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Posttranslational modifications of proteins play crucial roles in health and disease by affecting numerous
aspects of protein structure, function, stability and sub cellular localization. Yet understanding the effects
of these modifications on several of these processes at the molecular level has been hindered by the lack
of homogeneously modified proteins obtained via traditional biochemical and molecular biology
approaches. Moreover, the preparation of such bioconjugates at a workable level is highly demanding.
Recent advances in protein chemistry applying chemical and semisynthetic approaches are becoming
increasingly beneficial to overcome these challenges. These methods allow site-specific modifications of a
desired protein and afford the product in large quantities for biochemical and structural analyses. In this
review, we survey these efforts and their importance in dissecting the role of several posttranslational
modifications in various proteins. Several examples are presented where glycosylated, phosphorylated,
ubiquitinated, lipidated, acetylated and methylated proteins were prepared.

Introduction

The journey of cellular protein synthesis starts by transcription
of the specific DNA to the mRNA followed by ribosomal trans-
lation to the corresponding polypeptide. This machinery pro-
duces a limited number of proteins i.e. ∼5000 in yeast and up to
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25 000 in humans, with a size ranging from ∼70 to 5000 amino
acids (∼7 kDa–1.7 mDa). However, the complexity and diversity
of cellular functions exceeds the number of proteins within a par-
ticular cell. Nature has compensated for the low number of genes
through mRNA splicing at the transcriptional level and covalent
modifications of proteins called posttranslational modifications
(PTMs) which together increase the proteome diversity by more
than 10–100 fold. PTMs occur after the translational step and are
catalyzed by a number of enzymes that are highly specific for
each modification. In general, PTMs largely affect protein struc-
ture, function, stability and subcellular localization.1

PTMs occur on the protein side-chains or its N-terminus,
which are electron rich, through the addition of groups that are
usually electron deficient. The nucleophilic residues, which are
prone to these modifications are the thiolate anion of Cys,
hydroxyl group of Ser and Thr, phenolic hydroxyl of Tyr, amine
of Lys, His, Arg, and the carboxylate side chain of Asp and Glu
(Scheme 1). Two distinct PTMs are Met oxidation to the sulfoxide
form and glycosylation of Asn/Gln side-chain amide, which is
considered a very weak nucleophile.1

Phosphorylation is an example for a ubiquitous PTM, appear-
ing in thousands of proteins and is considered one of the most
studied PTMs. This modification affects the nature and behavior
of a protein by modifying the polar hydroxyl side chain of Thr,
Ser or Tyr, with a relatively bulky group of phosphate.2 As a
result, the radius and the surrounding of the modified residue are
changed, which could affect the overall charge of the protein.
Such modifications could, for instance, induce structural changes
in the protein, promote protein–protein interactions through elec-
trostatic interaction with the positively charged side-chains and
switch on and off the catalytic activity of enzymes. While some
PTMs can affect the functionality of modified protein, others
interfere with protein subcellular localization and its fate. For
instance, monoubiquitination can result in sending a membrane
protein to recycling compartments in the trans Golgi network
and to lysosomes, while the addition of a polyubiquitin chain
targets proteins for proteasomal degradation.3

Unarguably, PTMs play major roles in the regulations of
numerous of biological processes and are increasingly linked to
different diseases. Hence, dissecting the roles of these modifi-
cations on the protein structure and function as well as in health

and disease has been of great interest to chemists and biologists.
A well-known example of the importance of understanding the
role of PTMs and its impact on global health is related to kinases
that catalyze phosphorylation. Over the past decade, several
drugs that target these enzymes have been approved for clinical
use in cancer and a number of inhibitors are currently in clinical
trials for combating other diseases such as rheumatoid arthritis.4

In order to explore the role of PTMs at the molecular level,
there is a great demand for methods that allow site-specific
modifications to enable the production of posttranslationally
modified proteins with high homogeneity and workable quan-
tities. Such requirements cannot be achieved by traditional bio-
logical approaches due to the heterogeneity of the products and
the low amounts that these strategies could afford. Moreover,
these methods require the isolation of the specific enzyme,
which is not often available for in vitro experiments. These chal-
lenges become even more demanding when one is aiming to
study the interplay between different PTMs. Solutions to such
obstacles are mainly emerging from two directions: the use of
chemical and semisynthetic strategies and by applying advanced
molecular biology approaches. The latter approach uses a unique
codon and the corresponding tRNA/aminoacyl-tRNA synthetase
pair to genetically encode unnatural amino acids, e.g. phosphory-
lated residue, in Escherichia coli, yeast, and mammalian cells.
Alternatively, these approaches were also used to incorporate a
certain chemical group that allows a site-specific modification to
install PTM or its analogue. Such strategies will not be covered
here as several excellent reviews were dedicated to this topic.5

Recent advances in organic chemistry and chemical protein
synthesis have made it possible to prepare posttranslationally
modified proteins in excellent homogeneity and sufficient
amounts for various studies. In this review, we survey these
efforts in preparing these precious bioconjugates, highlighting
examples from different areas of PTMs.

Chemical synthesis of proteins

Chemical synthesis of proteins is emerging as a very powerful
approach for manufacturing of posttranslationally modified pro-
teins.6 The great advantage of such a method stems from the

Scheme 1 Examples of different PTMs.
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ability to introduce essentially any modification at any position
in the protein of interest. This is possible thanks to the chemose-
lective strategies that allow the construction of large proteins
from smaller fragments obtained via solid phase peptide syn-
thesis (SPPS). Unarguably, native chemical ligation (NCL) intro-
duced by Kent and coworkers7 is currently the method of choice
to fulfil many of the requirements for the synthesis of small to
middle-sized proteins (∼200 residues).8 This chemoselective
method relies on an N-terminal Cys residue of a peptide frag-
ment and the thioester functionality at the C-terminus of the
other fragment to allow transthioesterification. The formed thioe-
ster intermediate undergoes spontaneous self-rearrangement, via
S–N acyl transfer, resulting in the formation of native amide
bond (Scheme 2).

The requirement for N-terminal Cys and its presence at a
specific position in the sequence became a frequent limitation in
applying NCL for protein synthesis. Hence, several directions
were adopted to overcome these restrictions and enable the syn-
thesis of proteins lacking the Cys residue(s).9 The introduction

of the desulfurization concept coupled with peptide ligation by
Yan and Dawson expanded significantly the repertoire of ligation
junctions and is becoming increasingly applicable in protein syn-
thesis.10 Today and thanks to the contributions of several
research labs, including ours, ligation at Phe,11 Val,12 Leu,13

Thr,14 Lys,15 Pro16 and more recently Gln17 junctions are now
possible. Moreover, several groups have contributed to the devel-
opment of different desulfurization conditions such as nickel
borate/H2,

10 Pd/Al2O3/H2
18 free metal conditions12a,19 as well

as performing ligation and desulfurization in situ.20 Inspired
by the NCL principles, S–N acyl transfer assisted by proximity
affect21 and desulfurization, a method called sugar-assisted
ligation for glycopeptide and protein synthesis was also devel-
oped.22 Together, all these methods have contributed in several
ways to prepare proteins with PTMs and examples from different
areas will be presented in the following sections.

Semisynthesis of proteins

The term “semisynthesis” refers to a protein preparation where at
least one of the building blocks is obtained via expression while
the other fragment(s) is chemically prepared. Expressed protein
ligation (EPL), is a powerful method for protein semisynthesis
and combines the principles of NCL, in vitro expression of pro-
teins and protein splicing.23 This method uses chemical and bio-
logical tools to manufacture the peptide precursors wherein NCL
play a key role to bridge the peptide fragments (Scheme 2). For
example, the thioester peptide could be obtained via intein-based
expression24 while the Cys fragment is chemically prepared to
allow the introduction of any modification in such a fragment.
Alternatively, a peptide with N-terminal Cys can be expressed
while the thioester fragment is chemically synthesized to intro-
duce the desired modification(s). Several methods were devel-
oped to efficiently generate a polypeptide with N-terminal Cys,
including expression of a protein fused to cleavable tags such as
TEV,25 SUMO,26 or a Met residue.27 The removal of the tag/
extension with TEV protease, SUMO protease, or endogenous
MAP (Met amino peptidase), respectively, exposes the N-term-
inal Cys for the subsequent NCL step. One of the advantages of
semisynthesis over chemical protein synthesis is the ability to
prepare large proteins with a specific modification. Recently, the
semisynthesis of the Eph receptor tyrosine kinase (96 KD
protein), which required the expression of a thioester fragment
comprising 517 residues was achieved, highlighting the power of
the intein technology in the semisynthesis of large proteins.28

Preparation of naturally occurring
posttranslationally modified proteins

Using the current methods of chemical and semisynthesis, the
preparation of various proteins containing naturally occurring
PTMs were achieved. These advances have allowed important
studies on the role of PTMs on protein’s structure, enzyme func-
tionality and the effect on protein–protein, DNA–protein inter-
actions. Notably, such a level of investigation was not possible
using traditional methods. To give the reader an overview of the
field rather than a comprehensive survey of a specific PTM,
we selected examples that represent the use of these methods in

Scheme 2 Principles of chemical and semisynthesis of proteins apply-
ing NCL and EPL.

5686 | Org. Biomol. Chem., 2012, 10, 5684–5697 This journal is © The Royal Society of Chemistry 2012
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the preparations of a variety of posttranslationally modified pro-
teins. This review also does not cover preparation of proteins
with analogues of PTMs, a field that emerged as a result of the
challenges in achieving the synthesis of a modified protein in its
native form and to introduce stable derivatives of PTMs for
different goals. To obtain PTM surrogates, methods like “click”
chemistry, Michael addition of thiol to double bond or disulfide
bond formation were applied to generate protein analogues
bearing glycan, ubiquitin and lipids as well others PTMs.29

I. Glycosylated proteins

Glycosylation is one of the most used and complex PTM, which
affects several physiochemical and functional properties of the
modified protein. This modification could, for example, regulate
protein turnover and immune responses, stabilize proteins
against proteolysis, enhance protein solubility, fine-tune the
charge and isoelectric point of proteins, and mediate interactions
with pathogens.30 Glycosylation could lead to a modified protein
bearing as simple as a monosaccharide moiety or a very complex
polysaccharide structure containing up to 13 different types of
monosaccharide. Moreover, glycosylation could involve as
much as eight different amino acids resulting in a wide variety of
glycoproteins. Notably, at least 16 enzymes are known to be
involved in such processes at various intracellular sites, which
are encountered by several enzymes i.e. glycosidases that are
known to cleave the N- or O-glycosidic bonds and play impor-
tant biological roles and are crucial in the development of
disease state.31

Since glycosylation involves enzymatic steps in complex bio-
synthetic pathways and is not controlled by a template, unpre-
dictable glycoprotein products are often formed. This mixture
possesses different glycoforms having the same polypeptide
sequence. Hence, this issue challenges scientists, in particular
when attempting to study the biological functions of glyco-
proteins and dissecting the role of glycosylation at the molecular
level. Moreover, this complexity makes it very difficult to gener-
ate protein-based therapeutics, which in some cases are adminis-
tered as a mixture of glycoforms e.g. erythropoietin. Therefore,
there is a great demand for methods that facilitate the prep-
arations of homogeneous materials to assist researchers in their
efforts to understand the exact function/role of these modifi-
cations. Scientists have tackled these problems from different
directions in which some of these merely based on chemical
synthesis32 while others combine biochemical approaches.33

The readers are referred to excellent reviews on preparing the
glycopeptides building blocks required for the synthesis and
semisynthesis of glycoproteins.34

Chemical synthesis of monocyte chemotactic protein-3 glyco-
protein. The preparation of glycosylated protein entails several
challenges such as the synthesis of the oligosaccharide com-
ponent(s) and the glycopeptide building blocks. The synthesis of
the glycopeptide becomes even more complicated when both the
thioester functionality and the glycan unit are present in the
same peptide. This is due to the inherit instability of the sacchar-
ide part especially under Boc-SPPS conditions. The groups of
Kajihara and Dawson overcame these obstacles by using Fmoc-
SPPS to prepare such a precursor and applied it in the synthesis

of monocyte chemotactic protein-3 (MCP-3), which consists of
76 residues and bearing two disulfide bonds.35 This glycoprotein
acts as chemotactic factor and activates a variety of inflammatory
cells.36 The need for accumulation of inflammatory cells requires
a local production of a protein family called chemotactic cyto-
kines (8–10 kDa), which induces directional migration of
various cell types. For example, the family of MCP-1, MCP-2
and MCP-3 are known to chemottract and activate monocytes to
the site of action.37

To synthesize the MCP-3 glycoprotein, the polypeptide
sequence was divided into three fragments where the C-terminal
and middle fragment bearing the thioester functionality, were
synthesized applying Boc-SPPS chemistry (Scheme 3). The
challenging step in this approach was the preparation of the
N-terminal 10 mer peptide having both the thioester functional-
ity and the N-glycosylated Asn. Two protocols for the synthesis
of this peptide were examined. In the first approach, the authors
protected the α-amine with the Boc-group while keeping the
side-chains unprotected. To prevent coupling to the side-chains
of Ser and Thr, mild coupling conditions were applied to give
the desired thioester product in 13% isolated yield. The low
yielding synthesis forced the group to adopt a second protocol
based on Fmoc-SPPS with fully protected amino acids. In
this strategy, the acid sensitive HMPB (4-(4-hydroxymethyl-3-
methoxyphenoxy)-butyric acid) resin was used, which allowed
the release of the peptide in the protected from. Subsequently,
PyBOP/DIPEA was used to preform thioesterification with
benzyl mercaptane, which upon a treatment with TFA, furnished
the glycopeptide MCP-3(1–10)-thioester in 43% yield. Such
approach may not be applicable for longer peptides as such pep-
tides could have low solubility, which hampers further manipula-
tions. The recent advances of preparing thioester peptides via
Fmoc-SPPS, by applying for example the N-acyl urea chemistry
overcome several limitations and should be applied successfully
for such cases.38

With the three MCP-3 fragments in hand, the ligation steps
were carried out smoothly followed by disulfide bonds formation
to furnish the folded glycosylated MCP-3 (Scheme 3). The cir-
cular dichroism (CD) analysis of MCP-3 exhibited comparable
spectra to the reported native form indicating a single α-helix
and more poorly formed β-sheet, which characterizes this type of
proteins. Chymotrypsin digestion followed by reduction of the
disulfide bonds confirmed the correct protein sequence and struc-
ture. Moreover, the synthetic MCP-3 was recognized by the
specific monoclonal antibody using ELISA assay, which further
supports the structure integrity of the glycosylated MCP-3.

Semisynthesis of glycoprotein CAM-1. Using semisynthesis,
Macmillan and Bertozzi prepared multi-glycosylated protein
CAM-1, a mucin-like glycoprotein that functions as a ligand
for the leukocyte adhesion molecule L-selectin.39 This protein
has two distinct motifs, which are separated by mucin domain
located at the middle region, that undergo N-acetyl galactosa-
mine (GalNAc) α-O-glycosylation on the hydroxyl groups of
Ser/Thr residues. In this work, three glycosylated forms
of CAM-1 were prepared having glycosylated residues at the
N-terminal, C-terminal (Scheme 4) and simultaneously N- and
C-termini regions (Scheme 5).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5684–5697 | 5687
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Notably, the middle fragment was prepared by the intein
mediated thioester strategy in which the N-terminal Cys was
masked with Ile-Glu-Gly-Arg extension to avoid unspecific liga-
tions or cyclization. After ligation with the C-terminal fragment,
the Xa protease was used to expose the N-terminal Cys, allowing
for a second ligation step (Scheme 5). Notably, the glycosylated
amino acids [Fmoc-Thr(α-O-GalNAc(OAc)3-OH and Fmoc-
Ser(α-O-GalNAc(OAc)3-OH] were prepared in solution and
coupled directly to the peptide bound resin. Another feature of
the synthesis is the use of non-native Cys (originally Gln resi-
dues) in the middle and C-terminal fragments for the ligation

steps. After ligation of the three fragments, the resulting glycosy-
lated protein was subjected to removal of the glycan acetyl pro-
tecting groups followed by treatment with iodoacetamide to
generate an alkylated Cys as a glutamine mimic.

Using chemical and semisynthetic approaches, several other
glycosylated proteins such as diptericin ε protein,18,40 bacterial
immunity protein Im7,41 ribonuclease C,42 β-subunit of the
human follicle-stimulating hormone,43 erythropoietin ana-
logue,44 human glycosyl-interferon-β45 and α-subunit of human
glycoprotein hormones46 were prepared, which further testifies
to the great potential of these methods in this field.

Scheme 3 Total chemical synthesis of MCP-3.

5688 | Org. Biomol. Chem., 2012, 10, 5684–5697 This journal is © The Royal Society of Chemistry 2012
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II. Phosphorylated proteins

Around one third of the human proteins are estimated to undergo
phosphorylation, a PTM that is being catalyzed by around 500
kinases. The main residues that are involved in phosphorylation
are Ser, Thr and Tyr. However, other amino acids such as Arg,
Glu and His, could also undergo phosphorylation, albeit to a
lesser extent. In the His case, for example, it was found that the
nitrogen of the imidazole ring could be targeted for phosphoryl-
ation, acting as a catalyst for transferring the phosphate group to
other side chains and affecting several cellular processes.47 Phos-
phorylation can modify the protein by a single phosphate or as
much as eleven phosphate groups as in the case of ABL tyrosine
kinases.48

Semisynthesis of phosphovariants of Smad2 protein. The
Smad protein family is involved in the activation cycle of trans-
forming growth factor-β (TGF-β) and its family members, result-
ing in proliferation, differentiation, migration and apoptosis of
tissue in fruits, flies up to human.49 This cycle of activation
starts with a complex formation between the dimeric TGF-β

(active form) and tetrameric cell surface receptor that consists of
TβRII and TβRI kinases. A third protein called the Smad anchor
for receptor activation (SARA) further stabilizes this complex.
Here, the binding of TGF-β activates TβRII to phosphorylate
TβRI in multiple Ser and Thr residues. Upon phosphorylation,
TβRI phosphorylate receptor activated-Smad (R-Smad), which is
a common motif found in all Smads. Subsequently, R-Smad
detaches from this complex and is translocated into the nucleus
where it regulates transcriptional processes. Yet, several ques-
tions are still open regarding to the mechanism of Smads phos-
phorylation, the effect of phosphorylation on the detachment of
Smads form TβRI protein and the effect of Ser phosphorylations
on the interactions of Smads with the heterocomplex.

To shed light on these questions, Muir and coworkers adopted
a semisynthetic approach to prepare phosphorylated Smad2
analogues.50 Smads consist of a conserved region known as
MH1 (residues 241–462) and a small C-terminal fragment
known as MH2 (CSSXS) that varies at the X position within the
Smad family, being Met in Smad2. The MH1 region was pre-
pared using intein mediated protein thioester formation, while
the C-terminal fragment was prepared using SPPS to introduce

Scheme 4 Semisynthesis of C-terminal multi-glycosylated CAM-1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5684–5697 | 5689
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phosphoserine at the desired sites. By ligating MH1 and MH2
peptides, using NCL, the group was able to prepare three phos-
phovariants and non-phosphorylated form (Scheme 6).

This interesting study revealed that phosphorylation at Ser465
accelerates the second phosphorylation step at Ser467 within
Smad2. In addition, it was found that in order for Smad2 to
detach from the complex it should form a stable oligomer where
double phosphorylation drives it towards the oligomeric form
for the translocation step. Notably, purification after EPL was
assisted by SARA protein, which interacted strongly with the
Smad2 allowing its fishing through ultracentrifugation method.
These results showed that this strong interaction assists in stabi-
lizing the in vivo complex to prevent premature release of the
mono-phosphorylated Smad2.

Semisynthesis of serotonin N-acetyltransferase enzyme. In
another interesting study, semisynthesis of protein was applied to
prepare the phosphorylated enzyme serotonin N-acetyltransfer-
ase, also known as arylalkylamine N-acetyltransferase
(AANAT).51 Changes in the activity of this enzyme affect the
levels of melatonin hormone in the brain. AANAT undergoes
phosphorylation at two sites, Thr31 and Ser205, which was pro-
posed to affect the interactions with the regulatory protein of the
family 14-3-3 (14-3-3ζ) that is also known to interact with other
signaling proteins. This interaction appears to stabilize AANAT

against degradation and helps in modulating its acetyltransferase
activity. However, it is not clear how these phosphorylations
affect this interaction at the molecular level. Hence, several phos-
phorylated analogues of AANAT and fluorescently labeled
protein 14-3-3ζ were prepared in order to study the AANNAT–
14-3-3ζ interaction. To prepare AANAT protein, the polypeptide
sequence was divided to three fragments; AANAT(1–33),
AANAT(34–199) and AANAT(200–207). The middle fragment
bearing C-terminus thioester was prepared using intein based
expression. This peptide was also equipped with N-terminal
extension of Ile-Glu-Gly-Arg peptide or SUMO to prevent
polymerization or cyclization during the ligation step. However,
two additional residues (Gly-Cys) were inserted into the AANAT
sequence, between residues 33–34, to allow NCL. Using this
strategy, the Cole group was able to obtain five analogues
of AANAT with GC insertion: unmodified AANAT, pS205–
AANAT, pT31–AANAT, (pT31 + pS205)–AANAT and the
labeled AANAT.

Interestingly, this study revealed that phosphorylation of
AANAT either at Thr31 or at both sites i.e. Thr31 + Ser205 com-
peted efficiently with a synthetic peptide derived from AANAT,
which is known to bind to 14-3-3ζ with KD of 3.2 μM. However,
mono-phosphorylated AANAT at Ser205 exhibited reduced
affinity. In addition, they were able to show that the doubly phos-
phorylated AANAT interacts simultaneously with the two

Scheme 5 Preparation of simultaneously N- and C-termini multi-glycosylated CAM-1 using EPL.
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monomers in the dimer 14-3-3 ζ protein while in the case of
mono-phosphorylation, two AANAT molecules are required.
Notably, phosphorylation at Ser205 resulted in a tighter inter-
action with 14-3-3ζ compared to modification at Thr31, despite

that this residue is located in a canonical 14-3-3ζ binding
sequence.

Applying chemical and semisynthetic approaches several
other groups were able to prepare other phosphorylated proteins

Scheme 6 Semisynthesis of phosphorylated Smad2 analogues.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5684–5697 | 5691
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such as Src kinase,24a histone H2B,52 histone H3,53 tau
protein,54 and more recently α-synuclein.55

III. Synthesis and semisynthesis of mono-ubiquitinated
proteins

PTMs could occur via the addition of a small molecule e.g.
phosphate, acetyl or a protein as in the case of ubiquitination—
the attachment of ubiquitin protein to a specific target.56 Ubiqui-
tination is a remarkable PTM that affects a variety of biological
pathways such as transcription, protein degradation and endocy-
tosis. Ubiquitin can be conjugated to a protein in the form of a
monomer or as chains of different lengths and linkage types.
Specifically, ubiquitin is attached to a target protein using a
highly controlled enzymatic machinery of three enzymes known
as the E1–E3, resulting in an isopeptide linkage between the ubi-
quitin C-terminal Gly and the Lys side-chain of a protein sub-
strate. This process can repeat itself to from a polyubiquitin
chain, in which any one of the seven Lys in ubiquitin (i.e. K6,
K11, K27, K29, K33, K48, K63) can be used to anchor the con-
secutive ubiquitin. Interestingly, the signaling outcome depends
on the type of the chain attached to a specific protein. For
example, while K48-linked chain signals for protein degra-
dation,57 the K33-chain is involved in immune regulation.58

In order to achieve highly homogeneous ubiquitin bioconju-
gates such as ubiquitinated peptides and proteins with ubiquitin
chains of varying lengths and types, it is crucial to replicate the
enzymatic process in vitro. Hence, it is important to identify and
isolate the specific E2/E3, which is often a formidable task.
Moreover, these enzymes when functioning in vitro often
operate in a non-specific manner and give the product in very
small amounts, hindering studies aiming at dissecting the role of
ubiquitin on protein structure and function. As a result, there has
always been a great demand to develop methods to overcome
these challenges in order to reconstitute homogeneous ubiquiti-
nated peptides or proteins. These challenges have been a major
driving force for the development of chemical strategies to
complement biological methods in these efforts. The field of
chemical synthesis of ubiquitin bioconjugates has made impor-
tant progress in recent years. Several ubiquitinated peptides and
proteins as well as anchored and unanchored ubiquitin chains
were prepared for a variety of structural and biochemical
studies.8b,15,59

Semisynthesis of ubiquitinated histone H2B. The massive
DNA structure is wrapped and packed into a small and compact
size unit within the nucleus. This process is facilitated by nucleo-
some proteins, e.g. histones, in which their assembly along with
the DNA forms the chromatin. In a typical nucleosome, the
DNA is wrapped into two turns around the histone octamer core,
which consists of four histone partners; H3–H4 tetramer and two
H2A–H2B dimers. The histone proteins are known to undergo a
variety of PTMs such as phosphorylation, methylation, acety-
lation and ubiquitination, which play crucial roles in regulating
chromatin dynamics, gene expression and DNA repair.60

Muir and coworkers have recently reported the semisynthesis
of monoubiquitinated H2B to shed light on the role of H3
Lys79 methylation executed by Lys79-specific methyltransferase
DotLl (disrupter of telomeric silencing-like).59b The group

successfully prepared monoubiquitinated H2B assisted by an
auxiliary mediated ligation between ubiquitin(1–75)-thioester to
H2B (117–124) fragment (Scheme 7).59a The ligation step using
this approach required 5–7 days due to the involvement of sec-
ondary amine in the acyl transfer step, which afforded the lig-
ation product in a low yield and limited the generality of this
method. After the ligation step, the auxiliary was removed by
UV irradiation, simultaneously with the deprotection of 2-nitro-
benzyl protecting group of the N-terminal Cys. Subsequently,
this was ligated with N-terminal H2B(1–116)-thioester, obtained
via intein based expression, to give after a desulfurization step

Scheme 7 Semisynthesis of mono ubiquitinated H2B.
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the desired monoubiquitinated H2B. The semisynthetic version
of ubiquitinated H2B was successfully incorporated into the
core histone octamers. In addition, the group prepared histone
octamers without the ubiquitinated H2B as well as dinucleo-
somes with asymmetric insertion of ubiquitinated H2B and H3
(K79R). Studying these constructs revealed that ubiquitinated
H2B directly activates methylation of H3 K79 by Dot1L and that
efficient methylation of H3 K79 requires the presence of ubiqui-
tinated H2B in the same nucleosome.

Semisynthesis of ubiquitinated α-synuclein protein. In a joint
effort with Lashuel’s group, we recently reported the semi-
synthesis of site-specifically mono-ubiquitinated α-synuclein
(α-syn).61 This protein constructs most of the Lewy bodies
(LBs), which are responsible for the loss of dopaminergic
neurons, resulting in several neurodegenerative diseases such as
Parkinson’s disease (PD). It has been reported also that these
LBs contain mono or di-ubiquitinated α-syn at multiple sites;
however, the exact role of ubiquitination on α-syn structure,
function and its aggregation is still unclear. Hence, we reasoned
that obtaining highly homogeneous ubiquitinated α-syn would
be the first step to answer some of the open questions related to
the role of ubiquitination on α-syn.

The semisynthesis of monoubiquitinated α-syn at Lys6 is
shown in Scheme 8. In our approach, the C-terminal α-syn
(19–140) fragment was prepared recombinantly. Due to the
absence of Cys residues in the sequence of α-syn, Ala19 was
replaced with Cys to allow NCL. On the other hand, the N-term-
inal fragment, α-syn(1–18) bearing δ-mercaptolysine15a,62 at
position 6, was prepared using Boc-SPPS. The thiol handle in
the δ-mercaptolysine was protected with Acm63 group to allow
ligation with Ub-thioester following the full assembly of α-syn
polypeptide. Final desulfurization step to remove the thiol
handle from the δ-mercaptolysine along with the conversion of
Cys19 to Ala gave the ubiquitinated α-syn in an excellent yield
and quantity for biophysical characterizations. Interestingly, we
found that ubiquitination significantly inhibited aggregation by
stabilizing the monomeric form of this protein and without
affecting its folding and membrane interactions. Moreover, we
found that this modification did not affect phosphorylation at
Ser87 and Ser129 by several kinases known to phosphorylate
α-syn at these residues.

In addition to the methods that were introduced to prepare the
native isopeptide bond,15,59a,f,h several other strategies were
developed to construct isopeptide bond mimics.29h,64 In this
regard, click chemistry and disulfide bond formation were used

Scheme 8 Preparation of ubiquitinated α-synuclein protein using EPL.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5684–5697 | 5693
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to prepare ubiquitinated H2B,64c proliferating cell nuclear
antigen (PCNA)64d,65 and SUMOylated SUMO-specific E2
enzyme (Ubc9).29h,66

IV. Acetylated proteins

Acetylation is referred to the addition of C2 moiety (acetate
group) to ε-amine of Lys. Acetylation can also be generalized to
include lipidation, which will be described in the following
section. Introduction of such group neutralizes the Lys charge,
hence affecting protein function and/or its interaction.

Chemical synthesis of Lys56 acetylated histone H3. The work
reported recently by Ottesen and coworkers to prepare acetylated
H3 protein at Lys56 (the largest among other histones) empha-
sizes the importance of such a modification over the accessibility
to DNA in chromatin.45 Acetylation causes unpacking of the
chromatin structure resulting in unwrapping of DNA to allow
different actions to take place e.g. DNA repair, maintenance of
genomic stability, and transcriptional regulation.

The H3 sequence lacks Cys residues necessary for the chemi-
cal synthesis of this protein using NCL. As a result, the group
introduced Cys substitutions into the sequence to assist such syn-
thesis. Initially, two Cys residues were introduced into H3 at pos-
itions Arg40 and Ser96 based on homology alignments that
found H3(R40C) in Cairina moschata and H3(S96C) in the
H3.1 variants in Homo sapiens, Mus musculus, and Caenorhab-
ditis elegans. However, these substitutions affected nucleosome
structure and dynamic. This led the researchers to modify their
strategy to include substitution of Ala residues at positions 47
and 91 with Cys to enable ligation followed by desulfurization

(Scheme 9). Accordingly, three different proteins; native H3, H3
(K56ac) and H3 (K56Q) were prepared. Using reconstituted
nucleosome with these analogues and DNA labeled with FRET
pair at the entry–exit region, the study revealed that Lys56 is a
key residue in the mechanism of unwrapping DNA, resulting in
opening this highly condensed structure of chromatin to allow
translation of the DNA. This was attributed to the minimization
of the interactions between this Lys and DNA base pairs adjacent
to the entry region. One particular advantage of applying total
synthesis in preparing any of the histone proteins is the ability to
introduce multiple PTMS to study cross talks between these
modifications in regulating chromatin structure and function.

Semisynthesis of acetylated histone H3 at the nucleosome
dyad. In the same spirit of the above discussed work, Ottesen
and coworkers explored the role of lysine acetylation on the stab-
ility of the DNA-histone i.e. chromosome.67 The researchers
introduced acetylation into two sites of H3, Lys115 and Lys122,
which are located at the dyad of H3–H4 and DNA. The study
revealed that the nucleosome position within the genome was
not altered by H3-Lys115 and/or H3-Lys122 acetylation.
However, these modifications were found to reduce the free
energy of binding between the histone octamer and a well-
defined nucleosome positioning DNA sequence. This supports
that this modification influences also the DNA unwrapping from
the histone octamer resulting in an indirect effect over the entry–
exit region. Notably, this study also revealed that substitution of
a Lys residue by Gln as acetylation mimic in nucleosome reflects
well the charge state of acetylated Lys but not the steric
hindrance.68

VI. Lipidated proteins

Lipidation of proteins is processed through enzymatic machinery
that introduces alkyl groups varying form C1–C15 and C20 iso-
prenyl (e.g. farnesyl and geranylgeranyl) groups on Lys, Arg and
Cys side-chains.69 These alkyl groups serve mainly to increase
the hydrophobicity of a protein and neutralize the amine positive
charge. Hence, such a hydrophobic chain directs the target
protein into the membrane insertion and localization. McCafferty
and coworkers were the first to obtain site-specific methylation
and/or acetylation of H3 and H4 proteins using NCL combined
with EPL70 which paved the way for preparing other modified
histone proteins. A unique type of lipidation occurs by modify-
ing the Cys side-chain with C15 or C20 fatty acid referred as
S-prenylation as in Ras GTPase protein.1,71

Synthesis of mono- and di-prenylated Rab7 GTPase protein.
Rab7 GTPase belongs to the Rab family of proteins, which is
responsible for regulating several processes related to membrane
trafficking. Prenylation of Rab7 GTPase involves the attachment
of either farnesyl (C15) or geranylgeranyl (C20) moiety, via a
thioether linkage, to one or two Cys residues located at the C-
terminal of the target protein. This modification is catalyzed by
three different prenyl transferases including protein farnesyltrans-
ferase (FTase), protein geranylgeranyl transferase-I (GGTase-I)
and Rab geranylgeranyl transferase (RabGGTase or GGTase-II).
However, the synthesis of prenylated proteins through Cys thio-
late proved to be a very challenging task due to side reactions,Scheme 9 Chemical synthesis of acetylated H3 protein.
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which could occur on the thioether linkage.72 Waldmann and co-
workers accomplished the synthesis of fluorescently labeled
Rab7 GTPase73 known to undergo prenylation at two Cys resi-
dues (205 and 207). This synthesis aimed to explore Rab7

GTPase function, the role of prenyl modification on their biogen-
esis and to determine the effect of the Rab escort protein (Rep),
which forms a complex with Rab GTPase during regulation pro-
cesses. To prepare this protein, a semisynthesis approach was

Scheme 10 Preparation of lipidated Rab7 protein using EPL.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5684–5697 | 5695
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applied along with solution synthesis of hexapeptide bearing the
two alkylated Cys residues (1–4), (Scheme 10). The hexapeptide
with mono/di-prenyl groups on the Cys205/207 was also
equipped with N-terminal Cys for ligation with the N-terminal
recombinant fragment bearing C-terminus thioester moiety.
Notably, the addition of an appropriate detergent with the appro-
priate size, such as sodium dodecyl sulfate (SDS) or cetyltri-
methylammonium bromide (CTAB), was necessary to enhance
the solubility of the alkylated hexapeptide analogues (1–4) and
increasing the effective concentration of the reactants to achieve
efficient ligation and enable the preparation of the Rab GTPase
analogues.

The prepared lipidated proteins were subjected to biophysical
and biochemical analyses to explore the interactions with
RabGGTas. This study revealed that the prenylated protein at
Cys207 interacts with RabGGTase in a higher affinity compared
to the Cys205 prenylated analogue. These findings were attribu-
ted to the association of the conjugated isoprenoid with the
active site of RabGGTase, which is less sterically favorable
when it is located at Cys205. This is due to the requirement to
initially accommodate the C-terminal Ser and Cys207 residues in
the active site of RabGGTase, which leads to the fixation of the
unprenylated Cys205 in the active site resulting in acceleration
of its prenylation.

Summary and outlook

In this review, we have presented several examples of various
posttranslationally modified proteins wherein synthetic and semi-
synthesis methods were applied to obtain highly homogeneous
targets. These studies enabled dissecting the role of the PTMs on
biological function as well as on protein structure. With the
growing evidence of the importance of PTMs in health and
disease, studying their effect at the molecular levels will con-
tinue to be one of the most exciting areas in chemical biology.
Such knowledge could lead to the identification of new thera-
peutic targets that are involved in PTM regulation. The next
decade will witness the synthesis of more challenging posttran-
slationally modified proteins and new mysteries of these modifi-
cations will be unraveled. In such a journey the development of
new chemical methods will remain to be an important aspect of
the field and chemists will be more challenged to accomplish
these targets.
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