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Modern Ligation Methods to Access
Natural and Modified Proteins
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Abstract: Proteins and peptides are gaining increasing interest as tools and targets in fundamental research
and drug discovery. Growing research applications have prompted the need for methodologies that produce
homogenous peptide and protein material. The development of efficient, chemoselective ligation reactions using
unprotected peptide fragments presents a key solution for this challenging task. This review outlines modern
ligation methods that enable the synthesis of both native, and also labelled or post-translationally modified pep-
tides and proteins. The ligation methods herein discussed focus on the formation of the backbone amide bond.
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1. Introduction: The Need for
Chemical Protein Synthesis

Peptides and proteins are biological
macromolecules that are involved in virtu-
ally every cellular process. The biological
function of a protein is a consequence of
its unique folded structure, which in turn
is dictated by its specific amino acid se-
quence. Organisms and chemists have both
found ways to further increase the func-
tional repertoire of the 21 proteinogenic
amino acids (including selenocysteine) by
chemical modifications. Nature uses cellu-

lar machineries to install post-translational
modification (PTM) on proteins, thereby
generating a wide range of chemical al-
terations of amino acids. These modifica-
tions include phosphorylation, acetylation,
methylation, or the attachment of carbohy-
drates or even small proteins such as ubig-
uitin to the side chains of certain amino ac-
ids. PTMs have been shown to profoundly
modulate both the structure and function
of proteins.[l] On the other hand, chemi-
cal synthesis additionally allows for the
incorporation of unnatural building blocks
into proteins, such as D-amino acids,?!
polymersl3 or other functional tags (e.g.
drugs,l* fluorophores, purification tags,
etc.). Unnatural building blocks help to
fulfil the need for functionalized proteins
and biopharmaceuticals in science and the
pharmaceutical industry.

Critically, in order to study the ef-
fect of defined protein modifications, ho-
mogenous peptide and protein material
is required. While proteins are typically
accessed through biological expression,
targeted modification remains challenging
within cells despite recent advances in the
incorporation of unnatural amino acids.[>-6]
Particularly with regard to the site-spe-
cific incorporation of PTMs or other tags
in a protein or peptide, chemical synthe-
sis methods as well as chemo-enzymatic
approaches have proven indispensable
for their ability to produce well-defined
(modified) proteins. Unambiguous modi-
fications are crucial for meaningful evalu-
ations of downstream processes.

As starting material for chemical protein
synthesis, polypeptides are used, which are
nowadays routinely prepared by solid phase
peptide synthesis (SPPS).[7:8! For technical
reasons, SPPS is usually limited to peptides
of 40-50 amino acids in length, necessitat-
ing that larger polypeptides be assembled
from several smaller fragments. Early work



Bi0ORTHOGONAL CHEMISTRY

803

CHIMIA 2018, 72, No. 11

A) chemical approaches

native chemical ligation (NCL)

0 HS
o+ 0 —
HN i -RSH

R=aryl, alkyl
KAHA ligation H
o HO . organic solvent
)S(OH - CO,, Hy0

H
(o] Nv\‘

n
J aqueous solvent
- CO,, HO

Ser and Thr ligation

o) Jg\j HO_ _R
oy e .
H2N
(¢] H 0

R=H, Me (

=H, Me (Ser, Thr)

E—

(chemoselectivity achieved by orthogonal functional groups) / \

o R
H— fragment 1 AN&(_‘OH
)

R= amino acid residue

X=any aa

OH Butelase-mediated ligation

-HV

X=NorD

B) chemo-enzymatic approaches
(chemoselectivity achieved by enzyme-specificity)

Subtiligase-mediated ligation

o] u o
)I\O/\H/N%NHZ + HzN. Subtiligase
O Bn
Sortase-mediated ligation

.G'

Tubulin-tyrosine ligase (TTL)-mediated ligation

o v T

Intein-mediated ligation methods (s. scheme 5)

=1

LPXTG,

tub tag = VDSVEGEGEEEGEE
Y’= tyrosine derivative

o e

Scheme 1. Selection of A) chemical and B) chemo-enzymatic peptide and protein conjugation methods using unprotected fragments. KAHA: keto-

acid-hydroxylamine.

in this area focused on the condensation of
side-chain protected fragments.[®) However,
this strategy proved to be limited by unin-
tentional epimerization at the C-terminal
amino acid during activation, as well as
poor solubility of protected peptide frag-
ments. The development of chemoselective
ligation techniques of unprotected peptides
and proteins has proven to be a key solution
to these problems.

This review aims at providing an over-
view of modern ligation techniques us-
ing unprotected side-chain fragments and
vielding native peptide bonds. Methods to
chemoselectively modify the side chain
functionalities of amino acids are beyond
the scope of this discussion and the inter-
ested reader is kindly referred to excel-
lent overviews in this area.l®-101 Here, both
chemo-enzymatic and purely chemical
ligation methods are highlighted, the lat-
ter class with a focus on native chemical
ligation since it is the most widely used
ligation technique to date. Notably, other
excellent review articles that cover the sub-
ject of peptide ligation exist, including a
very recent article from the Payne group on
advances in the development of new NCL-
inspired ligation technologies.[!.11-15]

2. Overview of Peptide Ligation
Techniques Using Unprotected
Fragments

Generating native peptide bonds be-
tween two unprotected peptides in a che-
moselective manner is as challenging as it is

useful. Approaches to achieve this goal can
be divided in two categories: purely chemi-
cal methods and chemo-enzymatic methods
(Scheme 1A and B, respectively). The lat-
ter rely on the catalytic power of enzymes,
usually recognizing a specific amino-acid
sequence, to ligate the peptide or protein
of interest (POI) to another fragment or to
attach a tag to it. In turn, purely chemical
methods rely on functional groups that react
chemoselectively with each other.

In addition to the aforementioned che-
moselectivity, an ideal ligation method
should have the following features: It
should proceed quickly and under mild
conditions, in aqueous buffers and at low
molar concentrations, thereby producing
no chemical by-products. Furthermore,
it should not require catalysts or other
chemical additives. From a practical per-
spective, the starting material should be
stable for storage and easily accessible, by
biochemical methods, to enable semi-syn-
thetic strategies. The following sections
present a selection of the most popular and
practical methodologies for both chemical
and chemo-enzymatic approaches.

2.1 Native Chemical Ligation

To date, the most robust, practical and
widely used method for ligating two unpro-
tected peptide fragments is native chemical
ligation (NCL), which was introduced in
1994 by Kent and coworkers.[1617] Since
then, NCL has emerged as an indispens-
able methodology for chemical protein
synthesis.[!8]

The reaction mechanism of native
chemical ligation involves first a revers-
ible trans-thioesterification reaction via
a nucleophilic attack of the N-terminal
Cys-thiolate moiety of the C-terminal
fragment to the C-terminal thioester of
the N-terminal fragment. In a second step,
the resulting activated thioester then un-
dergoes (under physiological conditions)
an irreversible, proximity-driven intramo-
lecular S—N acyl shift, yielding a native
peptide bond with a cysteine residue at the
conjugation junction. The presence of ex-
cess free thiol and thus reversibility of the
first step guarantees the exquisite regio-
selectivity of peptides containing other
free cysteines.

In order to access C-terminal peptide
thioesters as starting materials, various
methods have been developed (see also
section sequential ligation), including the
synthesis and activation of peptide hydra-
zidel1%1 as well as the 3,4-diaminobenzoic-
acid (Dbz)29Tand o-amino(methyl) aniline
(MeDbz) linkers,?!l which are compat-
ible with Fmoc/'Bu-SPPS (compare also
Scheme 2). Notably, NCL reactions usu-
ally proceed with low mM peptide concen-
trations and in the presence of a chaotropic
reagent (e.g. 6 M guanidine-HCI).

The NCL method proved to be highly
practical because of its compatibility with
conditions that are ideal for most peptides
and proteins (i.e. purely aqueous media
and at neutral pH). Moreover, NCL allows
for the semi-synthesis of proteins and thus
gives rise to homogenous (modified) pro-
teins.
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The impact of NCL-based peptide liga-
tion becomes apparent when looking at the
numerous examples of polypeptides that
have been synthesized to date using this
method. These include proteins with selec-

tively introduced tags, as well as examples
of the total synthesis of native or modified
proteins,[11.151 such as the synthesis of a site-
selectively O-GlcNAc-modified tau protein
performed by our laboratory (Scheme 2).[221

Tau plays an important role in the regulation
of mictrotubule stabilization, which is cru-
cial to the integrity of the neuronal network.
Hyperphosphorylation of tau is implicated
in Alzheimer’s disease.[23-25] Another PTM,

A) thiol auxiliaries
o

B) Cys (surrogates) / desulfurization

o g SH
C+
(0]

R= Cys or Cys surrogate

C) Sec ligation / deselenization

R+
S ZNJ}(
SH

R’=e.g. MESNa, MPAA

OH

\

1. NCL

2. desulfunzatlon

HS
1 NCL at Sec 9]

2. deselenlzatlon Hw”

o]

SsH

auxiliary

removal
aux

wm

OH

Scheme 3. Ligation methods at Cys-free junctions.



Bi0ORTHOGONAL CHEMISTRY

805

CHIMIA 2018, 72, No. 11

O-linked B-N-acetylglucosaminylation
(O-GIcNAcylation), was found to inhibit
tau phosphorylation in a site-specific man-
ner.[201 Our group developed an NCL-based
synthetic route, along with a traceless
cleavable biotin-photo-linker purification
system, which enabled access to site-spe-
cifically O-GlcNAc-modified tau. Notably,
Haj-Yahya and Lashuel recently presented
another important contribution on the semi-
synthesis of post-translationally modified
tau.?”l Using our reported tau synthesis,
some of the important concepts and ele-
ments of the NCL toolbox are highlighted
(grey boxes, Scheme 2).

2.2 Strategies beyond NCL:
Auxiliaries and Post-ligation
Modification

A drawback of the traditional NCL
strategy can be that it relies on a native
cysteine residue at the conjugation site. In
recent years, several strategies have been
devised to circumvent the need of a native
Cys residue at the conjugation site. These
include: use of (N-terminal) auxiliaries, Cys
surrogates, as well as selenocysteine (Sec),
combined with a post-ligation desulfuriza-
tion or deselenization step (Scheme 3).

Thiol-containing  auxiliaries  react
with the thioester at the C-terminus of an
N-peptide in a mechanism resembling
NCL. Upon removal of the auxiliary with
suitable reagents, a native peptide or pro-
tein sequence is generated (Scheme 3A).
Diverse auxiliary-based methods have been
developed by, amongst others, the groups
of Kent,281 Wong,[2%301 Brik,3!11 Hojo/
Nakahara,[*2l and most recently Seitz.33

In 2001, Yan and Dawson introduced the
concept of post-ligation desulfurization,13%
which revolutionized the field of NCL. Post-
ligation desulfurization utilizes chemical
reduction of the cysteine at the conjugation
site resulting from NCL to alanine (Scheme

3B). In this way, cysteine-based NCL can be
used to generate junctions containing native
alanine, a significantly more abundant amino
acid (ca. 8.9% vs. ca. 1.8% abundance of
Cys), thereby enlarging the retro-synthetic
disconnection possibilities  significantly.
Large excess of Raney Ni or Pd on ALO,
were used to reduce the sulfhydryl group,
causing side reactions in some cases. In 2007,
Danishefsky and co-workers introduced a
milder, metal-free desulfurization protocol
using TCEP in combination with a water-
soluble radical initiator (VA-044) and hydro-
gen atom source (e.g. ‘BuSH).3536 Notably,
these conditions are chemoselective in the
presence of methionine residues and thioes-
ters. Li and co-workers recently reported a
yet more elegant protocol, using a combina-
tion of borohydride and TCEP, thereby even
circumventing the need for a radical-initia-
tor.371 In the synthesis of semisynthetic tau
(Scheme 2), we employed the Danishefsky
protocol to desulfurize Cys** to native Ala*®,
which allowed us to accomplish the ligation
at this more accessible site.[22]

Inspired by the Cys—Ala desulfuriza-
tion methodology, a mad dash began to
develop methods for accessing other thiol-
derived variants of the canonical amino ac-
ids that could analogously be used as Cys-
surrogates in NCL (Scheme 3B). Following
approximately a decade of intensive re-
search, the Cys-surrogate toolbox gained
various Fmoc-SPPS-compatible thiol-de-
rivatives of the proteinogenic amino acids
and several non-natural amino acids. For
the chemical structures of these amino acids
and further details, the interested reader is
referred to the indicated references.[15.38-421

Several groups advanced the use of se-
lenocysteine (Sec) in NCL-like transforma-
tion with peptide thioesters, giving rise to
selenoproteins by Sec ligation (Scheme 3C).
[43-46] Tn 2010, the Dawson group discov-
ered that deselenization of a Sec residue can
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Scheme 4: Strategies for the iterative assembly of multiple peptides. Ar = aryl, Alk = alkyl.

be chemoselectively achieved using TCEP
and DTT in the presence of unprotected
Cys residues.*”1 The power of this method-
ology has been exemplified for instance by
Metanis and co-workers in the synthesis of
human enzyme phosphohistidine phospha-
tase.[*8] Another landmark contribution in
the field came from the Payne and Metanis
groups, who both discovered that Sec can
be cleanly converted into Ser with TCEP
in the presence of an exogenous oxidant
such us oxygen or ozone.[*9-511 These dis-
coveries, along with the synthesis of other
seleno-derived amino acids,!52] have further
broadened the scope of Sec ligation chem-
istry beyond Ala disconnections.

2.3 Sequential Ligations

Using sequential NCL reactions, large
proteins can also be assembled from more
than two fragments (each of which can
be additionally modified). The challenge
thereby is to steer the reactivity of the indi-
vidual fragments such that they react with
each other in the desired order.

For the iterative ligation of peptides in
the N—C direction, two main concepts ex-
ist to control the reaction order (Scheme
4): utilizing the varying reactivities of dif-
ferent thioesters (kinetic control) or ‘turn-
ing on’ thioesters through unmasking of
their respective precursors at the desired
stage of the reaction sequence.

The concept of kinetically controlled
ligation was first employed by Kent and
co-workers in the six-segment assembly of
the protein crambin.[531 They utilized the
fact that aryl thioesters are more reactive
than alkyl thioesters to make the reaction
selective (Scheme 4A). This facilitates the
incorporation of a bifunctional fragment
(e.g. Cys on the N-terminus and alkyl
thioester on the C-terminus), which, after
the first ligation step, can be activated by
adding excess of an aryl thiol additive for a
subsequent ligation with a third fragment.
A drawback of this otherwise very power-
ful method is the radical quenching activity
of commonly used aryl thiol additives (e.g.
phenyl thiol or MPAA), which prohibits
post-ligation in situ radical desulfuriza-
tion of the ligation product. This limita-
tion has been overcome by the discovery
of 2,2,2-trifluoroethanethiol (TFET) as an
alternative thiol additive, which increases
the rate of the ligation reaction to a simi-
lar degree as aryl thiols but does not ex-
hibit their radical quenching properties.[>4
Its use has been showcased in a one-pot
kinetically-controlled synthesis of sulfated
variants of madanin-1 protein.[53]

A conceptually different strategy for it-
erative ligations in the N—C direction relies
on thioester precursors, which are activated
at a given point in the reaction sequence with
suitable reagents to enable ligation to a sub-
sequent fragment (Scheme 4B). Commonly
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used thioester precursors comprise Dbz-
linkers,[20.211 acyl pyrazoles,5%! cryptothio-
esters,P7-611 peptide acyl hydrazides, 19621
N-alkyl-Clys,[63.64] o-aminoanilides, 9]
C-terminal Cys-activation,[] as well as
thioacids and strained thiolactones.[67:8] In
addition, a new method for N—C sequential
ligation using thioacid capture ligation and
NCL has been reported by Hou et al.[¢%]

In parallel with the revolutionary ad-
vances in the field of NCL discussed
above, researchers set out to tackle some of
the inherent limitations of the technology.
A primary limitation of NCL is the slow li-
gation rates at sterically demanding amino
acids. It turned out that the 21* amino acid
selenocysteine (Sec) possesses tailored
physical-chemical properties that partially
overcome these issues. For example, the
lower pKa of Sec (5.2-5.6) compared to
Cys (8.2), renders it suitable for ligation
at lower pH, which can lead to higher
yields due to less thioester hydrolysis. In
addition, Sec exists predominantly as sele-
nolate at physiological pH, thus reacting
more efficiently than Cys at the same pH.
Replacing the thioester moiety with an al-
kyl selenoester thereby improved ligation
rates at sterically hindered C-terminal ami-
no acids.!'5:701 For a more substantial over-
view of recent achievements in the field
of selenium-based ligation, as well as ex-
amples of synthesized proteins, the reader
is referred to the excellent review from the
Payne group, published this year.[!>]

In addition to methods for N—C protein
assembly, researchers have also developed
several effective methods for assembling
peptide fragments in the C—N direction.
A popular strategy is to use orthogonal
protecting groups for the N-terminal Cys
residue to precisely control sequential li-
gation steps. Thiazolidine (Thz) and acet-
amidomethyl (Acm) derivatives of cyste-
ine, but also of other thiol amino acids, are
the most popular candidates and have been
employed in several successful protein
syntheses, e.g. in the synthesis of tetrau-
biquitin by Brik and co-workers!’!! and in
the synthesis of glycosylated interferon-f3
by Kajihara and co-workers.[2!

2.4 Other Chemoselective Amide
Bond-forming Reactions

Despite NCL being the most popular
peptide ligation technique, other chemical
approaches have been developed that pres-
ent viable alternatives for the formation of
native peptide bonds (Scheme 1A).

In 2006, Bode and co-workers in-
troduced the keroacid-hydroxylamine
(KAHA) ligation.I’31 This chemoselective
ligation method is based on the conden-
sation of a C-terminal o-ketoacid and an
N-terminal N-hydroxylamine. The reaction
works additive-free and the only side prod-
ucts are CO, and H,O. The o-ketoacid pep-

tide can be prepared on-resin by oxidation
of a cyanosulfur-ylide based linker(7 and
the N-hydroxylamine moiety can be reli-
ably prepared on resin by a method based
on Fukuyama’s protocol.[’>7¢1 While the
traditional method was limited to organic
solvents, the 5-oxaproline KAHA ligation
also works in aqueous solvents, yielding a
homoserine residue at the ligation site.[7”)
A concise review by Bode highlights re-
cent advances of the KAHA ligation.[78]
Examples of proteins prepared with KAHA
ligation include prokaryotic ubiquitin-like
protein (Pup),7I probable cold shock pro-
tein A (CspA),""1 ubiquitin-fold modifier-1
(UFM1)I7%1 and nitrophorin 4.[80]

In 2010, the Chan group described an-
other powerful ligation method: the so-
called Ser or Thr ligation8!l between an
N-terminal Ser/Thr peptide and a C-terminal
salicylaldehyde ester peptide. In the first
step, an N,O-benzylidene acetal intermedi-
ate is generated, followed by an O,N-acyl
shift yielding a native peptide bond after a
subsequent acidolysis step. The salicylalde-
hyde ester can be prepared on resin via phe-
nolysis of an N-acyl-benzimidazolidinone
(Nbz) protected peptide with salicylalde-
hyde dimethyl acetal.[®21 Advantages of the
Ser/Thr ligation include its racemization-
free mechanism and also its chemoselec-
tivity in the presence of thioester function-
alities, making it compatible with NCL.
Furthermore, an inherent advantage of this
method is the versatility afforded by the high
abundance of Ser and Thr residues in natural
polypeptides. This ligation strategy has been
employed in the chemical synthesis of large
proteins such as phosphorylated/methylated
nuclear protein HMGA1al®3l or glycosyl-
ated interleukin-25 (using a combination of
NCL and Ser/Thr ligation),[34! as well as in
the macrocyclization of peptides.[3>!

Both the KAHA and the Ser/Thr liga-
tion are powerful alternatives to the tradi-
tional NCL method, which allow not only
for the accession of modified proteins but
also the preparation of cyclized peptides.
These methods do not rely on a cysteine
at the ligation site (such as in traditional
NCL), thereby further expanding the scope
of possible connection sites. It should be
mentioned however, that recent advances
in the NCL methodology have also over-
come this limitation (see above).

2.5 Enzymatic Amide Bond-forming
Methods

In addition to the purely chemical
methods discussed above, there are various
chemo-enzymatic ligation methods for the
ligation of unprotected peptide and protein
fragments that make use of the inherent che-
moselectivity of enzymes. Prominent exam-
ples include the usage of reverse proteolysis
(e.g. by subtiligase), transpeptidases such as
sortase A, as well as other ligation enzymes

(e.g. butelase) and split intein-based liga-
tion methods (Scheme 1B).

In the early 1990s, the Wells group intro-
duced the enzyme subtiligase, an engineered
peptide ligase derived from the bacterial
serine protease subtilisin (BPN).[80871 Two
point mutations (BPN S221C P225A) alter
the mechanism to favor aminolysis over pep-
tidase activity, thereby facilitating the liga-
tion of a C-terminal ester-containing peptide
to an acceptor peptide containing an amine.
Subtiligase has been employed in the syn-
thesis of a number of targets, including the
ribonuclease A from six segments.[38 This
enzyme accepts a wide scope of substrate
amino acid sequences on both peptide ends,
making it versatile while also limiting its util-
ity for N-terminal bioconjugation. However,
Weeks and Wells recently reported a library
of subtiligase variants with defined speci-
ficities that allow for site-specific modifica-
tion of protein N-termini.!39! In addition, the
same group engineered subtiligase variants
that efficiently ligate Cys-free peptides to
recombinant protein thioesters fragments.[!
These recent findings, along with the fast
reaction times and mild reaction conditions
make subtiligase-catalyzed peptide ligation
a very powerful tool for peptide ligation and
modification.

Sortase A is a transpeptidase, naturally
catalyzing the ligation of surface proteins to
the cell wall of Gram-positive bacteria.[®]
Sortase A recognizes a C-terminal amino
acid sequence LPXTG and cleaves it at the
threonine residue. The resulting enzyme-
substrate acyl intermediate complex can be
converted with a second peptide fragment,
bearing at least one glycine residue at the
N-terminus, to afford the ligation product,
which still contains the LPXTG motif.[2]
For an overview of applications using sor-
tase A, which despite its principle revers-
ibility became very popular due to the sim-
ple access of the starting material, the reader
is referred to other excellent reviews.[92-94

Another peptide ligase, named butel-
ase 1, was recently discovered by Nguyen
et al. from the Tam group.[%! They isolat-
ed this enzyme from C. ternatea, a tropi-
cal cyclotide-producing plant. Butelase
1 features catalytic efficiencies as high as
1.34 x 10° M's" and k_ of up to 17 s
and is thus the fastest peptide ligase known
to date (> 10k faster than sortase A).[%!
Butelase 1 recognizes a C-terminal tripep-
tide motif Asn/Asp(Asx)-His-Val. It cleaves
after Asx and ligates it to the N-terminal res-
idue, thereby displaying broad specificity
for the N-terminal amino acids of the sub-
strate to ligate. Butelase 1 mediated ligation
reactions are generally completed within
minutes, thereby often achieving excellent
yield. Moreover, butelase 1 is particularly
useful for the efficient macrocylization of
peptides.[7] For intermolecular ligation, an
excessive amount of a substrate (>5-fold) is
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A) protein trans-splicing with split inteins
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B) expressed protein ligation (EPL)
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Scheme 5. Strategies for protein semi-synthesis: A) Intein-catalyzed protein trans-splicing,
B) mechanism of expressed protein ligation (EPL). CBD = chitin binding domain, MESNa = 2-mer-
captoethanesulfonate sodium, MPAA = 4-mercaptophenylacetic acid.

needed to compete with the cleaved dipep-
tide His-Val. However, this limitation can be
overcome by using a thiodepsipeptide as a
substrate instead.[8] Additionally, butelase
1 has been employed for the synthesis of
protein thioesters.!

In our group, another enzymatic method
has been developed, employing the enzyme
tubulin tyrosine ligase (TTL). In nature, TTL
recognizes a 14-mer amino acid C-terminal
sequence of a protein, termed ‘tub tag’, and
attaches the amino acid tyrosine to it.l100]
However, TTL also tolerates tyrosine de-
rivatives, e.g. those equipped with click
handles, thereby allowing further function-
alization of the ligation product.[101.102]

2.6 Protein-splicing and Protein
Ligation

Two enzyme-based ligation methods
that are particularly useful for the semi-
synthesis of proteins are expressed protein
ligation (EPL) and protein trans-splicing
(Scheme 5). Conceptually, both methods
rely on an intein-catalyzed protein-splicing
step. Inteins (Int) are protein segments that
have the ability to excise themselves and
join the remaining fragments (the exteins)
with a peptide bond in a process called
protein-splicing.l193:1041  Intein-mediated
protein-splicing is spontaneous; hence, all
the necessary enzyme activities for these
steps are imbedded in the intein segment
itself. Inspired by this naturally occurring
process, scientists made use of intein-based
systems for peptide ligation purposes.

In a process called trans-splicing
of proteins, so-called ‘split inteins’ are
employed. Recombinant and/or syn-
thetic peptide or protein fragments, each
equipped with an intein fragment, as-
sociate to form a fully functional intein
that bridges the two extein fragments.
This intein bridge is removed by protein
splicing to afford the protein or peptide
of interest (Scheme 5A). Commonly, the
SPPS-derived synthetic fragment is fused
to the smaller intein fragment, while the

recombinant fragment is equipped with
the larger intein portion. Since the dis-
covery of split inteins, the feasibility of
this approach has been demonstrated in a
plethora of examples.[105]

Another milestone around the topic of
NCL was achieved when scientists found
a way to convert recombinant proteins into
protein thioesters. Two decades ago, Cole
and co-workers introduced the concept of
expressed protein ligation (EPL).1106-109]
Similar to the concept explained above,
the key to the EPL mechanism is also an
intein-catalyzed protein splicing step giv-
ing rise to a thioester, which is activated
by adding excess thiols (typically MESNa
or MPAA). Upon addition of a synthetic
(modified) peptide fragment bearing an
N-terminal cysteine residue, the ligation
step yields the semisynthetic protein of in-
terest (Scheme 5B). The intein component
is usually fused to an affinity tag, such as
the chitin-binding domain (CBD), which
facilitates purification.

EPL is useful for the semisynthetic
assembly of large modified proteins, but
also for native proteins, which are diffi-
cult to express in full-length due to fold-
ing or solubility problems. In the synthe-
sis of tau (Scheme 2), an EPL step has
been employed to conjugate the expressed
N-terminal fragment with the synthetic,
glycosylated C-terminal fragment.[22]

3. Summary and Outlook

Modern chemical ligation methods
present a useful solution to the challenge
of the total chemical synthesis of proteins.
The plethora of chemical and chemo-en-
zymatic ligation methods that arose over
the last decades have greatly enhanced the
scope of accessible targets, and important-
ly also have enabled the incorporation of
labels or PTMs.

Among the techniques employed for
the coupling of peptide segments, NCL has

proven to be particularly practical and ro-
bust. Since the seminal report in 1994, NCL
has seen revolutionary advances. The use
of thiol amino acid surrogates, in combi-
nation with the ligation-desulfurization ap-
proach and the methodologies that enable
sequential ligations of several fragments in
an iterative manner, have paved the way for
efficient chemical protein synthesis. The
power of the NCL toolbox has been demon-
strated in the synthesis of many natural and
modified targets, including larger proteins
consisting of > 120 amino acids.

In our opinion, the limiting factor in
the total chemical synthesis of proteins
is no longer the ligation itself, but the oc-
casional laborious and time-consuming
accession of peptide starting material by
SPPS, along with tedious HPLC or other
chromatographic purification steps. The
field of chemical protein synthesis would
therefore greatly benefit from advances
that further the automation of these pro-
cesses in a robust and practical way.

Nevertheless, it is fair to say that the
well-equipped toolbox that exists to date
for accessing homogenous, natural and
modified proteins made it possible to study
the effect of molecular changes of a protein
in a plethora of biological and pharmaceu-
tical contexts. Without any doubt, those
methods have thus truly revolutionized the
field of chemical biology.
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