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In the past decade, total chemical synthesis has proved to be a
robust and reproducible method for making proteins of
defined tertiary structure and full biological activity.[1–5] This
success has been made possible by the introduction of
chemical ligation methods based on the chemoselective
reaction of unprotected peptides under mild conditions in
aqueous solution.[6] Our objective is the fully convergent
synthesis of proteins from four or more peptide segments
using modern native chemical ligation methods. Convergent
synthesis is inherently parallel and is thus more efficient.[7] In
a convergent approach, the two halves of the target sequence
are prepared from multiple peptide segments and condensed
in a final step to give the full-length polypeptide chain. In the
fully convergent strategy reported herein for the chemical
synthesis of a target polypeptide chain, novel synthetic routes
are used to make the two halves of the target polypeptide
chain. Thus, the left half of the target polypeptide is made by
sequential C-to-N ligations in the presence of a potentially
reactive thioester moiety at the C terminus, while the right
half of the target sequence is made by unprecedented
sequential ligations in the N-to-C direction.

Native chemical ligation, the thioester-mediated covalent
joining of unprotected peptide segments at a cysteine
residue,[8] is the most practical and most widely used chemo-
selective ligation method. Until now, most synthetic proteins
have been prepared from just two peptide segment building
blocks. Recent improvements have been focused on the
preparation of proteins by sequential ligation of three or four
peptide segments.[2, 3,5, 9, 10] For syntheses involving multiple
segments, existing strategies for the use of native chemical
ligation are suitable only for sequential ligations towards the
N terminus from a C-terminal Cys peptide segment. An N-
terminal Cys residue can be reversibly protected (PG= pro-
tecting group) to give PG-Cys-peptide1-(athioester), so that
reaction with Cys-peptide2 gives only the desired PG-Cys-
peptide1-peptide2; removal of the protecting group to give
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Cys-peptide1-peptide2 enables the synthesis to be continued
by sequential ligation towards the N terminus of the target
polypeptide chain.[3] No corresponding set of chemical tactics
currently exists for protecting the thioester moiety of a
peptide-(athioester), thus preventing not only N-to-C sequen-
tial assembly of the peptide segments by native chemical
ligation but also fully convergent protein synthesis using this
chemistry.[11]

Herein, we report an approach based on the novel
principle of “kinetically controlled ligation” that enables a
highly practical, fully convergent strategy for the synthesis of
a target protein. The major challenge was to control the
intrinsic dual reactivity of a bifunctional Cys-peptide2-
(athioester) under native chemical ligation reaction condi-
tions so that it would react with a peptide1-(athioester) to
yield only a single product (see Scheme 1A).[12] Like most
researchers who use native chemical ligation, until now we
have routinely prepared relatively unreactive peptide-
(aCOSCH2CH2CO)-Leu (i.e. alkyl) thioesters.[13] Typically,
native chemical ligation of such a peptide-(athioalkylester)
and a Cys-peptide has been carried out in the presence of
thiophenol as a catalyst; the reactive species is assumed to be
the peptide-(athiophenylester).[14] We conjectured that a
preformed peptide-(athiophenylester) would react with a
Cys-peptide so much faster than a standard peptide-
(athioalkylester) that, in the same solution under competitive
reaction conditions in the absence of exogenous thiophenol,
this large rate difference (see Supporting Information) would
make the standard peptide-(athioalkylester) effectively
unreactive. This turned out to be the case.

To present concrete examples of the chemical challenges
involved in the fully convergent synthesis of a protein from

Scheme 1. Key steps in a convergent synthesis using native chemical
ligation. A) Kinetically controlled reaction of a peptide-
(athiophenylester) with a Cys-peptide-(athioalkylester) to give a single
ligation product. B) The conversion of a Thz-peptide-(athioalkylester)
into a Cys-peptide-(athioalkylester), without damage to the thioalkyles-
ter moiety.

Scheme 2. Fully convergent synthesis of the model protein crambin
from six peptide segments. Ligations 1 and 2 are kinetically con-
trolled and assemble the N-terminal half of the target sequence in
the C-to-N direction. Ligation 3 is also kinetically controlled, and
together with native chemical ligation 4, it assembles the C-terminal
half of the molecule in the N-to-C direction. Ligation 5 is the final
native chemical ligation of the two halves of the target molecule 46-
residue polypeptide, which is folded to give the protein crambin.
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multiple peptide segments and to illustrate how we were able
to effectively address those challenges, we undertook a
synthesis of the model protein crambin from six peptide
segments.[3, 15–17] The sequence of the target molecule and the
synthetic design are shown in Scheme 2.

The efficacy of our kinetic-control strategy for determin-
ing the outcome of a ligation reaction is shown in ligation 1 in
the crambin synthesis (see Scheme 2, box A), with the
reaction of Thz-Pro-Ser-Ile-Val-Ala-Arg-Ser-Asn-Phe-Asn-
Ala-(athiophenylester) with Cys-Arg-Leu-Pro-Gly-Thr-Pro-
Glu-Ala-Leu-(athioalkylester) in aqueous buffer (pH 6.8) in
the absence of added thiophenol (see Figure 1A and B). The
ligation reaction was complete in one hour and gave the
desired product Thz-Pro-Ser-Ile-Val-Ala-Arg-Ser-Asn-Phe-
Asn-Ala-Cys-Arg-Leu-Pro-Gly-Thr-Pro-Glu-Ala-Leu-
(athioalkylester) in near-quantitative yield. Only trace
amounts of by-products from undesired reaction of the alkyl

Figure 1. Analytical HPLC traces of the kinetically controlled ligation of
[Thz4–Ala15]-(athiophenylester) and [Cys16–Leu25]-(athioalkylester).
A) t<1 min, B) t=1 h. The ligation gave almost exclusively the [Thz4–
Leu25]-(athioester). In part (B), arrow (a) indicates cyclized by-product
(cyclic (Cys16–Leu25); the two peaks eluting just after this by-product
are residual reactants), and arrow (b) indicates the by-product [Thz4–
Leu25]–[Cys16–Leu25]-(athioalkylester). C) Conversion of [Thz4–Leu25]-
(athioalkylester) into [Cys4–Leu25]-(athioalkylester) using 0.2m
methoxyamine hydrochloride added directly to the ligation reaction
mixture. The reaction was complete in two hours.

Figure 2. Analytical HPLC traces corresponding to the final step in the fully
convergent synthesis of crambin, namely the native chemical ligation of the two
halves of the target polypeptide chain [Thr1–Leu25]-(athioalkylester) and [Cys26–
Asn46]. Trace (A) shows the starting point (i.e. before the addition of thiophe-
nol). Overnight reaction under standard native chemical ligation conditions gave
the full-length crambin polypeptide, which was then folded without purification.
Trace (B) shows the total crude products from folding and disulfide formation of
the unpurified full-length polypeptide ligation product obtained upon dilution to
1m guanidinium hydrochloride in the presence of 8 mm Cys and 1 mm cystine.
The correctly folded crambin molecule was formed in near-quantitative yield in
1 h. Trace (C) shows the folded crambin molecule after purification by prepara-
tive HPLC (observed mass: 4702.0�0.8 Da; calculated mass: 4702.4 Da, as
expected for three disulfides). Reverse-phase HPLC analyses were performed on
a Vydac C4 column using a linear gradient (1–61%) of buffer B in buffer A over
15 min (buffer A: 0.1% trifluoroacetic acid (TFA) in water; buffer B: 0.08% TFA
in acetonitrile). Disulfide bridges were not determined.
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thioester were formed (see Figure 1B): cyclized by-product
(< 1.5%) and oligomer (! 1%). Similar results were
obtained for the two other kinetically controlled ligations in
the crambin synthesis (Scheme 2, ligations 2 and 3; see also
Supporting Information).

The other key chemical transformation for the use of
native chemical ligation in a fully convergent synthesis is to be
able to convert a Thz-peptide-(athioalkylester) into a Cys-
peptide-(athioalkylester) (Scheme 1B). This transformation
was accomplished by treatment with 0.2m methoxyamine
hydrochloride. The thioester moiety was unaffected during
the quantitative conversion from the Thz-peptide-
(athioalkylester) into the Cys-peptide-(athioalkylester) (com-
pare the products shown in Figure 1C with the starting
mixture in Figure 1B).

The last step in the convergent synthesis was the native
chemical ligation of the two halves of the polypeptide chain,
followed by folding and disulfide formation, which gave the
synthetic crambin protein in good yield (see Figure 2).

Several aspects of the kinetically controlled ligation
reactions used in the convergent synthesis of crambin are
worthy of comment. Ligation 2 (Scheme 2) involves reaction
of a peptide-thiophenylester that contains an internal Cys
residue with a free thiol group. In this instance, the presence
of a free thiol did not interfere with the formation of the
desired product (see Supporting Information); however, the
ligation product underwent internal cyclization with the C-
terminal thioester to form a thiolactone, which could be
readily converted into a thioalkyl ester (see Supporting
Information). The nature of the C-terminal amino acid
residue in a peptide-(athioester) affects the relative reactivity
of that peptide in native chemical ligation: hindered C-
terminal amino acids such as Ile, Thr, or Val are much less
reactive than, for example, a C-terminal Ala-(athioester). This
needs to be taken into account in the design of a convergent
synthesis and can be used to advantage to help control the
outcome of the reaction as we have done in the example
presented herein. We have also successfully used kinetically
controlled ligation to join two peptides, both of which have a
C-terminal alanine (i.e. ligation of a peptide-Ala-
(athiophenylester) to a Cys-peptide-Ala-(athioalkylester)),
with results that are comparable to those shown here (data
not shown).

The new tactics and chemistries described herein are a
major advance in the chemical synthesis of proteins. We are
successfully using fully convergent synthesis based on kineti-
cally controlled ligation for an increasing number of protein
targets, including erythropoietin, the HIV-1 protease, and a
KChIP accessory protein. We believe that kinetically con-
trolled ligation will form the basis for a truly practical
convergent chemical synthesis of proteins.[18]
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