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Protein therapeutics containing glycoproteins have been
attracting increasing attention as potential agents for treating
diseases that were once thought to be incurable. In
therapeutics development using proteins, a critical issue is
how protein molecules are produced. Genetic engineering
procedures represent a significant advance in the production
of naturally occurring proteins, however, medicinal-chemis-
try-oriented examination of protein therapeutics incorporat-
ing unnatural structural units is far from satisfactory using
genetic protocols. One alternative to genetic protocols is
chemical synthesis of proteins in which the protein backbone
is constructed using ligation chemistry such as native chemical
ligation (NCL).”! Chemically synthesized proteins could be
useful in medicinal chemistry.”! Recent advances in NCL have
placed the chemical synthesis of small- and medium-sized
proteins within our reach. In particular, combinations of
sequential and convergent NCL protocols provide technical
improvements for the protein synthesis.¥! A representative
sequential NCL protocol uses a kinetically controlled NCL
(KCL)P! developed by Kent and co-workers, in which
a peptide chain can be elongated based on the differences
between the reactivities of aryl and alkyl thioesters in a one-
pot, N-to-C-directed process.®”! The KCL protocol has
enjoyed great success in providing the large N-segment
alkyl thioesters for convergent synthesis. However, KCL
reactions using highly reactive alkyl thioesters are ineffi-
cient.

In the course of developing synthetic protocols for peptide
thioesters using Fmoc solid-phase peptide synthesis (Fmoc
SPPS),® we found that the N-sulfanylethylanilide (SEAlide)
peptides 1, as crypto-thioesters, can be successfully used for
one-pot, N-to-C-directed ligation under kinetically controlled
conditions. The high kinetic control is achieved by selecting
an appropriate buffer salt (phosphate) in the reaction
medium, that is, the SEAlide unit 1 remains intact under
NCL conditions with N-terminal cysteinyl peptides 2 in the
absence of phosphate salts, whereas it functions as a thioester
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in the presence of phosphate salts and participates in NCL to
yield 3 (Scheme 1).7%
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Scheme 1. Reactivity of SEAlide peptide as crypto-thioester is tuned by
phosphate salts.

Herein, we address the chemical synthesis of the mono-
glycosylated GM2-activator protein (GM2AP) analogue 4
using SEAlide peptides. GM2AP is an essential cofactor for
the lysosomal degradation of ganglioside GM2 by (-hexosa-
minidase A (HexA).'"”! Functional deficiencies of GM2AP
result in a fatal neurological disease, and thus we explored
a convergent synthesis platform compatible with various
GM2AP analogues to develop a medical treatment. Gener-
ally, synthetic strategies based on the incorporation of a sugar
chain acceptor residue, such as monoglycosylated asparagine,
and subsequent site-selective transfer of a sugar chain on the
acceptor site have been used for glycoprotein synthesis.[!"!?!
GM2AP consists of 162 residues with N-linked glycans at
Asn32 (Figure 1). Our route to a monoglycosylated GM2AP
analogue relies on replacement of Asn32 by Cys, on which an
N-acetylglucosamine moiety is incorporated by an S alkyla-
tion of Cys32 with iodoacetyl-N-acetylglucosamine.™™ The
use of the S-alkylation protocol, which provides one addi-
tional ligation site, facilitates the SPPS of the peptide
fragments. The NCL-mediated construction of naturally
occurring GM2AP requires the synthesis of a thioester frag-
ment of at least 67 residues (8-74). Straightforward SPPS
does not always guarantee successful synthesis of such large
peptides (over 40-50 residues). Our convergent synthetic
strategy for the GM2AP analogue 4 is shown in Scheme 2.

Standard NCL condensation of the alkylthioester Fr 1 (5),
which has an S-acetamidomethyl (Acm) protecting group on
Cys8, with Fr 2 (6), which is S-Acm-protected at Cys68 and
the SEAlide moiety,™ followed by S glycosylation at Cys32
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Fragment 1 (Fr 1)

41 60 80
SVELSSPLKVDLVLEKEVAGLITKIECTDY IGECTEEE
Fr2
81 100 120
CDVLDMLIPTGEPCPEPLRTYGLPCHCPFKEGTYSLPKSE
Fr3
121 140 162
FVVPDLELPSWLTTGNYRIESVLSSSGKRLGCIKIAASLKGI
Fr4 Fr5

Figure 1. Entire amino acid sequences of GM2AP and the correspond-
ing Asn32-mutated analogue. Five peptide fragments for the conver-
gent synthesis of the mutated analogue.

and subsequent removal of the Acm protections should afford
the monoglycosylated N-half segment 10 of the SEAlide
peptide. For the preparation of the C-half segment 11, one-
pot, N-to-C-directed sequential ligation using the SEAlide
peptide was used. The first NCL of the Fr 3 (7) containing N-
terminal 1,3-thiazolidine-4-carbonyl (Thz) and C-terminal
alkyl thioester with the N-terminal cysteinyl SEAlide peptide
Fr4 (8) in the absence of phosphate salts, followed by
a second ligation of Fr 5 (9) in the presence of phosphate salts
and subsequent opening of the 1,3-thiazolidine ring!™” in the
Thz residue, gives the desired C-half segment 11. Standard
ligation between 10 and 11 in the presence of phosphate salts
and subsequent folding would provide the desired product.

The requisite peptide fragments, Fr 1 (5) and Fr 3 (7), and
Fr2 (6), Fr4 (8), and Fr5 (9), were prepared by Boc and
Fmoc SPPS, respectively. To achieve the selective glycosyla-
tion, Cys8, Cyc68, and the SEAlide moiety in Fr 1 and Fr 2,

except for Cys32, were protected by Acm groups. Peptides
corresponding to 6 and 8 were synthesized on Fmoc-Ser(tBu)-
incorporated-N-acetoamidomethylsulfanylethylaniline' and
Fmoc-Gly-incorporated-N-triphenylmethylsulfanylethylani-
line-linked resin, respectively, using Fmoc SPPS. In situ
neutralization protocols were used in the Boc SPPS.”

The progress of the reactions for the synthesis of 10 are
summarized in the Supporting Information (SI-Figures 1 and
2). NCL for the synthesis of 10 from 5 and 6 in 6 M guanidine
(Gn)-HCI-0.2M 3-[4-(2-hydroxyethyl)piperazin-1-yl|propane-
1-sulfonic acid (HEPPS) in the presence of 3% (V/v)
thiophenol, proceeded smoothly to afford the Acm-protected
74-residue peptide 12 (Fr 1-Fr 2 (Cys(SAcm)*®, Cys(SH)¥,
SEA(SAcm))) (SI-Figure 1). Glycosylation of the Cys32
peptide 12 with iodoacetyl-N-acetylglucosamine in 6M
Gn-HCI-0.2m HEPPS yielded the monoglycosylated S-Acm
peptide 13 (Fr 1-Fr 2 (Cys(SAcm)®®, Cys(SGIcNAc)*, SEA-
(SAcm))). in 90% yield upon isolation. The Acm groups on
13 were removed with AgOTf in the presence of anisole in
TFA at 4°C for 24 h,™® followed by incubation in the presence
of 3% (w/v) dithiothreitol (DTT), and subsequent HPLC
purification to afford the desired 10 in 42% yield upon
isolation (SI-Figure 2).

Monitoring of the reactions for the synthesis of the C-half
segment 11 is summarized in Figure 2. The first ligation of 7
with 8 in 6M Gn-HCI-0.1m HEPPS, 50 mm tris(2-carboxy-
ethyl)phosphine (TCEP),”! and 100 mm (4-carboxymethyl)-
thiophenol (MPAA),?” in the absence of phosphate salts,
proceeded under kinetic conditions to yield the desired
ligated peptide (Fr3-Fr4; Figure 2B). A chemeoselective
reaction between the thioester group in 7 and the N-terminal
cysteinyl residue in 8 was achieved because the anilide-type
SEAlide moiety remained intact in the absence of phosphate
salts. A solution of 9 in 0.4M phosphate buffer was added to
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Fr1 l 3
; GM2AP(1-30) | —Gly-S-(CH,),CO-Leu-NH, — H GlNAc gy
a-c : ‘ 74
$-Ac —— | oMm2aP(1-31) I—Cys—| GM2AP(33-73) I—Ser—SEA(SH)
32 74 32
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75 106
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Scheme 2. Convergent synthetic strategy for the preparation of monoglycosylated GM2AP analogue. a) NCL. b) Glycosylation using alkylation
protocol. c) Removal of Acm groups. d) NCL in the absence of phosphate salts. €) NCL in the presence of phosphate salts. f) Opening of
thiazolidine ring. g) NCL in the presence of phosphate salts. h) Folding.
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Figure 2. HPLC monitoring of reactions for the synthesis of the C-half
segment 11. A) First NCL, kinetically controlled conditions (¢ <1 min):
components 7 (2.0 mm) and 8 (2.0 mm) were ligated in Gn-HCl [6Mm,
HEPPS (0.1m), TCEP (50 mm), MPAA (100 mm), pH 7.0, 37°C].

B) First NCL (t=3 h). C) Second NCL (¢t <1 min): To the above
reaction mixture was added a solution of the segment 9 (1.1 equiv) in
Gn-HCl [6 M, Na phosphate (0.4 m)]. [Final concentrations: Gn-HCI

(6 M), Na phosphate (0.32m), HEPPS (20 mm), MPAA (20 mm), TCEP
(10 mm), segments 7 and 8 (0.4 mm each)]. D) Second NCL (¢=24 h).
E) Opening of 1,3-thiazolidine ring (t=3 h): to the above reaction
mixture, 0.2 M NH,OH-HC| was added. HPLC conditions: Cosmosil
5C18 AR-Il column (4.6x250 mm) with a linear gradient of MeCN/
0.1% aq. TFA (20:50-50:50 over 30 min) at a flow rate 1.0 mLmin~",
detection at 220 nm.

the reaction mixture to initiate the second NCL of the
SEAlide moiety with the cysteinyl residue of 9 (Figure 2C).
This reaction also proceeded efficiently to yield the desired
Thz peptide (Fr 3-Fr 4-Fr 5; Figure 2D), which then under-
went opening of the 1,3-thiazolidine ring upon addition of
NH,OH-HCI, to give 11in 47 % yield after HPLC purification
(Figure 2E). Kinetically controlled one-pot, N-to-C sequen-
tial ligation was therefore successful in assembling three
peptide fragments (7, 8, and 9).

Convergent assembly of 10 and 11 was accomplished by
NCL in the presence of phosphate salts. The reaction of 10
with 11 in 6M Gd-HCI-0.5m Na phosphate, 50 mm TCEP,
50 mm MPAA, proceeded at a reasonable reaction rate and
almost went to completion within 24 hours to yield the
desired ligated 162-residue protein (reduced form of 4). After
HPLC purification, folding in the presence of reduced and
oxidized forms of glutathione was performed to yield the
folded monoglycosylated 162-residue GM2AP analogue 4.
The SEAlide-mediated ligation protocol is also undoubtedly
of use in convergent assembly, considering the successful
coupling of 74- and 88-residue peptides. HPLC analysis of the
coupling reaction indicated that a material with a molecular
weight identical to that of the desired ligation product was
obtained (Figure 3 B, denoted by asterisk). From our previous
investigation of SEAlide-mediated coupling, ligation at the
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Figure 3. HPLC monitoring of NCL of the N-half segment 10 with 11
(A and B) and subsequent folding reaction (C). A) NCL (¢=0):
components 10 (0.5 mm) and 11 (0.5 mm) were ligated in Gn-HCl
[6M, Na phosphate (0.5m), TCEP (50 mm), MPAA (50 mm), pH 6.0,
37°C]. B) NCL (¢=24 h). C) HPLC-purified reduced 4 [8 Cys(SH) form]
was folded in Gn-HCI [1 M, Na phosphate (16 mm), Tris-HCl (42 mm),
reduced form glutathione (1.7 mwm), oxidized form glutathione

(0.17 mm), Tween 20 (0.0025%, v/v), pH 8.0, 0.1 mgmL™" protein].
HPLC conditions: Cosmosil Protein-R column (4.6x250 mm) with

a linear gradient of MeCN/0.1% aq. TFA (35:65 to 55:45 over 30 min)
at a flow rate of 1.0 mLmin~", detection at 220 nm. * = Ser74-epimer-
ized product (observed mass was identical to that of desired product).

Ser-SEAlide site was observed to accompany partial epime-
rization (9-10 % )."! Epimerization of a Ser thioester has also
been reported to occur under normal NCL conditions.”!
Mass analysis of the synthetic material revealed that the
product has the expected molecular weight of the folded
monoglycosylated GM2AP analogue 4 (calcd 17830.4; found
17830.3). Circular dichroism (CD) analysis indicated that the
synthetic material has a spectrum similar to that reported in
the literature (see the Supporting Information).”? In the
hydrolysis-assisted conversion of GM2 into GM3 in the
presence of Hex A, the synthetic sample was more active than
an E. coli-expressed carbohydrate-free sample (Figure 4).>
In conclusion, SEAlide peptides are versatile reagents in
chemical protein synthesis. In this study, SEAlide peptides
were successfully used in the preparation of the N-half and C-
half segments required for the convergent strategies for
chemical synthesis of proteins. The use of SEAlide peptides
allows one-pot, sequential NCL reactions to proceed with
high kinetic control. Successful convergent coupling indicated
that the SEAlide peptides function as useful synthetic units in
convergent synthesis. Establishment of a synthetic platform
for obtaining the Cys32 GM2AP analogue enables the
7857
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Figure 4. Hydrolysis of GM2 to GM3 with -hexosamidase A (Hex A)
in the presence of GM2APs. A) Conversion of GM2 into GM3.

B) Comparable hydrolysis of GM2 with Hex A in the presence of
varying amounts of synthesized or expressed GM2AP. Hydrolysis was
monitored by TLC of the reaction aliquots (solvent: CHCl;/MeOH
0.2% (w/v) CaCl,=55:45:10, (v/v); detect: orcinol reagent, 120°C,

5 min).

preparation of a wide range of GM2AP protein analogues,
thus leading to medicinal-chemistry-based evaluation of
glycoproteins.
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