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Abstract: A novel protecting group for enantiopure a-
ketoacids delivers C-terminal peptide a-ketoacids directly
upon resin cleavage and allows the inclusion of all canonical
amino acids, including cysteine and methionine. By using this
approach, SUMO2 and SUMO3 proteins were prepared by
KAHA ligation with 5-oxaproline. The synthetic proteins
containing homoserine residues were recognized by and
conjugated to RanGAP1 by SUMOylation enzymes.

The a-ketoacid–hydroxylamine ligation (KAHA ligation)
makes possible the chemical synthesis of proteins from
unprotected peptide segments.[1] It offers an alternative to
the well-established native chemical ligation (NCL) devel-
oped by Kent and co-workers.[2] The KAHA ligation does not
require a cysteine residue and permits ligation under aqueous
acidic conditions, which are well-suited for solubilizing
peptide segments. KAHA ligation is compatible with unpro-
tected functional groups in the peptide side chain and has
been used for the synthesis of proteins including Pup, cspA,
and UFM1 by two and three-segment ligation strategies.[3]

The best implementation of this ligation uses a 5-oxapro-
line residue as the N-terminus of one segment, which leads to
an innocuous but noncanonical homoserine residue (T§) at
the ligation site.[4] The initial product of the KAHA ligation
with 5-oxaproline is an ester, which readily rearranges to an
amide in basic buffers.[5] A variety of a-ketoacids are suitable
for the C-terminus of the other peptide segment, including
leucine, phenylalanine, tyrosine, arginine, glutamic acid, and

alanine. The preparation of the a-ketoacid requires oxidation
of a cyanosulfurylide.[6] This oxidation is fast and reliable, but
is not compatible with peptide segments containing cysteine
or methionine residues; tryptophan can also be problematic.
It also introduces an additional synthetic step after solid-
phase peptide synthesis (SPPS) of the segment.

Herein, we introduce a protected form of leucine a-
ketoacid that is suitable for obtaining the corresponding
enantiopure peptide a-ketoacids directly upon cleavage from
the resin (Scheme 1). No post-SPPS manipulations are

needed and this method is compatible with all unprotected
side chains, including cysteine, methionine, and tryptophan.
In a continuation of our interest in the synthesis and study of
modifier proteins,[7] we prepared SUMO3 by a three-segment
ligation strategy, and SUMO2 with a pro-peptide by a four-
segment strategy by using this new approach. This work
complements the recent elegant synthesis of SUMO1 by
Melnyk and co-workers using NCL.[8] In addition to docu-
menting the new peptide a-ketoacid synthesis, this work also
demonstrates 1) the viability of the KAHA ligation in the
presence of unprotected cysteine residues; 2) ligation with
valine a-ketoacids, and 3) confirmation that synthetic
SUMO2 and SUMO3 with multiple homoserine residues
are biochemically active.

A traceless protecting group for the synthesis of C-
terminal peptide a-ketoacids must meet the following strict
criteria: 1) It must be stable to the reagents and basic
conditions of the SPPS; 2) it must be removed under acidic

Scheme 1. A protecting group for the traceless preparation of peptide
a-ketoacids by Fmoc solid-phase peptide synthesis. Boc= tert-butoxy-
carbonyl, Pbf = 2,2,4,6,7-pentamethyl-2,3-dihydro-1-benzofuran-5-sulfo-
nyl, PG= protecting group, TFA = trifluoroacetic acid, Trt = triphenyl-
methyl.
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resin-cleavage conditions to directly afford the side-chain
unprotected, C-terminal peptide a-ketoacid; 3) it must
undergo deprotection through a mechanism that does not
lead to epimerization, and 4) it must be readily prepared on
sufficient scale and coupled to a resin by a suitable linker.[9]

For initial development of protected a-ketoacids, we elected
to focus on protections of Fmoc-leucine a-ketoacid 1, as
leucine is by far the most prevalent amino acid in proteins[10]

and contains no side-chain functionality that could interfere
with the a-ketoacid protection.[11]

At the outset of our studies we were particularly
concerned with the issue of epimerization. The simplest
protection—masking the keto group as an acyclic dimethyl
acetal—was feasible, but in some cases resulted in partial
epimerization upon cleavage (Scheme 2). We postulated that

a protecting group that could be removed by a mechanism
involving the formation of a hemiacetal rather than an
oxonium ion could overcome this problem.[12] Despite many
attempts, we could not prepare the simplest implementation
of this design with acyclic mono- or di-para-methoxybenzyl
acetals. This prompted us to focus on a series of 1,2- and 1,3-
diols that would give cyclic acetals (Table 1).

In early experiments, we found that 1,2-diol derivative 3a
could protect leucine a-ketoacid 1 to give 4 a, but only in poor
yield.[13] Hydroxythiol 3 b also gave the product 4 b in low
yield. Unlike the oxo derivative 4 a, the deprotection of 4b
was not successful under the desired conditions, which we
attribute to the higher stability of the O,S-acetal compared to
the O,O-acetal.[14] The use of 1,3-diol derivative 3c did not
offer any advantage. Changing the electronic properties of the
aromatic ring to a less electron rich system by introducing a 4-
bromo substituent led to increased yields of 4d, but the
deprotection was unfeasible. Attempts to derivatize 4 d by
Cu- or Pd-catalyzed reactions were unsuccessful.[15] The gem-
dimethyl-1,3-diol derivative 3e provided the protected leu-
cine a-ketoacid 4e in better yield and allowed facile,
epimerization-free deprotection to return the a-ketoacid. To
avoid the formation of diastereomers arising from the racemic
protecting group, we attempted protection using meso-1,3-
diol 3 f, but the protection step was not successful. Based on
these results, we selected gem-dimethyl compound 3e for
further optimization of the protection step (see the Support-
ing Information). Careful tuning of the reaction conditions

and monitoring of by-product formation led to an optimized
procedure, whereby the initial yield was increased from 28%
to 66%. Although the protected leucine a-ketoacid 4e is
formed as a mixture of diastereomers because of the racemic
protecting group 3e, we elected to proceed with it as it is
removed in a traceless manner during the resin cleavage step
to give the enantiopure C-terminal leucine a-ketoacid. The
easy availability of both the leucine a-ketoacid 1 and the
racemic protecting group 3e, along with the ability to perform
the protection reaction on a decagram scale renders this
procedure suitable to produce enough protected leucine a-
ketoacid for routine use in protein synthesis.

Protected leucine a-ketoacid 4e was coupled to a Wang-
type linker[16] by alkylation with benzylic chloride 5, followed
by deprotection of the allyl ester to afford the free carboxylic
acid 7 (Scheme 3). Loading 7 onto standard amino-function-
alized polystyrene or a polyethylene glycol based solid
support gives a stable, storable resin that readily delivers
the C-terminal peptide a-ketoacid upon acidic cleavage of the
resin. A critical aspect in using the leucine a-ketoacid
protection strategy in Fmoc-SPPS was establishing a cleavage
cocktail for liberating the fully unprotected peptide a-
ketoacid segment without reduction or other harm to the a-
ketoacid group.[17]

Certain commonly used scavengers, such as ethanethiol or
thiophenol led to thioacetal adducts or inefficient scavenging.
Fortunately, the non-malodorous thiol compound 2,2’-(ethyl-
enedioxy)diethanethiol (DODT)[18] or 1,2-ethanedithiol

Scheme 2. Design of an a-ketoacid protecting group that is removable
without epimerization.

Table 1: Evaluation of protecting groups for a-ketoacids.[a]

Protecting group

protection yield 20%[b] <5% <5% <5%
deprotection yes yes no yes
epimerization[c] yes – – –

Protecting group

protection yield 29 % 28%[d]

66%[e]
N.R.

deprotection no yes –
epimerization[c] – no –

[a] See Supporting Information for a full list of protecting groups
investigated. [b] Prepared from 1, trimethylorthoformate, and sulfuric
acid. [c] Determined by HPLC after ligation of the deprotected a-
ketoacid. [d] Initial, unoptimized yield. [e] Yield after optimization.
PMP= 4-methoxyphenyl.
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(EDT) act as effective scavengers to give the fully unpro-
tected peptide a-ketoacids that can be purified by HPLC and
stored as a lyophilized powder for several months.

To demonstrate the utility of the protected leucine a-
ketoacid for protein synthesis we used it for the preparation
of the modifier proteins SUMO2 and SUMO3. For SUMO3,
we selected ligation sites at Val29-Gln30 and Leu52-Ser53,
which would give two mutations when using the 5-oxaproline
for the ligation: Q30T§ and S53T§. This strategy reduces the
synthesis of SUMO3 to three segments, each with about 30
residues. For the synthesis of the slightly longer SUMO2 with
a pro-peptide by a four-segment strategy we chose ligation
sites at Val30-Gln31, Leu53-Ser54, and Leu76-Glu77, which
would introduce three homoserine residues in the final
protein.

The segments were assembled into SUMO2/3 protein by
three or four segment ligations as shown in Scheme 4A. For
the preparation of SUMO3 (53–92) 12 and SUMO2 (54–76)
10, the use of Fmoc-Asp(OtBu)-N(Dmb)Gly-OH during
SPPS proved critical for avoiding aspartimide side products.
For the longer SUMO2 with the pro-peptide, we chose a four-
segment ligation strategy that required bifunctional a-ketoa-
cid 10—prepared using the protected leucine a-ketoacid
resin—and oxaproline segment 9. The ligation proceeded
smoothly to give the ester product, and the O to N acyl shift at
pH 9.5 followed by Fmoc cleavage gave SUMO2 (54–95) 11
after HPLC purification.

The middle regions of SUMO2 and SUMO3 share an
identical sequence containing cysteine and methionine resi-
dues, which was prepared as Fmoc-protected peptide a-
ketoacid 13 using our newly developed resin 8. Ligation with
the corresponding oxaproline segments of SUMO2 (54–95) 11

or SUMO3 (53–92) 12 proceeded readily to give the ligation
products SUMO2 (31–95) depsi-14 and SUMO3 (30–92)
depsi-15, respectively. The esters were easily converted into
the amide products either by a one-pot Fmoc cleavage and O
to N acyl shift or by a two-step sequence. These examples are
the first published reports of the KAHA ligation in the
presence of an unprotected cysteine residue. While perform-
ing these ligations, we observed that distilled and degassed
NMP/H2O often delivered better results than DMSO/H2O
mixtures, presumably because of oxidation of the cysteine and
methionine residues in DMSO.

The C-terminal valine a-ketoacids SUMO2 (2–30) 16 and
SUMO3 (2–29) 17 were prepared uneventfully by oxidation
of the corresponding cyanosulfurylides, which were synthe-
sized using our previously reported linker.[6] The final
ligations with C-terminal valine a-ketoacids SUMO2 (2–30)
16 and SUMO3 (2–29) 17 were complete within 10 h at 60 8C,
despite the use of the more sterically demanding valine
residue. The target proteins SUMO2 (2–95) 18 and SUMO3
(2–92) 19 were obtained after O to N acyl shifts to convert the
esters into the amides. The ability to use valine a-ketoacids in
the KAHA ligation increases the number of disconnection
sites suitable for chemical protein synthesis.

To verify that the two or three homoserine residues in
synthetic SUMO3 19 and SUMO2 18 do not disturb the
protein structure or function, we initiated biochemical studies.
The SUMO protease SENP2, unlike many other proteases,
requires the characteristic SUMO fold to perform its proteo-
lytic function.[19] To evaluate whether SUMO2 (2–95) 18 with
the pro-peptide would be recognized and processed by
SENP2, the synthetic protein 18 was incubated in pH 7.5
Tris buffer to allow folding, followed by the addition of human
SENP2 protease. Within minutes, the proSUMO2 (2–95) 18
was completely converted into the active SUMO2 (2–93) 20
to reveal the C-terminal Gly-Gly motif (Scheme 4B). This
demonstrates that the synthetic SUMO2 protein 18 with three
homoserine residues adopts the characteristic SUMO fold
similar to the wild-type protein.

We performed in vitro SUMOylation reactions to further
evaluate whether SUMO activation and conjugation enzymes
will recognize SENP2-processed synthetic SUMO2 (2–93) 20
or synthetic SUMO3 (2–92) 19 and SUMOylate a protein of
interest, RanGAP1 (Scheme 4C).[20] Separating the products
of the enzymatic reaction by SDS-PAGE followed by Western
blotting using a SUMO2/3 antibody revealed that the
synthetic SUMO2/3 proteins were readily accepted by the
SUMOylation enzymes to generate synthetic SUMO2-
RanGAP1 conjugate 21 and SUMO3-RanGAP1 conjugate
22 (Scheme 4D). This result further demonstrates that the
synthetic SUMO2/3 proteins containing the homoserine
mutations[21] exhibit full activity comparable to the natural
SUMO2/3.

In summary, we have developed a protecting group for a-
ketoacids that allows the inclusion of all canonical amino
acids, including cysteine, methionine, and tryptophan in SPPS
and delivers the C-terminal peptide a-ketoacid directly upon
cleavage of the resin. We successfully utilized the newly
developed resin for the synthesis of the a-ketoacid segments
necessary for the preparation of SUMO2/3 proteins by

Scheme 3. Synthesis and immobilization of protected leucine a-keto-
acid 4e. COMU = 1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)
dimethylaminomorpholino)] uronium hexafluorophosphate, NMM= N-
methylmorpholine, Tf = trifluoromethanesulfonyl, TMS= trimethylsilyl.
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sequential KAHA ligations. Additionally, we provide bio-
chemical evidence that the homoserine residues introduced
by the KAHA ligation with 5-oxaproline in SUMO2/3 do not
affect the in vitro recognition and processing by the SUMO-
ylation machinery.
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