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The synthesis of homogeneously glycosylated glycopro-
teins[1–7] and their analogues[8, 9] provides a novel approach
to study the importance of the carbohydrate moieties for the
functions of therapeutic glycoproteins. These efforts were
initially stimulated by the need to produce defined glycoforms
for such investigations, and this research has gained further
momentum by the evidence that individual glycoforms[10] can
have distinctly different functions.[11,12] The currently used
methodology for the synthesis of N-glycoproteins comprises
solid-phase glycopeptide synthesis,[13, 14] the use of transglyco-
sidases[15] or enzymatic remodeling,[16] the use of engineered
cell lines,[17, 18] and in particular the application of chemo-
selective ligation methods.[19–21] In the preceding Communi-
cation[22] we demonstrated that active RNase A can be
obtained by expressed chemical ligation using a recombinant
RNase segment that was chemically stabilized by trans-
formation of its seven cysteines into mixed disulfides. We
have taken this approach further to the synthesis of a single
glycoform of bovine RNase carrying a biantennary complex-
type nonasaccharide (RNase C[23]) by sequential[21, 24] native
chemical ligations (Scheme 1).

In our initial strategy to obtain N-glycosylated RNase we
envisioned a single ligation site at Cys40 (Scheme 1) linking a
recombinant RNase fragment 40–124 with a synthetic glyco-
peptide thioester RNase 1–39. A thioester of RNase 1–39
containing an acetylated N-acetylglucosamine at Asn34 was
synthesized by Fmoc strategy on a polystyrene resin equipped
with a safety-catch linker.[25] After alkylation, thiolysis, and
deprotection an RNase 1–39 glycopeptide benzylthioester
was obtained, albeit in low yield and purity. These difficulties
initiated the development of a safety-catch/Rink amide
double-linker PEGA resin that would be useful for the
synthesis of glycopeptide thioesters containing complex
oligosaccharides.[26, 27] Surprisingly, when we attempted the
stepwise solid-phase synthesis of the RNase 1–39 glycopep-

tide with an acetylated complex-type N-glycan nonasacchar-
ide on double-linker PEGA resin, only glycopeptides less
than 20 amino acids in length could be obtained as a result of
numerous side reactions. Thus the use of an additional
ligation site at Cys 26 was considered. This shortens the
synthetic glycopeptide thioester to a 14-mer (26–39) contain-
ing Cys 26 suitably masked for sequential ligation with an
RNase 1–25 thioester E (Scheme 1). We envisioned the
recently developed sequential native chemical ligation
method based on thiazolidine protection of the N-terminal
cysteine, a procedure that can be performed in a one-pot
fashion.[28, 29]

To synthesize the glycopeptide thioester RNase 26–39 (6)
(Scheme 2a) the double-linker PEGA resin was used and the
RNase 35–39 sequence (1) was attached as described
previously.[26] The Fmoc-Asn building block 2 containing a
biantennary complex-type nonasaccharide was obtained from
egg yolk[30] via the disialylated undecasaccharide Fmoc-Asn
precursor followed by acid hydrolysis.[31] The glycosyl amino
acid 2 (0.8 equiv) was coupled to the resin 1, and the
remaining free amino groups were capped by acetic anhy-
dride/acetic acid/pyridine (1:1:1.5) without acetylation of the
safety-catch linker.[26] Under these conditions all OH groups

Scheme 1. Retrosynthesis of homogeneously glycosylated RNase C.
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Scheme 2. Synthesis of RNase 26–39 thioester: a) Fmoc-Asn-(nonasaccharide)-OH (2) (R2 = OH), PyBOP, DIPEA, DMSO/NMP; b) Ac2O/AcOH/
pyridine (1:1:1.5) (R2 =Ac); c) 20% piperidine/NMP; d) manual solid-phase peptide elongation using Fmoc-amino acid (4 equiv), HCTU
(4 equiv), Cl-HOBt (4 equiv), DIPEA (9 equiv), NMP; e) 10% hydrazine in THF/MeOH (1:1); f) TMSCHN2, n-hexane, CH2Cl2; g) ethyl-3-
mercaptopropionate, DMF; h) TFA, ethyl-3-mercaptopropionate, TES, H2O. PyBOP= benzotriazolyl-1-oxytripyrrolidinophosphonium hexafluoro-
phosphate, DIPEA = diisopropylethylamine, DMSO= dimethylsulfoxide, NMP = N-methylpyrrolidone, HCTU = N-[(1H-6-chlorobenzotriazol-1-yl)
(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate N-oxide, HOBt = 1-hydroxybenzotriazole, TES = triethylsilane, Boc =
tert-butoxycarbonyl, Trt = triphenylmethyl, Pbf = 2,2,4,6,7-pentamethyl-2,3-dihydro-1-benzofuran-5-sulfonyl.
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were acetylated concomitantly, preventing esterification
during subsequent elongations. Attachment of the terminal
amino acids was greatly facilitated after incorporation of a
Lys-Ser pseudoproline dipeptide.[32] Additionally, norleucine
residues were incorporated instead of methionines 30 and 31,
since the known susceptibility of this RNase sequence to
sulfoxide formation could not be suppressed efficiently during
manual synthesis. Norleucine substitutions are known not to
affect the folding or the activity of most proteins.[33,34] As a
further improvement, the generation of a glycopeptide
thioester 26–39 with a deprotected N-glycan was attempted
in order to simplify the subsequent native chemical ligations
and prevent side reactions. Thus on-resin cleavage of the
acetyl groups[35] was tested by brief treatment of resin 3 with
hydrazine hydrate in water, THF, or methanol. Complete
deprotection was achieved only when an
optimized solvent mixture (MeOH/THF
1:1) was used, indicating that good swel-
ling of the resin (MeOH) and solubility of
the protected peptide (THF) are required
simultaneously. This set the stage for the
alkylation of the safety-catch linker with
TMS-diazomethane[36] in an optimized
solvent mixture (hexane/CHCl3 1:1), fol-
lowed by thiolysis and global deprotection
in the presence of ethyl-3-mercaptopro-
pionate. Despite accompanying methyla-
tion of the sugar moieties (10–20 %), pure
thioester 6 was obtained in a final yield of
18% after HPLC purification (Scheme S3
in the Supporting Information).

Thioester 1–25 (E) was assembled on
double-linker PEGA resin employing a
Ser-Ser pseudoproline dipeptide at posi-
tions 15,16 and 21,22; the previously
described conditions were used for thio-
ester formation and deprotection (20 %
yield after HPLC).

With the three segments of RNase C
in hand, we carried out initial ligation
experiments as a one-pot procedure in
order to avoid the isolation of thiol-rich
intermediates, which are sensitive to oxi-
dation. The disulfide-protected fragment
B (9) and thioester 6 were ligated in high
efficiency in the presence of tris(2-car-
boxyethyl)phosphine (TCEP)[37] and thio-
phenol followed by deprotection of the
N-terminal cysteine moiety by incubation
with methoxyamine[28] (0.2m, pH 3–4,
4 h). However, the subsequent ligation
with thioester C gave only a small amount
of full-length RNase; instead, the C-
terminal N-methoxyamide[38] of E was
formed in a pH-dependent manner.
Despite the addition of further portions
of thioester E at lower pH (6.5), only
incomplete ligation (� 20 %) was
observed. Therefore we had to isolate

the deprotected glycopeptide RNase 26–124 containing eight
thiols. Owing to the sensitivity of this intermediate to
oxidation, this procedure was optimized employing the
more readily available alkyne-[8] and GlcNAc-containing
thioesters 7 and 8, respectively (Scheme 2b and Scheme S3
in the Supporting Information). Compounds 7 (14 % yield)
and 8 (18 % yield) were obtained conveniently from double-
linker (PEGA) resin.[26] Ligations of the thioesters 7 and 8
with 9 were conducted in 6m guanidinium chloride in the
presence of 30 mm TCEP and 3% thiophenol in glass vials
and under a nitrogen atmosphere (< 10 ppm O2) (Scheme 3).
After two days high conversions were observed according to
HPLC-MS analysis, and the thiazolidines of the ligation
products 10 (Scheme S4) and 11 (Scheme S5 in the Support-
ing Information) were opened by addition of 0.1m methoxy-

Scheme 3. Sequential native chemical ligation of RNase variants containing propargylglycine
or GlcNAc-b-Asn at Asn34. Intermediates 12 and 13 were isolated and ligated to the full-
length RNases and then refolded.
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amine at pH 3–4. After complete deprotection (LC-MS) the
Cys-peptide 12 (Scheme S4 in the Supporting Information)
was isolated by gel filtration under acidic conditions giving a
yield of 44%. Additional reduction of 13 with TCEP at pH 6
prior to gel filtration led to a yield of 74% (Scheme S5 in the
Supporting Information). Both Cys-peptides were subse-
quently ligated with excess thioester E using 0.2m p-mercap-
tophenyl acetic acid (MPAA) as a strongly activating thiol[39]

under reducing conditions strictly avoiding the entry of
oxygen into the reaction vial. Under these stringent con-
ditions the ligations were complete after one day, and the full-
length RNases 14 (Scheme S4) and 15 (Scheme S5 in the
Supporting Information) were isolated by gel filtration.
Refolding was initiated by 60-fold dilution of the RNases 14
and 15 in 6m guanidinium chloride + 0.2m glutathione
(GSH) with a buffer containing 0.3 mm GSSG. The RNase
activity of 16 and 17 was confirmed by a standard assay
carried out with an aliquot of the refolding solutions using the
ring-opening reaction of cyclic cytidine 2’,3’-monophosphate
(cCMP)[40] (Scheme S7 in the Supporting Information).

Finally the optimized reaction conditions and isolation
procedures were applied to the sequential ligation of full-
length RNase C containing a complex-type nonasaccharide
(Scheme 4). The ligation of glycopeptide 6 with 9 (3%
thiophenol, TCEP) gave RNase 18, which was deprotected by

addition of methoxyamine to the reaction mixture (pH 3–4).
Subsequent reduction with TCEP and gel filtration in 25%
acetonitrile yielded the glycosylated RNase 26–124 (19) with
a free N-terminal cysteine (48 %, Schemes S1 and S6 in the
Supporting Information). Ligation with the 1–25 thioester (E)
proceeded smoothly using 0.2m MPAA as an activator under
strictly oxygen-free conditions within one day and furnished
RNase 1–124 (20) (Scheme S6 in the Supporting Informa-
tion). Owing to the high solubility of MPAA and its folding-
enhancing properties,[41] the reaction mixture was submitted
directly to refolding by dilution with a 0.3 mm GSSG solution.
In this case MPAA replaces the GSH typically added as a
reducing agent. Refolding was allowed to proceed for four
days, and the protein was subsequently isolated by gel
filtration in 71% yield (Schemes S1 and S7 in the Supporting
Information). The refolded synthetic RNase C 21 was
assayed[40] for enzymatic activity[42] (Scheme S7 in the Sup-
porting Information). It showed a relative activity of 56%
when compared with a sample of commercial RNase A of
equal concentration. Additionally, a CD spectrum of 21 was
recorded, which shows that the synthetic glycoprotein dis-
plays ordered structure similar to native RNase A
(Scheme S8 in the Supporting Information). This native-like
structure and the high enzymatic activity of the final product
21 demonstrate that the chemical synthesis of a glycoprotein

Scheme 4. Optimized sequential native chemical ligations and subsequent refolding of RNase C Met30,31Nle, which contains a biantennary
N-glycan at Asn 34.
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with the complexity of RNase was indeed successful. This
synthesis of RNase C Met30,31Nle (21) containing a native
biantennary complex type N-glycan at Asn 34 represents the
first synthesis of an N-glycoprotein enzyme with over 100
amino acids by sequential native chemical ligation.

This semisynthesis of the glycoprotein enzyme RNase C
by sequential native chemical ligation combines as key
features the use of a recombinant RNase fragment, which is
chemically stabilized by mixed disulfides, with a synthetic
glycopeptide thioester containing only one thiazolidine
protecting group. With the thiol-rich peptides, strict exclusion
of oxygen was essential for efficient ligations. Based on the
improved conditions developed in the course of this project
the semisynthesis of thiol-rich N-glycoproteins and deriva-
tives with therapeutic and biochemical interest are within
reach.
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