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Total chemical synthesis is an important method for preparing
proteins of biological interest and makes possible the
incorporation of unnatural amino acids and site-specific
modifications.[1] Currently, chemical protein synthesis is
served almost exclusively by the remarkable native chemical
ligation (NCL),[2] which allows unprotected peptide segments
to be chemoselectively coupled under aqueous conditions.
The requirements of the NCL, an N-terminal cysteine or
cysteine-surrogate and C-terminal thioesters, have encour-
aged a search for alternative amide-forming ligation reac-
tions.[3] Although several mechanistically unique amide for-
mations[4] have emerged from these studies, none has yet
proven to be readily applicable for protein synthesis by the
combination of unprotected segments.

As part of our efforts to develop a general peptide-
forming ligation we reported that peptide a-ketoacids and N-
terminal hydroxylamines undergo chemoselective, reagent-
less couplings to give backbone amide bonds (KAHA
ligation).[5] We have demonstrated that the KAHA ligation
is suitable for the synthesis of medium-sized peptides by
ligations of unprotected segments, but we have struggled to
perform the reactions in aqueous media typically employed
for peptide solubilization and handling.[6] Mechanistic studies
of the ligation of a-ketoacids and O-unsubstituted hydroxyl-
amines[7] revealed a complicated pathway that is likely
disturbed by water. In contrast, the ligations of O-Bz
hydroxylamines give clean and rapid amide-forming ligations
in water but are not suitable for a-peptide-derived substrates
owing to facile elimination.[8] These observations led us to
search for O-substituted hydroxylamines that are stable to the
conditions for ligation and solid-phase peptide synthesis while
at the same time sufficiently reactive in ligations performed in
aqueous solvent.

We are now pleased to report that 5-oxaproline is a stable,
easily prepared and incorporated N-hydroxyamino acid that
gives clean ligations in the presence of water, thereby leading
to a homoserine residue at the ligation site (Scheme 1). We

demonstrate utility of KAHA ligation with 5-oxaproline by
the total chemical synthesis of two small proteins from
Mycobacterium, the prokaryotic-ubiquitin-like protein (Pup,
63 residues) and one of its target proteins, probable cold
shock protein A (cspA, 66 residues), by the ligation of
unprotected peptide segments prepared by Fmoc solid-
phase peptide synthesis (SPPS).

Vasella et al. have reported an asymmetric synthesis of
(S)-5-oxaproline.[9] Using a modified version of this proce-
dure, we prepared compound 3 by cycloaddition of ethylene
and the nitrone formed from l-gulose hydroxylamine 1 and
ethyl glyoxalate (2) at 30 bar (Scheme 2).[10] The cycloadduct
3 was obtained as a 7:3 mixture of diastereomers, which gave
a single stereoisomer after two recrystallizations from hex-
anes. The relative and absolute configuration of 3 was

Scheme 1. The a-ketoacid–5-oxaproline ligation. R = aminoacid side-
chain, DMSO= dimethylsulfoxide.
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Scheme 2. Synthesis of enantiopure (S)-N-Boc-5-oxaproline 5.
DMAP= 4-dimethylaminopyridine, Boc= tert-butoxycarbonyl.
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assigned by X-ray crystallographic analysis. Removal of the
chiral auxiliary gave 4, which was Boc-protected and saponi-
fied to provide (S)-N-Boc-5-oxaproline 5, ready for use in
SPPS.

As a first test of the oxaproline ligation for chemical
protein synthesis, we targeted the preparation of Pup, which is
a modifier protein from Mycobacterium tuberculosis that fills
the role of ubiquitin in prokaryotes.[11] For Pup protein, we
chose Leu (residue 32) and Thr (residue 33) as the ligation

site. This disconnection requires two modified peptide seg-
ments (ca. 30 residues each), which we anticipated to be
readily synthesized by Fmoc SPPS. In the ligated protein, Thr
(residue 33) would be substituted with its structural isomer
homoserine (Hse, T§).

The preparation of the oxaproline segment of Pup (33–63)
8 began with automated SPPS to give peptide 6 on-resin with
side-chain protecting groups and an N-terminal free amine
group (Scheme 3 a, right). At this stage, oxaproline monomer

Scheme 3. a) Synthesis of Pup (33–63) 8 and Pup (33–64) 8a oxaproline segments & Pup (2–32)-a-ketoacid segment 11 and KAHA ligation to
give synthetic Pup proteins 12 and 12a. b) HPLC traces of the Pup ligation and high-resolution mass spectrum of the synthetic Pup protein
(2–63). TFA = trifuluoroacetic acid, TIPS= triisopropylsilane, Fmoc = 9-fluorenylmethoxycarbonyl, Trt = triphenylmethyl, Pbf = 2,2,4,6,7-penta-
methyldihydro-1-benzofurane-5-sulfonyl, HCTU and COMU are uronium-type coupling reagents.
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5 was coupled manually by using HCTU as the coupling
reagent for three hours to give 7. Side-chain deprotection and
cleavage of the peptide from the resin and purification
proceeded smoothly to yield Pup (33–63) 8. No special
handling procedures were required for the coupling, TFA
cleavage, or purification of oxaproline-containing peptide 8.
These results demonstrate that 5-oxaproline behaves like
canonical amino acids during SPPS.

The Pup (2–32)-a-ketoacid peptide 11 was prepared by
using our previously established procedure for the Fmoc
SPPS of peptide a-ketoacids.[12] The cyanosulfurylide linker
was loaded on ChemMatrix Rink amide resin to give 9
(Scheme 3a, left). Chain extension of Pup residues (2–32) on
an automated peptide synthesizer was uneventful and pure
cyanosulfurylide peptide 10 was obtained after treating the
resin with TFA and HPLC purification. Oxidation of Pup
(2–32) cyanosulfurylide 10 with Oxone gave peptide a-
ketoacid 11, which was isolated by preparative HPLC in
61% yield. The chromophoric Fmoc group on the N terminus
was left intact to aid in ligation reaction monitoring.

With both peptide segments in hand, we undertook a brief
survey of reaction conditions for the a-ketoacid–oxaproline
ligation to form Pup protein 12 (Table 1). Ligations were

performed with 1.0 equiv oxaproline 8 and 1.5 equiv a-
ketoacid segment 11 in DMSO:water with oxalic acid
(0.1m). While not necessary, we have observed that oxalic
acid has a beneficial effect for both peptide solubilization and
KAHA ligation. In each experiment an aliquot was taken at
four hours and analyzed by HPLC.

Water had a dramatic influence on the rate of the
ligations; increasing amounts of water led to an increased
amount of ligated Pup (2–63) protein 12 (Table 1). The
ligations were faster at higher temperatures. We also observed
that increasing the amount of a-ketoacid to 2.0 equivalents
reduced the reaction times. Importantly, unprotected aspar-
agine, glutamine, lysine, tryptophan, tyrosine, serine, and
threonine side-chain functional groups did not interfere with
the ligation. In all the reactions studied the ligated product
was obtained, thus suggesting that the KAHA ligation with 5-
oxaproline can be performed under a variety of conditions as
needed for the protein of interest.

We chose the 6:4 DMSO:water mixtures containing oxalic
acid (0.1m) for ligations to give Pup on a preparative scale.
Pup (2–63) 12 was prepared by a clean and rapid ligation at

60 8C for eight hours (Scheme 3b). Purification of the ligation
mixture by HPLC provided Pup (2–63) 12 in 51 % yield. High-
resolution mass spectrometry (FTMS) measurement and MS/
MS analysis confirmed the exact mass and sequence identity
of the synthetic Pup protein (2–63). Neither epimerization nor
asparagine hydrolysis were detected despite the slightly
elevated reaction temperature. Lower temperatures were
also viable for preparative ligation, and we prepared Pup
protein (2–64) 12a, which contains the C-terminal glutamic
acid that is necessary for linking of Pup protein to any target
protein for proteasomal degradation,[13] by ligations at 50 8C
for 24 h. The ligated Pup protein (2–64) 12a was isolated in
43% yield after HPLC purification (see the Supporting
Information).

To confirm that synthetic Pup protein (2–63) 12 adopts the
expected tertiary structure, a CD spectrum was recorded in
40% trifluoroethanol in water. Synthetic Pup 12 showed the
presence of a-helical regions, which are proposed for the
natural Pup protein (Figure 1).[14] This finding implies that the
incorporation of homoserine in place of threonine does not
influence the ability of the Pup protein to form the expected
secondary structures.

Having successfully synthesized Pup, we sought to apply
the a-ketoacid–oxaproline ligation to a completely different
sequence. We chose probable cold shock protein A (cspA),
a 67-residue protein identified as a target protein for
pupylation in Mycobacterium.[15] By using an analogous
approach to the peptide-segment synthesis, cspA (2–31)-a-
ketoacid 13 and cspA (32–67)-oxaproline 14 were prepared
by automated SPPS and purified by HPLC (Scheme 4). For
the ligation reaction of cspA segments 13 and 14, we selected
8:2 DMSO:H2O for optimal solubility. The ligation was
performed at 15 mm in the presence of oxalic acid (0.1m) at
60 8C. On our first attempt, without any optimization, ligated
T32T§ cspA (2–67) 15 was isolated in 53% yield. Detailed
MS/MS and FTMS analysis confirmed the sequence identity
and exact mass of the synthetic cspA protein (2–67) T32T§

with an N-terminal Fmoc group. The CD spectrum of
synthetic cspA protein compared well with a literature
report.[16]

The N-terminal oxaproline is a significant advance over
our prior use of N-hydroxyamino acids for the KAHA
ligation. The N-hydroxyamino acids could not be incorpo-

Table 1: Survey of conditions for KAHA ligations to synthesize Pup
(2–63) from a-ketoacid 11 and oxaproline peptide 8.

Entry Solvent[a] Ligated Pup protein 12 at 4 h [%][b]

a) 60 8C b) 50 8C c) 40 8C

1 DMSO 9% –[c] –
2 9:1 DMSO:H2O 56 % 8% –
3 8:2 DMSO:H2O 70 % – –
4 6:4 DMSO:H2O 76 % 27% 20%

[a] All ligation reactions were performed with 1.5 equiv Pup (2–32)-a-
ketoacid 11 and 1.0 equiv Pup (33–63) oxaproline 8 at 20 mm with 0.1m

oxalic acid. [b] % conversion determined by analytical HPLC. [c] Con-
dition not examined. Figure 1. CD spectrum of the synthetic Pup protein 12 in 40%

trifluoroethanol:water.
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rated into peptides by using standard N-protecting groups and
were often unstable to purification or the ligation itself.[6b]

Furthermore, peptide ligations with O-unsubstituted hydro-
xylamines did not tolerate aqueous conditions. The 5-oxapro-
line leads to homoserine residue, a non-natural amino acid, at
the ligation site. In most cases, we anticipate that the
homoserine residue will serve as a surrogate for threonine,
serine,[17] methionine, aspartic acid,[18] and asparagine residues
with minimal effect on protein structure and function. The
remarkable chemoselectivity and reactivity of the oxaproline
ligation likely arises from the relief of the ring strain of the 5-
membered oxaproline. The design of other cyclic hydroxyl-
amines for the KAHA ligation should allow for the prepa-
ration of synthetic proteins with both natural and unnatural
residues at the ligation site.

In conclusion we have developed a variant of the KAHA
ligation using 5-oxaproline that is suitable for protein
chemical synthesis. The (S)-N-Boc-5-oxaproline monomer is
readily prepared in enantiomerically pure form in multigram
quantities by a short synthetic sequence. The 5-oxaproline
residue was easily incorporated into peptides and was stable
to standard deprotection and handling conditions. Backbone
amide-forming ligations with an a-ketoacid peptide were

clean and efficient, even in the presence of unprotected
peptide side chains. The ligation was demonstrated by the
synthesis of two proteins, Pup (63 residues) and cspA (66
residues). The KAHA ligation with 5-oxaproline promises to
be the first general method for native amide-bond forming
protein ligations, other than NCL, for the chemical synthesis
of proteins, glycoproteins, therapeutic peptides, and other
structures of biological interest by the chemoselective cou-
plings of unprotected segments.
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