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An Approach for a Synthesis of Asparagine-Linked Sialylglycopeptides
Having Intact and Homogeneous Complex-Type
Undecadisialyloligosaccharides
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Abstract: This paper describes synthe-
sis of asparagine-linked sialylglycopep-
tides. The typical feature of our strat-
egy for the synthesis of a sialylglyco-
peptide is to employ undecadisialylolig-
osaccharyl Fmoc-asparagine (Fmoc-
Asn(CHO)-OH) 1 without protecting
groups on its hydroxyl groups except
for the benzyl ester of the NeuAc resi-
dues. Our synthetic methodology
solved the problem of esterification
toward sugar hydroxyl groups by acti-
vated amino acids during the elonga-

ing high concentrations of the Fmoc-
amino acid, esterification markedly oc-
curred, but the esterification scarcely
occurred when employing low concen-
trations of reactants. Taking advantage
of these findings, we examined the syn-
thesis of a high molecular sialylglyco-
peptide, CTLA-4 fragment (113-150)
13 having two complex-type sialyloligo-
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saccharides by use of native chemical
ligation (NCL). As a result, we suc-
ceeded in the synthesis of a sialylglyco-
peptide having a cysteine residue at the
N-terminus (CTLA-4: 129-150 frag-
ment) 11 and a sialylglycopeptide-thio-
ester (CTLA-4: 113-128 fragment) 12.
Finally, the sialylglycopeptides synthe-
sized were applied to NCL reactions.
The reaction successfully afforded the
desired product, CTLA-4 (113-150) 13
containing mature and pure complex-
type sialyloligosaccharides in excellent

tion of a peptide chain. When employ-

Introduction

Glycoproteins and glycopeptides contain oligosaccharides
on their backbone and play central roles in several biologi-
cal events. Much attention is also paid the function of the
oligosaccharides.!! Protein glycosylation is a predominant
modification of proteins. In the post-genome era, it is essen-
tial to determine how oligosaccharides behave to express its
latent ability as well as to support protein functions.
Oligosaccharides on proteins are divided into mainly two
groups, O-linked and N-linked oligosaccharides. The O-
linked oligosaccharides are attached to the hydroxyl group
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purity.

of threonine or serine, while N-linked oligosaccharides are
attached to the nitrogen of the amide group of the aspara-
gine side-chain. Furthermore, the structures of N-linked
oligosaccharides are divided into three categories: high-
mannose-, complex-, and hybrid-type. All N-linked oligosac-
charides have a common pentasaccharide core structure,
(Man);-(GIcNAc),-Asn, but vary in the structure and nature
of the nonreducing terminal where is the outer and remote
position to Asn residues.

In order to investigate the role of such oligosaccharides
on proteins, glycoproteins and glycopeptides with structural-
ly well-defined oligosaccharides would be of great value.
However, due to the microheterogeneity of oligosaccharides
on the proteins, the so-called glycoform, it is difficult to
obtain a glycoprotein with a homogeneous oligosaccharide
form using a mammalian expressing system. Therefore,
chemical synthesis would be a powerful tool to obtain pure
glycoproteins and glycopeptides.

In the chemical synthesis of N-linked glycoproteins and
glycopeptides, the most problematic issue is the limited
quantity of oligosaccharides such as N-linked oligosaccha-
ride containing over 10 sugar residues, which are difficult to
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synthesize on a large-scale (gram scale) due to the complexi-
ty of their structure.”) Therefore, it has been thought that
chemical synthesis of a pure glycoprotein containing a ho-
mogeneous N-linked oligosaccharide would be difficult.

Recently, to overcome the problem, Meinjohanns has re-
ported the preparation of a di- and triantennary complex-
type oligosaccharide from natural sources by use of the hy-
drazinolysis procedure and the synthesis of N-linked glyco-
peptides using the oligosaccharides thus obtained in the
building-block approach.’! Moreover, several groups have
reported the strenuous chemical or chemoenzymatic synthe-
sis of high-mannose-, hybrid-, and complex-type oligosac-
charides and then demonstrated synthesis of N-linked glyco-
peptides.”**¥ Thus, the solid-phase synthesis of N-linked
glycopeptides has been continuously attempted and the syn-
thesis of homogeneous glycoproteins and glycopeptides has
been examined in various approaches.”! However, synthesis
of sialylglycopeptides was difficult because of the nature of
the sialyl linkage, which is prone to be hydrolyzed by acid
treatment during the final cleavage step of solid-phase gly-
copeptide synthesis.”! The sialic acid residue, which usually
locates at the nonreducing end of both O-linked and N-
linked oligosaccharide, has been shown to change the prop-
erty of the glycoprotein and glycopeptide and to play essen-
tial roles in many biological events such as cell-cell interac-
tion and virus invasion.!! To investigate the roles of
sialyloligosaccharides it is essential to synthesize a sialylgly-
copeptide efficiently.

To overcome these problems, we have established a prep-
aration method of a diantennary complex-type sialyloligo-
saccharide from SGP (sialylglycopeptide)!”! obtained from
egg yolk on a gram scale and examined the solid-phase syn-
thesis of sialylglycopeptides by use of complex-type disialyl-
oligosaccharyl Fmoc-asparagine (Fmoc-Asn(CHO)-OH) 1.1
However, the synthesis of glycoproteins over 10 kDa and
glycopeptides having several sialyloligosaccharides on their
backbone like an intact glycoprotein remains a difficult task.
To address this issue, an efficient synthetic method for
higher molecular sialylglycopeptides is essential. Over the
past few years, it has been shown that full-length proteins
can be synthesized using the native chemical ligation (NCL)
strategy.’) In this approach, two peptides are separately pre-
pared, one bearing a C-terminal thioester, the other one
having an N-terminal cysteine. Then, the two unprotected
fragments are ligated using chemoselective reaction in aque-
ous solution. In order to use this approach in the synthesis
of high molecular sialylglycopeptides, it is essential to pre-
pare two sialylglycopeptides, sialylglycopeptide-thioester
and sialylglycopeptide having a cysteine at the N-terminus.
However, there is no report on synthesis of an N-linked si-
alylglycopeptide-thioester up to now."") Moreover, even for
a sialylglycopeptide consisted of over 20 amino acid residues
there are little efficient synthetic methods.

Therefore, we attempted to solve several problems faced
during a solid-phase sialylglycopeptide synthesis by use of
Fmoc-Asn(CHO)-OH 1, and then examined a synthesis of a
high molecular sialylglycopeptide using an NCL reaction.
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As a synthetic model sialylglycopeptide, we chose the
peptide sequence of cytotoxic T-lymphocyte-associated pro-
tein-4 (CTLA-4) fragment (113-150), which consists of 38
amino acid residues and includes a biologically important
binding motif. CTLA-4 is a glycoprotein related to the
immune system.' To activate a T-cell, two signals are si-
multaneously essential. One signal is provided by a foreign
peptide bound to the major histocompatibilty complex
(MHC) protein on the surface of an antigen-presenting cell
(APC). The peptide-MHC complex signal is transmitted
into a T-cell through a T-cell receptor and its associated pro-
teins. The essential second signal is provided by costimulato-
ry proteins. One well-known costimulatory protein on the
surface of the T-cell is CD28. On the other hand, the activa-
tion of the T-cell is controlled by negative feedback. During
the activation process, the T-cell starts to express another
cell-surface protein, called CTLA-4, which acts to inhibit in-
tracellular signaling by binding to B7 proteins on the surface
of an APC."” The binding motif of CTLA-4 with B7 pro-
tein is proline-rich motif (PRM); in addition there are
two N-linked oligosaccharides on both sides of the binding
motif. PRM are important for protein—protein interaction ;!
therefore, if the glycopeptide including a PRM can be pre-
pared, such compounds would be utilized not only in the
study of the function of oligosaccharides but also in the de-
velopment of new antiinflammatory drugs. For making gly-
copeptide drugs, sialylglycopeptide can be expected to
lengthen the lifetime of sialylglycopeptides in blood such as
erythropoietin."”! Therefore, we examined a synthesis of the
CTLA-4 fragment having two sialyloligosaccharides."®!

Herein, we describe our examination to overcome several
problems in the solid-phase sialylglycopeptide synthesis in
detail and the results enabled us to obtain sialylglycopeptide
consisted of over 20 amino acid residues. In addition, we
also describe the synthesis of sialylglycopeptide-thioester for
the first time and successful synthesis of a drug candidate,
that is the CTLA-4 (113-150) fragment, by use of the NCL
reaction.

Results and Discussion

Efficiently coupling of Fmoc-Asn(CHO)-OH 1: In order to
synthesize glycopeptides, coupling of the precious oligosac-
charyl Fmoc-Asn onto a peptide-resin should be performed
in good yields. However, previously, we have reported unex-
pected aspartimide formation between the amide nitrogen
at the reducing end and a-carboxyl acid of oligosaccharyl
Fmoc-asparagine 1 during activation of a-carboxyl acid
(Figure 1). This side reaction resulted in low coupling yields
of oligosaccharyl Fmoc-asparagine 1 with peptide-resin.['”]
In order to investigate the conditions avoiding the asparti-
mide derivative 2 in detail, the reaction rate under several
coupling conditions was extensively determined. In addition
to 2-(1H-9-azobenzotriazole-1-y1)-1,1,3,3-tetramethyluroni-
um hexafluorophosphonate (HATU),'® benzotriazole-1-yl-
oxytrispyrrolidinophosphonium hexafluorophosphonate
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Figure 1. Unexpected formation of aspartimide during activation of Asn-a-COOH.

(PyBOP)!™! and 3-(diethoxyphosphoryloxy)-1,2,3-benzotria-
zin-4(3H)-one (DEPBT),* which were used previously,"”!
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  tetra-
fluoroborate (TBTU),?"! 2-(1H-benzotriazol-1-y1)-1,1,3,3-tet-
ramethyluronium hexafluorophosphonate (HBTU)?! and
N,N'-diisopropyl carbodiimide (DIC)/1-hydroxy benzotria-
zole (HOBt) were chosen as additional coupling reagents.
These coupling reagents are commonly used in solid-phase
peptide synthesis.

Fmoc-Asn(CHO)-OH 1 was activated by 1.5 equivalents
each of the above-mentioned coupling reagents in the pres-
ence of N,N'-diisopropylethylamine (DIPEA) (1.0 equiv or
3.0 equiv), except for DIC/HOBt, and each reaction mixture
was analyzed by RP-HPLC after 5 and 30 min, respectively.
The results are summarized in Figure 2.

As shown in Figure 2, it was found that the aspartimide
derivative 2 was generated under all coupling conditions ex-
amined and that the reaction rate was faster under the con-
ditions using 3.0 equivalents DIPEA compared with 1.0
equivalent DIPEA. Furthermore, nearly half of Fmoc-Asn-
(CHO)-OH 1 was already converted to aspartimide deriva-
tive 2 after 5 min under the conditions of PyBOP/DIPEA
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(1.5 equiv/3.0 equiv) and
TBTU/DIPEA (1.5 equiv/
3.0 equiv). On the other hand,
for 1.0 equivalent DIPEA, the
generation of aspartimide de-
rivative 2 was mildly sup-
pressed; in particular, DEPBT
and HATU afforded minor
amounts of 2. In addition, for
HO DIC/HOBt, which does not re-
quire any base, small amounts
of 2 were obtained within
30 min. In this case, poor nu-
cleophilicity of the amide ni-
trogen attached to the GIcNAc
of 1 under the nonbasic condi-
tion may be the reason that an
aspartimide formation was sup-
pressed. However, Hojo re-
ported on a coupling reaction
of Fmoc oligosaccharyl aspara-
gine with a peptide on the
solid phase which did not pro-
ceed by using of the 1,3-dicy-
clohexylcarbodiimide (DCC)/
HOBt method, but a very simi-
lar procedure to the DIC/
HOBt method.'"’ In addition,
it is known that a partial
amino group of peptide-resin
reacts with HATU during pep-
tide elongation.’” Therefore,
we selected DEPBT as a cou-
pling reagent, which was the
most suitable reagent to avoid
aspartimide formation, and we determined whether DEPBT
could afford several glycopeptides in good yields. To achieve
this, we chose two kinds of sialylglycopeptides,
NDTNTN(sialyloligosaccharide)SSS ~ (107-114) 3 and
TDLKN(sialyloligosaccharide)DTNT (102-110) 4, which
are contained in gp120?Y—envelope proteins of human im-
munodeficiency virus (HIV) (Figure S1 in the Supporting
Information). The solid-phase synthesis of sialylglycopep-
tides 3 and 4 was performed on the poly(ethylene glycol)-
poly(dimethylacrylamide) copolymer (PEGA)™! resin
having an acid-labile linker, hydroxymethylphenoxyacetic
acid (HMPA). Considering that the aspartimide 2 is inevita-
bly generated during a coupling reaction of Fmoc-Asn-
(CHO)-OH 1, the coupling conditions for Fmoc-Asn-
(CHO)-OH 1 with the peptide-resin employed 2.0 equiva-
lents of Fmoc-Asn(CHO)-OH 1 and DIPEA, 3.0 equiva-
lents of DEPBT to the resin (1.0 umol scale). In addition, as
far as we could determine, aspartimide 2 did not react with
the peptide-resin to afford the isoasparaginyl sialylglycopep-
tide. Other peptide elongations were performed by the DIC/
HOBt method and each coupling reaction progressed quan-
titatively monitored by the Kaiser test.’l In both syntheses

NH-Fmoc
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Figure 2. Tendency toward the formation of aspartimide derivative 2
under several coupling conditions; coupling reagents (1.5 equiv), and
DIPEA (1.0 equiv: top, 3.0 equiv: bottom) in DMF except for DIC/
HOBt. DIC/HOBLt (1.0 equiv/1.0 equiv) was used without DIPEA and its
result is shown in only the bottom panel.

of 3 and 4, the coupling reaction of Fmoc-Asn(CHO)-OH 1
afforded quantitative yields, which resulted successfully in
the effective synthesis of sialylglycopeptides 3 and 4 (Figures
S2 and S3, Supporting Information). The sialylglycopeptides
3 and 4 were characterized by NMR spectroscopy and mass
spectrometry. As the result, it was found that DEPBT was a
suitable reagent for the coupling of Fmoc-Asn(CHO)-OH 1
to the peptide-resin.

Suitable resin for a solid-phase glycopeptide synthesis: Sev-
eral different types of resins were used in the solid-phase
glycopeptide synthesis. To investigate which type of resin
would be suitable for a solid-phase sialylglycopeptide syn-
thesis, we compared the coupling efficiency of Fmoc-Asn-
(CHO)-OH 1 of the following three resins, the Wang
resin,?” Trityl (Trt) resin,® and HMPA-PEGA resin. The
Wang and Trt resin are derived from poly(chloromethylsty-
rene-styrene-divinylbenzene) and are standard resins for the
Fmoc solid-phase peptide synthesis. HMPA-PEGA resin is
derived from poly(ethylene glycol)-poly(dimethylacryl-
amide) copolymer and is known to have excellent swelling
properties.” As a model compound, we selected the se-
quence Nsialyloligosaccharide)VTENF, which is part of
gpl120. As shown in Figure 3, using the DEPBT/DIPEA

616 —— www.chemeurj.org
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Figure 3. Experimental procedure for comparison of coupling efficiency
and resin type. HPLC profiles of crude sample after cleavage from
a) HMPA-PEGA resin, b) Wang resin, c) Trt resin. HPLC elution condi-
tion of a)—c): column, Inertsil ODS-2 (5 um, 4.6 x 150 mm) at a flow rate
of 1.0 mLmin !, linear gradient of 4.5—67.5% CH;CN containing 0.09 %
TFA in 0.1% TFA,, over 30 min.

method, 2.0 equivalents Fmoc-Asn(CHO)-OH 1 (based on
the resin) was added to the VTENF-resin (Wang, Trt, or
HMPA-PEGA), which was prepared manually by Fmoc
solid-phase peptide synthesis. After 21 h, each resin was
washed with DMF and then treated with 95% trifluoroace-
tic acid (TFA), 2.5% triisopropylsilane (TIPS), and 2.5%
water, followed by 20% piperidine. The residues obtained
were analyzed by RP-HPLC, respectively (Figure 3).

The desired product § and peptide 6, which is a result of
incomplete introduction of Fmoc-Asn(CHO)-OH 1, were
characterized by mass spectrometry (5: MALDI: m/z caled
for [M+Na]*: 3130.18, found 3129.78; 6: ESI: m/z calcd for
[M+H]*: 609.28, found 609.15). As shown in Figure 3, in
the case of HMPA-PEGA resin Fmoc-Asn(CHO)-OH 1
coupled to the peptide-resin quantitatively (Figure 3a); how-
ever, when using Trt resin, the coupling reaction of Fmoc-
Asn(CHO)-OH 1 to the peptide-resin afforded minimal
amount of the desired glycopeptide 5 (Figure 3c). It was
found that the coupling efficiency of Fmoc-Asn(CHO)-OH
1 increased in the order of HMPA-PEGA resin > Wang
resin > Trt resin. As has been reported by several
groups,>*-%! the swelling property of the resin seems to in-
fluence the coupling yield of oligosaccharyl Fmoc-aspara-
gine. These results suggest that the PEGA resin with its hy-
drophilic properties is suitable for the synthesis of a sialyl-
glycopeptide using a large hydrophilic sialyloligosaccharyl
Fmoc-asparagine derivative such as Fmoc-Asn(CHO)-OH 1.

Chem. Eur. J. 2007, 13, 613-625
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Determination of the esterification of sugar hydroxyl groups
by an activated amino acid residue: The typical feature of
our synthetic strategy in the solid-phase glycopeptide syn-
thesis is the use of a sialyloligosaccharyl Fmoc-asparagine
without protecting groups on the oligosaccharide hydroxyl
groups except for benzyl ester on the NeuAc residues. This
strategy would dramatically shorten the processes for re-
moval of the protecting groups and accordingly this strategy
is thought to be advantageous if this protocol can avoid es-
terification toward sugar hydroxyl groups by activated
amino acid derivatives during a solid-phase glycopeptide
synthesis. Therefore, it is essential to confirm our strategy.
In order to investigate how many amino acids can be assem-
bled to form the desired glycopeptide sequence without un-
desired esterification of the oligosaccharyl asparagine con-
taining over 40 free-hydroxyl groups, we examined glyco-
peptide synthesis using a model compound.

As the model compound, we chose the sialylglycopeptide,
GN(sialyloligosaccharide)GTQIY, which was contained in
CTLA-4. This sequence is suitable for this examination be-
cause the amino acid after introduction of oligosaccharyl as-
paragine is a glycine, which is thought to be the most reac-
tive amino acid and has minimum steric hindrance among
twenty kinds of amino acids.

The N(CHO)GTQIY-HMPA-PEGA resin was prepared
manually by Fmoc solid-phase peptide synthesis using
DEPBT for the coupling of Fmoc-Asn(CHO)-OH 1. The
aim of this esterification experiment was to evaluate how
many sugar hydroxyl groups were esterified by Fmoc-Gly-
OH during amide bond formation between Fmoc-Gly-OH
and the N(CHO)GTQIY-resin. However, if multiple esterifi-
cation reactions occurred toward sugar hydroxyl groups, the
resulting HPLC peaks would make it difficult to identify the
reaction terminus. Therefore, the coupling reaction of
Fmoc-Asn(CHO)-OH 1 was arranged to be approximately
60 % yield in order to use the peptide derived from the in-
complete introduction of Fmoc-Asn(CHO)-OH 1 as an in-
ternal reference. If the nonglycosylated peptide (GTQIY)
was converted into GGTQIY by the next addition of excess
Fmoc-Gly-OH, we could confirm completion of each experi-

Table 1. Fmoc-Gly-OH coupling conditions.

Entry Fmoc-Gly-OH DIC HOBt DMF
(equiv) (equiv) (equiv) [mm]®!

1 5 5 5 40

2 10 10 10 100

3 25 25 25 400

a] Concentration in the parenthesis indicates concentrations of Fmoc-
Gly-OH in DMF.

ment. Toward this resin, Fmoc-Gly-OH was treated under
different conditions as shown in Table 1.

To obtain clear results, we largely varied the conditions
with regard to both the concentrations and amounts of
Fmoc-Gly-OH. After Fmoc-Gly-OH was treated with DIC/
HOBt, the glycopeptide on the resin was cleaved by TFA
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treatment following removal of the Fmoc group. The ob-
tained mixtures (filtrate) were evaporated in vacuo and then
the residues were analyzed by RP-HPLC. The results are
shown in Figure 4a—c. It was found that the desired product

CHO

NGll'QIY-HMPA
,L Fmoc-Gly-OH (Table 1)
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Figure 4. Esterification toward hydroxyl groups of oligosaccharides with
Fmoc-Gly-OH on the resin. HPLC profiles of crude sample after 95%
TFA treatment; a), b), and c) correspond with results of entry, 1, 2, and
3, respectively. HPLC profiles d) and e) correspond with crude samples
of a) and c) after 50 mm NaOH treatment, respectively. Asterisk (*) indi-
cates an internal standard peptide derived from incomplete introduction
of Fmoc-Asn(CHO)-OH 1. HPLC elution condition of (a)-(e): column,
Inertsil ODS-2 (5 pm, 4.6x 150 mm) at a flow rate of 1.0 mLmin~', linear
gradient of 4.5—67.5% CH;CN containing 0.09% TFA in 0.1% TFA,,
over 30 min.

7 (MALDI: m/z caled for [M+Na]* 3159.2, found 3159.0)
was obtained using the condition of entry 1. This result indi-
cates that Fmoc-Gly-OH could quantitatively coupled with
the amino group of the glycosylated and the nonglycosylated
peptides on the solid phase even at lower concentrations
(40 mm). On the other hand, higher concentrations and
excess of Fmoc-Gly-OH (entry 3) did not afford the desired
product (Figure 4c). As shown in Figure 4c, we observed a
broadened peak at 12 min. To confirm whether this broad-
ened peak corresponded to multi-esterified products by a
glycine, we treated this crude sample with 50 mm NaOH. As
a result, the broadened peak disappeared and then a new
peak 8 at 10.6 min was generated (Figure 4e). In order to
confirm whether this peak is identical to that of the product
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obtained using the conditions of entry 1, we also examined
the same saponification toward a crude product prepared
using the conditions of entry 1. As shown in Figure 4d and e,
both experiments afforded the same HPLC profiles and
their mass data were in good agreement with that of the de-
sired sialylglycopeptide 8 (ESI: m/z caled for [M+H]*
2957.1, found 2956.9). The results indicate not only that the
esterification toward sugar hydroxyl groups by activated
amino acid occurs remarkably well when employing high
concentrations of Fmoc-amino acid and coupling reagent,
but also the esterification would scarcely occur when em-
ploying low concentrations of the reactants.

In these experiments, we employed only DIC/HOBt as a
coupling reagent for the peptide elongation. We also exam-
ined whether esterification toward sugar hydroxyl groups
occurred when several other conventional coupling reagents
were employed under the low concentration conditions. As
shown in Table 2, a structurally simple sugar, N-acetyl glu-
cosamine (GlcNAc) derivative linked HMPA-PEGA resin 9
was prepared. Onto this resin Fmoc-Gly-OH was allowed to
react for one hour using several coupling conditions. The
coupling reagents employed were DIC/HOBt (entry 1),
PyBOP/HOBt (entry 2), TBTU/HOBt (entry 3) and activat-
ed amino acid by pentafluorophenyl (Pfp) ester with 3,4-di-
hydro-4-oxo-1,2,3-benzotriazin-3-yl (Dhbt) (entry 4). In the
case of PyBOP/HOBEt, the reaction temperature and the
amounts of the reactants were varied (entry 5; 50°C and
entry 6; 10 equiv). In this experiment, concentrations of
Fmoc-Gly-OH derivatives were 40 mm. After the reaction,
the resin was treated by TFA for 2 h and the solution (fil-
trate) was evaporated in vacuo. To determine the presence
of any esterified product, each crude residue obtained was
analyzed by '"H NMR spectroscopy and then the correspond-

Table 2. Experimental procedure and the coupling conditions of Fmoc-Gly-OH for verification of esterifica-

tion toward sugar hydroxyl groups on the resin by Fmoc-Gly-OH.!

NHAc

OH 0
HO-’&/H H\/\/\)\
Ho ) e o o
o (o]

HMPA-PEGA resin

J Fmoc-Gly-OH

l Cleavage with 95% TFA

ing spectrum was compared with that of authentic sample
10, which was prepared without the Fmoc-Gly-OH coupling
step.

The results of this study are summarized in Figure 5. If
any esterification occurred, signals of the proton attached to
the carbon bearing the esterified hydroxyl groups should
shift to the downfield compared with that of authentic
GIcNAc 10. However, there was no obvious difference
among their NMR spectra, which were very similar to that
of authentic sample. It was found that whenever low concen-
trations of Fmoc-Gly-OH and coupling reagents were em-
ployed, there was little esterification by Fmoc-Gly-OH de-
pending on both the reaction temperature and excess
amounts of Fmoc-Gly-OH. These results suggest that this
low concentration coupling condition can be useful for a
solid-phase glycopeptide synthesis when oligosaccharyl
Fmoc-asparagine having over 40 free-hydroxyl groups is
used.

Synthetic strategy of a high molecular sialylglycopeptide
(CTLA-4; 113-150): Native chemical ligation (NCL) is a
powerful tool to obtain high molecular peptides and pro-
teins. Accordingly, this technique should be applied to the
synthesis of high molecular sialylglycopeptides. However,
there has been no report on the use of N-linked sialylglyco-
peptide segments to a NCL reaction. Therefore, in order to
examine the usefulness of our new findings mentioned
above and to investigate whether complex-type sialylglyco-
peptides are applicable to NCL reaction, we planned the
synthesis of a high molecular sialylglycopeptide. In this case,
since benzyl ester form of sialic acid should be used, we
should monitor whether this benzyl ester would be convert-
ed into thioester under excess of thiophenol and whether
this  thioester subsequently
causes native chemical ligation
as a side-reaction.

As mentioned in the intro-
duction, we chose the CTLA-4
fragment (113-150) 13 as a
target compound, which has
originally two sialyloligosac-
charides at Asn-113 and Asn-
145. Although a sialyloligosac-
charide at Asn-113 is far from
the binding-motif, MYPPPY
(134-139),"  we wanted to

NHAC 10:R=H attach a sialyloligosaccharide

R = H or Gly o o . .

to the Asn-113, since this

Coupling conditions might enable the target glyco-

Entry Reagent Additive Base T[°C] peptide to have resistance

1 Fmoc-Gly-OH (5) DIPCDI (5) HOBt (5) - RT toward peptidase-digestion—a

2 Fmoc-Gly-OH (5) PyBOP (5) HOBt (5) DIPEA (10) RT troublesome occurrence during

3 Fmoc-Gly-OH (5) TBTU (5) HOBt (5) DIPEA (10) RT evtide medication. On  the
4 Fmoc-Gly-OPfp (5) - Dhbt (1) - RT pep n. L

5 Fmoc-Gly-OH (5) PyBOP (5) HOBt (5) DIPEA (10) 50 other hand, a sialyloligosac-

6 Fmoc-Gly-OH (5) PyBOP (10) HOBt (10) DIPEA (20) RT charide at Asn-145 is thought

[a] The equivalents of each reagent to 9 are given in parentheses. In each reaction, DMF was used as a cou-

pling solvent, and the concentration of Fmoc-Gly-OH was 40 mm.
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Figure 5. 'HNMR spectra (0 5.3-3.4ppm) of crude samples of 10;
a) '"H NMR spectrum of authentic sample. "H NMR spectra of b)-g) cor-
respond with the crude sample treated by condition of entries 1-6, re-
spectively.

its receptor, B7-2 on the APC. Therefore, we selected a
peptide sequence ranging from 113 to 150. The synthetic
strategy of CTLA-4 (113-150) 13 is shown in Figure 6.

The sequence of CTLA-4 (113-150) 13 was divided into
two segments, 11 and 12, at the Ile-128/Cys-129, which was
chosen as a ligation site. However, it has been known that
the NCL reaction between Ile-Cys does not effectively pro-
ceed.P” Therefore, in this case, an isoleucine (Ile-128) was
substituted by an alanine. Our synthetic plan was to synthe-
size sialylglycopeptides, 11 and 12, by manual Fmoc solid-
phase synthetic method employing our established condi-
tions and then ligate both sialylglycopeptides by NCL reac-
tion.®"! To the best of our knowledge, this examination is to
be the first time when an N-linked sialylglycopeptide having
two intact complex-type sialyloligosaccharides on its back-
bone has been synthesized using NCL reaction.

Solid-phase synthesis of a sialylglycopeptide with a Cys at
the N-terminus, CTLA-4 fragment (129-150) 11: As shown

Chem. Eur. J. 2007, 13, 613-625

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

in Figure 7, the solid-phase synthesis of the CTLA-4 frag-
ment (129-150) 11 was performed manually on the HMPA-
PEGA resin (2.0 umol scale) using the Fmoc method.
Fmoc-Asn(CHO)-OH 1 was introduced using DEPBT and
DIPEA. The coupling yield was over 90 % judging from the
Fmoc-fullvene estimation method and the HPLC analysis of
the cleavage product. Further peptide elongation was care-
fully performed using 5.0 equivalents of Fmoc-amino acid
derivatives to the resin with DIC/HOBt under the low con-
centration condition (40 mm). Each Fmoc-amino acid was
allowed to react for 1 h and then the Kaiser test was per-
formed to determine the coupling yield. After the complete
assembly of the sequence (129-150), the resin was treated
with 94% TFA, 2.5% TIPS, 2.5% water, and 1% 1,2-cth-
anedithiol (EDT) at room temperature for 2 h. The desired
sialylglycopeptide 11 was obtained in good purity, as shown
in Figure 7a. The crude product was then subjected to RP-
HPLC purification. cis—trans Isomers at the proline residues
seemed to overlap at the same elution time on HPLC pro-
file under 50°C, while these are well separated at the ambi-
ent temperature analysis. The pure compound 11 was ob-
tained in 30 % isolated yield based on the first amino acid
loaded on the resin and characterized by 'H NMR spectro-
scopy (Figure 7c) and mass spectrometry (MALDI: m/z
caled for [M+Na]* 4929.15, found 4928.34). The results
demonstrate that our new methods are highly efficient in
the solid-phase sialylglycopeptide synthesis.

Solid-phase synthesis of a sialylglycopeptide-thioester,
CTLA-4 fragment (113-128) 12: There are many reports of
the Boc solid-phase synthesis of peptide-thioester.’**! In
the Boc method, HF is usually employed in the cleavage of
a synthesized peptide from the resin. However, unfortunate-
ly it is not suitable in the case of a glycopeptide because HF
also decompose the glycosidic linkage of the glycopeptide.
Therefore, in order to obtain a glycopeptide-thioester using
the solid-phase synthesis, the Fmoc method should be em-
ployed. In the Fmoc method, the most critical problem is
thought to be the decomposition of the thioester linkage
during treatment of 20 % piperidine solution, which is gener-
ally employed for removal of the Fmoc group. Recently, to
overcome this problem, the Fmoc solid-phase synthesis of
peptide-thioester in various approaches has been report-
ed.l%3133 This time, to demonstrate the solid-phase synthesis
of a sialylglycopeptide-thioester, CTLA-4 (113-128) 12, we
utilized the modified Fmoc strategy reported previously by
the Aimoto group;*® this method was thought to be a rela-
tively convenient procedure. As shown in Figure 8, at first,
C-terminal Ala was introduced to PEGA-resin equipped
with Rink linker using Fmoc-Ala-SCH,CH,COOH 14 by
the DIC/HOBt method. The Fmoc group was then removed
by the mixture of 1-methylpyrrolidine, hexamethyleneimine,
and HOBt in NMP/DMSO,P®! which effectively removes
the Fmoc group without decomposition of the thioester link-
age. Then to avoid the formation of diketopiperazine, which
is a well-known side reaction, the combination of triisopro-
pylsilyloxy carbonyl (Tsoc)-amino acid 15 and amino acid
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CTLA-4 (113-128) 12

CTLA-4 (129-150) 11

native chemical ligation

CTLA-4 (113-150) 13

: sialyloligosaccharyl asparagine

Figure 6. Synthetic strategy for CTLA-4 (113-150) 13 using native chemical ligation.

HMPA—() PEGA resin
i 1) Fmoc-Tyr(tBu)-OH, MSNT, N-methylimidazole

2) 20% piperidine
@F

1) Fmoc-AA-OH, DIC, HOBt
l 1) 1, DEPBT, DIPEA

2) 20% piperidine
2) 20% piperidine

AA = lle, Gin, Thr(tBu), Gly

AA = Gly, lle, Gly, Leu, Tyr(tBu), Tyr(tBu), Pro, Pro, Pro
Tyr(tBu), Met, Leu, Glu(OtBu), Val, Lys(Boc), Cys(Trt)

1) Fmoc-AA-OH, DIC, HOBt
2) 20% piperidine

¢ 94% TFA, 2.5% H20, 2.5% triisopropylsilane, 1% EDT

fluoride (Fmoc-Leu-F) was
employed.® To the amino
group of alanine on the resin,
Tsoc-Tyr(rBu)-OPfp 15 was
first reacted and then the third
amino acid, Fmoc-Leu-F,*
was condensed in the presence
of a catalytic amount of tetra-
butylammonium fluoride
(TBAF). This protocol adopted
both deprotection of the Tsoc
group and coupling of Fmoc-
Leu-F simultaneously. Further
elongation of the peptide chain
was continued using DIC/
HOBt as a coupling condition
and the above-mentioned mix-
ture to remove the Fmoc
group. Then,  Fmoc-Asn-
(CHO)-OH 1 was introduced
using DEPBT and DIPEA.
After removal of the Fmoc
group, the resin was treated
with 95% TFA, 2.5% TIPS

TE
‘;é’ g ‘I‘. . A Is'=--‘:
0 5 £ [min] rrs :
B e |
HO (?;ENH o T"S (L. ,}”JA‘A ﬁ ’N N"I\( J U l |
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Figure 7. Synthesis of CTLA-4 (129-150) 11. a) HPLC profile of crude sample after cleavage from the resin, b) HPLC profile of the sialylglycopeptide
11 after RP-HPLC purification, ¢) NMR spectrum of the sialylglycopeptide 11. HPLC elution condition of (a) and (b): column, Cadenza CD-18 (3 um,
4.6x75 mm) at a flow rate of 1.0 mLmin " at 50°C, linear gradient of 4.5—67.5% CH,CN containing 0.09% TFA in 0.1 % TFA,, over 15 min.
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Rink—()) PEGA resin

1) Fmoc-Ala-SCH,CH,COQOH 14, DIC, HOBt

2) de-Fmoc (hexamathyleneimine, 1-methylpyrrolidine, HOBt)
1) Tsoc-Tyr(tBu)-OPfp 15

2) Fmoc-Leu-F

3) de-Fmoc

1) Fmoc-AA-OH, DIC, HOBt
2) de-Fmoc

1) 1, DEPBT, DIPEA

2) de-Fmoc

l 95% TFA, 2.5% 20 2.5% triisopropylsilane

A::H i

AA = Gly, Thr(tBu), Asp(OtBu), Met, Ala,
Arg(Pbf), Leu, Gly, Gin, lle, Thr(tBu), Leu

FULL PAPER

b

| M

Relative absorbance at 220 nm
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Figure 8. Synthesis of CTLA-4 (113-128) 12. a) HPLC profile of crude sample after cleavage from the resin, b) HPLC profile of the sialylglycopeptide
12 after RP-HPLC purification, c) NMR spectrum of the sialylglycopeptide 12. HPLC elution condition of a) and b): column, Inertsil ODS-2 (5 um, 4.6 x
150 mm) at a flow rate of 1.0 mLmin ", linear gradient of 4.5—67.5% CH;CN containing 0.09% TFA in 0.1% TFA,, over 15 min.

and 2.5% water at room temperature for 2 h. The crude
product was then subjected to RP-HPLC purification (Fig-
ure 8a) and pure sialylglycopeptide-thioester 12 was ob-
tained (Figure 8b). However, partial epimerization at the C-
terminal amino acid is known to occur during the peptide
elongation.’®! As far as we examined by RP-HPLC analysis
using several elution conditions, we clearly identified epi-
merized product at the C-terminus by use of extensive mass
analysis. The degree of the epimerization may depend on
the treatment time with a mixture of 1-methylpyrrolidine,
hexamethyleneimine, and HOBt in NMP/DMSOF® and we
observed at least 10-20 % of the epimerized product. How-
ever, we obtained highly pure sialylglycopeptide-thioester as
shown in Figure 8b. If we can not avoid a large amount of
epimerization, we can adopt mutation by a glycine at the C-
terminal thioester. This mutation has been used as a safety
protocol to avoid epimerization and to enhance NCL reac-
tivity. As shown in Figure 8c, the pure compound 12 was
characterized by '"H NMR spectroscopy and mass spectrom-
etry (MALDI: m/z caled for [M+H]* 4208.77, found
4208.94). Although the isolated yield is still low (under 10 %
based on the amino groups on the initial resin), we succeed-
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ed in synthesizing a pure sialylglycopeptide-thioester for the
first time.

Native chemical ligation: The sialylglycopeptides 11 and 12
thus obtained were then applied to the NCL reaction
(Figure 9). Sialylglycopeptide 11 and sialylglycopeptides-
thioester 12 were dissolved in 0.1M phosphate buffer (pH
7.6) containing 6™ guanidine-HCI, 1% (v/v) benzylmercap-
tane (BnSH), 1% (v/v) thiophenol (PhSH).**131 The final
sialylglycopeptide concentrations of 11 and 12 were 1 and
2 mw, respectively.

The reaction was performed at 37°C and monitored by
RP-HPLC (Figure 10). The exchange reaction of thioester
at the C-terminus of 12 with BnSH was completed within
24 h (Figure 10b), and subsequent ligation reaction afforded
a ligated product.®®! Although the ligation reaction did not
occur quantitatively, it afforded the desired product, which
was characterized by mass spectrometry (ESI: m/z calcd for
[M+4H]*T 2252.7, [M+5H]* 1802.4, found 2252.9, 1802.8;
MALDI: m/z caled for [M+H]* 9012.3, found 9012.4). Puri-
fication of the mixture by RP-HPLC afforded the pure liga-
tion product (Figure 10c), and subsequently, the product was
treated with 50 mm NaOH to remove the benzyl ester of
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Figure 9. Synthesis of CTLA-4 (113-150) 13.

NeuAc. As the result, the desired product, CTLA-4 (113-
150) 13, was obtained in excellent purity (Figure 10d), which
was also characterized by mass spectrometry (ESI: m/z de-

convolution: calcd for CsHs7gNssOy77S; [M+H]" 8646.6,
found 8645.6).
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Thus, we succeeded in synthesizing a high molecular si-
alylglycopeptide having the intact structure of complex-type
sialyloligosaccharides for the first time.
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Figure 10. RP-HPLC profiles of the NCL reaction: a) at 0h; b) after
24 h; c) the ligation product after HPLC purification; d) CTLA-4 (113—
150) 13 purified after saponification of benzyl ester of ligation product.
HPLC elution condition of a), b), ¢), and d): column, Cadenza CD-18
(3 um, 4.6x75 mm) at a flow rate of 1.0 mLmin~' and at 40°C, linear gra-
dient of 18 — 54% CH;CN containing 0.09 % TFA in 0.1% TFA,, over
15 min.

Conclusion

For the preparation of glycopeptides and glycoproteins
having mature pure oligosaccharides, currently only chemi-
cal synthesis may be efficient, because cell or bacterial ex-
pression system affords a glycoprotein having heterogeneous
oligosaccharides. In order to examine an efficient synthesis
of a complex-type sialylglycopeptide, synthetic methods for
appropriate amounts of oligosaccharide, sialylglycopeptide,
and its thioester should be essential. We systematically
solved such several problems and we obtained a high molec-
ular (9kDa) sialylglycopeptide having two complex-type
pure sialyloligosaccharides by use of a NCL reaction for the
first time. This result suggests that the NCL reaction is
useful for the synthesis of a high molecular sialylglycopep-
tide and, furthermore, it indicates that an approach to the
chemical synthesis of an intact glycoprotein is possible. Cur-
rently, we are examining syntheses of several intact glyco-
proteins.
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Experimental Section

NMR spectra were measured with Bruker Avance 400 (295 K, internal
standard HOD =4.81 ppm in case of D,0, TMS=0.00 ppm in case of
CDCl;) instrument. Fmoc-Asn(CHO)-OH 1 was prepared by our method
previously reported.® Fmoc-AA-OH derivatives, Fmoc-Rink linker and
coupling reagents were commercially available except for Fmoc-Ala-
SCH,CH,COOH 14 and Tsoc-Tyr(:Bu)-OPfp 15. Wang resin, Trt-resin,
and HMPA-PEGA resin and Amino-PEGA resin were purchased from
Merck (USA). RP-HPLC analyses were carried out on a Waters HPLC
system equipped with a photodiode array detector (Waters 2996) using a
Cadenza column (Imtakt Corp., 3 pm, 75x4.6 mm) or an Inertsil ODS-2
(GL Science, 5 um, 150x4.6 mm) at a flow rate of 1.0 mLmin~'. ESI
mass measurement was carried out on a Bruker Daltonics/Esquire3000
plus. MALDI mass measurement was performed on a Bruker Daltonics/
Autoflex using a dihydroxybenzoic acid as a matrix.

Assay conditions for aspartimide formation using several coupling re-
agents (Figure 2): Fmoc-Asn(CHO)-OH (1) (1.0 mg, 0.36 umol) was dis-
solved in DMF (10 uL) containing each coupling reagent (PyBOP,
TBTU, HBTU, DEPBT, HATU, DIC/HOBt, 0.54 umol). To each of
these solutions, DIPEA (0.36 umol or 1.08 umol) was added, respectively,
except for DIC/HOBt. After 5 and 30 min, 1uL of the reaction mixture
was sampled and diluted with 30% CH;CN/H,O (20 pL). This solution
was analyzed by RP-HPLC (Inertsil ODS-2 column, linear gradient of
4.5—67.5% CH;CN containing 0.09 % TFA in 0.1% TFA,, over 30 min).
The ratio of 1 and 2 was estimated based on these peak areas. The results
are summarized in Figure 2.

Esterification experiment toward N(CHO)GTQIY-HMPA PEGA resin
by Fmoc-Gly-OH: The preparation of N(CHO)GTQIY-HMPA PEGA
resin was performed on 5 umol scale, by the same procedure in the prep-
aration of glycopeptide 3 and 4 (Supporting Information). The first
amino acid, tyrosine was attached quantitatively to HMPA-PEGA resin
by use of MSNT. The peptide elongation was performed by DIC/HOBt
method. Fmoc-Asn(CHO)-OH 1 (14 mg, 5 umol) was coupled to the
resin with DEPBT (2.3 mg, 7.5 pmol) and DIPEA (0.65 mg, 5 pmol). In
this case, coupling 1 with peptide-resin was arranged in 60% yield to
afford both N(CHO)GTQIY-resin and GTQIY-resin. After 16 h, the
resin was washed with DMF and treated with 20% piperidine in DMF.
After the resin was washed with DMF, the resin was separated into five
aliquots (1 pmol scale) and then used for each experiment. The resin was
treated by Fmoc-Gly-OH for 1h under the conditions described in
Table 1. After these coupling reactions, the resin was washed with DMF
(3mL) and CH,Cl, (3mL), and was treated by a solution containing
95% TFA, 2.5% TIPS, and 2.5 % waster. The obtained mixture (filtrate)
was evaporated in vacuo. The residues were analyzed by RP-HPLC, re-
spectively. Saponification of ester group of sugar hydroxyl group was per-
formed in NMR tube by use of 50 mm NaOH solution for 15 min moni-
toring by NMR measurement. After neutralized the solution with acetic
acid, the reaction mixture was lyophilized then analyzed by RP-HPLC.
These results are shown in Figure 4.

Esterification experiment toward GIcNAc derivative linked HMPA-
PEGA resin by Fmoc-Gly-OH: The preparation of GIcNAc derivative
linked HMPA-PEGA resin 9 and 10 is described in the Supporting Infor-
mation (Scheme S1). To the resin 9 (3.7 pmol, based on the amino groups
on the initial resin), Fmoc-Gly-OH (5.5 mg, 18.5 umol) or Fmoc-Gly-
OPfp (8.6 mg, 18.5 umol) was added and reacted for 1 h under the condi-
tions in Table 2 (entries 1-6). After 1 h, the resin was washed with DMF
(5mL) and CH,Cl, (5mL), and then was treated by a solution of
95%TFA for 3h. The obtained mixture (filtrate) was evaporated in
vacuo and the residues were analyzed by NMR measurement. These re-
sults are shown in Figure 5.

Solid-phase synthesis of a sialylglycopeptide with Cys at the N-terminus,
CTLA-4 fragment (129-150), 11: The synthesis of CTLA-4 fragment
(129-150) 11 was performed on HMPA-PEGA resin (2.0 pmol scale) by
same procedure in the preparation of 3 and 4. Briefly, the first amino
acid, Fmoc-Tyr(rBu)-OH (2.8 mg, 6.0 pmol) was attached quantitatively
to the resin using MSNT (1.6 mg, 6.0 pmol) and N-methylimidazole
(0.45 mg, 5.5 umol) in CH,Cl, (60 pL). The elongation of peptide (G, T,
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Q, I) was performed using Fmoc-amino acid (10 umol), DIC (10 pumol),
and HOBt (10 pmol) in DMF (60 uL) and 20% piperidine in DMF
(500 uL) was used for removal of Fmoc group. The coupling of Fmoc-
Asn(CHO)-OH 1 (11 mg, 4.0 umol) was performed using DEPBT
(1.8 mg, 6.0 pmol) and DIPEA (0.52 pg, 4.0 pmol) in DMF (130 pL) for
24 h at room temperature. The resin was washed with DMF (3 mL) and
was treated with 20% piperidine in DMF (500 puL) for 20 min. The re-
maining amino acids were introduced manually using Fmoc-amino acid
(10 pmol), DIC (10 pmol) and HOBt (10 pmol) in DMF (250 uL). After
completion of the chain assembly, the resin was treated by a solution con-
taining 94% TFA, 2.5% TIPS, 2.5% water, and 1% EDT for 2h at
room temperature, and then the obtained mixture (filtrate) was evaporat-
ed in vacuo, the residue was lyophilized. Purification of the residue by
RP-HPLC with Cadenza CD-18 (4.6 x75 mm, linear gradient of 18 —
72% CH;CN containing 0.09% TFA in 0.1% TFA,, over 30 min) at a
flow rate of 1.0mLmin"' afforded the desired sialylglycopeptide 11
(3.0 mg, 30% yield based on first tyrosine attached). '"H NMR (400 MHz,
296 K in D,0O): 6 = 7.55 (m, 10H, PhCH,x2), 7.21-6.80 (m, 8H, Tyr-
Arx4), 543 (brd, 2H, PhCH,x2), 5.37 (brd, 2H, PhCH,x2), 5.18 (s,
1H, Man4-H-1), 5.18 (d, 1H, GIcNAcl-H-1), 499 (s, 1H, Man4'-H-1),
2.73 (brdd, 2H, NeuAc7,7-H-3eq), 2.08-2.02 (6s, 18H, Acx6), 1.90
(brdd, NeuAc7, 7'-H-3ax), 1.22 (d, 3H, Thr-fCH,); ESI-MS: m/z: calcd
for: 2452.5; found 2452.0 [M+2HJ**, 1635.8 [M+3H]**; MALDI-MS:
mlz: caled for: 4928.15, found 4928.34 [M+Na]*.

Solid-phase synthesis of a sialylglycopeptide-thioester, CTLA-4 fragment
(113-128) 12: Fmoc-Rink-PEGA resin (50 umol) was prepared manually
by the coupling Fmoc-Rink linker (121 mg, 225 umol) with PEGA resin
(1g, 50 umolg™") using TBTU (72 mg, 225 pmol) and DIPEA (58 mg,
450 pmol) in DMF (200 mm). The resin was treated with 20 % piperidine
in DMF (3 mL) for 20 min and then washed with DMF (20 mL). Fmoc-
Ala-SCH,CH,COOH 14 (73 mg, 180 umol) was attached to the resin
using TBTU (40 mg, 125 umol) and DIPEA (16 mg, 210 pmol) in DMF
(0.5mL) for 3 h at room temperature. The resin was washed with DMF
(5mL) and was treated by the Fmoc de-blocking mixture [25% 1-meth-
ylpyrrolidine, 2 % hexamethyleneimine, 2% HOBt in 1-methyl-2-pyrroli-
dinone (NMP)/DMSO 1:1, 1 mL] for 3 min and additionally 18 min. In
this synthesis, this mixture was used for removal of Fmoc group. After
the resin was washed with DMF (20 mL), Tsoc-Tyr(tBu)-OPfp 15 (90 mg,
150 pmol) in tetrahydrofuran (0.5 mL) was reacted to the resin for
15 min. This reaction was repeated twice with the same amount of fresh
Tsoc-Tyr(rBu)-OPfp 15 but second reaction time was for 45 min. The
resin was washed with CH,Cl, (5mL), and then Fmoc-Leu-F (36 mg,
100 pmol) in CH,Cl, (1 mL), which prepared by reported method,*! was
added to the resin. The reaction was initiated by adding TBAF (1.6 mg,
5 umol) to the mixture. After 2 h, the resin was washed with CH,CIl,
(10 mL) and DMF (10 mL). Further elongation of the peptide chain was
carried out by the Fmoc method using Fmoc-amino acid (250 pmol), DIC
(250 pmol), and HOBt (250 pmol) in DMF (0.5 mL). A part of this resin
(50 umol) was used for the introduction of Fmoc-Asn(CHO)-OH 1. To
the resin corresponding to 1-umol scale, Fmoc-Asn(CHO)-OH 1 (5.5 mg,
2.0 umol) was reacted using DEPBT (1.1 mg, 3.0 umol) and DIPEA
(0.26 mg, 2.0 umol) in DMF (60 pL) for 24 h. After the resin was washed
with DMF (3 mL) and CH,Cl, (3 mL), removal of Fmoc group was per-
formed. And then the resin was treated by a solution containing 95 %
TFA, 2.5% TIPS, and 2.5% water for 2 h at room temperature. The ob-
tained mixture (filtrate) was evaporated in vacuo, and the residue was
lyophilized. Purification of the residue by RP-HPLC with Cadenza CD-
18 (4.6x75 mm, linear gradient of 18 =72% CH;CN containing 0.09 %
TFA in 0.1% TFA,, over 30 min) at a flow rate of 1.0 mLmin " afforded
the desired sialylglycopeptide 12 (0.4 mg, 9.5% yield based on the amino
groups on the initial resin). '"H NMR (400 MHz, 296 K in D,0): 6 = 7.55
(m, 10H, PhCH,x2), 7.19 (d, 2H, Tyr-Ar), 6.83 (d, 2H, Tyr-Ar), 5.39 (d,
2H, PhCH,x2), 532 (d, 2H, PhCH, x2), 5.14 (s, 1 H, Man4-H-1), 5.05 (d,
1H, GIcNAcl-H-1), 493 (s, 1H, Man4’-H-1), 2.73 (NeuAc7,7-H-3eq),
2.08-2.02 (Acx6), 1.85 (NeuAc7, 7-H-3ax): ESI-MS: m/z: calcd for:
2104.4, 1403.3, found 2105.1 [M+2H]**, 1403.9 [M+3H]**; MALDI-MS:
mlz: caled for 4207.78, found 4208.94 [M+H]".

Native chemical ligation: Sialylglycopeptide 11 (0.2 mg, 40 nmol) and si-
alylglycopeptide thioester 12 (0.34 mg, 80 nmol) were dissolved into 0.1m
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phosphate buffer (pH 7.6) containing 6M guanidine (50 uL). To the solu-
tion, 1% (v/v) benzylmercaptane (BnSH), 1% (v/v) thiophenol (PhSH)
was added to start the NCL reaction. The reaction was performed at
37°C for 24 h. Direct purification of the reaction mixture by RP-HPLC
with Cadenza CD-18 (4.6 x75 mm, linear gradient of 18—72% CH;CN
containing 0.09% TFA in 0.1% TFA,, over 30 min) at a flow rate of
1.0 mLmin™" afforded desired product in good purity. Then, this com-
pound was treated by 50 mm NaOH (50 pL) for 15 min at room tempera-
ture. After neutralization of the reaction mixture by 50 mm acetic acid
(50 pL), purification of the mixture by RP-HPLC with Cadenza CD-18
(4.6 x75 mm, linear gradient of 18 —72% CH,CN containing 0.09 % TFA
in 0.1% TFA,, over 30 min) afforded sialylglycopeptide 13 (ca. 20 %) in
high purity. The yield (20 % ) was estimated by the peak area correspond-
ing to 13 on HPLC profile. ESI: m/z: calcd for 2882.9, 2162.4; found
28832 [M+3H]*, 2162.7[M+4H]**; deconvolution: caled for
Ci36:H570N53O017,S5: 8646.6; found 8645.6 [M+H]*.
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