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““You shall shortly discover that more can be learned by
building up than by tearing down, more by joining than by
separating, more by reviving the dead than by further killing
what is already dead.”[1]”
Johann Wolfgang von Goethe, Wilhelm Meister’s Wanderjahre

1. Introduction

From very early on, chemists identified peptides and
proteins as targets for the development of synthetic proto-
cols.[2] Countless research projects have been driven forward
by one particular motivation: accessing sufficient peptide or
protein material in combination with the potential to site-
selectively introduce chemical functionalities to elucidate
their structure and function. These routes would thereby
complement other routes to obtain protein material such as
isolation from natural sources and biochemical expression
techniques.

The field of protein synthesis gained further attention
when natural protein modifications were identified as the key
element for controlling complex cellular processes in living
organisms.[3] Researchers thus aimed to control the chemical
composition and potential modification of each residue within
the polypeptide chain to obtain homogeneous protein mate-
rial for studying complex biological systems.[3e,f]

Needless to say, the current status of protein synthesis has
been preceded by several important investigations—mile-
stones which stimulated and set the basis for further research
activities in this field. These important findings started with
the first description of the peptide composition by Emil
Fischer[2a] followed by early solution-phase condensation
strategies.[2b] The development of orthogonal protecting
groups later allowed Merrifield to develop the most fre-
quently used method in peptide and protein chemistry,
namely, automated solid-phase peptide synthesis (SPPS).[4]

Linear peptides of up to 30–40 amino acids can reliably be
accessed with SPPS, which led to the coupling of (multiple)
peptide fragments as the focus of further investigations.[5]

Fragment coupling can be pursued in two ways: in the first
route partially protected peptides are coupled to achieve a
selective peptide linkage between two termini, followed by

the removal of the protecting groups (Scheme 1A). Although
several modes of activation have been reported, including the
frequently applied AgI-mediated coupling of C-terminal N-
peptide thioesters with N-terminally unprotected C pepti-
des,[6] this general strategy is limited by the requirement of a
final removal of the protecting groups, possible epimerization
during the activation at the C terminus of the N-peptide
fragment, and occasional aggregation phenomena of longer
protected peptide sequences (for an explanation of C and
N peptides, see Table 1).[7] Consequently, the second
approach has drawn particular attention in the area of
peptide and protein chemistry, that is, the chemoselective
ligation of unprotected peptides and proteins (Scheme 1B).[8]

In this Review, we address several important aspects of
chemoselective ligation and modification techniques in pro-
tein synthesis, which complement excellent previous reviews
and highlights on this topic.[9] Various efforts are currently
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commonly referred to as chemical biology, often requires
chemical access to biologically relevant macromolecules such as
peptides and proteins. Building upon solid-phase peptide
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being pursued to further advance chemical ligation methods.
These efforts do not only result in inspiring the development
of novel methodology to tackle the limitations of current
strategies but also result in fascinating studies which precisely

address the biological function of proteins
by using the synthetic products in subse-
quent biochemical and biophysical investi-
gations. It is therefore a major goal of this
Review to combine an overview of the
currently available methods (Sections 2–4)
with specific examples in which these meth-
ods were directly used for such studies
(Sections 6 and 7).

The methods presented in this Review
range from purely organic synthetic strat-
egies (Sections 2–4) to molecular biology
methods (Sections 2 and 5), thereby stress-
ing the interdisciplinary character of this
research area. This Review should give the
researcher who is interested in attaching
peptides or proteins to their system or
intends to derivatize them with desired
molecular components an overview of the
considerations, requirements, and limita-
tions that have to be taken into account
when choosing a particular ligation or con-
jugation strategy. As some of these methods
have only recently been developed, it is
important to say that some have not as yet
been applied to the ligation or modification

of longer unprotected peptide or even protein sequences.
Nevertheless, they will be mentioned and discussed here as
they demonstrate potential new pathways for the chemo-
selective ligation and modification of peptides or proteins.[10]
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Scheme 1. Fragment coupling strategies: A) Coupling of protected peptides; B) chemoselective ligation of unprotected peptides.

Table 1: Key to the different peptide fragments used in this Review.

Symbol Species Remarks

unprotected
peptide

amino acids or functionalized termini important for a
scheme are drawn precisely

protected pep-
tide

PG stands for commonly used protecting groups in
Fmoc- or Boc-based SPPS

partly pro-
tected peptide

only the specific protected amino acid is drawn with
the protecting group attached

N peptide
peptides which participate in a ligation reaction;
N peptide will end up in the N-terminal region of the
ligation product

C peptide
peptides which participate in a ligation reaction;
C peptide will end up in the C-terminal region of the
ligation product

enzyme

resin
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2. Chemoselective Peptide Ligation: Capture/
Rearrangement, NCL, and EPL

2.1. Early Observations and Experiments

The hallmark of most ligation strategies known today is a
capture step that links two peptides in a chemoselective way
followed by an intramolecular rearrangement. This “capture/
rearrangement” concept is also employed in native chemical
ligation (NCL), which represents the most widely used
ligation strategy.

Early experiments that led to the capture/rearrangement
method were reported in 1953 by Wieland et al., who
investigated the chemical properties of amino acid thioest-
ers.[11] Initially, they reported that thiophenol thioesters can
undergo intermolecular aminolysis in the presence of amines
to give amides. In contrast to these thiophenol thioesters, a
glycine thioester of cysteamine 1 could not be synthesized and
isolated as such under neutral pH conditions. This observation
could be attributed to the additional amino group of cyste-
amine located in proximity to the thiol moiety. As a result, a
rapid intramolecular S!N shift occurred to yield the
corresponding amide 2. This rearrangement occurred under
mild acidic conditions and was accelerated at higher pH val-
ues. The authors concluded that the observed reaction could
be used for peptide synthesis. For this purpose the previously
discussed intramolecular rearrangement was combined with
an intermolecular thiol–thioester exchange: Specifically, a
Val-thiophenol thioester 3 was synthesized and treated with
cysteine (4 ; Scheme 2A). The highly reactive aryl thioester
rapidly exchanged with the thiol moiety of Cys, which
represents the capture step. The resulting Val-S-Cys thioester
5 subsequently rearranged to form a Val-Cys dipeptide (6)
linked to a native peptide bond.[11]

2.2. Prior Thiol Capture

One of the earliest ligation techniques used with unpro-
tected synthetic peptides was the prior thiol capture strategy
developed by Kemp et al.[12,13] Initially, the peptide which will
end up in the N-terminal region of the ligation product (the
N peptide, see Table 1) is attached to an auxiliary template,
such as 6-hydroxy-4-mercaptodibenzofuran, through an ester
bond in 7 (Scheme 2B).[14] The N peptide can be assembled
directly on the template by using optimized solid-phase
peptide synthesis protocols. The capture is mediated by a
disulfide exchange between a Cys residue located at the
N terminus of the C peptide 8 and the free thiol of the
template 7 (Scheme 2B). Afterwards an intramolecular O!
N transfer takes place in 9 to give a native peptide bond
between the N and C peptide in 10. The template thus fulfils
two main functions: on one hand it places the N and C peptide
in proximity and on the other hand it serves as a mild activator
of the ester-bound C-terminal carboxylic group of the
N peptide, thereby increasing its electrophilicity. Finally,
reducing agents such as triethylphosphine can be used to
release the ligation product 11 from the template.[15]

The prior thiol capture strategy has been optimized[15] and
applied in the ligation of various unprotected peptides to yield
polypeptides with up to 39 residues.[16] However, another
strategy called native chemical ligation (NCL) is routinely
used nowadays for peptide ligations.

2.3. Native Chemical Ligation
2.3.1. Method Development and Chemoselectivity

The full potential of native chemical ligation was shown in
1994 by Kent and co-workers for the reaction of unprotected

Scheme 2. A) Aminolysis of thioesters by Wieland and B) Kemp’s prior thiol capture strategy. DMSO = dimethylsulfoxide, HFIP = hexafluoroisopro-
panol.
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thioesters with N-terminal Cys peptides.[17] This study dem-
onstrated that the reaction is chemoselective and thereby
applicable to the ligation of unprotected peptides
(Scheme 3A). NCL is nowadays the most widely used
chemoselective ligation technique based on a capture/rear-
rangement concept. The impact NCL made on chemistry and
biochemistry is illustrated by the approximately 900 citations
this original article has so far received. The chemoselective
capture step is mediated by a reversible thiol–thioester
exchange between an electrophilic (aryl) thioester 12 at the
C terminus of the N peptide and the nucleophilic thiol of a
Cys residue located at the N terminus of the C peptide 13
(Scheme 3A). In the following rearrangement, the Cys-
thioester 14 undergoes a rapid intramolecular S!N transfer,
via a favorable five-membered transition state, to form a
native peptide bond between the C and the N peptide in
polypeptide 11.[18] Importantly, additional internal Cys resi-
dues in the peptide do not interfere with the overall reaction
pathway, since the irreversible intramolecular S!N shift can
only occur at the unique N-terminal Cys residue. Any internal
Cys residues that participate in the formation of thioester 15
rapidly exchange backwards(Scheme 3 B).

In the original study of 1994, NCL was used to synthesize
human interleukin 8 (IL-8) from two synthetic peptide frag-

ments.[17] Today, there are several examples of NCL-based
peptide ligations for various purposes, including the selective
introduction of protein modifications or tags,[19] the total
chemical synthesis of posttranslationally modified and
unmodified proteins (see Sections 2.4 and 6),[20] and segmen-
tal isotopic labeling of proteins for NMR studies.[21, 22] In
addition, the conjugation of peptides with other macromole-
cules such as peptide nucleic acid (PNA)[23, 24] and DNA[25] can
be performed.

2.3.2. Reaction Conditions for the NCL and Mechanistic Aspects

A major advantage of NCL is the mild reaction con-
ditions, which allow the ligation to be carried out in buffered
aqueous solutions of neutral pH value. This is important for
two reasons: On the one hand, strong basic conditions make
other residues such as Lys amenable to reactions with
thioesters, and furthermore thioesters are not stable under
basic conditions. On the other hand, acidic conditions do not
favor NCL either, because the reactivity of the Cys thiol and
the N-terminal amine of the C peptide is reduced.[9g,18]

Another important factor during the NCL reaction is the
nature of the amino acid located at the C terminus of the
thioester. Dawson and co-workers have investigated this in

Scheme 3. Native chemical ligation: A) Mechanistic pathway. B) Equilibrium between thioester peptides. C) Influence of residues at the C terminus
of the N peptide. D) Thioester exchange with arylthiols. MESNA = sodium 2-mercaptoethanesulfonate.
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detail by synthesizing a set of model peptides containing each
of the 20 proteinogenic amino acids at the C terminal
thioester 16.[26] These peptides were treated with the C pep-
tide 17 containing an N-terminal Cys residue to form the
product 18, which was monitored over time (Scheme 3C).
These experiments indicated that all 20 amino acid thioesters
16 could undergo the NCL reaction, but the side chains
affected the ligation rates significantly. The fastest reaction
rate was observed for the Gly thioester which reacted
quantitatively in less than four hours. In contrast, thioesters
containing b-branched amino acids or proline did not result in
a quantitative conversion, even after two days.[26] However,
sterically hindered thioesters can also be ligated by using
more reactive thiols.

Finally, the nature of the thioester has a huge impact on
the NCL reaction.[27] Since alkyl thioesters are generally less
reactive than aryl thioesters the former are more attractive for
synthesis and handling. However, NCL requires a rapid thiol–
thioester exchange, which proceeds much more efficiently
with aryl thioesters (Scheme 3D). Thus, peptide thioesters are
commonly synthesized as their alkyl derivatives 19, for
example, with sodium-2-mercaptoethanesulfonate
(MESNA), and converted into the corresponding aryl thio-
esters 20 in situ by the addition of an excess of aryl thiols, such
as the water-soluble (4-carboxymethyl)thiophenol (21,
MPAA).[28] The thiol–thioester exchange with competing
thiols has been investigated in detail by forming thioesters
of various reactivity, where the equilibrium depended on the
properties of the participating thiol species. The addition of
aryl thiols to NCL reactions has an additional positive aspect:
the maintenance of the reduced state of the N-terminal Cys of
the C peptide, which is critical for the reaction.[29]

In line with the mechanistic aspects discussed above, NCL
reactions usually proceed without side reactions and in high
yields. Furthermore, NCL reactions can be performed in the
presence of denaturing agents or detergents such as urea or
sodium dodecylsulfonate (SDS), which can be important
when the N or C peptides are not soluble under standard
conditions. This advantage was exploited for the synthesis of
the potassium channel KcsA.[30] The hydrophobic nature of
the N and C peptides necessitated that the reaction had to be
carried out in the presence of 1% SDS, which led to a
conversion of 80 % after only two hours.

Native chemical ligation reactions usually proceed at
peptide concentration in the low millimolar range. In this
regard, the use of templates which increase the local peptide
concentration by binding or association events have proven to
be particularly useful: For example, an autocatalytic peptide
replicase based on the NCL was been described, in which a
32-residue a-helical peptide based on the leucine zipper
domain of the yeast transcription factor GCN4 accelerated its
own formation by NCL through association of the two
peptide precursors.[31] This concept, also referred to as
template-directed ligation,[32] has been extended to NCL
with high sequence and diastereoselectivity, with an rate-
acceleration of 4100 observed,[33] and the amplification of
homochiral ligation products starting from racemic mixtures
of the ligated fragments.[34–36]

2.3.3. Chemical Requirements and Synthesis of the Starting
Materials

Reasons why NCL has become such a successful tool for
peptide ligations are the high stability and accessibility of the
starting materials. The readily accessible template, which can
be incorporated by standard SPPS methods and facilitates the
capture and rearrangement step, is none other than the
natural amino acid cysteine which will remain in the ligation
product and does not need to be further processed. The
second required building block is a C-terminal thioester of the
N peptide. Chemical methods for generating peptide thio-
esters are well established by using Boc as well as Fmoc-SPPS
strategies (Boc = tert-butoxycarbonyl, Fmoc = 9-fluorenylme-
thoxycarbonyl).[37] The Boc strategy, however, requires HF to
cleave the resin-bound thioester 21 and deliver thioester 22
(Scheme 4A).[38,39] Although special equipment is required
for the cleavage reaction (because of the toxic and corrosive
nature of HF), this route has been frequently employed in
thioester syntheses because of the high overall yields.[37]

Various strategies which take into account the high
electrophilicity of thioesters have been developed for the
Fmoc-based synthesis of peptide thioesters.[40, 41] A prominent
example is the use of the alkanesulfonamide “safety-catch”
resin,[42] which allows the resulting peptides to be activated
with diazomethane,[43] iodoacetonitrile,[44] or by palladium-
catalyzed allylation[45] to yield the secondary sulfonamide 23.
The addition of nucleophilic thiols leads to a cleavage of the
protected peptides as thioesters (Scheme 4B).[43,46] Following
a global deprotection, peptide thioesters 24 can be used for
NCL reactions. Alternatively, peptides on HMBA (4-
hydroxymethylbenzoic acid) or PAM (4-hydroxymethylphe-
nylacetamidomethyl polystyrene) resins can be converted
into thioesters with alkylaluminum thiolates.[47]

Another common approach for the synthesis of thioesters
employs a highly acid-sensitive TGT[48] or 2-chlorotrityl resin
25,[49] which allow cleavage under mild acidic conditions to
yield protected peptides 26. The thioester is introduced by C-
terminal activation of the protected peptide in solution after
cleavage from the resin and subsequent coupling with a thiol.
Global deprotection finally affords an unprotected peptide
thioester 24.[46, 50] However, the high risk of racemizing the C-
terminal residue by the activation limits this otherwise very
useful approach to C-terminal Gly residues or requires
careful optimization of the reaction conditions to suppress
epimerization of the peptide (Scheme 4C).[51]

An Fmoc-based strategy for the in situ synthesis of
thioester 24 by an ester–thioester rearrangement employs
the assembly of a carboxy ethyl ester 29, which bears a
disulfide-protected thiol in the b position (Scheme 4D).[52–54]

Peptide assembly is performed on the resin-bound S-pro-
tected b-mercapto-a-hydroxypropionic acid 27. After cleav-
age to yield 28, thiophenol is added, which removes the
disulfide protection and triggers an intramolecular O!S shift
to afford thioester 24 (Scheme 4D).[52]

An additional thioester synthesis protocol also utilizing a
disulfide-protected thiol in the b position employs phenyl-
ester 32. This reaction is performed in solution and starts with
the corresponding amino acid ester 30, which is coupled with
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a protected peptide 31. Following global deprotection, an
excess of the thiol is added, which induces the O!S shift and
thiol–thioester exchange (Scheme 4E).[53] In both cases the b-
disulfide esters can be considered as “thioester precursors”,
which can be applied in reiterative reactions for the ligation of
multiple peptide fragments (for additional strategies see
Section 7).[55, 56] These compounds were also applied in the
synthesis of cyclic peptides,[57] glycopeptides,[58] and peptide
ligations at cysteine-free junctions (see Section 3.3.4).

2.3.4. Alternative Approaches for Peptide Ligations at Cysteine
Junctions

As described in Section 2.3.1, NCL utilizes the rearrange-
ment of a thioester-linked peptide 14 (Scheme 3 A), in which
an amine nucleophile is positioned in proximity to the
thioester moiety. Besides the thiol–thioester exchange reac-
tion, one can envision a second synthetic access to thioesters
14b, in which an inverted pair of nucleophilic and electro-
philic peptides is used, as demonstrated in the reaction of a
thioacid N peptide 34 with a C peptide containing a bromi-
nated alkyl species at the N terminus (35a ; Scheme 5A).[59] In
this ligation reaction (although not demonstrated for Cys-
containing peptides), acidic reaction conditions are not only

possible but even favored.[60] Specifically, a C-terminal
thiocarboxylic acid 34 performs a nuclophilic attack onto an
electrophilic b-bromoalanine residue located at the N termi-
nus of the C peptide 35b, thereby resulting in the formation of
Cys-thioester 14 (Scheme 5B) before the final S!N shift is
initiated to furnish 11. However, in reaction media of pH 6 or
higher, the a-bromoalanine residue can undergo 1,3-elimi-
nation of HBr, which results in the formation of an aziridine
ring in 36. Subsequent ring opening by the thiocarboxylic acid
leads finally to the formation of an undesired side product 37
containing a a-thio-b-alanine residue (Scheme 5B). At pH 5
or lower, the formation of the aziridine ring is largely
suppressed due to the protonation of the amino group of
the b-bromoalanine.

In an analogous process, capture of the thiol-perthioester
derivative can be performed at even lower pH values
(Scheme 5C). In this case, the thiocarboxylic acid 34 performs
a nucleophilic attack on a disulfide 38 to form a Cys-
perthioester 39. After a S!N shift, the resulting disulfide 40
can be reduced to the thiol 11.[61] This reaction can be
performed at pH< 2, which can be attributed to the activated
nature of perthioesters and the strong nucleophilicity of the
thiocarboxylic acid.

Scheme 4. Strategies for generating peptide thioesters. TFA = trifluoroacetic acid, HATU= 2-(1H-7-azabenotriazol-1-yl).
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2.4. Ligation Methods for Recombinant and Synthetic Peptides

Ligation products from (poly)peptide fragments of syn-
thetic and recombinant sources are generally referred to as
“semisynthetic” peptides or proteins, respectively. This strat-
egy combines the advantages of organic synthesis and
biochemical techniques, as it is possible to introduce various
unnatural functionalities into a biopolymer. In this way,
protein semisynthesis bypasses the size limitations of SPPS.
The groundwork for modern protein semisynthesis was laid in
the early 1970s by Borr�s and Offord.[62,63] Their semisynthesis
strategy starts with the reaction of the N-terminal amino
group of peptides extracted from living organisms with
Edman�s phenylisothiocyanate (PITC). Next, the e-amino
groups of lysine residues are protected, followed by cleavage
of the PITC-derivatized N-terminal amino group. The result-
ing unique a-amino group could be used for ligation reactions
with activated amino acids. The applicability of this approach
was demonstrated by incorporating tritium-labeled Phe as the
N-terminal amino acid into human proinsulin.[64] However,
the requirement to install protection groups on the Lys side
chain prior to the ligation reaction limits this approach. Today,
chemoselective ligation techniques which do not suffer from
these shortcomings are primarily used to link recombinant
and synthetic polypeptides.

2.4.1. NCL with Recombinant Peptide Fragments

NCL is especially useful for protein semisynthesis because
the capture/rearrangement process is mediated by the natural
amino acid cysteine.[9,17, 65] Protein semisynthesis is often
employed for the selective installation of biophysical probes
or modified amino acids into recombinant proteins
(Scheme 6).[66,67] To ligate a synthetic thioester 12 with a

recombinant protein 13 the latter needs to contain an N-
terminal Cys residue. The introduction of an N-terminal Cys
residue into proteins is commonly achieved by a combination
of genetic methods such as site-directed mutagenesis and
controlled cleavage with proteases.

In this approach, a Cys residue imbedded in the recog-
nition site of a specific protease 42 (such as factor Xa[65, 68] or
the TEV protease)[69, 70] is introduced at the N terminus of a
protein 41 on a genetic level, commonly together with an
additional affinity tag.[68–70] After expression and purification,

Scheme 5. Chemical ligation with inverted nucleophilic and electrophilic groups. A) Thioester peptide synthesis. B) Thioester ligation resulting in
native peptide bonds. C) Cys-perthioester strategy.

Scheme 6. The concept of protein semisynthesis.

Ligation Methods
Angewandte

Chemie

10037Angew. Chem. Int. Ed. 2008, 47, 10030 – 10074 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


the recombinant protein is treated with the protease 42,
thereby resulting in the release of the N-terminal Cys protein
13 (Scheme 7). Alternative cleavage modes include the
rearrangement of intein fusion proteins[71] and cyanogen
bromide (CNBr) mediated cleavage between a Met-Cys motif
in a protein.[72] Furthermore, genetic constructs containing a
Cys codon following the ATG(Met) start codon have been

used to express proteins with an N-terminal Cys residue. In
these cases, the endogenous methionine aminopeptidase
removes the initial Met residue and liberates the following
Cys moiety.[73]

2.4.2. Expressed Protein Ligation

An obstacle for protein semisynthesis with NCL is the
lack of chemical tools to convert recombinant proteins into
protein thioesters. Thus, Muir, Sondhi, and Cole introduced a
new tool for protein semisynthesis called “expressed protein
ligation” (EPL).[74] EPL is based on a naturally occurring
enzymatic process called “protein splicing”, where an internal
protein domain excises itself out of a precursor polypeptide 43
and links the flanking N and C fragments through a native
peptide bond.[75–78] In analogy to RNA splicing, the internal
protein domain is called an intein and the flanking regions N
and C exteins. It is important to note that all necessary
enzymatic activities for this process are imbedded in the
intein domain itself. The underlying mechanism is illustrated
in Scheme 8A. First, a Cys residue at the N terminus of the
intein undergoes an N!S shift to form a Cys-bound thioester
44 between the intein and the N extein.[79] Next, the thioester
is transferred to a downstream Cys residue in 45—in this case
the first amino acid of the C extein. An intramolecular
rearrangement with an Asn residue at the C terminus of the
intein concludes the splicing process, thereby resulting in a
succinimide 46 at the C terminus of the intein and a native
peptide bond linking the N and C exteins in protein 47.[80]

To exploit this process for the semisynthesis of a thioester,
a protein of interest (POI) is fused with an intein at the
genetic level (Scheme 8B). In the above case, the POI

Scheme 7. Generation of recombinant peptides with an N-terminal Cys
residue.

Scheme 8. A) Protein splicing and B) ligation of expressed proteins (EPL). POI= protein of interest; CBD= chitin binding domain.
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represents the N extein in the expressed fusion protein 48.
The C extein is replaced by an affinity tag, such as a chitin
binding domain (CBD), for purification purpose. The intein
catalyzes the reversible N!S shift to 49. Mutations in the
intein prohibit further downstream processes of the splicing
process discussed previously. Once the fusion protein is
loaded on a resin, the desired protein thioester can be
generated by the addition of excess thiols such as sodium 2-
mercaptoethanesulfonate (MESNA, 33), thus leading to the
formation of the Cys thioester by a thiol–thioester exchange.
The resulting protein thioester 50 can be isolated by simple
elution from the resin, to which the intein remains bound.
Finally, the thioester can undergo NCL with a synthetic
C peptide 51 containing an N-terminal Cys residue. Alter-
natively, the synthetic peptide can be added directly during
the thiol cleavage reaction to form the ligation product 51
in situ (Scheme 8 B).

2.4.3. Trans-Splicing of Proteins

Another method applicable to ligating synthetic and
recombinant peptides is “protein trans-splicing”. This reac-
tion is based on the previously discussed action of an intein
and can therefore also be considered as a fully enzyme-
catalyzed process. This methodology does not require the
synthesis of thioesters for the ligation process, instead it
employs inteins which are divided into two fragments. These
so-called “split inteins” can then reassociate to form a fully
functional complex which finally links the N and C exteins by
protein splicing (Scheme 9A).

Split inteins were first discovered in the cyanobacterium
Synechocystis sp. strain PCC6803, in which the catalytic

subunit of the DNA polymerase III was expressed as two
separate DnaE fragments (Scheme 9A). These fragments
represented the N and C exteins of a split intein system, which
later rejoins them to yield the full-length DnaE (in this case
the polymerase III).[81] Specifically, the 774 amino acids at the
N terminus of DnaE are fused with 123 amino acids of the
N fraction of the split intein (IntN) to yield the N-fusion
protein 52. The remaining 36 amino acids of the C-terminal
region of the split intein (IntC) are fused to the missing 423 C-
terminal amino acids of DnaE in the C-fusion protein 53.
Upon splicing, DnaE 54 which comprises 1197 amino acids is
reconstituted as one covalent polypeptide chain. The non-
covalent complex of the IntN and IntC fragments 55 is the
second component resulting from the splicing event
(Scheme 9A).

To utilize split inteins for protein semisynthesis a synthetic
IntC-C-extein peptide with the smaller C-terminal intein
fragment can be obtained from solid-phase peptide synthesis
(SPPS) and then reacted with a recombinant N-extein-IntN

fusion protein. The feasibility of this approach was demon-
strated by the ligation of a synthetic FLAG epitope to a
recombinant green fluorescent protein (GFP; Scheme 9B).[82]

This method introduced by Giriat and Muir can also be
applied inside living cells, and usually proceeds in the mid
micromolar range. In this regard mammalian cells expressing
the GFP-IntN construct 56 were incubated with a synthetic
IntC-FLAG peptide 57. The peptide contained additionally a
cell-penetrating peptide, which allowed its shuttling into the
living cells.

The natural occurrence of split inteins has led to further
genetic and biochemical investigations as to whether regular
inteins can be split artificially.[83–86] In this context, a further
approach to semisynthetic protein trans-splicing was reported
by Mootz and co-workers.[87] The artificially split Ssp DnaB
intein was used to ligate a fluorescein (Fl) conjugated peptide
58 to recombinant thioredoxin (Trx) 59. Importantly, the split
site in this intein system is located only 11 amino acids
downstream of the N terminus of the intein (Scheme 9C).
Thus, this split intein system can be used to ligate synthetic
peptides to the N terminus of recombinant proteins, whereas
the DnaE system is only suitable for ligations at the
C terminus. Furthermore, the size of the synthetic IntN

fragment 58 is only 11 amino acids (compared to 36 in case
of the DnaE system), which is very advantageous for the SPPS
of the whole synthetic peptide fragment: Since these residues
will not end up in the ligation product, their size should be as
small as possible to make the Ssp DnaB system an improve-
ment for the semisynthesis of proteins.

3. Peptide and Protein Ligations by Capture/
Rearrangement at Cysteine-Free Junctions

As described in Section 2, NCL allows a chemoselective
ligation of two unprotected peptide or protein fragments to
yield a native amide bond. Although the literature is rich in
examples which demonstrate the general utility of NCL, the
need for a Cys residue at the ligation site still represents a
particular limitation for NCL. Cysteine residues are incorpo-

Scheme 9. Protein trans-splicing. A) Trans-splicing of the split DnaE
intein. B) Trans-splicing of a C-terminal semisynthetic protein.
C) Trans-splicing of a N-terminal semisynthetic protein.
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rated in peptide sequences only to an extent of 1.7%,[88] which
often excludes a retrosynthetic disconnection for peptide
ligation by NCL. Additionally, cysteine residues cannot
always be regarded as small “non-native” building blocks
that replace the naturally occurring residue at the ligation site,
as they can undergo disulfide-bond formation which could
influence the overall folding pathway. To overcome this
limitation, several approaches have been pursued to allow a
chemoselective connection of amide bonds at cysteine-free
peptide junctions 60. These methods can be categorized
according to their different methodological approaches
(Scheme 10). It is important to note that some approaches
yield native polypeptides with only naturally occurring amino
acids, whereas others furnish amino acid analogues under
maintenance of the a-amino acid backbone.

3.1. Ligations with Amino Acids other than Cys

The first approach utilizes amino acids other than Cys at
the N terminus of the C-peptide fragment which can partic-
ipate in the previously discussed capture step (see Section 2)
and subsequent nucleophilic attack on an appropriate electro-
philic functionality (in most cases a thioester or related
moiety).

3.1.1. His Ligation

The first example of this approach is the use of His resi-
dues at the C terminus of the N peptide 61. Histidine contains
an imidazole moiety as the nucleophile,[89] which is known to

accelerate enzymatic acyl transfer reactions under acidic
conditions (Scheme 11 A). Although this transformation
occurs in rather low yield in ligations with C-terminal peptide
thioesters 12, it becomes applicable under acidic conditions
with more active perthioesters 62 (or acyl disulfides), which
can be generated by activation of thioacids with Ellman�s
reagent.[90] This ligation has been demonstrated by Zhang and
Tam in the synthesis of His-containing peptides 63 in yields
between 60 and 70 %; however, the peptides cannot contain
additional nucleophilic side chains.[91]

3.1.2. Sec Ligation

Another strategy involves the use of a selenol nucleophile,
such as in 64, instead of a thiol function for NCL, and leads to
a peptide ligation product 65 bearing the rare amino acid
selenocysteine (Sec, Scheme 11B).[92] As the SeH group is
more acidic and nucleophilic than a thiol, Sec-mediated
ligations by NCL approaches are very fast and occur in high
yield. They have been used in the synthesis of various
peptide[93] and also protein architectures by EPL.[94] The
resulting ligation products have had important applications in
NMR spectroscopy[95] and mechanistically relevant investiga-
tions of proteins, as for example, in copper-binding studies of
the blue copper protein azurin.[96]

3.2. Chemical Modification of NCL Products

The general synthetic strategy described in this section
relies on selective chemical transformations of ligation

Scheme 10. Synthetic pathways for Cys-free peptides and proteins.
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products 11 obtained by NCL (Scheme 12).[97] Such trans-
formations are commonly utilized to convert expressed
proteins into enzymes with improved enzymatic function[98]

or to introduce natural protein modifications site-specifi-
cally.[99] The advantage of a chemical modification strategy in
combination with NCL arises from the fact that these
transformations can address the unique chemical properties
of the pivotal amino acid at the native chemical ligation site,
for example, a Cys or a Sec residue. Nevertheless, additional
thiol functionalities in the ligation product limit the generality

of this strategy, as selective transformations are difficult to
perform without further protecting-group manipulations.

An additional issue of this approach is based on the fact
that chemical transformations have to be performed on the
final peptide product. Along with chemoselectivity consid-
erations, harsh reaction conditions could harm the final
protein product and thus significantly decrease the overall
yield of the ligation or, even worse, affect the overall protein
architecture through aggregation phenomena.

Scheme 11. Ligations at His (A) and Sec residues (B).

Scheme 12. Chemical modification of NCL products: Alkylation and desulfurization strategies. TCEP= Tris-(2-carboxyethyl)phosphine, CNBr =cya-
nogen bromide.
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3.2.1. Desulfurization
3.2.1.1. Ala Ligation: Desulfurization of Cys

One of the most frequently used and most straightforward
methods to convert thiol-containing ligation products into
native polypeptide analogues is to selectively attack the thiol
functionality by desulfurization techniques such as by the use
of Raney-nickel or nickel boride (Scheme 12). Most impor-
tantly, this strategy allows the generation of Ala residues at
the ligation site 66. The method was introduced by Perlstein
et al.[100] and has been applied in challenging peptide systems
by Yan and Dawson,[101] who also compared palladium- and
nickel-mediated processes in regard to the formation of
reductive side products. This protocol was applied in the
synthesis of various polypeptides[102, 103] and further extended
by a selective desulfurization of unprotected Cys over Acm-
protected Cys residues.[104] This approach allows ultimately
the ligation of Cys-containing polypeptides at Ala junctions
after a final Acm-deprotection step. However, one of the
major obstacles is still the heterogeneous nature of the
employed Ni catalyst, which, in certain systems, can result in
aggregation,[105] and further side reactions, such as desulfur-
ization of thioethers in Met in thiazolidines (Thz) and the
epimerization of secondary alcohols.[106] This disadvantage
has been addressed recently by Wan and Danishefsky who
reported a metal-free radical-based desulfurization technique
to convert Cys residues in the presence of residues such as
Met, Acm-protected Cys, and Thz in high yields
(Scheme 12).[107]

3.2.1.2. Conversion of Cys into Dehydro-Ala (Dha)

Davis et al. have developed an oxidative elimination
strategy employing O-mesitylene-sulfonylhydroxylamine
(MSH) to convert a surface-exposed Cys residue into a
dehydro-Ala residue (Scheme 13).[108] This fast reaction
proceeds at 4 8C with full conversion and tolerates the various
functional groups in the protein backbone, because methio-
nine residues, in which the thioether moiety could react to
give the iminosulfonium salt, can be regenerated by treatment
with dithiothreitol (DTT). The resulting dehydro-Ala deriv-

atives allowed a straightforward chemoselective incorpora-
tion of various sulfide-containing molecules through a
Michael addition (see also Section 4.3.1), thereby allowing
conjugation with peptides and carbohydrate derivatives.[109]

Additionally, analogues of naturally occurring posttransla-
tionally modified proteins, such as phosphorylated proteins,
could be obtained, in which the resulting protein was
delivered as a mixture of diastereomers.

3.2.1.3. Conversion of Sec into Ala or Dehydro-Ala

As mentioned in Section 3.1.2, Sec-containing ligation
products can also be further processed. The Raney-nickel-
mediated deselenation leads to the isolation of Ala deriva-
tives 66, whereas an oxidative elimination with H2O2 delivers
the dehydro-Ala 67 as the final product, which can be further
modified as well (see also Section 3.2.1.2, Scheme 11B).[109–111]

3.2.1.4. Phe Ligation and Val Ligation: Desulfurization of
b-Mercapto Bulding Blocks

In two recent publications, NCL was extended to b-
branched Cys derivatives, which were desulfurized to give
natural amino acids after ligation.[112] For example, b-mer-
captophenylalanine was used as a template for ligations at
Phe junctions (Scheme 14, top).[113] This derivative can be
attached to the N terminus of the C peptide as a disulfide
building block 68. After thiol addition, 69 is then generated
in situ under NCL conditions. The thiol function at the
benzylic position in 70 can be removed with Raney-nickel.
This approach has been applied in the ligation of two
pentapeptides to give a decapeptide with a Phe residue at
the ligation junction in good overall yields.

In a similar approach, a penicillamine building block 71 a
has been employed for the ligation at hydrophobic ligation
sites, in which the b,b-dimethylcysteine functionality reacted
surprisingly fast and in high yields with an N-peptide thioester
(Scheme 14, bottom).[114a] The resulting penicillamine con-
taining 11 to 22 amino acids was transformed into the
corresponding Val peptides by applying an optimized version
of Danisefsky�s homogeneous desulfurization method. Most
importantly, this two-step procedure has established linkage
junctions between various amino acids including the branched
hydrophobic residues Leu and Val. In a very recent publica-
tion by Danishrfsky et al. , another system for the ligation at
Val residues was described which employed a (primary) thiol
group at the g position of the N-terminal Val in the C peptide
71b. This auxiliary delivered the corresponding peptides in an
analogous two-step protocol in very good yields even at very
hindered Thr-Val junctions.[114b]

3.2.2. Alkylation and Thioalkylation Protocols
3.2.2.1. Conversion of Cys or Sec into Ser as well as Met, Gln, Glu,

and Lys Analogues

The nucleophilic properties of thiol and selenol function-
alities at the ligation site can also be used in alkylation or
thioalkylation reactions. Although the examples mentioned
here have mostly been applied to the modification of

Scheme 13. Chemoselective oxidative elimination to Dha proteins
according to Davis.
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expressed proteins, they are also applicable to NCL products.
For example, Cys residues in proteins can be transformed by
thioalkylation with methyl methanethiosulfonate 72 to Met
analogues 73[115] or other important bioconjugates such as
disulfide-linked glycoconjugates (Scheme 12),[116] which can
be converted into a stable glycosyl thioether linkage by a
chemoselective reaction with PIII reagents.[117] Additionally,
Gln or Glu derivatives 74 can be obtained by reaction with a-
iodoacetamide (75)[118] or a-iodoacetic acids (76, see also
Section 7.2),[119] respectively, whereas Lys analogues 77 can be
obtained by reaction with aziridines or bromoethylamines
(78) (Scheme 12).[120] Although these transformations deliver
non-native protein analogues of natural occurring amino
acids, several studies have demonstrated they have similar
biological function as their natural analogues.[119]

In a very recent study the methylation of a Cys residue
with methyl-4-nitrobenzenesulfonate was combined with an
activation and intramolecular rearrangement with CNBr in
formic acid followed by an O!N-acyl shift under slightly
basic conditions (pH 7–8).[121, 122] This protocol converted Cys
residues of NCL ligation products in Ser 79 (Scheme 12) in
high yields, and hence has great potential in the synthesis of
N-linked glycopeptides as they contain an Asn-Xaa-Ser or
Asn-Xaa-Thr consensus sequence (Xaa represents any amino
acid except proline).[123]

3.2.2.2. Met Ligation: Alkylation of Hcy

Another important ligation strategy has been developed
which involves the alkylation of a homocysteine (Hcy)
containing polypeptide with no Cys residues.[124, 125] Hcy-

Scheme 14. Native chemical ligation at a Phe (top) or Val junction (bottom) by a two-step ligation and desulfurization protocol.

Scheme 15. Met ligation: Alkylation of a Hcy-containing NCL product.
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containing polypeptides 82 can be obtained, in analogy to
NCL, with a homocysteine at the N terminus (80), where the
reaction proceeds via a six-membered transition state 81
(Scheme 15). The final alkylation can be performed with
methyl p-nitrobenzenesulfonate (83) under basic condi-
tions,[126] or under neutral or acidic conditions to yield Met-
containing peptides 84.[127] Along those lines, Roelfes and
Hilvert have reported the conversion of selenohomocysteine
proteins obtained by EPL into selenomethionine analogues to
create a selenium analogue of bovine pancreatic polypeptide
(bPP).[94b]

3.3. Auxiliary Methods

All the previous methods affect unprotected Cys residues
in addition to the Cys residue at the ligation site. In such cases,
another approach, that is, the use of an auxiliary strategy, is
more applicable.[128] In this method a thiol-containing auxil-
iary 85 is placed in proximity to the N terminus of a C-peptide
fragment, which reacts with thioester 12 in a rearrangement
similar to NCL (Scheme 16). The auxiliary has to be removed
from the resulting peptide 86 in a final synthetic trans-
formation to furnish the desired native peptide or protein
sequence 87. Thus, the same requirements concerning mild
reaction conditions as discussed in the previous section are
needed.

3.3.1. (Oxy-)Ethanethiol Auxiliary

One of the first auxiliary systems employed an ethanethiol
(X = CH2, 88) or oxyethanethiol (X = OCH2, 89) substituent
at the N terminus of a C peptide (Table 2, entry 1). The thiol

group can participate in the thioester exchange reaction with
a second peptide thioester before the secondary amine can
undergo the S!N shift. In general, the ethanethiol auxiliary
delivered better ligation yields at Gly junctions (up to 90%)
compared to the oxyethanethiol analogue. Although the
ethanethiol auxiliary cannot be removed from the peptide,[129]

the N�O bond of the oxyethanethiol auxiliary can finally be
cleaved under reducing conditions with Zn.[130] Both systems
have been applied to the synthesis of advanced peptides
including peptide cyclization.[129,131]

3.3.2. Na-1-Aryl-2-mercaptoethyl Auxiliary

In the auxiliary system 90 the N terminus of the C peptide
is converted into a secondary amine which contains an aryl
functionality in the 1-position and a thiol functionality in the
2-position (Table 2, entry 2).[132] This functional group can be
introduced into the peptide either by reaction of the parent
amine with an a-bromo peptide or by a building blockScheme 16. Mechanism and scope of the auxiliary-mediated ligation.

Table 2: Auxiliary systems with possible ligation junctions and auxiliary
removal conditions.[a]

Ligation junction
Auxiliary
removal conditions

Gly-Gly
(for 88)

none
(for 85)

Gly-Gly
Phe-Gly
Ala-Gly
(for 89)Zn, acetic acid
(for 86)

Gly-Gly
Ala-Gly
His-Gly
Lys-Gly

HF
(for R2=H)
TFA
(for R2=OMe)

Gly-Gly
Ala-Gly

hn (310–365 nm)

Gly-Gly
Ala-Gly
Lys-Gly

HF
(for 92a)
TFA (Hg2+) (for 92b)

[a] Dmb= 4,6-dimethoxy-2-mercaptobenzylamine, Tmb= 4,5,6-trime-
thoxy-2-mercaptobenzylamine.
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approach with Boc- or Fmoc-protected Na-(1-aryl-2-mercap-
toethyl)amino acid derivatives.[133] The auxiliary system
allows sterically nondemanding coupling at Gly and Ala
junctions in good overall yield in various peptidic systems
(Table 2), including glycopeptides and cyclic peptides, even
though the auxiliary has to be removed under highly acidic
conditions using HF or TFA/TMSBr.

3.3.3. Photocleavable Auxiliaries

Particularly noteworthy is a method that addresses the
issue of the removal of the auxiliary under mild conditions
introduced by the research groups of Aimoto[134] and
Dawson,[135] who developed a photocleavable variant of the
previously mentioned 1-aryl-2-mercaptoethyl auxiliary
system 90 (Table 2, entry 3). The light-sensitive auxiliary 91
bears an ortho-nitrobenzene function, which efficiently
ligated two nonapeptides in high yields prior to its photolytic
removal. Despite these benign deprotection conditions, the
auxiliary system is limited to sterically nondemanding peptide
ligations at Gly-Gly or Ala-Gly junctions. Nevertheless, this
approach has recently found an important application in the
semisynthesis of the protein ubiquitin conjugated to the e-
amino group of a Lys side chain within a histone-derived
peptide, and represented the first example of an EPL at a
cysteine-free ligation site.[136] In combination with a second
EPL, this process was even extended to a chemical ubiquitin
modification of proteins. Specifically, a chemically ubiqui-
lated histone H2B was obtained, which stimulated biological
responses in mediating intranucleosomal methlyation.[137]

3.3.4. 4,5,6-Trimethoxy-2-mercaptobenzylamine (Tmb) Auxiliary

In 2000, Offer and Dawson introduced a 2-mercaptoben-
zyl-based auxiliary system 92a in which an electron-rich
arylthiol undergoes thioester exchange with a C-terminal
peptide thioester (Table 2, entry 4). A subsequent S!N shift
of the secondary amine leads to the formation of a tertiary
amide, which is prone towards acidic hydrolysis with TFA.[138]

Optimization studies delivered the 4,5,6-trimethoxy-2-mer-
captobenzylamine (Tmb) auxiliary 92b in which the arylthiol
had an increased nucleophilicity and the tertiary amide an
increased acid lability. This auxiliary was successfully used for
the ligation of peptides that contained at least one Gly at the
ligation site, with coupling times of 0.5 h (Gly-Gly), 2 h (Lys-
Gly), and 5 h (Ala-Gly).[139] This ligation strategy has been
used in the synthesis of cytochromeb562, a 106-residue
protein.[140]

Recently, Danishefsky et al. have employed the Tmb
auxiliary in combination with the C-terminal peptide phenol
ester 93 with an ortho-disulfide (see Section 2.3.3) in sterically
demanding ligations of two glycopeptide fragements 93 and
94, both containing an N-linked chitobiose residue at a Gly-
Gln junction.[141] In this study it was found that the acidic
conditions applied for removal of the auxiliary led to an
accumulation of the thioester intermediate 95 through pro-
tonation of the secondary amine, and thus involving an N!S
shift.[18, 142] A prior methylation of the arylthiol increased the
removal efficiency to furnish glycopeptide 96 (Scheme 17).

3.3.5. Sugar-Assisted Glycopeptide Ligations (SAL)

Recently, Wong et al. introduced a ligation strategy for
glycopeptides in which the auxiliary for the capture step is
incorporated into the glycan; this method is termed sugar-
assisted glycopeptide ligation (SAL, Scheme 18 A).[143] Spe-
cifically, the thiol function is introduced as a b-thioacetamido
substituent at the C2-position in 97 either in a GalNAc moiety
(for O-linked glycopeptides)[144] or in a GlcNAc residue (for
N-linked glycopeptides).[145] The thiol is proposed to form
initially a thioester with a C-terminal peptide thioester 12. A
free amine at the N terminus of the glycopeptide fragment
can then perform the S!N shift to generate the native amide
bond in 98 under slightly basic conditions. Finally, desulfur-
ization (see Section 3.2.1) yields the native glycan structure
99. It was demonstrated that glycopeptides carrying up to six
additional amino acid residues N-terminal to the glycosyla-
tion site were able to undergo SAL, thus allowing a flexible
choice of the ligation site to permit bulky amino acid residues
in proximity to the glycan.[146] A b-thioacetic ester in the C3-
position of a GalNAc residue in auxiliary 100 can also be
used; in this case a final basic auxiliary removal with
hydrazine is possible (Scheme 18 B).[147]

In a very recent study from the same research group, a
direct aminolysis approach was described which allowed the
coupling between a (glyco-)peptide thioester and another
(glyco-)peptide at a cysteine-free junction or sugar auxiliary,

Scheme 17. Cys-free glycopeptide coupling by using a Tmb auxiliary.
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respectively.[148] In this ligation strategy, which is based on the
early observations by Wieland, a carefully optimized NMP/
HEPES buffer at neutral to slightly basic pH is employed,
which renders amino groups, including the N terminus of the
C peptide, sufficiently nucleophilic to perform the aminolysis
with the N-peptide thioester. These conditions simultaneously
suppressed thioester hydrolysis efficiently. However, this
method cannot be employed as a general chemoselective
ligation technique, since additional amino groups in Lys side
chains have to be protected.

3.4. Other Methods Relying on Chemoselective Capture
Strategies

The methods discussed so far relied on NCL variants in
which a thioester equilibrium (or disulfide formation) resem-
bles the capture step before the amide bond is formed by an
S!N shift. In contrast, the following methods utilize a
different chemoselective reaction (for a detailed discussion on
chemoselectivity see Section 4) for the first capture step.

3.4.1. Traceless Staudinger Ligation

This ligation reaction was introduced by the research
groups of Raines and Bertozzi in 2000 and represents a
traceless variant of the initially reported (nontraceless)
Staudinger ligation (see Section 4.2.4).[149,150] Both reactions
originate from the well-known Staudinger reaction[151] in
which an azide reacts with a phosphine to form an imino-
phosphorane. The non-traceless Staudinger ligation was
identified by Bertozzi as chemoselective and was developed
for the chemoselective functionalization of metabolically
engineered azidoglycans in cellular environment (see Sec-
tion 4.2.4).[150]

In the traceless Staudinger ligation, the iminophosphor-
ane 103, formed from an a-azidoamino acid or -peptide 101
and a phosphinothioester 102 (resembling the chemoselective
capture step), can undergo an intramolecular attack with an
internal thioester to yield a native amide bond in high yields
at a Gly-Gly/Ala[149] or even an Ala-Ala junction (104)
(Scheme 19A).[152] Similarly, an ortho-substituted diphenyl-
phosphinoarylthiol 106 can participate in a thioester exchange
with 105 to lead to the in situ formation of a phosphino-
thioester 107, which can act as a substrate for the Staudinger
reaction to give 108 (Scheme 19 B).[149a] The traceless Stau-
dinger ligation does not, in contrast to NCL, require a Cys
residue at the ligation site. A water-soluble version of the
traceless Staudinger ligation has been developed,[153] and
detailed mechanistic investigations[154] and applications have
been performed. Those studies included site-specific immo-
bilization of peptides on surfaces,[155] ligation of protected
(glyco-)peptide fragments,[156] and cyclization of unfunction-
alized lactams.[157] Until recently, and in contrast to the
nontraceless Staudinger ligation,[158] the chemoselectivity of
the traceless Staudinger ligation has rarely been addres-
sed.[156b,c,159] In a very recent publication, the traceless
Staudinger ligation was employed in the cyclization of
unprotected peptide sequences with 11 amino acids (109),
which contained all amino acids from the circular protein
microcin J25. Although the tolerance of all the naturally
occurring amino acids in this protocol has not been proven, it
was demonstrated that borane-protected peptide azidophos-
phinothioesters 110 can be deprotected under acidic condi-
tions, which simultaneously removed the proecting groups at
the peptide side chains as well as the borane protecting group
to yield phosphonium salts 111, which cyclized on addition of
base (Scheme 19C).[160]

3.4.2. Imine Ligations with Subsequent Pseudoproline Formation

Another ligation process introduced by Liu and Tam
furnishes a pseudoproline by reaction of a C-terminal
glycolaldehyde peptide 112 with another peptide 113 con-
taining a Cys, Thr, or Ser residue at the N terminus
(Scheme 20).[161] This reaction is initiated by the formation
of an imine 114 to which the sulfhydryl or hydroxy function of
the N-terminal amino acid can add on to form the tautomeric
thiazolidine (Thz, 115 a) or oxazolidine (Oxz, 115 b). This
peptide derivative can finally undergo an irreversible O!N
shift via a bicyclic five-membered intermediate to deliver a

Scheme 18. Sugar-assisted ligation with a A) b-thioacetamide or B) b-
thioacetic auxiliary.
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hydroxymethylene-substituted pseudoproline 116 at the liga-
tion junction, with a new stereogenic center at the C2-
position.[162] It is important to note that the formation of the
thiazolidine can be carried out in aqueous solution, whereas
the oxazolidine synthesis requires anhydrous conditions.

This imine ligation reaction was utilized in the assembly of
proline-rich analogues of the 59-residue helical antibacterial

peptide bactenecin 7.[163] Interestingly, Tam and Miao utilized
a three-segment condensation, in which the first junction was
constructed by the formation of a thiazolidine of the Cys
peptide, a faster step than the formation of the corresponding
oxazolidine of the Thr peptide. Simultaneously, an oxidative
conversion of a C-terminal glycerol ester of a peptide dimer
into the corresponding glycolaldehyde, and subsequent for-

Scheme 19. A) Mechanism of the traceless Staudinger ligation. B) In situ generation of phosphinothioesters for the traceless Staudinger ligation.
C) Staudinger cyclization after acidic deprotection of borane-protected phosphinothiols. DIC = diisopropylcarbodiimide.

Scheme 20. Pseudoproline ligation of unprotected N peptides with C-terminal glycoaldehyde C peptides.
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mation of the second pseudoproline was reported as another
segment ligation protocol. The synthesized analogues dis-
played comparable biological activities as the natural product,
whereas structural studies revealed a higher population of the
polyproline type II helix in the natural polypeptide.

3.4.3. Peptide Ligation by Reductive Amination

Another Cys-free ligation protocol based on Danishefky�s
phenolic ester strategy uses a Tmob-protected ortho-thiol and
O!S!N transfer between various amino acids, one of which
should be Gly or Ala (Scheme 21).[164] The strategy relies on

the introduction of an alydehyde in the meta position to the
phenolic ester 117, which can undergo a reductive amination
with the N terminus of an unprotected peptide 118 as the
capture step to form 119. Deprotection of the ortho-thiol
leads to an O!S shift before the secondary amine can

undergo the final S!N transfer (120). The auxiliary in 121
can be removed under acidic conditions (in a similar manner
as described for the Dawson auxiliary). Besides the depro-
tection conditions potentially harming the glycosylic linkages
in glycopeptides, another drawback of this method is the
possible epimerization at the C-terminal amino acid during
formation of the phenolic ester (which limits its utility to Gly
and Pro residues). The first disadvantage was addressed by a
recent protocol in which the phenolic esters were ligated using
AgI salts with a peptide containing a free amine at the
N terminus (“auxiliary-free Cys-free” coupling).[165] Although
this strategy may also lead to the epimerization of peptide

thioesters and, additionally, is not fully
chemoselective, as it requires the protection
of additional nucleophiles in the peptide side
chain, highly complex glycopeptides were
ligated in very good overall yields.

4. Ligation and Modification of Pep-
tides and Proteins with Chemose-
lective Reactions

Chemoselective ligation strategies allows
the selective formation of a covalent bond
between highly complex biological molecules
without the requirement of protecting-group
transformations. Besides the two-step “cap-
ture/rearrangement” strategy (see Sections 2
and 3), several organic reactions have
recently been identified that allow a
“direct” formation of a chemoselective
bond in 124 (Scheme 22). In an ideal sce-
nario, these chemoselective reactions pro-
ceed rapidly under physiologically benign

conditions (neutral pH in aqueous media and at room
temperature) to yield a native linking moiety. This bond is
constructed from two “bioorthogonal”[166] functional groups
in 122 and 123 that do not show any cross-reactivity with other
functional groups present in a biological environment.

Scheme 21. Cys-free glycopeptide coupling by reductive amination. Tmob= 2,4,6-trimethoxybenzyl.

Scheme 22. Chemoselective reaction for the native or non-native conjugation of polypeptides and selective transformation of natural amino acids.
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The development of chemoselective reactions have ena-
bled researchers not only to synthesize homogeneous (un-)-
natural peptides and proteins by ligation of two (poly-)-
peptide strands but also to site-selectively functionalize or
modify complex biomolecules.[167] These applications have
advanced the localization and study of the function of post-
and cotranslationally modified proteins even within a cellular
environment or a living organism, as for example by site-
selective incorporation of biophysical probes, such as fluo-
rescent labels, into a biopolymer (bioorthogonal chemical
reporter strategy).[167] In this strategy a unique chemical
functionality is introduced by the cellular biosynthetic
machinery and afterwards chemoselectively functionalized
with an exogenously added biophysical probe, thereby
allowing the biomolecules to be tracked in their native
environment.[167b]

Within this section we will give an overview of examples
for chemoselective reactions in protein synthesis as well as
preliminary approaches for the ligation and/or functionaliza-
tion of polypeptide architectures. These approaches are
divided into three different categories: The chemoselective
formation of native (Section 4.1) and non-native bonds, which
have often been realized in complex protein environments
(Section 4.2), as well as the selective transformation of
naturally occurring amino acids (Section 4.3).

It is important to note that these techniques can be
applied to recombinant biological material or isolated natural
products; however, special biochemical methods (with the
exception of the reactions presented in Section 4.3) have to be
used to introduce the required (unnatural) bioorthogonal
groups. In other words, an unnatural functional group which
will be utilized in chemoselective reactions (as described in
several examples in Section 4.2) was already incorporated
into the protein before the ligation or modification can occur.
In this way, a site-specific modification can be achieved as the
unnatural functional group can be addressed selectively from
the natural functionalities.

Various methodologies exist for obtaining these modified
protein materials decorated with unnatural functional groups
by biochemical methods, which are reviewed extensively in
the literature. These methods (almost all of which have been
used to introduce azide functionalities into biopolymers)
include, as mentioned above, the incorporation of unnatural
functional groups by using the cellular biosynthetic machi-
nery,[168] for example, in metabolic glycan engineering by
unnatural carbohydrate metabolism,[166–168] by unnatural pro-
tein translation,[169] by auxotroph expression,[170] by posttrans-
lational[171a,b] or enzymatic[171c,d] modification of protein
sequences, or by the semisynthetic strategies discussed in
Section 2.3.

4.1. Chemoselective Reactions for Formation of a Native Amide
Bond

4.1.1. Thioacid/Azide Amidation

This fascinating reaction involves the formation of an
amide bond between azides 125 and thioacids 126, as
described in the 1980s by Hosein Hakimelahi and Just.[172]

Interestingly, the formation of 129 does not occur by
reduction of the azide to amines 127, but via the formation
of a thiatriazoline derivative 128 through a [3+2] cyclo-
addition (Scheme 23 A; see also Section 4.2.1).[173] Detailed
methodology studies have recently revealed that this reaction
can be performed in various (polar and unpolar) organic
solvents as well as in water, and many substrates including
glycosyl azides 130 are tolerated (Scheme 23 B).[174] Addi-
tionally, a RuCl3-promoted variant of the reaction was
demonstrated to be high-yielding, even with sterically hin-
dered azides.[175] Although not yet applied to the ligation of
longer peptide substrates, this reaction led to the develop-
ment of a potentially new chemoselective ligation of sulfona-
mide derivatives.[176]

4.1.2. Chemoselective Decarboxylative Amide Ligation

A very promising method published by Bode et al.
employs a decarboxylative condensation of N-alkylhydroxyl-
amines 131 with a-ketoacids 132 for the chemoselective
formation of amide bonds 134 (Scheme 24A).[177] This reac-
tion does not involve, in contrast to almost all other amide
bond forming strategies, an addition–elimination reaction of
an activated carboxylic acid derivative, but the decarboxyla-
tion and elimination of water from a hemiaminal. The
hemiaminal is formed via a nitrone intermediate 133 between
the hydroxylamine and the a-ketoacid as demonstrated by
mechanistic investigations. Both starting materials are avail-
able synthetically,[178] with the hydroxylamine used as an
oxalate salt to prevent decomposition. Intensive studies
demonstrated that the reaction proceeds at 40 8C in polar
solvents in very good yields (70–80 %), and that no epime-
rization of the a-ketoacids occurs. Most importantly, unpro-
tected peptides 135 containing unprotected Lys and Asp[176] as
well as Trp, Tyr, and Arg residues[177] can be ligated, as
demonstrated, for example, in the synthesis of a hexapeptide
135 (Scheme 24B). Possible ligation sites include Phe-Ala,
Pro-Ala, Val-Gly, and Ala-Ala. Other hydroxylamine deriv-

Scheme 23. A) Mechanism of the thio acid/azide amidation and
B) application in the synthesis of b-glycosylamides.
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atives such as N-methoxyalkylamines or isoxazolidine can be
used as substrates in this reaction. The latter substrate has
been employed in the iterative condensation to give b3-
oligopeptides under aqueous conditions.[179]

4.1.3. Oxidative Conversion of N-terminal Amines in Peptides
into Amides

The oxidative reaction of an unprotected peptidic N-
terminal amine 136 with an alkyne 137 to give amide 138 was
recently achieved (Scheme 25).[180] This transformation uti-
lizes a manganese–porphyrin catalyst system 139 with oxone
or hydrogen peroxide as the oxidative species. Interestingly,
the catalyst can result in the selective transformation of an N-
terminal a-amino group of a peptide over other function-
alities, such as e-amino groups of Lys side chains, as
demonstrated for various peptide substrates. Moreover,
other functional groups do not harm the overall yield of the
amide bond formation, although Cys and Met residues are
oxidized during the process and have to be reduced again
after the transformation with reducing agents. Evidence for
the remarkable selectivity has been obtained by structural
analysis of a peptide substrate which showed hydrogen
bonding of a Lys side chain, thus indicating a conformation
effect in addition to electronic effects from the terminal a-
amino group.

4.2. Chemoselective Reactions for Formation of Non-Native
Bonds

The reactions described in the following section fall into a
particular selectivity pattern: They have in common that two
functional (“bioorthogonal”) groups react selectively to form
a non-native bond in the presence of other functional groups
from the protein or peptide environment. Although some of
the reactions have already become standard procedures in
chemical synthesis and applied in chemical biology, research
is still devoted to the identification of new selective, fast, and
mild chemoselective reactions which directly deliver biolog-
ically active materials in which neither the non-native bond
nor the reaction conditions interfere with their biological
behavior. Studies are also devoted towards the installation of
bioorthogonal functional groups into biopolymers by bio-
chemical techniques. These methods require biologically inert
functional groups which can survive biological metabolic
pathways.

4.2.1. 1,3-Dipolar Cycloadditions
4.2.1.1. Copper(I)-Catalyzed 1,3-Dipolar Cycloadditions: “Click”

Coupling

About 40 years after the initial discovery by Huisgen
et al.,[181] the research groups of Meldal[182] and Sharpless[183]

developed a CuI-catalyzed variant of the [3+2] cycloaddition
of azides 140 and alkynes 141, commonly referred to as the
“click” reaction (Scheme 26A).[184] This cycloaddition yields
exclusively the 1,4-substituted triazole isomer, whereas the
uncatalyzed version delivers 1,4 and 1,5 isomers (142 and 143)
in almost equal amounts.[185] Furthermore, the catalyzed
reaction is chemoselective to a large number of functional
groups, fast, high-yielding, and proceeds under mild condi-
tions in a variety of solvents, including physiological buffer.
The reaction has been studied mechanistically,[186] and it has
found various applications in materials and polymer sci-
ence[187] as well as in the specific labeling of bioconjugates,[188]

as for example, in monitoring enzyme activities.[189,202b] The
copper(I)-catalyzed [3+2] cycloaddition has already been
reviewed extensively,[187–193] once even with a major emphasis
on the synthesis of peptidomimetics.[194]

Scheme 24. Chemoselective decarboxylative amide condensation:
A) Mechanism and B) application in the synthesis of an unprotected
hexapeptide.

Scheme 25. Selective oxidative amide synthesis of N-terminal amines
in peptides. 2,6-Cl2tpp= tetrakis(2,6-dichlorphenyl)porphyrin.
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The various applications of this reaction in the area of
peptide conjugation build upon the three-dimensional ori-
entation of the triazole 144, which is proposed to be somewhat
similar to an amide bond (145) in terms of both distance and
planarity (Scheme 26 B).[194] In addition to Meldal and co-
workers, who used click coupling for the generation of
peptide libraries in a split-and-mix approach,[195] various other
research groups have used this reaction to generate a
modification of the heterocyclic peptide backbone[196] in the
synthesis of b-turn mimetics,[197] cyclic peptides,[198] cis-peptide
bond surrogates in proteins,[199] and the construction of
peptide–peptide linkages (Scheme 26 A).[200] The two reaction

partners, azides 140 and alkynes 141, can be introduced into
the peptide substrates by standard SPPS techniques, for
example, by a final coupling with an a-azidoamino acid, which
can be derived by a copper(II)-catalyzed transfer of a diazo
group from the corresponding a-amino acids.[201]

Azides and even alkynes represent functional groups for a
straightforward incorporation into biopolymeric materials,
and the click reaction can be regarded as chemoselective in
biological environments. Thus, this reaction has been used
frequently for the bioconjugation of different natural prod-
ucts (including proteins,[202] nonribosomal peptides,[203] and
natural products[204]) as well as in the immobilization of

Scheme 26. Click coupling: A) Peptide coupling via the CuI-catalyzed formation of a 1,4-substituted triazole. B) Geometric comparison of a
triazole bridge to a native amide bond. C) Strain-promoted cycloaddition of azido proteins. D) Photoinduced 1,3-dipolar cycloaddition between a
2,5-diaryltetrazole-modified protein and an alkene.
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peptides and proteins on surfaces.[205] In the last case, an azide
or alkyne is introduced at the C terminus of a protein 172 by
EPL to enable attachment to an appropriately functionalized
glass surface (see Scheme 29B in Section 4.2.4).[206, 207] Further
applications of this reaction include the conjugation of
peptides to polymer architectures,[208] the conjugation of
radiolabels,[209] and the attachment of carbohydrates[99, 210] or
lipids[211] to peptide or protein side chains.

4.2.1.2. Strain-Promoted Cycloaddition

One of the major drawbacks of the copper(I)-catalyzed
“click coupling” is the toxicity of copper, which limits its use
for in vivo applications.[212] For this purpose, Bertozzi et al.
developed a “strain-promoted” cycloaddition reaction in
which the ring strain of a cyclic alkyne 146 (cyclooctyne) is
used as the driving force for the cycloaddition.[213] The
introduction of two fluoride substituents in the a position to
the cycloalkyne leads to an acceleration of the reaction and
allows a fast bioconjugation of biophysical or functional labels
to azido-functionalized (glyco-)proteins 147 for studies in live
cells[214] as well as in zebrafish[215] (Scheme 26 C). A dime-
thoxy-substituted azacyclooctyne was developed to enhance
the hydrophilicity and reduce nonspecific binding events.[216]

Another recent example employed 4-dibenzocyclooctynols
148 for labeling experiments with azido-containing glycan
biopolymers in living cells.[217] In 148, the two
aromatic rings increase the ring strain (and the
reactivity for the formation of the triazole),
while additionally lowering the tendency of
nucleophilic attack to the triple bond by bio-
logical nucleophiles.

4.2.1.3. Photoinduced 1,3-Dipolar Cycloaddition

In a very recent publication, a photoindu-
cible 1,3-dipolar cyclodaddition was reported
(Scheme 26D).[218] In this reaction, a diaryl-
substituted tetrazole derivative in 149, which
can be incorporated into a protein, undergoes a
cycloreversion reaction upon irradiation with
UV light to form in situ a nitrile imine (150).
This 1,3-dipole can react with an electron-
deficient alkene, such as 151, to form a pyrazo-
line cycloadduct 152. This chemoselective reac-
tion to give 152 is very fast (1 minute) in buffer
systems at room temperature, which allowed a
chemoselective lipidation strategy by reaction
with an appropriate lipid dipolarophile 151.
However, its application in bioorthogonal cou-
pling strategies for similar in vivo studies has
still to be demonstrated, as the tetrazole moiety
(in contrast to well-established techniques for
azides[212a]) has to be incorporated by chemical
strategies into the biopolymer. In the original
report, the tetrazole was either coupled to a
surface-exposed Lys nucleophile of a GFP
protein or incorporated by a semisynthetic
strategy.[219]

4.2.2. Oxime and Hydrazone Condensation by Nucleophilic
Amine Catalysis

The imine condensation of ketones and aldehydes 153
with primary amine nucleophiles has drawn significant
attention in the area of bioconjugation (Scheme 27; see also
Scheme 21).[220] The reaction with primary amines proceeds
preferably under acidic conditions with reversible formation
of an imine 154.[221] This imine can be reduced with NaCNBH3

to form a non-hydrolyzable bond. Alternatively, an amine
nucleophile with an electron-donating group in the a position
can be used to form an oxime 155 or hydrazone 156. This
concept has been employed in a site-specific modification of
proteins both in vitro[222] and in vivo,[171,223, 224] in which a
ketone is installed into a protein by the amber suppressor
tRNA method or by metabolic glycan engineering and
modified with a hydrazine-containing fluorophore.[225] In
two recent protocols, Dawson et al. have now utilized the
previously developed concept of nucleophilic amine catalysis
during the formation of semicarbazones[226] in oxime and
hydrazone ligations to improve the formation of a non-
hydrolyzable bond under physiological conditions.[227,228] This
concept utilizes aniline (157) as a catalyst, which leads to the
presence of a significant amount of a protonated Schiff-base
158 even at pH 7. The Schiff base can then rapidly undergo
the desired oxime or hydrazone formation (Scheme 27A).

Scheme 27. A) Oxime and hydrazone formation and B) subsequent peptide ligation
through nucleophilic amine catalysis.
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Both reactions were applied in the ligation of peptides from
peptide precursors (as shown Scheme 27 B for oxime forma-
tion at pH 4.5 or 7 in 161) and should be applicable for various
protein conjugation and ligations strategies in the near
future.[227b]

4.2.3. Peptide Ligation by Diels–Alder Reactions

In another application of the maleimido group, Waldmann
and co-workers recently identified the [4+2] cycloaddition as
a chemoselective reaction for the conjugation of peptides and
for the functionalization of proteins (Scheme 28A).[229] In this
case, a maleimide-capped peptide 162 reacts as the dienophile
with an N peptide containing a C-terminal diene 163 moiety
to form an endo-Diels–Alder product 164. The diene unit can
be introduced into the peptide by using synthetic methods
usually applied to the synthesis of thioesters (see Sec-
tion 2.3.3). The Diels–Alder reaction has to be performed
under slightly acidic conditions to be chemoselective (pH 5.5–
6.5), thereby avoiding undesired conjugated addition of
amine nucleophiles to 165 at neutral pH (Scheme 28B).
These reaction conditions can be advantageous in chemo-
selective coupling strategies which do not work under the
conditions of EPL, as demonstrated for a site-specific
modification of the Rab7 protein.

4.2.4. Staudinger Ligation

One of the first chemoselective reactions employed for
the site-specific functionalization of biopolymers was the
Staudinger ligation, which was developed by Bertozzi and co-
workers.[150, 158a,230] In its non-traceless variant, an iminophos-
phorane 168 (see Section 3.4.1) is formed between an azido-

bearing biopolymer 166 and phosphanylaryl 167
(Scheme 29A). This iminophosphorane 168 can undergo an
intramolecular nucleophilic attack with an ortho-substituted
ester as an internal electrophile to form an amide in the
conjugate 169, which now carries a phosphinoxide scaffold. In
its first landmark application, the Staudinger ligation was
applied to the selective labeling of sialic acid residues which
had been selectively functionalized with azides by metabolic

Scheme 28. A) Diels–Alder conjugation of peptides and B) side reac-
tion at neutral pH.

Scheme 29. A) Mechanism of the Staudinger ligation. B,C) Protein immobilization by click coupling (B) and Staudinger ligation (C).
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glycan engineering. This process thus demonstrated the
potential of the bioorthogonal reporter strategy.[158a, 231] One
of the major advantages of this reaction over the click
reaction is the fact that no metals are required. The
Staudinger ligation has found various very important appli-
cations in labeling biomolcules, particularly for reactions in
living organisms.[232] However, undesired oxidation of the
phosphine and the competing Staudinger reduction some-
times limits its general applicability when quantitative con-
versions are desired.[233] Additionally, this reaction has been
employed for site-selective functionalization of proteins or
their modification,[166, 168d,234] DNA,[234b,e] and the immobiliza-
tion of peptides[235] and proteins[236] on appropriately phos-
phine-functionalized glass surfaces 170 with an azide func-
tionality introduced into the protein target 171 by EPL
(Scheme 27C).

4.2.5. Oxidative Modification of Aniline in Proteins

Oxidative transformations with NaIO4 have found various
applications in protein activation processes, including the
oxidative cleavage of N-terminal Ser residues,[237] aldehyde
formation from glycans,[238a–c] and cross-linking reactions,[238d]

as they only interfere with sulfur-containing amino acids in
proteins.[238e] In another chemoselective process with NaIO4,
anilines can be coupled to phenylenediamine derivatives in
low concentrations at pH 6.5.[239] This reaction was subse-
quently applied in the modification of proteins 173, in which
the aniline functionality was introduced by unnatural protein
expression[240] or semisynthesis, as well as in the functional-
ization of virus capsids with phenylenediamine-containing
peptides 174 to give protein–peptide conjugates 175
(Scheme 30A).[241]

4.2.6. Radical-Induced Thioether Formation

A common bioconjugation technique, which has been
applied particularly in the conjugation of glycans,[242] is the

formation of thioethers from thiols and alkenes under radical
conditions.[243] The reactions can be induced photochemically
or by the addition of a radical starter such as AIBN. Kunz
et al. recently applied this reaction to the functionalization of
protein systems, since it tolerates the various functional
groups present in peptides and proteins and yielded only
disulfides as minor side products.[244] This reaction proceeds
under mild conditions (either through a thermally or photo-
chemically induced radical formation) and yields an immune-
compatible thioether linkage. Thus it has been applied to the
generation of synthetic vaccines 178 by conjugation of
glycopeptides 177 to the protein carrier bovine serum
albumin (BSA) 176, which has previously been nonspecifi-
cally functionalized with alkene end groups. Although not
demonstrated yet, this reaction has the potential to site-
selectively modify alkene-functionalized proteins and for the
functionalization of cysteine residues in proteins, which nicely
leads to the next section.

4.3. Selective Transformations of Natural Amino Acids

A particular advantage of the chemical bioconjugation
techniques in yielding covalent linkages, described in the
following, is the fact that they address naturally occurring
amino acids and therefore do not require elaborate biochem-
ical techniques to install unnatural functionalities for chemo-
selective reactions (see Section 4.2). As already described in
Section 3.2, a selective chemical modification of Cys residues
can alter the functionality of a protein. In the following
examples, chemoselective strategies have been developed to
attach peptides to the protein backbone, thereby introducing
new functional building blocks into a biopolymer. These
examples proceed selectively with only one type of amino
acid and therefore differentiate themselves from other label-
ing approaches which nonselectively functionalize various
amino acids, such as the reaction of nucleophilic side chains
with succinimide esters. Nevertheless, to obtain a site-

selective functionalization of proteins by the meth-
ods described here (in contrast to the previous
section), one has to rely on spatial control within
the overall protein architecture, for example, in a
unique solvent-exposed amino acid.

It is important to note that various other
bioconjugation techniques exist which allow the
site-specific labeling of proteins. These approaches
include labeling by specific chelation, such as the
binding of biarsenical fluorophores (for example,
FlAsH) to tetracysteine motifs[245] or lanthanide
binding tags (LBT),[246] enzyme-catalyzed labeling
by posttranslational modification (for example,
mediated by carrier protein tags),[247] and self-
labeling (for example, by the SNAP technol-
ogy).[248] More information about these methods
can be found in the excellent reviews covering this
topic.[249]

Scheme 30. A) Oxidative peptide coupling of aniline-containing proteins. B) Glyco-
peptide conjugation to protein carriers by radical-induced formation of a thioether.
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4.3.1. Conjugated Addition of Sulfur Nucleophiles: MIC Strategy

The chemoselective Michael addition of sulfur nucleo-
philes to a,b-unsaturated carbonyl derivatives, such as
maleimides, is a well-established conjugation technique that
is commonly employed for the attachment of fluorophores to
biologically relevant molecules containing sulfur nucleophiles
under physiological conditions (pH 7, room temperature).
This reaction was employed in a ligation technique in which a
maleimidocaproyl (MIC) peptide unit 179 functioned as the
electrophilic reactant for a Cys residue in a protein
(Scheme 31A).[250] MIC building blocks 180 (“MIC-OH”)
can be introduced by SPPS in a straightforward manner even
into delicate lipid-modified peptide sequences,[251] or they can
be combined with a photoactive group such as benzophe-
none.[252] Although the site selectivity of this reaction is
limited by other Cys residues present in the protein, it has
become a widely applied method[253] for selective functional-
ization of proteins containing only one solvent-exposed Cys.
One such example is the synthesis of Ras proteins 181
containing specific protein modifications (Scheme 28B; for a
detailed discussion of this prominent example, see Sec-
tion 6.3).

4.3.2. Mannich Peptide Conjugation to Proteins through Tyr
Residues

Another amino acid that posses unique chemical behavior
is Tyr because of its phenolic side chain, which exhibits

distinct nucleophilic and electrophilic properties. Moreover,
because of the amphiphilicity, Tyr residues can often be found
on the surface of proteins and are thus ideal anchors for
selective bioconjugation strategies.

A selective conjugation of peptides to proteins has been
achieved by a Mannich-type coupling reaction.[254] In this
transformation an aniline group displayed at the N terminus
of a peptide 184 is reacted with an excess of formaldehyde at
pH 6.5 to give an iminium salt 185 (Scheme 32).[255] The latter
can undergo electrophilic aromatic substitution at a Tyr

Scheme 31. Conjugated thiol addition: A) MIC-strategy and B) lipidated Ras analogues. EDC = 1-ethyl-3-(3-dimethylaminopropyl)carboiimide,
HOBt = N-hydroxybenzotriazole, MIC =maleimidocaproyl.

Scheme 32. Mannich-type conjugation of peptides to proteins.
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residue in protein 186 and thus lead to the formation of a
covalent bond in 187. This conjugation, which can also
functionalize Trp residues,[256, 257] has been applied to the
attachment of various peptide binding tags, including FLAG
epitopes[258] and lanthanide binding tags (LBT),[246] to the
protein chymotrypsinogen. Generally, a conversion of up to
84% was achieved at the aniline tag in peptides with several
Gly residues, which indicates that a flexible region was crucial
for the Tyr attachment to occur. Interestingly, the overall
conversion for the Mannich-type conjugation was higher for
protein substrates than for peptides or small molecules and
led to no cross-reactivity with Tyr residues in the aniline-
containing peptides 184.

Other approaches to selectively functionalize Tyr resi-
dues, although not yet demonstrated for peptide attachment,
include an alkylation strategy with p-allylpalladium com-
plexes which proceeds at pH 8.5–9 in aqueous buffers.[259] In
an application of this strategy, chymotrypsinogen A was
transformed into a lipidated (farnesylated) analogue which
was embedded into lipid bilayers. Finally, Tyr residues were
transformed in a two-step process, first by reaction with
diazonium derivatives and second by a Diels–Alder reac-
tion[260] or the formation of an oxime.[261] This concept was
demonstrated in a surface modification of a tobacco virus and
a bacteriophage.[262]

5. Chemoselective Peptide Ligations Catalyzed by
Enzymes

The capture/rearrangement concept has been very suc-
cessful for achieving chemoselective ligations of peptides.
However, alternative strategies do exist which exploit the
inherent chemoselectivity of enzymes for ligation purposes.

The three most prominent examples include the already
discussed usage of split inteins for protein trans-splicing
(Section 2.4.3), the reverse proteolysis, and employment of
the transpeptidases sortase A.

5.1. Reverse Proteolysis

Whereas enzymes that catalyze the ligation of polypep-
tides (ligases) are rarely found in nature, proteases which
catalyze their cleavage are common. Evolved over millions of
years, proteases often cleave peptides at defined positions and
with high specificity.[263] For proteases to be used for chemo-
selective peptide ligations they need to be converted into
peptide ligases by reversing their proteolytic activity (see
Scheme 30A). A review of protease usage for peptide
ligations is beyond the scope of this Review, and hence we
focus only on the basic concepts. More detailed publications
reviewing the concepts and applications can been found
elsewere.[263–266]

Like all biocatalysts, proteases are capable of catalyzing
the reverse reaction, namely a reverse proteolysis. However,
under physiological conditions the equilibrium position is
shifted towards the side of the cleaved (189 and 190) rather
than the ligated product (188 ; Scheme 33). There are two
basic strategies to manipulate proteases for peptide ligations:
the thermodynamically controlled and the kinetically con-
trolled approach.

The thermodynamically controlled approach represents a
true reversal of the cleavage reaction by changing the position
of equilibrium. Under physiological conditions, reverse
proteolysis is prohibited by the energy required for the initial
transfer of a proton from the nucleophile of the C peptide
onto the carboxylate of the N peptide.[263,265] Organic solvents

Scheme 33. A) General concept of protease-mediated peptide ligations. B) Subtiligase-mediated peptide ligation. C) Expressed enzyme ligation
(EEL).
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can be added to the reaction media to lower the dielectric
constant of the reaction medium and thereby the acidity of
the carboxyl group. As a result, proteases in organic solvents
or mixtures of water and organic solvents are capable of
catalyzing peptide ligation; however, optimization of the
reaction conditions and engineering of the proteases is often
required for such approaches.[263, 267, 268]

In the case of the kinetically controlled reverse proteol-
ysis, the equilibrium position remains unchanged. The basic
principle of this approach lies in the rapid accumulation of an
electrophilic N peptide protease intermediate which can react
with the a-amino group of the C peptide.[264] This approach is
only feasible with serine or cysteine proteases which possess a
covalent enzyme–peptide intermediate in their reaction cycle.
The acylation of the protease with the N peptide is achieved
by using activated peptides, which usually possess C-terminal
esters 191 (or thioesters) as leaving groups (Scheme 33B).
Since kinetically controlled reverse proteolysis does not alter
the equilibrium, the ligation reaction will have to be stopped
when the acyl donor 191 is consumed to avoid cleavage of the
ligation product 193. An important improvement in this
regard is represented by the introduction of so-called “sub-
strate mimetics”, where the chemical functions mediating the
specific recognition of the protease are transferred into the
leaving group. As a result, the protease recognition sequence
is lost in the ligation product.[269–271]

Protein engineering has been applied to improve the
performance of proteases for reverse proteolysis. The most
prominent example is the so-called subtiligase, which is a
double mutant derived from the bacterial protease subtilisin
BPN’ (192, Scheme 33B).[272] Mutation of the active site
serine residue to a cysteine residue improved the cleavage/
ligation ratio, and a second proline to alanine mutation was
introduced to reduce the steric crowding at the active site.[272]

Protease-mediated ligations can be combined with other
chemoselective ligation techniques such as EPL. One such
procedure termed “expressed enzymatic ligation” (EEL) was
applied by Beck-Sickinger and co-workers for the synthesis of
the prohormone neuropeptide Y (199, 69 amino acids) from
two fragments (Scheme 33 C).[273] The N fragment 196 (NPY-
N) was generated as a C-terminal thioester through EPL by
using 2-sulfanylacetic acid (195) as the thiol for the thiolysis of
the intein fusion protein 194. The resulting peptide thioester
served as a substrate mimetic for the V8 protease 197, which
catalyzed the following ligation with the synthetic C fragment
198 (NPY-C). The advantage of EEL over standard EPL
reactions is that proteases are not limited to Cys as the N-
terminal amino acid of the C peptide. This feature could be

used in this case for the “Cys-free” ligation with the NPY-C
peptide carrying the native Ser residue at the N terminus.

5.2. Sortase-Mediated Peptide Ligation

Only a few examples of enzymes are known that naturally
catalyze peptide ligations. One prominent example is trans-
peptidase sortase A (201), which has been used successfully
for chemoselective peptide ligations. Sortase A is an enzyme
that catalyzes the attachment of surface proteins 200 to the
cell wall of Gram-positive bacteria such as the pathogenic
Staphylococcus aureus.[274] The proteins 200 contain a C-
terminal sorting signal which includes a highly conserved
LPxTG motive. This motive is cleaved by sortase A at the
threonine residue, which results in a covalent acyl intermedi-
ate 202 attached to the active site cysteine of sortase A.[275]

This acylation step is comparable to that catalyzed by serine/
cysteine proteases; however the favored deacylating nucleo-
phile of the sortase A is the a-amino group of the peptido-
glycan penta-Gly unit (Scheme 34).

To utilize sortase A for chemoselective ligations, the N-
terminal peptide needs to include the LPxTG sorting motive
at the C terminus, and the C-terminal peptide 203 needs at
least one Gly residue as the N-terminal amino acid.[276] Upon
addition of sortase, the N peptide is cleaved at the sorting
signal and subsequently ligated to the N-terminal Gly moiety
of the C peptide. The ability of sortase A to mediate peptide
ligations to 204 could be demonstrated for several cases. For
example, recombinant green-fluorescent protein (GFP) con-
taining the LPxTG motive at the C terminus was ligated with
a folate-conjugated peptide comprising three Gly residues at
the N terminus.[276] In another example, sortase A was used to
ligate peptide nucleic acid (PNA) to a cell-penetrating
peptide which allowed the delivery of the ligation product
into living cells.[277] Finally, sortase A was used for the ligation
of fluorescently labeled peptides to proteins containing the
LPxTG motive exposed on the surface of living cells.[278]

Enzyme-mediated peptide ligation techniques, such as
reverse proteolysis or sortase ligation, have gained much
attention in recent times.[263,276–278] However, some drawbacks
still exist, including the need for activated peptides in
kinetically controlled reverse proteolysis and the LPxTG
motive which remains in peptides ligated by sortase A.
Nevertheless, despite these limitations, enzyme-mediated
ligation techniques are a good alternative to conventional
ligation techniques following a capture/rearrangement
approach (see Section 7.6).

Scheme 34. Sortase-mediated ligation.
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6. Protein Semisynthesis : Ligation of Synthetic and
Recombinant Peptides

A particularly useful application of chemoselective liga-
tion reactions is the linkage of synthetic peptides and
recombinant proteins, which is often referred to as “protein
semisynthesis” (see also Section 2.4).[3, 9, 279–281] This approach
combines the advantages of techniques from organic synthesis
and recombinant protein expression: on one hand, recombi-
nant peptides are not limited in their size; on the other hand,
synthetic peptides are not limited to the 20 proteinogenic
amino acids. The installation of a modification into a protein
of interest can be achieved by producing the larger fragment
of the protein in bacteria and the smaller fragment, including
the desired modification, by SPPS. Upon ligation of these two
fragments, the full-length modified protein is reconstituted
and can be used for biophysical or functional studies.
Importantly, protein semisynthesis enables the installation
of natural modifications including phosphorylation,[74, 282,283]

acetylation or methylation,[105] glycosylation,[284,285] and lip-
idation[286] as well as unnatural modifications or amino acids
such as aminophenylalanine,[287] fluorotyrosines,[288] ATP-
linked phenylalanine,[289]

d-amino acids,[290] or phosphoamino
acid mimics.[291] Furthermore, fluorescent probes or affinity
tags can be installed in a defined and homogeneous manner,
which is an important improvement over nonselective meth-
ods which often suffer from a lack of specificity.

6.1. Immobilized Proteins

One application is the defined installation of functional
groups which can facilitate immobilization on a solid support

or nanoparticle (see also Scheme 27).[292, 293] For example,
proteins immobilized on microarrays are powerful tools for
studying protein activity or inhibition on a very small scale
and with high throughput. The mode of immobilization is
critical for the quality of the resulting microarrays.[294]

Common attachment techniques use the cross-linking of
surface-exposed functional groups to the solid support. A
major drawback of this approach is a random orientation of
the attached proteins, which results in inhomogeneous
activities. The defined and selective installation of unique
functional groups or tags through protein semisynthesis can
be used to solve this problem. The feasibility of site-specific
protein attachment through semisynthesis has been demon-
strated for several proteins, including maltose-binding protein
(MBP), glutathione S-transferase (GST), and aldo/keto
reductase AKR1A1.[295, 296] In these cases, the high affinity of
the interaction between biotin and streptavidin was exploited
for protein immobilization. The biotin moiety including a
linker was introduced in 206 through ligation of a biotin-
conjugated peptide 205 to the C terminus of the proteins
using the EPL strategy.[295, 296] The subsequent immobilization
on streptavidin-coated glass slides resulted in a defined
orientation of the proteins (homogeneous protein immobili-
zation). The advantage of homogenous protein immobiliza-
tion was recently demonstrated for AKR1A1. The enzyme
was biotinylated either through specific attachment of a biotin
moiety using protein semisynthesis (by EPL) or by cross-
linking the biotin tag to surface-exposed functional groups
(Scheme 35). The kinetic properties of both biotinylated
proteins were determined in solution and immobilized on
streptavidin-coated slides. Both proteins displayed similar
enzymatic activities in solution, comparable with unmodified
AKR1A1. However, upon immobilization, the cross-linked

Scheme 35. Protein immobilization on resins illustrated by the example of AKR1A1.
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enzyme displayed a tenfold decreased activity, whereas the
homogeneous biotinylated enzyme was as active as the
unmodified enzyme.[296]

Nanoparticles represent another common target for
protein immobilization and have found several biotechnolog-
ical applications. As in the attachment to glass slides,
unspecific protein-immobilization techniques for nanoparti-
cles commonly result in a random orientation. Protein
semisynthesis can be used to induce homogeneity in the
mode of attachment, as recently demonstrated for the
selective attachment of the small GTPase Rab6A on DNA–
Gold nanoparticles (Scheme 36).[297] Another beneficial effect

can be achieved by introducing a defined linker between the
protein and the nanoparticle. To fulfill both needs a polyeth-
ylene glycol (PEG) linker 208 was ligated to the N terminus of
Rab6A using NCL (207). The PEG linker was further
deprotected to give a free thiol 209 to allow conjugation to
the gold particles. After immobilization of 210, this highly
exposed thiol was found to be the preferential binding site
(Scheme 36). After the conjugation had been achieved by a
ligand-exchange reaction, biochemical assays confirmed that
the attached Rab6A proteins had the expected GTPase
activity, in contrast to Rab6A proteins unspecifically con-
jugated through surface-exposed thiol groups.[297]

6.2. Protein Phosphorylation

Another important area of application of protein semi-
synthesis is the introduction of natural modifications in
proteins. Several types of post- and cotranslational protein
modifications occur naturally in living organisms and they are
commonly an important means of regulating enzymatic
activities, protein stability, and localization.

To date the phosphorylation of Ser, Thr, and Tyr residues
represent the most prominent modifications found in pro-
teins, thus making the investigation of their physiological
function an important scientific task.[298] Since the kinases that
introduce the phosphorylations are often unknown or not
biochemically accessible, protein semisynthesis has become
an important tool for their selective installation.[283, 299] In
addition, protein semisynthesis can also be applied to install
chemical groups that allow the masking and selective
unmasking of protein phosphorylations.

A recent example illustrating the potential of the semi-
synthesis of modified proteins is the generation of caged
phosphorylated Smad2 proteins. Smad2 is a signaling protein
which is activated in response to the binding of the trans-
forming growth factor b to its cognate receptor.[300] Activation
of Smad2 is mediated by phosphorylation of two Ser residues
located at the C terminus of the protein. Phosphorylated
Smad2 diffuses off its cytosolic binding partner SARA and
translocates into the nucleus where it serves as a transcrip-
tional activator.[300] To study this phosphorylation-dependent
translocation, the presence or absence of this modification
needed to be controlled on a very short timescale. In this
regard protein semisynthesis was used to install caged
phosphoserine residues at the two phosphorylation sites of
Smad2.[301] The caging groups can conceal the presence of the
modifications until they are removed by exposure to UV
light.[302, 303] Smad2 was successfully targeted by two different
caging strategies that utilized protein semisynthesis.[301,304] In
the first case, two individually caged phosphorylated Ser
residues were incorporated by EPL (Scheme 37). The syn-
thesis started with a short synthetic peptide 211, which
corresponds to the five C-terminal amino acids of Smad2. 2-
Nitrophenylethyl (NEP) caged phosphate groups were con-
jugated to the two serine residues by treating the orthogonally
deprotected hydroxy groups with the corresponding phos-
phoramidite 212. Afterwards, the globally deprotected pep-
tide 213 was ligated to a recombinant Smad2 fragment 214 by
EPL. The resulting caged phospho-Smad2 protein 215 was
subjected to biochemical studies, which showed that the caged
phospho-Smad2 protein mimicked the characteristics of
unphosphorylated Smad2 and formed a complex with the
SARA protein. The caging group could be removed by
exposure to UV light to yield active phosphorylated Smad2.

In a second study, the caging approach for phosphor-
Smad2 was extended by generating a C-terminal-phospo-
horylated Smad2 (217) by ligation with 216, which contained a
fluorophore and a photocleavable quencher moiety
(Scheme 38).[304] The fluoresence quencher fulfilled two
tasks: on the one hand it efficiently suppresses the fluores-
cence of the fluorophor and on the other hand it conceals the
presence of the two phosphate groups on the C-terminal Ser

Scheme 36. Conjugation of Rab6A to gold nanoparticles.
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residues (just like the individually installed NEP caging
groups). As a result, the uncaging of Smad2 led to two
simultaneous effects: release of the two phosphorserine
residues and the emission of a fluorescence signal. This
extended caging approach is particular useful for comparing
the behavior of modified and unmodified proteins, as
demonstrated by comparison studies with a non-phosphory-
lated Smad2 analogue (Scheme 39). The non-phosphorylated
protein contained a fluorophore which emitted at a different
wavelength. A mixture of both proteins was introduced into
living cells and irradiated, what resulted in the simultaneous
uncaging of both proteins, as indicated by fluorescence from
the two different fluorophores. As expected, the uncaged
phospho-Smad2 protein migrated into the nucleus, whereas
the nonphosphorylated protein maintained its cytosolic local-
ization.[304]

The investigation of protein phosphorylation can be
hindered by the dynamic character of this modification. The
balance between the phosphorylated and unphosphorylated
state is maintained by the corresponding kinases and protein
phosphatases.[298] Both kinds of proteins are commonly
phosphorylated themselves. Investigations of the phosphor-
ylation of phosphatases can be especially difficult, because
these enzymes are often capable of auto-dephosphoryla-

tion.[305] To overcome this problem, protein semisynthesis has
successfully been applied to introduce noncleavable mimics
of phosphates at the modification sites (Scheme 40A).[306,307]

One target protein is the low-molecular-weight protein
tyrosine phosphatase (LMW-PTP), which is involved in
signal transduction processes mediated by the platelet-
derived growth factor receptor (PDGFr).[308] LMW-PTP is
known to be phosphorylated at two adjacent Tyr residues
located in proximity to the active site. Protein semisynthesis
with the EPL strategy was used to install phosphonomethy-
lenephenylalanine (219, Pmp), a non-hydrolyzable mimetic of
phosphotyrosine 218, at these positions in 220 (Scheme 40 A
and B).[309]

The resulting irreversibly phosphorylated proteins were
subjected to biochemical and cell-biological assays, which
showed that the installed Pmp moieties lowered the phos-
phatase activity, thus indicating that this modification is a
means to down-regulate the enzymatic activity.

Scheme 37. Synthesis of Smad2 proteins with photolabile groups.

Scheme 38. Synthesis of fluorescent Smad2 proteins.
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6.3. Protein Lipidation

The attachment of lipid moieties is another pivotal
modification of proteins which commonly mediates associa-
tion with cellular membranes. Prominent examples of lipi-
dated proteins are the small GTPases of the Ras family,[310]

which are important regulators of several cellular processes.
H-Ras and N-Ras are two isoforms of Ras proteins which are
farnesylated and mono- or dipalmitoylated at their C termini
(structure 182 in Scheme 31).[310] Whereas the farnesylation
(Fa) represents an irreversible modification (thioether bond),

the palmitoyl (Pal) groups is linked
through a thioester bond, which can
later be cleaved (Scheme 31 B). As
a result, this modification is com-
monly lost during purification pro-
cedures from natural sources. The
MIC ligation strategy (see Sec-
tion 4.1.3) has been used to over-
come this problem and generate
homogeneous, lipidated Ras pro-
teins for biochemical and biophys-
ical investigations.[311] A truncated
version of the Ras containing a
solvent-exposed C-terminal Cys
residue was produced in bacteria.
Subsequently, MIC-modified pep-
tides resembling the C-terminal tail
of Ras with different lipidation
patterns were synthesized and con-
jugated to the protein.[312] The
resulting Ras proteins 183 were
subjected to biophysical studies
and cell biological assays, and it
was found that, despite the unnatu-
ral linkage, the proteins displayed
full biological activity. A further
advantage of this approach was the
ability to replace the cleavable
palmitoyl thioester with a non-
cleavable thioether-linked hexa-
decyl (HD) group (see
Scheme 31B). This irreversibly pal-
mitoylated Ras protein was used to
study the cellular trafficking of Ras
proteins.[313]

It was long believed that Ras
proteins are only active when con-
jugated to the cell�s plasma mem-
brane (PM) in which the attach-
ment process is mediated by the
lipid moieties. However, recent
studies have demonstrated that a
pool of Ras proteins located at the
Golgi apparatus might represent an
independent signaling platform for
cellular processes. Ras proteins
access the plasma membrane
through the secretory pathway and

can return to the Golgi apparatus after removal of the
palmitoyl group. The reinstallation of the palmitoyl moiety at
the Golgi apparatus redirects the Ras proteins to the plasma
membrane, thereby resulting in a de/reacylation cycle that
maintains both the PM and the Golgi pool. Detailed inves-
tigations that uncovered this Ras cycling employed MIC-
generated Ras proteins modified with the thioether-linked
HD group instead of the cleavable palmitoyl group
(Scheme 31B). The Ras protein modified with this palmitoyl
analogue did not participate in the de/reacylation cycle
because of the irreversible nature of this lipidation.[313]

Scheme 39. Functional studies on phosphorylated Smad2 proteins in living cells.
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7. Strategies for the Ligation of Multiple Fragments

As discussed previously, chemoselective ligation techni-
ques have expanded the size limitation of SPPS significantly.
However, the products formed by the ligation of two seg-
ments are still smaller than the majority of natural pro-
teins.[314,315] Although protein semisynthesis can be used to
introduce synthetic peptides into proteins, chemical control is
only gained over the residues of the small synthetic segments.
Therefore, synthetic strategies have been developed to enable
the total chemical synthesis of proteins from multiple seg-
ments. Additional protection group strategies are used to
ensure selective coupling of segments and to avoid side
reactions.

7.1. Synthetic H-Ras

A three-segment ligation strategy was applied by Engel-
hard et al. for the total synthesis of protooncogene H-Ras 225,
which comprises 166 amino acids.[316] This protein contains
three natural Cys residues (at positions 51, 80, and 118) which
can be used as ligation sites without changing the amino acid
composition of the protein. The synthesis strategy used two of
these Cys residues, and started with the ligation of the
C fragment 221 containing Cys118 at the N terminus and the
central fragment 222 comprising a C-terminal thioester
(Scheme 41). The N-terminal Cys51 residue of the central

Scheme 40. A) Phosphotyrosine (218) and Pmp. B) Semisynthesis of
LMW-PTP.

Scheme 41. Strategies for the ligation of multiple fragments: A) synthetic H-Ras, B) solid-phase expressed protein ligation.
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fragment represented another natural residue of H-Ras and
was protected with the acetamidomethyl (Acm) group.
Orthogonal deprotection of the Acm group in 224 was
achieved by treatment with HgII after the ligation.[317] The N-
terminal fragment 223 was then attached, which resulted in
the fully synthetic H-Ras protein. Subsequent refolding and
biochemical analysis revealed that the catalytic properties of
the synthetic H-Ras were indistinguishable from biologically
produced material.

7.2. Synthetic EPO

A four-segment ligation in combination with various
additional modification processes (see Section 3.2) has
recently been used for the synthesis of a PEGylated analogue
of the glycoprotein hormone erythropoietin (EPO;
Scheme 42).[119,318] The natural glycoprotein EPO stimulates
the proliferation of erythroid cells. Two of the four peptide
segments were modified with branched, negatively charged
polymers of a defined length by oxime ligation. These
polymers replace glycosylations, to overcome the problem
of inhomogeneous glycosylation patterns often encountered
in natural glycosylated proteins. The synthetic EPO was
assembled from the C to the N fragment by applying the
Acm-protection strategy discussed above. As the natural
EPO sequence does not incorporate Cys residues at all
junction sites, the necessary additional Cys mutations were
alkylated with bromoacetic acid (76), thereby converting
them into an analogue of glutamic acid, which naturally
occupies these positions (see Section 3.2.2.1). The biological
activity of the synthetic EPO was similar to wildtype EPO;
however, the synthetic PEGylated hormone maintained a
two- to threefold higher plasma level for several hours when
injected into rats.[319]

7.3. Solid-Phase-Expressed Protein Ligation (SPPL)

Multiple fragment ligations can also involve recombinant
peptides, as demonstrated by Cotton and Muir for the
synthesis of a doubly fluorescently labeled Crk-II protein by
using NCL and ELP.[320] Crk-II is an adapter protein involved
in several signal transduction pathways and composed of one
Src-homology domain 2 (SH2) and two Src-homology
domains 3 (SH3). The protein is regulated by Tyr phosphor-
ylation, which results in an intramolecular rearrangement
caused by the association of the phosphorylated Tyr residue
with the SH2 domain. An appropriate FRET pair was ligated
to the C terminus and the N terminus of Crk-II to enable this
rearrangement to be monitored by fluorescence resonance
energy transfer (FRET; Scheme 41B). The central segment of
this three-fragment assembly was produced in bacteria as an
intein fusion protein 226. The C-terminal thioester of the
central segment was introduced by EPL and subsequently
ligated with the C-terminal peptide 227 containing a fluo-
rescein dye. The necessary protection of the N-terminal Cys
residue was achieved by embedding the residue into the
recognition site for a protease factor Xa (Scheme 41B). The

ligation product 228 was subsequently treated with the
protease to liberate the N-terminal Cys protein 229, followed
by subsequent ligation with an N-terminal tetramethylrhod-
amine-conjugated peptide thioester 230. An advantage of this
synthetic approach was the assembly on a resin, facilitated by
a biotin moiety within the C peptide 227. Thus, the synthesis
strategy resembled the concept of SPPS and was named
“solid-phase expressed protein ligation” (SPPL). After
release from the resin, biochemical assays of the doubly
labeled Crk-II 231 showed the expected FRET change
induced by phophorylation, thus confirming its applicability
as a reporter for the phosphorylation state of Crk-II.

7.4. Synthetic Ribonuclease A

Besides the most common NCL and EPL approaches,
alternative strategies have also been used for the ligation of
multiple fragments. The most prominent example is the
enzymatic synthesis of fully functional ribonuclease A from
six synthetic fragments by the Subtiligase (see also Sec-
tion 5.1).[321] As in the case of NCL, the N terminus of the
peptide fragments needs to be protected to prevent self-
ligations. The protection was realized by installing the
isonicotinyl (iNOC) group at the a-amine group; this
protecting group can be selectively removed under mild
reducing conditions. The C terminus of the peptide fragments
was esterified with a glycolate-phenylalanine amide moiety to
allow efficient alkylation of the Subtiligase. Ribonuclease A
was assembled from the C terminal to the N terminal frag-
ment, catalyzed by Subtiligase, followed by cleavage of the
iNOC group after each ligation step. The synthetic ribonu-
clease showed similar activity as recombinant RNase A and
the synthetic enzymes generated with other chemoselective
ligation techniques. At this point it should be noted that
ribonuclease A is a classic target for protein synthesis
approaches. It was the first enzyme to be fully synthesized
by SPPS in the late 1960s.[322] Synthetic approaches for the
installation of native glycosylation patterns have been
reported.[41] A total synthesis of ribonuclease A from six
fragments by using NCL has also been described.[323]

7.5. Combined Recombinant, Enzymatic, and Chemical Synthesis
Strategy (CRECS)

In a very recent publication Beyermann et al. reported the
successful application of several ligation techniques discussed
in this Review for the synthesis of a protein mimicking the
extracellular region of a G-protein-coupled receptor (GPCR,
Scheme 43).[324] GPCRs bind their ligands through extracel-
lular binding domains (ECDs) consisting of an N-terminal
region (ECD1) and three loops (ECD 2–4) which link the
seven transmembrane helices of the receptors. In the case of
the corticotrophin-releasing factor receptor type 1 (CRF1),
the natural peptide agonist urocortin 1 binds to the soluble N-
terminal ECD1 only.[325] In contrast, another known peptide
agonist, sauvagin, requires the whole CRF1 receptor to
display high affinity binding, thereby indicating that the three
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loops (ECD2–4) play an important role in binding this
ligand.[326]

To address this question, the binding domains ECD1–4
were subsequently ligated onto a synthetic peptide tem-
plate,[327] which served as a scaffold for the spatial arrange-
ment of the extracellular parts of CRF1. The template was

constructed from a branched peptide containing a MIC group
(see Section 4.3.1), a Dde-protected Lys, an unprotected Lys,
and finally a triglycine tail to facilitate ligation reactions
catalyzed by sortase A (see Section 5.2). Additional residues
of the template were used for spacing the functional groups
and to mediate solubility of the construct. Synthetic cyclic

Scheme 42. Total chemical synthesis of EPO.
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peptides 233 derived from the three loop regions of the CRF1
receptor (ECD 2–4) were obtained by intramolecular NCL of
linear precursors 232 (Scheme 43 A). First, the unique Cys
residue of the cyclic ECD4 was conjugated to the template
234 by the MIC strategy (Section 4.3.1). In an analogous
manner, the second and third domains, ECD2 and ECD3,
were conjugated after installation of additional MIC groups,
first by reaction of MIC-OSu with the unprotected Lys
residue and second in the same manner after deprotection of
the Dde group with hydrazine. In parallel, the CRF1
N terminus (ECD1) was produced in E. coli. The ECD1
domain, which was equipped with a C-terminal sortase A
sorting motive, was obtained recombinantly and ligated to the
triglycine tail by sortase A (see Section 5.2) to finally yield a
synthetic protein mimic 235 of the extracellular fraction of
CRF1 (Scheme 43 B). Subsequent binding studies were
performed with the synthetic CRF1 receptor and the peptide
agonist sauvagin. Only the synthetic CRF1 mimic was able to
bind this ligand, unlike ECD1 alone and a control mimic
lacking ECD1, therefore demonstrating that the loops con-
tribute to the binding of CRF1 with sauvagin. These reseults
show that this approach, which is referred to as the combined
recombinant, enzymatic, and chemical synthesis strategy
(CRECS strategy), can generate a functional synthetic
GPCR that can be used to conduct ligand-binding studies
with natural agonists.[324]

7.6. Convergent Strategies for Multiple Fragment Ligations

All the strategies mentioned above require the stepwise
assembly of the individual fragments from the C to the
N terminus. However, the convergent assembly of multiple
fragments in parallel represents a more efficient way for
generating whole synthetic proteins. A convergent synthesis
approach would require double protection of the central
fragment at the N-terminal Cys as well as the C-terminal
thioester. In this regard, Danishefsky and co-workers intro-
duced phenolic esters equipped with an adjacent disulfide-
protected thiol, which are much less reactive than the
corresponding thioesters.[53] The phenolic ester can be con-
verted into a thioester by the addition of an excess of thiol,
which reduces the disulfide and thereby triggers an O!S
migration (see Schemes 4E and 15).

An alternative strategy, called the “kinetically controlled
ligation”, principle was introduced by Kent and co-work-
ers.[328] This approach exploits the different reactivities of aryl
and alkyl thioesters for a convergent protein syntheses.[329]

Alkyl thioesters are sufficiently unreactive and do not
participate in ligation reactions when competing aryl thio-
esters are present. They even tolerate unprotected N-terminal
Cys residues without significant amounts of self-ligation.
However, they can be converted into reactive aryl thioesters
in a thiol–thioester exchange reaction by adding an excess of
aryl thiols. In kinetically controlled ligation procedures, the
central peptide fragment 237 contains an N-terminal Cys

Scheme 43. A) Intramolecular NCL for EDC domain synthesis. B) Synthetic strategy for generating synthetic synthetic CRF1.
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residue and a C-terminal alkyl thioester. This fragment is
ligated at the N-terminal Cys residue with aryl thioesters 236.
The C-terminal alkyl thioester of the ligated peptide 238 is
subsequently converted into an aryl thioester by thioester
exchange to participate in the next ligation reaction
(Scheme 44). This methodology allows the ligation of multi-
ple fragments in parallel, thus enabling a fully convergent
synthesis of proteins. The feasibility of this approach has been
demonstrated for the convergent synthesis of crambin and
lysozyme (Scheme 44).[327, 330] In the latter case, the lysozyme,
which consists of 130 amino acids, was synthesized from four
fragments. The folded synthetic lysozyme had full enzymatic
activity and the obtained X-ray structure was identical to that
of the biologically produced lysozyme.

8. Conclusion

In summary, the repertoire of chemoselective strategies
for the synthesis and/or modification of proteins and the
impressive functional studies have greatly advanced chemical
biology, as these methods made it possible to study the
functional consequences of molecular changes within a
protein even in a cellular environment. It is, therefore, both
the quality and the sheer number of these chemical methods
(or in other words, a well-equipped tool box) that represents a
true breakthrough in modern synthetic chemistry. Although
many of these reactions are very much applicable, chemists
and biologists are still devoted to developing further chemo-
selective methods for the synthesis of modified proteins. In
this respect, particular emphasis has been placed on simplify-
ing the accessibility of starting materials and achieving mild
reaction conditions that are even transferrable to in vivo
applications.

The large number of various ligation techniques reported
to date in combination with convergent synthesis schemes
provides all the key elements for the total chemical synthesis
of natural or fully unnatural proteins with yet to be discovered
properties. It is likely that in the near future completely
synthetic proteins will be far more than scientific proof of
principle constructs, they will become important tools for all
sorts of biochemical and biological research.[331]
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