followed by glycosylation with Asn
residue. Preparation of this crucial species is no trivial task
which requires laborious work and careful planning, espe-
cially with more complex glycan chains.'*! The modified
sugar is also resistant to enzymatic trans-glycosylation and an
additional desulfurization step is required. Understandably,
the sulthydryl group only participated in ligating the two
peptide fragments and not in the glycosylation of the amino
acid itself. Nevertheless, the method elegantly overcomes the
requirement for cysteine residue at the ligation junction.

We studied the scope of NCL with modified glycosyl
amine la (Scheme 1c). During our preliminary study, the
trimethoxybenzyl auxiliary was found to be the most profi-
cient in the ligation and in its removal, in line with previous
studies.' The 3-nitro-2-pyridinesulfenyl group is well-known
for rapid disulfide exchange under NCL condition." This
scaffold is therefore capable of performing ligation to
produce the glycan-linked N-terminal asparagine oligopep-
tide 3, followed by a second ligation with C-terminal thioester
oligopeptide 4 to provide the glycopeptide S. Subsequently,
the auxiliary is readily cleaved following treatment with TFA
and deacetylation to furnish glycopeptide 6.

We conducted our first ligation of compound 1a with
oligopeptide sequence H-(COSPh)DATGVS-CONH, 12a in
a phosphate buffer (pH 7.5) at 37°C. Reaction progress was
monitored by reverse-phase HPLC, and a ligation conversion
of more than 70 % was observed after 1 hour. Optimization of
additives and buffer revealed the best ligation efficiency was
achieved when the reaction was conducted in a phosphate
buffer of pH 8.0 with 6M Gn-HCl, 60 mm TCEP, and 1% v/v
MeSNa as additives at 37 °C. The desired ligation product 13a
was formed in 92 % conversion within 1 hour with less than
3% of peptide racemization at N-terminal Asp residue
(Figure 1). A control experiment was carried out by mixing
thioesters 12a and additives in our buffer condition. Less than
3% racemization was observed after 12 hours and only 7%
racemization was detected with 72 hours of incubation time.

To examine the effect of different residues at the ligation
junction, a series of oligopeptides (12a-12h) with thioesteri-
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Figure 1. Analytical RP-HPLC (4 =280 nm) of the first ligation (Table T,
entry 1). Reaction at 1 h: peak a: ligation product 13 a with calcd
M=1087.4 Da, obs. M=1088.1 Da (see inset, ESI-MS); peak b: excess
of 1a (disulfide-bond cleaved).
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fied aspartic acid on the N-terminal were subjected to the
optimized conditions. As seen from Table 1, all native
chemical ligation proceeded smoothly and high to excellent
conversions could be achieved. Slightly lower conversions

Table 1: First native chemical ligation of oligopeptide thioester 12 and
sugar auxiliaries 1a—c.”!

ld 1

> é Gy
Sugar
g N P

MeO

buffer, 37 °C, 1 hour NH,
1a-c 13a-k
Entry Peptide 1! Product Conv [%]¢
14l 12a ATGVS-CONH, 13a 92
2 12b GTGVS-CONH, 13b 91
3l 12¢ | TGVS-CONH, 13¢ 89
44 12d LTGVS-CONH, 13d 90
5td 12e FTGVS-CONH, 13e 87
6 12 f STGVS-CONH, 13f 94
74 12g TTGVS-CONH, 13g 91
gl 12h VTGVS-CONH, 13h 90
ol 12i GTGVS-CONHNH, 13i 93
108 12i GTGVS-CONHNH, 13j 87
111 12i GTGVS-CONHNH, 13k 81

[a] Conditions: 6 M Gn-HCl, 60 mm TCEP, 1% MeSNa, pH 8.0,37°C, 1 h.
[b] ratio of 1 to 12 is 1.3:1. Amino acids adjacent to aspartic acid are
highlighted in bold. [c] Conversion based on RP-HPLC analysis upon
complete consumption of 1. [d] Ta: Glc(OAc)NAc. [e] 1b: unprotected
GlcNAc. [f] 1¢: unprotected maltotriose.

were observed when Ile, Leu, Val, and Phe were present next
to the ligation site, which is most likely due to increase in
steric bulk. Liu’s group!® recently developed a facile method
for in situ formation of peptide thioester from a C-terminal
hydrazide, allowing the convergent synthesis of several
proteins.'”l In our experiment, the hydrazide peptide 12i
gave the first ligation product in excellent conversion
(entry 9).

The B-N-glycosidic bond of 13i remained intact based on
1D-TOCSY NMR analysis (see the Supporting Information).
Evaluation of the reaction with unprotected GlcNAc and
unprotected maltotriose as glycan auxiliaries showed excel-
lent conversions without compatibility issue (entries 10,11).
However, we found unprotected sugar auxiliary more prone
to hydrolysis compared to peracetylated form. Anomeriza-
tion of the glycosidic benzyl amine was observed to occur at
room temperature after several hours. Nevertheless, glyco-
peptide 13j and 13k were stable during isolation and
purification. We recommend carrying out the first ligation
reaction immediately after furnishing the auxiliary from
unprotected glycosylamine.

We then investigated the second native chemical ligation
of glycopeptide 13 with a C-terminal oligopeptide thioester.
Under similar conditions, glycopeptide 13a was treated with
oligopeptide thioester H-ISTVS-COS(CH,CH,CONH,) 14a
(Table 2, entry 1). A final ligation conversion of 78 % was

Angew. Chem. Int. Ed. 2016, 55, 1—6
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Table 2: Second native chemical ligation of oligopeptide thioester 14 and a o
glycopeptide 13.1 3 » 1559.62
OMe g
4 MeO OMe £, 1
1400 1500 1600
(popioe /s wsion
SH
N._O
Sugar 14a-d - r T T
07 "NH; w 1 20 25 35 40 45
e
NH; buffer, 37 °C, 3 hours NH Time [ min
o} Figure 2. Analytical RP-HPLC (4 =280 nm) of second ligation (Table 2,
13a-k 15aa-ke
entry 1). Reaction at 3 h: peak a: exchanged MeS thioester of 14a;
Entry Peptide 1% Peptide 2 Product Conv [%]“  peak b: ligation product 15aa with calcd M=1558.7 Da, obs.
19 132 ATGVS-CONH,  14a H-ISTVS 15aa 78 M=1559.6 Da (see inset, ESI-MS).
24 13a ATGVS-CONH, 14b H-ISTVA 15ab 82
34l 13a ATGVS-CONH, 14c H-ISTVG 15ac 78
G . .
:[ g ::C : Igﬁggngz 1:3 E:g\\;é 12 ca ;i obtained after 3 hours (Figure 2). Tandem mass spectrometry
6 13: T GVS:C ON Hz ] 4: H:| STVS 15 :; 65 was obtained to confirm the integrity of product 15aa (see the
74 13e FTGVS-CON Hz 14¢ H-ISTVG 15ec 66 Supporting Information). Modifications including varying pH
8 13fSTGVS-CONH, 14b H-ISTVA 15 fb 71 or changing additives did not further improve the conversion.
99 13h VTGVS-CONH, 14a H-ISTVS 15ha 74 The condition was applied to the coupling of some glycopep-
10 13 f STGVS-CONH, 14d H-ISTVF 15 fd 54 tides 13 with various thioesters peptide (14a-c) and moderate
d . . . . .
”:]] 13i GTGVS-CONHNH, 14e H-ThzSTVG  15ie 75 to high conversions were observed (entries 1-9). The second
E[ﬂ :;jk GG;GG\\//SS CC%I:I|_H”:1HHZ ::e Ei:zgxg _:: Il<e gg ligation was tested with branched C-terminal sequence H-
- , l4e H-Thz- e

ISTVF-COS(CH,CH,CONH,) 14d (entry 10). The drop in

[a] Conditions: 6 m Gn-HCI, 60 mm TCEP, 1% MeSNa, pH 8.0,37°C, 3 h. conversion suggested a higher influence of sterically demand-

[b] Ra}t|o.of13 tf) 14 is 1:3. Amino .auds adjacent to asparagine .reS|due ing residue on ligation efficacy. The thioester 14e with Thz-

are highlighted in bold. [c] Conversion based on RP-HPLC analysis upon rotected cvsteine at the N-terminal was subiected to second

complete consumption of 13. [d] Glc(OAc)NAc. [e] Unprotected GlcNAc. p . Y . . A ) .

[e] Unprotected maltotriose. NCL with three different glycopeptides 13i-13k (entries 11—
13, respectively). A moderate second ligation with malto-

a) Chemical synthesis of CTLA-4 (135-150) acceptor 20
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Scheme 2. Synthesis of glycoprotein CTLA-4 (135-150) segment.
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triose glycopeptide 13k was observed, probably due to the
increase in steric bulk of the sugar moiety. The $-N-glycosidic
bond of 15ie remained intact based on 1D-TOCSY NMR
analysis (see the Supporting Information).

Encouraged by these results, we attempted to adopt our
method into the synthesis of a homogeneous glycoprotein.
The cytotoxic T-lymphocyte-associated antigen-4 (CTLA-
4)181 was chosen as our target molecule and we present herein
the synthesis of sialyl-glycopeptide CTLA-4 fragment (135-
150) 23 via our approach (Scheme 2). The CTLA-4 segment
(145-150) 16 was first prepared by Fmoc SPPS and ligated
with 1 to give glycopeptide 17 in 93 % conversion under our
conditions. 17 was subjected to a second NCL with C-terminal
thioesterified CTLA-4 (135-144) fragment 18 for 12 hours to
afford glycopeptide 19 in 64 % conversion. We decided to
introduce the complex-type sialyloligosaccharide via endo-M
catalyzed trans-glycosylation."”! Finally, deprotection of gly-
copeptide 19 followed by incubation of resulting acceptor 20
with glycosyl donor 21 for 12 hours at 37°C gave the desired
glycoprotein CTLA-4 (135-150) fragment 23 in 52 % overall
conversion after purification by RP-HPLC (Figure 3). Prep-

+2
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a 1000 1500 2000 2500 3000
Mass (m/z)
B b d
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Figure 3. Analytical RP-HPLC (1 =280 nm) of trans-glycosylation reac-
tion: A) Reaction at 1 h: peak a: glycosyl donor 21; peak b: glycosyl
acceptor 20. B) Reaction at 12 h: peak a: product 23; peak b: endo-M;
peak c: product 22; C) purified 23 with calcd M =4021.10 Da, obs.

M =4022.1 Da (see inset, ESI-MS).

aration of the remaining fragments of CTLA-4 are underway
in our laboratory and will be reported in due course.

In conclusion, we demonstrated an attractive and practical
procedure to prepare N-glycopeptide that does not require
cysteine residue, allowing for straightforward glycosylation
and ligation at the aspartic acid terminal. The dual-NCL
capability of a single scaffold offers higher conversion rate
and atomic economy. Since we are not relying on sequence
specific or sugar-linked peptide fragments, the method should
provide more flexibility for complex glycopeptide synthesis.
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N-Linked Glycosyl Auxiliary-Mediated
Native Chemical Ligation on Aspartic
Acid: Application towards N-
Glycopeptide Synthesis

Dual Native Chemical Ligation

A practical approach towards N-glyco-
peptide synthesis using an auxiliary-
mediated dual native chemical ligation
(NCL) has been developed. The first NCL
connects an N-linked glycosyl auxiliary to

www.angewandte.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

&These are not the final page numbers!

1
| N n{rPePYYLG )ISRZ H{YPPPYYLGI
Z 13 135

Angewandte

intemationaldition’y) Chemie

VANHKT

GTQIY $CONH,

Endo-M

OMe R'S’ 150
MeO. OMe - CONH, HO
nn-nn ; YL
AcO 5 N —— AcHN 150
AXO 1 N

G)TNH
CTLA-4 (135-150)
8 cmmnmo

the thioester side chain of an N-terminal
aspartate oligopeptide. This intermediate
undergoes a second NCL with a C-termi-
nal thioester oligopeptide. Mild cleavage
provides the desired N-glycopeptide.
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