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Ligation methods enable the efficient synthesis of (glyco)-
proteins with over 100 amino acid residues. At present, the
native chemical ligation (NCL) reaction[1] is used almost
exclusively owing to its high efficiency derived from the
chemoselective coupling between the thioester of one seg-
ment with the N-terminal cysteine residue of the other
segment. This realizes the protection-free ligation of the
segments, which facilitates the preparation of the peptide
segments by solid-phase peptide synthesis (SPPS). However,
owing to the low abundance of cysteine in proteins (ca.
1.5%), the requirement of the cysteine residue at the ligation
site often limits the application of the NCL method. To
overcome this problem, thiol auxiliary groups as well as
ligations that do not require cysteine have been developed,[2]

but every method has advantages and disadvantages.
Since 1991, we have been developing a facile method for

(glyco)protein synthesis based on the direct aminolysis of the
N- and S-protected peptide thioester by the other segment.[3]

Various (glyco)proteins have been synthesized by using the
method.[4] Originally, the ligation reaction was performed by
activation of the alkyl thioester by silver ions. We recently
found that the reaction proceeds without the addition of silver
ions when more reactive aryl thioesters are used.[4c,d] These
Ag+-promoted and Ag+-free ligation methods have the
advantage that, in principle, the ligation can be performed
at any site, which enables a flexible synthetic plan. Never-
theless, as glycine residues exist abundantly in proteins
(average abundance of glycine is about 7%), we seldom
meet difficulty in finding appropriate ligation positions for

Gly-Xaa, where epimerization-free ligation can be per-
formed.

However, further improvements are still required to
increase the general utility of our method. In the recent
syntheses of (glyco)polypeptides, we used an azido group for
the amino protection of the segments.[5] However, owing to its
hydrophobic nature, the azido-protected thioester sometimes
retains a low solubility in aqueous acetonitrile solution, which
makes its purification by reversed-phase (RP) HPLC difficult.
Thus, we attempted to use a more hydrophilic N-protecting
group and selected the isonicotinyloxycarbonyl (iNoc)[6]

group; it is hydrophilic and stable during the deprotection
by trifluoroacetic acid (TFA), purification and the ligation
steps, and it can be removed by a treatment with Zn in acetic
acid.

Another issue about our method is that the sequential
ligation requires the purification of the intermediates. In
previous syntheses, sequential ligation in the C- to N-terminal
direction was carried out.[4b,c] In this route, the 9-fluorenyl-
methoxycarbonyl (Fmoc) group, used for the N-terminal
protection of the intermediate, has to be removed by
piperidine after the ligation. To perform the second ligation
reaction, piperidine has to be eliminated by purification;
otherwise the remaining piperidine would consume the acid
component. In 2006, Bang et al. realized a sequential one-pot
native chemical ligation in the reverse N-to-C direction by
using the difference in the reactivity of aryl and alkyl
thioesters.[7] Chen et al. also demonstrated the sequential
ligation in organic solvents using ortho-mercaptophenol as an
aryl thioester precursor in the synthesis of small glycopep-
tides.[8] If the reactivity of the alkyl and aryl thioester can be
regulated by silver ions, the one-pot sequential ligation can
also be realized in our method, which further facilitates the
synthesis.

Tim-3 is a membrane protein located on the surface of
Th-1 cells and regulates the Th-1-mediated immune
response.[9] Recently, it has been shown that galectin-9, one
of the animal lectins, induces apoptosis of the Th-1 cells by
binding to the N-glycan of the Tim-3 immunoglobulin (Ig)
domain (Figure 1) and regulates the Th-1-cell-mediated
immunity. However, the precise mechanism of action of
galectin-9 is not yet known. To precisely study the interaction
between the Tim-3 Ig domain and galectin-9, the Ig domain
carrying a distinct carbohydrate structure is required.
Recently, the transfer of a carbohydrate chain using an
endoglycosidase, such as endo-b-N-acetylglucosaminidase
from Mucor hiemalis (Endo-M),[10] was applied successfully
in the synthesis of homogeneous glycoproteins.[11] We also
succeeded in the chemoenzymatic synthesis of saposin C
carrying a complex-type carbohydrate chain by using the
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Endo-M mutant (glycosynthase).[11 h] This method was now
applied to the synthesis of the Tim-3 Ig domain carrying
a homogeneous complex-type N-glycan 1.

The synthetic route of the target glycoprotein 1 is shown
in Scheme 1. The entire sequence of the Tim-3 Ig domain (1–
107) was divided into three segments, (1–31) 2, (32–68) 3, (69–
107) 4 a (or 4b in the second route), and
the sequential ligation in the N-to-C-
terminal direction was performed using
aryl and alkyl thioesters. After removal of
the protecting groups and the disulfide
bond formation, enzymatic transfer of the
complex-type sugar was performed to
obtain the desired product 1.

The synthesis of each segment was
carried out by solid-phase synthesis. The
N-terminal peptide 2 was prepared as an
aryl thioester by Fmoc SPPS using the
described N-alkylcysteine-assisted thioes-
terification method.[12] In contrast, the
intermediate alkyl thioester 3 was synthe-
sized by the fast tert-butoxycarbonyl (Boc)
SPPS[13] using a stable thioester linker.[14]

To examine the usefulness of the iNoc
group for the protection of side chain
amino groups, all the Lys residues were
introduced using Boc-Lys(iNoc)-OH. The
preparation of the glycopeptide 4a was
also performed by using Boc chemistry.
Asn76 was introduced using the O-benzyl-
protected Boc-Asn(GlcNAc)-OH to real-
ize the enzymatic transfer of the complex-type sugar to this
GlcNAc after the chain assembly.

Segments 2, 3, and 4a were soluble in aqueous acetonitrile
when supplemented by guanidine HCl (Gu·HCl) and could be
purified by RP HPLC. In a control experiment, peptide 4c
(see the Supporting Information), the form of 4a in which the
Lys side chains are carrying azido groups, was synthesized.
However, the solubility of segment 4c under the RP-HPLC
purification conditions is extremely low and it was not eluted
from the HPLC column at all (data not shown). These data
demonstrate the suitability of the iNoc group, which is the
amino protecting group in the thioester method.

For the ligation following the first route, the three
segments were condensed (Scheme 1). Segments 2 and 3
were condensed by using the Ag+-free ligation method,[4c,d]

keeping the alkyl thioester of the segment 3 inactive. The

reaction proceeded efficiently without significant side reac-
tions and was almost complete within 12 h (Figure 2). Thus,
perfect chemoselectivity between the alkyl and aryl thioesters
was achieved in the absence of silver ions. Without isolation of
the intermediate 5, the segment 4 a was added to the reaction
mixture and the second ligation was carried out in a one-pot
manner using AgCl as an activator. After 6 h, the second
reaction also proceeded efficiently to give the protected Ig
domain 6 a (Figure 2).

The deprotection and folding of the glycoprotein 6a were
carried out as shown in Scheme 2. The iNoc groups were
removed using zinc dust in an aqueous solution containing
mercaptopropionic acid (MPA) and 6m Gu·HCl. The MPA
was used as acid as well as the Zn2+ scavenger. Removal of the
Acm groups was then carried out by using silver ions. These
reactions proceeded efficiently to give the completely depro-
tected product 8a in good purity. Finally, the folding and the
disulfide bond formation was carried out in the redox buffer

Figure 1. Structure of the Tim-3 immunoglobin (Ig) domain 1. The
arrows indicate the sites of the ligation. CHO denotes the N-linked
carbohydrate.

Figure 2. RP HPLC profile of the ligation reaction; a,b) reaction
mixture for the synthesis of peptide 5 at t = 0 (a) and t = 12 h (b);
c, d) reaction mixture for the synthesis of peptide 6a at t = 0 (c) and
t = 6 h (d). In each case, a linear gradient starting from 25%
acetonitrile at tret = 0 min to 50% acetonitrile at tret = 25 min was
applied.

Scheme 1. One-pot synthesis of the Ig domain of Tim-3 (1). HOOBt= 3,4-dihydro-3-hydroxy-
4-oxo-1,2,3-benzotriazine, Acm= acetamidomethyl, DIEA = diisopropylethylamine.
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overnight at 4 8C. However, the folding efficiency to 9 was
moderate (Scheme 2d), which seemed to be due to the low
solubility of the peptide 8a.

To improve the solubility of the glycopolypeptide 8a, we
examined the introduction of an O-acylisopeptide structure
(second route), which enables an increase in the solubility of
the peptide segments and can be easily converted to the
native peptide bond under neutral conditions.[15] We success-
fully applied this method previously to the chemoenzymatic
synthesis of the hydrophobic glycoprotein saposin C by using
NCL.[10h] In the present synthesis, the isopeptide structure was
introduced to the C-terminal segment 4a, which retained the
lowest solubility among 2, 3, and 4a during the RP HPLC
purification. In contrast to the synthesis of saposin C, where
the amino group of the isopeptide moiety was free and thus
the O-to-N acyl shift occurred during the ligation, in this
synthesis the iNoc protecting group was installed at this site to
keep the isopeptide structure even after the ligation. The
preparation of peptide 4b having an isopeptide structure at
Val77-Thr78 was carried out by introducing iNoc-Thr(Fmoc-
Val)-OH during the solid-phase synthesis. The solubility of
peptide 4b was significantly higher than that of glycopeptide
4a, thereby resulting in about a four times higher yield of
isolated peptide 4b than that of 4a.

The one-pot ligation was carried out as shown in Scheme 1
(second route). The reaction also proceeded efficiently and
the glycopolypeptide 6b was successfully obtained (Fig-
ure SI1 in the Supporting Information). After removal of
the iNoc and Acm groups, the completely deprotected
peptide 8b, which still has an isopeptide structure at Val77-
Thr78 was obtained. The folding and the disulfide bond
formation were then carried out. In contrast to glycopolypep-
tide 8a, 8 b easily dissolved in 6m urea. The solution was then
diluted with the redox buffer and kept at 4 8C overnight. The
desired product 9 was obtained in a significantly higher purity
than obtained in the first route, thus demonstrating the
importance of complete solubilization prior to the disulfide
bond formation (Figure 3). To confirm that the isopeptide
bond was converted to the amide bond, the glycopolypeptide
8b was dissolved in the same folding buffer without cystamine

and cysteamine and kept at 4 8C. As shown in Figure SI3 in
the Supporting Information, the peptide 8b was converted to
peptide 8 a with a half-life of about 30 min.

The transglycosylation reaction was carried out according
to the synthesis of saposin C (Scheme 3).[10 h] The Ig domain

carrying GlcNAc 9 and the synthetic sugar oxazoline 10
(50 equiv to 9), which was prepared according to the
previously described procedure,[11h] were reacted in a phos-
phate buffer containing 2m urea (pH 7.0) in the presence of
glycosynthase. The solution was kept at room temperature for
6 h. RP HPLC analysis of the reaction mixture showed the
appearance of a peak of a slightly hydrophilic compound
(Figure SI4 in the Supporting Information). The matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass analysis of this peak showed a value that
corresponds well with the theoretical one of the desired

Figure 3. RP HPLC profile of the folding of glycopolypeptide 8b at t =0
(a) and t = 12 h (b). In (a,b) a linear gradient starting from 25%
acetonitrile at tret = 0 min to 50% acetonitrile at tret = 25 min was
applied.

Scheme 3. Enzymatic transfer of a complex-type sugar.

Scheme 2. Synthetic route to glycopolypeptide 9 (first route). In (a–d)
a linear gradient starting from 25% acetonitrile at tret = 0 min to 50%
acetonitrile at tret = 25 min was applied.
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product, thus indicating the success of the synthesis (see the
Supporting Information). The transfer efficiency was about
30%.

To prove the correct folding, the disulfide pairings of
product 9 were determined (see the Supporting Information).
Owing to the lack of appropriate enzymatic cleavage sites in
the Ig domain, five sequential enzyme digestions were
performed. Among the two major fragments, one proved to
have a disulfide bond at Cys29-Cys40, as shown by mass
analysis. The disulfide bond pairs in the other fragment were
determined by comparing the retention time on HPLC with
that of synthetic samples as well as by MALDI MS/MS
analysis. The results proved the disulfide bonds at Cys15-Cys87

and Cys35-Cys86.
The secondary structure of the Ig domain was next

characterized by CD spectroscopy. The products 1 and 9
showed typical spectra of the Ig-like b-sheet-rich structure,
indicating the correct folding of the products (Figure 4).

The immunoreactivity of product 9 was analyzed by using
a sandwich ELISA assay with anti-Tim-3 antibodies (Fig-
ure SI7 in the Supporting Information). About 60% of the
product 9 was recognized by the antibodies, thus indicating
that it is folded to form correct epitope structures. The
decreased ratio of the recognition might be due to its reduced
size in peptide and/or carbohydrate chains compared to the
entire Tim-3 protein.

In conclusion, we successfully performed the one-pot
sequential ligation using the aryl and alkyl thioesters to obtain
the Tim-3 Ig domain carrying GlcNAc. The iNoc group
proved to be favorable for the amino group protection in this
ligation. The introduction of the O-acylisopeptide structure
markedly enhanced the solubility of the unfolded glycopro-
tein, which enabled the efficient folding. The obtained
glycoprotein was transformed into its complex-type homoge-
neous glycoform by using the enzymatic sugar chain transfer
by a glycosynthase. The interaction between the Tim-3 Ig
domain and galectin-9 is under investigation.
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