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Preface

As essential organic molecules of life, proteins have received the attentions of
chemists since the beginning of synthetic organic chemistry. Today, chemical
protein synthesis is not only a pursuit of pure science but also provides useful
molecules with applications to biochemistry research and drug development. Syn-
thetic chemistry enables a level of control of protein composition beyond that
attainable by protein expression. Chemistry also holds promise for tuning the
properties of a protein molecule at atomic resolution and thus can provide otherwise
elusive insights into protein structure and function. For these reasons, chemical
protein synthesis has been intensively explored in the field of chemical biology and
its application has demonstrated the importance of modern synthetic chemistry to
cutting-edge research in biomedicine.

The present and next issues of Topics in Current Chemistry collect a represen-
tative number of review chapters surveying some of the current research trends and
technology levels in this important field. The chapters presented in the following
pages are authored by some of the pioneers and active researchers in the field from
different countries. These chapters reflect many of the important issues in the area,
namely, development of novel chemical methods for the ligation of peptide seg-
ments, total and semi-synthesis of important protein targets, and application of
state-of-the-art methods to solve problems in biochemistry research or drug devel-
opment. I hope that the readers find the two issues to be an interesting read. I would
like to thank all the authors for their excellent contributions. I would also like to
thank Arun Manoj Jayaraman for the help given to me in handling the manuscripts.

Beijing, China Lei Liu
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Total Synthesis of Glycosylated Proteins

Alberto Fernandez-Tejada, John Brailsford, Qiang Zhang, Jae-Hung Shieh,
Malcolm A.S. Moore, and Samuel J. Danishefsky

Abstract Glycoproteins are an important class of naturally occurring biomole-
cules which play a pivotal role in many biological processes. They are
biosynthesized as complex mixtures of glycoforms through post-translational pro-
tein glycosylation. This fact, together with the challenges associated with producing
them in homogeneous form, has hampered detailed structure-function studies of
glycoproteins as well as their full exploitation as potential therapeutic agents. By
contrast, chemical synthesis offers the unique opportunity to gain access to homo-
geneous glycoprotein samples for rigorous biological evaluation. Herein, we review
recent methods for the assembly of complex glycopeptides and glycoproteins and
present several examples from our laboratory towards the total chemical synthesis
of clinically relevant glycosylated proteins that have enabled synthetic access to
full-length homogeneous glycoproteins.

Keywords Chemoselective ligation » Glycopeptides » Glycoproteins « Glycosylation *
Total synthesis
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1 Introduction

The study of protein post-translational modification (PTM) [1] is an active area in
protein research. Protein glycosylation is a major form of PTM which expands the
functional diversity and structural heterogeneity of proteins. More than 50% of
human proteins are reported to be glycosylated [2], a modification known to play an
important role in a wide range of biological events, at both cellular (cell—cell
interaction, signaling, immune response) and protein levels (molecular recognition,
protein folding) [3-5]. Aberrant glycosylation of proteins is also implicated in a
number of illnesses, including autoimmune diseases, infectious diseases, and can-
cer [6, 7]. As a result, glycans and glycoproteins are increasingly being investigated
in clinical settings as potential targets for the development of therapeutics, diag-
nostics, and vaccines [8, 9]. For all these reasons, a great deal of effort has been
directed toward elucidating the effects of protein glycosylation on the function,
conformation, stability, and bioactivity of glycoproteins [10-13].

Structurally, all native glycoproteins can be classified into two major types:
N-linked and O-linked glycoproteins. In N-linked glycoproteins, the glycan
(N-acetylglucosamine, GlcNAc) is attached through a B-glycosidic linkage to the
amide side chain of an asparagine within an Asn-Xaa-Ser/Thr consensus sequence.
In common O-glycoproteins, the sugar (mainly N-acetyl-galactosamine, GalNAc
and GIcNAc) is a- or f-linked to the hydroxyl group of serine or threonine residues,
respectively (Fig. 1). Other forms of O-glycosylation are also observed with several
different glycans such as mannose, xylose, glucose, or fucose [14].

OH HO OH
o) OH
HO 0
HO NH HO HO 0
AcHN ACHNO H(Me) HO ©) H(Me)
H AcHN H
N N
N4 N—§ N -
N =N N
O le} O
(B-GIcNAGc)-Asn (a-GalNAc)-Ser/Thr (B-GIcNAc)-Ser/Thr

Fig. 1 Common (f-GlcNAc)-N-linked asparagine and (ax-GalNAc)/(f-GlcNAc)-O-linked serine/
threonine in glycosylated proteins
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Unlike protein synthesis, protein glycosylation is not regulated genetically, and
the biosynthesis of typical N- and O-glycoproteins often comprises multiple steps
dictated by the relative activities of a large number of enzymes. As a result,
glycoproteins are naturally expressed as complex mixtures of glycoforms
possessing the same peptide backbone but differing in both the nature and site of
glycosylation [15]. This structural diversity lays the molecular basis for a wide
range of biological functions. However, the structural heterogeneity of glycosyla-
tion and the difficulty associated with obtaining homogeneous glycoproteins from
biological sources has limited progress towards correlating glycoprotein structure
with function [16]. The urgent need for chemically pure, synthetic glycoproteins for
detailed structure—activity relationship studies and therapeutic applications has
been the main driving force toward the development of several strategies for the
preparation of these structures [17]. In particular, chemical synthesis has emerged
as a practical way to gain access to well-defined glycoproteins, as is demonstrated
through several relevant examples described herein.

2 Chemical Synthesis of Glycopeptides

The chemical synthesis of glycoproteins requires the ability to prepare glycosylated
peptide fragments efficiently [18, 19]. Peptide synthesis efforts typically rely on
solid-phase peptide synthesis (SPPS) [20], a process which allows for the efficient
assembly of peptide fragments comprising up to 50 amino acid residues. Of the two
conventional SPPS methodologies (Boc method and Fmoc method), Fmoc-based
SPPS is usually favored in the synthesis of glycopeptides because the glycosidic
linkages are relatively labile in the presence of strong acid.

For the synthesis of a glycopeptide, bearing oligosaccharide side chains, there
exist two general strategies: the cassette-based approach and the convergent
method. In the more linear cassette approach, the glycan is attached to an amino
acid residue and the resulting glycosyl amino acid is then used in SPPS to assemble
the complete glycopeptide fragment (Scheme 1). In principle, the pre-formed
glycosyl amino acid “cassette” can consist of either the fully elaborated oligosac-
charide, or a monosaccharide residue, which, following SPPS, may be elongated
further by enzymatic or chemical glycosylation to yield the glycopeptide containing
the full glycan. Several research groups have used this stepwise, “cassette-based”
approach to generate successfully N-linked [21, 22] and especially O-linked [23,
24] glycopeptide fragments related to natural glycoproteins. A particularly attrac-
tive application of this strategy is being implemented in a number of laboratories for
the synthesis of mucin-type O-glycopeptides containing tumor carbohydrate anti-
gens (Tn, TF, STn) as promising targets for anticancer vaccines [25-27].

In contrast, the convergent approach to glycopeptide synthesis relies on the
direct conjugation of an oligosaccharide domain with the full-length peptide to
generate the corresponding glycopeptide. Whereas the cassette strategy has been
widely used for the synthesis of O-glycopeptides, the convergent method has been
mainly applied for the preparation of N-glycopeptide fragments. In this approach,
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Scheme 2 Lansbury aspartylation reaction facilitated by a pseudoproline motif for the convergent
synthesis of N-linked glycopeptides

the partially protected peptide is first synthesized by SPPS. Next, the N-glycan,
bearing an anomeric amine, is directly introduced through an amide linkage to the
free aspartic acid (Asp) side chain of the peptide under Lansbury aspartylation
conditions [28]. The Asp residue to be coupled requires an additional orthogonal
protecting group which can be selectively removed prior to Lansbury aspartylation.
The carboxylic acid is activated using coupling agents (i.e., HATU, HBTU, or
PyAQP), and the anomeric amine of the sugar reacts with the activated ester to form
the amide bond. When the peptidyl Asp side chain is activated, care should be taken
to minimize competitive intramolecular aspartimide formation [29]. To address this
problem, we and Unverzagt independently developed a simple solution, involving
emplacement of a temporary pseudoproline motif, derived from Ser/Thr, at the n+2
position (relative to Asp) of the Asn-Xaa-Ser/Thr consensus sequence (Scheme 2)
[30, 31]. Adoption of this pseudoproline strategy has enabled the efficient and
convergent syntheses of extended glycopeptide fragments, thereby providing
enabling progress in the chemical synthesis of homogeneous complex
N-glycopeptides [32].

3 Chemical Synthesis of Glycoproteins

3.1 Advances in Chemical Ligation

Extension of the methodologies described above to the assembly of full-length
glycoproteins is hindered by a number of factors, including low coupling efficiency,
poor solubility of protected polypeptides, acid-lability of the oligosaccharide
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chains, increased epimerization, and formation of side-products resulting in low
yields and purities of the final target molecules. For these reasons, several
chemoselective ligation methods have been developed which permit the assembly
of complex glycoproteins from shorter glycosylated peptides [33].

Most notable among these is the powerful native chemical ligation (NCL)
method, first described by Kent et al. in 1994 [34]. Over the past 20 years, NCL
has proved to be a remarkably robust methodology for the efficient, epimerization-
free assembly of proteins. As shown in Scheme 3, the process accomplishes
chemoselective ligation, in aqueous solution, of two fully deprotected peptides,
one of which presents a C-terminal thioester and the other an N-terminal cysteine
residue. The reaction involves transthioesterification of the C-terminal thioester
with the N-terminal cysteine to generate a transient thioester intermediate, which
then undergoes an irreversible S — N acyl transfer to form the native peptide bond.
Interestingly, large peptide fragments may be obtained by recombinant expression
and further used as ligation partners through a method termed expressed protein
ligation (EPL) [35, 36].

To date, NCL-based strategies have been successfully applied to the chemical
synthesis of over 200 proteins [37]. This technology has also been adopted for the
total synthesis of a number of biologically relevant glycoproteins [38]. The first
significant examples were reported by Bertozzi and coworkers, who synthesized
several mucin-type glycoproteins bearing GalNAc residues at the relevant
O-glycosylation sites [39, 40]. One such target was diptericin, an 82-residue
antimicrobial glycoprotein prepared via NCL between two fragments, a 58-mer
Cys-glycopeptide and a 24-mer glycopeptide thioester (Scheme 4). Notably, an
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Scheme 4 Total synthesis of antimicrobial O-glycoprotein diptericin by NCL

alkane sulfonamide ‘“safety-catch” linker was used for the Fmoc-based SPPS
synthesis of the glycopeptide thioester [39]. Unverzagt et al. also used the
“safety-catch” linker strategy followed by NCL to synthesize the first N-linked
glycopeptide fragment carrying a complex-type oligosaccharide [41]. The first total
chemical synthesis of a full-length glycoprotein bearing a complex type N-glycan
was reported by Kajihara and coworkers, who prepared a single glycoform of the
76-amino acid chemokine monocyte chemotactic protein-3 (MCP-3) via two con-
secutive NCLs of three (glyco)peptide fragments, followed by protein folding (not
shown) [42].

Despite these impressive examples, efforts to extend directly the NCL method
toward the synthesis of complex glycopeptides have been complicated by the
difficulties associated with synthesizing the requisite pre-formed glycopeptide
thioester fragments, particularly by Fmoc-based SPPS [43]. To address this issue,
our group has been engaged in the development of a number of synthetic strategies
that may have broad utility for the preparation of homogeneously glycosylated
peptides and proteins [44, 45]. In pursuing modified NCL strategies, we and others
have sought to replace the labile C-terminal thioester with more stable latent
thioester or alternative acyl donor groups.

In a key advance, we synthesized a C-terminal glycopeptide phenolic ester
equipped with an o-disulfide moiety which, upon reductive treatment with subse-
quent unmasking of the free thiol, can rearrange to generate the corresponding aryl
thioester via a reversible O — S acyl transfer [46]. The utility of this latent acyl
donor in glycopeptide ligation has been widely demonstrated. In the example
shown in Scheme 5, two glycopeptide fragments — one bearing the newly crafted
o-disulfide phenolic ester at the C-terminus and the other a rBu-thio-protected
cysteine at the N-terminus — were subjected to reductive cleavage by the addition
of sodium 2-mercaptoethanesulfonate (MESNa). The resulting glycopeptide inter-
mediates underwent ligation in situ to furnish the doubly glycosylated peptide.

Although this method proved highly useful for a wide range of substrates, we
next sought to increase the acyl transfer capability of the o-thiophenolic ester in
order to improve ligation efficiency with peptides bearing hindered C-terminal
amino acids. Along these lines, we found that, when activated p-nitrophenyl or
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p-cyanophenyl oxo-ester variants were employed as thioester surrogates [47],
efficient ligation was attainable at sterically demanding C-terminal sites. Indeed,
this strategy was ultimately adopted for the synthesis of a challenging glycopeptide
fragment en route to erythropoietin (EPO) [48].

Another important limitation for the general applicability of the NCL is the
requirement that an N-terminal cysteine be present on the target peptide or glyco-
peptide fragment. Given the relative scarcity of cysteine residues in naturally
occurring proteins and glycoproteins, it is often difficult to locate a feasible ligation
site containing this amino acid, which makes direct ligation at cysteine itself of
somewhat limited practical value. As a consequence, a number of alternative
strategies have emerged for the cysteine-free, ligation-based assembly of glyco-
peptides and glycoproteins [49]. Early studies led to the development of thiol-based
auxiliaries, wherein a mercapto group present in a provisional N-terminal moiety
serves to mimic the function of the cysteine thiol. A pioneering example by
Macmillan and Anderson demonstrated the utility of this ligation approach at an
accessible glycine—glycine junction in the synthesis of an O-glycopeptide fragment
bearing a single GalNAc residue [50]. We have reported several examples of the
use of such auxiliary-based ligations for the construction of complex glycopeptides
bearing multiple O- and N-glycans [S1]. In a representative case, a glycopeptide
acceptor containing a cleavable thiol-containing trimethoxybenzyl auxiliary on the
N-terminus was ligated with a masked glycopeptide thioester at a glycine —
glutamine junction to afford the desired glycopeptide bearing two N-linked glycans
(Scheme 6).
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As shown, under the reducing ligation conditions, O — S acyl transfer occurred
at the o-disulfide phenolic ester as previously described (see above), to provide the
thioester, which underwent transthioesterification with the thiol-containing glyco-
peptide (upon in situ reduction of the auxiliary disulfide bond); the transient
intermediate underwent an § — N acyl transfer to generate the thermodynamically
favored amide bond of the doubly glycosylated peptide adduct. The auxiliary was
subsequently removed through sequential methylation of the free thiol to prevent
the reverse acid-mediated N — S acyl shift, followed by TFA treatment.

While useful as a tool for peptide or glycopeptide ligation, the general applica-
tion of these cysteine-free ligation strategies presents some drawbacks. First, steric
hindrance at the ligation site renders the key S — N acyl transfer step difficult and,
as a result, this method can only be effectively applied to junctions where at least
one of the amino acids is glycine or alanine. Another potential problem lies in the
harsh acidic conditions required for cleavage of the thiol-auxiliary, which could
compromise the labile glycosidic linkages within the glycopeptide. An alternative
approach to the development of non-cysteine-based ligation strategies is to utilize a
thiol-containing amino acid surrogate located at the N-terminus of the peptide
fragment. In this strategy, the thiol moiety acts as a temporary “handle” to promote
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ligation with the corresponding peptide coupling partner. After the ligation reac-
tion, the thiol functionality is removed through desulfurization to afford the natural
amino acid at the site of ligation (Scheme 7).

This idea was first introduced by Yan and Dawson, who took advantage of
cysteine-based NCL and then converted the N-terminal cysteine residue into
alanine by reduction of the side chain with Raney nickel or Pd/Al,O5 [52]. In
essence, this method provided a means to use cysteine as an alanine surrogate,
which is a much more abundant amino acid in natural protein sequences. Subse-
quent work from Pentelute and Kent showed that unprotected cysteine residues
could be desulfurized in the presence of methionine and Acm-protected cysteine
residues with Raney nickel, although a large excess of the metal was required
[53]. In 1998, Gonzélez and Valencia had introduced a photochemical method for
the efficient removal of the thiol group of cysteine without metal reagents, using
triethyl phosphite as the nucleophile and triethylborane in acetonitrile as a radical
initiator [54]. Driven by our interest in the total synthesis of complex glycoproteins,
which often contain extensive and sensitive functional groups, we developed a
mild, metal-free protocol for the selective reduction of cysteine to alanine compat-
ible with a wide range of functionalities, including carbohydrate, thiazolidine,
biotin, and thioester moieties [55]. This novel desulfurization strategy is aqueous-
compatible and employs TCEP as a reducing agent, in conjunction with the water-
soluble radical initiator VA-044 and tert-butylthiol as a thiol additive. This mild,
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radical-based protocol represented a significant improvement over previously
reported metal-based NCL desulfurization methods and has been successfully
applied in the synthesis of a number of complex proteins and glycoproteins [56—
59]. Having identified a highly versatile cysteine reduction method, this ligation/
desulfurization approach opened the door to a new set of thiol-based ligation
strategies with a range of different amino acid residues. Thus, through recourse to
desulfurization methods, the reach of the NCL logic was extended, in our laboratory
and others, to include alanine [52, 55], valine [60, 61], threonine [62], leucine [63,
641], lysine [65, 66], proline [67, 68], phenylalanine [69], methionine [70, 71], serine
[72], arginine [73], aspartate [74], tryptophan [75], and glutamate [76] as viable
ligation sites. Overall, these non-cysteine-based thiol ligation strategies, which are
referred to as extended NCL reactions, followed by post-ligation desulfurization,
have greatly facilitated the total chemical synthesis of complex, biologically rele-
vant proteins and glycoproteins.

3.2 Total Synthesis of Homogeneous N-Glycosylated
Proteins

Our laboratory has a long-standing interest in the total synthesis of naturally
occurring, complex N-linked glycoproteins of important therapeutic value. This
pursuit arises from the motivation to understand the structural and functional effects
of protein glycosylation at the molecular level and, hopefully, to bring these
complex biologics into the realm of structures that can be accessed by chemical
means for structure-activity relationship studies. We have primarily focused our
synthetic efforts on the human glycoprotein hormones (hGPH), granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) and EPO.

3.2.1 Human Glycoprotein Hormones

We are interested in the synthesis of a family of glycoproteins involved in a variety
of important biological processes — the human glycoprotein hormones (hGPH). The
members of this family are follicle stimulating hormone (FSH), luteinizing hor-
mone (LH), chorionic gonadotropin (CG), and thyroid stimulating hormone (TSH).
These glycoproteins are composed of two non-covalently associated subunits, a
common a-subunit (x-hGPH) and a unique hormone-specific p-subunit ($-FSH,
B-LH, B-CG, and p-TSH), each of which contains diverse carbohydrates at defined
glycosylation sites. As the a-subunit is shared amongst these glycoproteins, we
initially focused on the synthesis of the a-subunit («-GPH) as the first step to access
the human glycoprotein hormones.



Total Synthesis of Glycosylated Proteins 11

Human o-Glycoprotein Hormone (a-hGPH)

In our early studies, a simplified version of this domain incorporating chitobiose as
a model glycan was synthesized as a proof of principle. The validated route was
then applied to prepare the a-hGPH bearing the dibranched, sialylated and
fucosylated N-linked dodecasaccharide. This complex-type N-glycan is a consensus
sequence which has also been found to exist on the f-subunits of the human
glycoproteins and incorporates the key features associated with these hormones.
The challenging synthesis of this sugar, which involves approximately 70 chemical
steps [77], utilizes glycal chemistry to build the core trisaccharide and highlights
the use of the Sinay radical glycosylation [78] for the simultaneous coupling of both
biantennary side-chains of the dodecasaccharide. A seven-step deprotection proce-
dure followed by Kochetkov amination [79] afforded the fully deprotected
N-glycan bearing an anomeric amine (not shown).

With the synthetic dodecasaccharide amine in hand, we then built up the
corresponding glycopeptide fragments using the Lansbury aspartylation reaction
[28] with peptide thioesters a-hGPH[31-58] and o-hGPH[59-81], themselves
prepared by Fmoc-based SPPS followed by single amino acid attachment under
Sakakibara’s epimerization-free conditions [80] (Scheme 8). After removal of all
acid-labile protecting groups with a TFA-based cocktail, the fully deprotected
(except Acm-containing cysteines) a-hGPH[82-92] and glycosylated a-hGPH
[59-81] and a-hGPH[31-58] were then combined by means of a sequential two-
step protocol involving ligation and subsequent cysteine unmasking. Lastly, the
peptide thioester a-hGPH[1-30] (prepared by SPPS and direct thioesterification of
the C-terminal glycine residue) was coupled with a-hGPH[31-92] via NCL to
provide the Acm-protected primary sequence of a-hGPH featuring two defined,
complex N-linked glycans [81].

Human p-Follicle Stimulating Hormone ($-hFSH)

As our first complete target (with both o and p subunits synthesized), we selected
hFSH, a member of the family of the gonadotropic hormones which play a key role
in the regulation and maintenance of important reproductive processes. Naturally
synthesized and secreted in the anterior pituitary gland, it has been used in clinical
settings to treat anovulatory disorders associated with infertility [82]. Currently,
hFSH is obtained from recombinant techniques as a complex mixture of
glycoforms. This variability may well be the cause of the formidable liabilities
and side effects associated with its use [83]. Faced with the unavailability of
homogeneous forms of hFSH, chemical synthesis seems to be the most straightfor-
ward approach to overcome this limitation.
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Scheme 8 Synthesis of the a-subunit of human glycoprotein hormones, a-hGPH[1-92]

The pB-subunit of hFSH (B-FSH) was synthesized as described in Scheme 9
[84]. The individual peptide and glycopeptide segments were prepared by SPPS
(with subsequent Sakakibara elongation or C-terminal glycine thioesterification to
obtain the corresponding thioesters) and Lansbury aspartylation. Thus, fragment
B-hFSH[66-111], peptide thioester p-hFSH[28—65], and glycosylated f-hFSH[20—
27] were combined by NCL followed by cleavage of the N-terminal thiazolidine
(Thz) blocking group in a stepwise manner. The last glycopeptide segment f-hFSH
[1-19] was then joined under NCLconditions to form the glycosylated B-subunit of
hFSH with two N-linked dodecasaccharides at the native glycosylation sites and
Acm-protecting groups at the cysteine residues.
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Scheme 9 Synthesis of the B-subunit of human follicle stimulating hormone, p-hFSH[1-111]

Human p-Luteinizing Hormone ($-hLH) and p-ChorionicGonadotropin
Hormone (f-hCG)

Human luteinizing hormone (hLH) and chorionic gonadotropin hormone (hCG)
belong to the family of the gonadotropins and are implicated in the stimulation of
the gonadal and endocrine functions, as well as in pregnancy. hLH is released by the
pituitary gland and hCG is produced in the human placenta. They both have similar
physiological functions, and are used clinically as fertility drugs in reproductive
medicine [85]. The p-subunit of hCG has been found to be overexpressed in several
types of cancers and encompasses an epitope for hCG-based monoclonal anti-
bodies. These features have made hCG a promising target for important biomedical
and therapeutic applications [86, 87]. hLH and hCG share a high degree of
similarity in their peptide sequence although hCG incorporates an extended
C-terminal domain with four O-glycosylation sites. Thus, f-hLH contains 121 res-
idues and only one N-glycosylation site (Asn30), whereas P-hCG comprises
145 amino acids and incorporates both N-linked (Asn13 and Asn30) and O-linked
sugars (Serl21, Ser127, Ser132, and Ser138), making it the longest and most
complex human glycoprotein hormone. Several studies investigating the impor-
tance of the oligosaccharide chains on the biological activity of these hormones
suggest a more relevant role of the underlying carbohydrate residues vs the
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peripheral sugar units [88]. We sought to gain access to homogeneous glycoforms
of f-hLH and p-hCG by chemical means for further exploration of the influence of
the glycans on hormone action and function. Initially, we accomplished the syn-
thesis of the simpler B-subunit of hLH bearing chitobiose as a model glycan to
explore the feasibility of the synthetic route. Upon successful completion of the
target molecule by sequential NCL, we then applied this strategy to assemble the
more complex hCG f-subunit bearing not only two N-glycans but also four
O-linked sugars [89].

The synthesis included two key features to access both terminal domains of the
molecule. A successful double Lansbury aspartylation enabled the simultaneous,
convergent installation of two chitobiose units onto the N-terminus of the peptide
backbone to provide B-hCG[1-37]. The C-terminal fragment bearing closely
spaced O-glycosylation sites, -hCG[110-145], was prepared following a more
linear “cassette” approach, whereby the four O-linked glycosylamino acids were
sequentially incorporated in a single, solid-supported synthesis. The assembly of
the Acm-protected, full-length f-hCG containing two N-linked (chitobiose) and
four O-linked glycans (GalNAc) was performed in a modular and convergent
fashion by ligation of the individual (glyco)peptide fragments (i.e., O-glycosylated
B-hCG[110-145], p-hCG[72-109], p-hCG[38-71], and N-glycosylated B-hCG[1-
37]) from the C- to the N-terminus, using a multiple NCL-based strategy
(Scheme 10). Importantly, this synthesis of the p-subunit of hCG represents the
longest human glycoprotein hormone (hGPH) accessed as a single glycoform by
strictly chemical means.
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Scheme 10 Synthesis of f-subunit of human chorionic gonadotropin hormone, f-hCG[1-145]
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Having accomplished the total synthesis of both a- and P-subunits of these
glycosylated proteins, we are now investigating the late-stage challenges towards
preparing homogeneous, folded heterodimeric hFSH, hLH, and hCG in our
laboratory.

3.2.2 Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF)

Our continuing interest in complex, therapeutic-level glycoproteins led us to pursue
the synthesis of homogeneous glycoforms of GM-CSF with the aim of studying the
effect of glycosylation on the biological activity of this target. GM-CSF is a
glycoprotein cytokine which promotes cell growth and proliferation and functions
as an immune modulator. It is used to stimulate the immune system after bone-
marrow transplant and chemotherapy and is being investigated as a vaccine
immunoadjuvant [90]. The GM-CSF structure comprises 127 amino acids with
both N- and O-glycosylation sites. Our aim was to establish a synthetic strategy to
enable access to a number of homogeneous glycosylated variants of GM-CSF. We
designed a route with maximal convergence whereby the full-length molecule
would be assembled by merging three (glyco)peptide fragments using exclusively
alanine ligations.

In the synthesis of a bis-N-glycosylated version containing the chitobiose disac-
charide, glycopeptide GM-CSF[34-80] and peptide GM-CSF[81-127] were first
connected via NCL to give, following Thz cleavage, GM-CSF[34-127]
(Scheme 11) [91]. This fragment was then combined with GM-CSF[1-33],
containing a chitobiose moiety, to provide complex glycopeptide intermediate
GM-CSF[1-127]. The late-stage transformations towards the doubly-glycosylated
GM-CSF congener involved reduction of the two free thiol groups via metal-free
desulfurization (MFD) to reveal the native alanine residues, followed by
deprotection of the four Acm-bearing cysteine residues. A monoglycosylated
variant bearing a single chitobiose (at Asn37) was prepared via a similar synthetic
route. Final folding of both fully synthetic analogues under glutathione redox
buffering conditions provided the structurally defined GM-CSF glycoforms bearing
either one (Asn37) or two (Asn27 and Asn37) chitobiose units at asparagine wild-
type sites. Evaluation of the in vitro and in vivo biological activity of these synthetic
GM-CSF samples, including a non-glycosylated congener, showed that they all
function in a similar manner to commercially available GM-CSF, which is obtained
recombinantly as a mixture of glycoforms.
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Scheme 11 Synthesis of the bis-glycosylated GM-CSF glycoform

3.2.3 Erythropoietin (EPO)

Erythropoietin (EPO) is a glycoprotein hormone primarily implicated in the regu-
lation of red blood cell production in the bone marrow, a process known as
erythropoiesis [92-94]. Recombinantly derived EPO has been used for the treat-
ment of anemia associated with renal failure and cancer chemotherapy [95]. How-
ever, production of recombinant EPO results in a complex mixture of glycoforms,
where the primary protein sequence and the glycosylation sites are highly con-
served but the carbohydrate domains present significant heterogeneity. Despite
studies suggesting that specific sugar modifications affect the stability and eryth-
ropoietic activity of EPO [96, 97], the unavailability of single glycoforms has
complicated elucidation of the relationship between EPO glycosylation and its
biological activity. Chemical synthesis uniquely holds the potential to provide
access to homogeneous EPO for systematic evaluation of the effect of the glycan
structure on biological activity.
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and ribbon diagram of the fully glycosylated protein

EPO is composed of a 166-amino acid backbone incorporating three N-linked
glycans (Asn24, Asn38, and Asn83) and an O-linked glycan (Ser126). In our first
total synthesis of homogeneously glycosylated EPO, we chose to include three
simpler chitobiose units and the naturally-abundant glycophorin tetrasaccharide at
the four native glycosylation sites [98]. From a retrosynthetic perspective, we
envisioned gaining access to the full-length glycoprotein, EPO[1-166], by assem-
bling four glycopeptide domains through iterative NCL-based ligations
(Scheme 12).

The O-linked glycophorin was introduced into the peptide chain as a
glycosylated serine cassette [99] via addition of a single amino acid at each end
of the glycophorin-linked Ser residue followed by NCL of the resulting
glycosylated tripeptide with the adjacent peptide segment to provide EPO[125—
166] (Scheme 13).

The chitobiose-containing N-glycopeptide constructs were prepared by our one-
flask Lansbury aspartylation/deprotection protocol [30] from the corresponding
peptide thioester fragments, themselves obtained by Fmoc-based SPPS followed
by single amino acid attachment. On the basis of our previous experience toward a
non-glycosylated version of EPO [59], we envisioned a synthetic strategy for
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merging the four component glycopeptides via a series of iterative alanine ligations,
followed by late-stage desulfurization to convert the non-native cysteines into the
requisite alanine residues. This first-generation synthesis featured a kinetically
controlled NCL (KCL)-based approach [100] to enable the one-flask coupling of
three fully elaborated EPO fragments in a highly convergent fashion (Scheme 14).
In this KCL route, the aryl thioester of EPO[1-29] undergoes transthioesterification
with the N-terminal cysteine of EPO[30-78] at a faster rate than the alkyl thioester,
resulting in selective ligation between Cys-29 and Cys-30. Thus, EPO[1-29] and
EPO[30-78] were first merged by NCL; upon completion of this ligation, EPO[79—
166], itself prepared by NCL between EPO[79-124] and EPO[125-166], was added
to assemble the protein sequence. The synthesis was completed by MFD, followed
by removal of the Acm groups to afford the primary structure of homogeneously
glycosylated EPO.

An alternative, more linear strategy was also developed, whereby the full protein
chain was assembled via NCL as the final step of the synthetic sequence. The main
advantage of this route is that it avoids the need for post-ligation transformations on
the full-length sequence prior to protein folding. The approach employs peptides
which slightly differ from the fragments used in the convergent route in that the
ligation site at the N-terminus is shifted by one residue. Thus, glycopeptide
fragments EPO[125-166], EPO[79-124], and EPO[29-78] were combined by
successive NCLs to afford the EPO[29-166] domain (Scheme 15). At this point,
desulfurization of the non-native cysteines that participated in the ligations, and
subsequent Acm deprotection on the remaining cysteine residues set the stage for
the merger of the final peptide fragment, EPO[1-28], by NCL. The fully synthetic,
homogeneously glycosylated EPO[1-166] thus obtained was then subjected to
disulfide oxidation and protein folding to provide a simplified variant of folded
EPO which, despite having truncated N-linked glycans, demonstrated erythropoi-
etic activity.
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Notwithstanding the major breakthrough of generating a fully synthetic version
of EPO as a single glycoform, our ultimate goal was to achieve the total synthesis of
“wild-type” EPO with consensus carbohydrate structures of realistic, biological-
level complexity at all four native glycosylation sites. Therefore, we set out on this
effort with the objective of incorporating the elaborate biantennary
dodecasaccharide at the three N-glycosylation sites and glycophorin at Ser126
[101]. We initially envisioned adapting our previously described linear strategy,
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Scheme 15 Linear synthesis of erythropoietin, EPO[1-166]

developed in the context of the chitobiose glycoform, to this more complex target.
However, the greater steric bulk of the full N-glycans rendered ligation of EPO[29—
78] and EPO[79-166] fruitless. Accordingly, the synthetic route was modified and a
different ligation site, more distant from the problematic, large dodecasaccharide,
was selected. In the newly designed approach, the domain related to pre-EPO[29—
124] was reconfigured into three novel fragments, N-glycosylated EPO[29-59] and
EPO[60-97], and peptide segment EPO[98—124], which were sequentially assem-
bled, starting from the O-glycosylated, C-terminal domain EPO[125-166] via a
series of smooth alanine ligations followed by thiazolidine unmasking (Scheme 16).
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The resulting fragment EPO[29-166] was then subjected to fourfold MFD to reveal
the required alanines. After cleavage of the Acm protecting groups, cysteine-based
NCL between EPO[29-166] and EPO[1-28] afforded the complete primary
sequence of EPO containing wild-type complex glycan structures at each of the
four glycosylation sites. This unfolded material gave rise to a mass spectrum of
marginal quality (see Supporting Information in Wang et al. [101]). Not surpris-
ingly, the material assigned as the EPO primary sequence did not even exhibit
in vitro activity.

Upon exposure of the EPO primary sequence to folding conditions, a product
was obtained which was reported [101] to exhibit strong erythropoietic activity and,
thus, presumed to correspond to a biologically active version of compound
1 (Scheme 12) (although our synthetic EPO showed suitable activity in an in vivo
assay, literature precedent suggests that heterogeneous mixtures of tetra-antennary
structures have approximately 7x the in vivo activity of analogous bi-antennary
EPO glycoforms [102—-104]). More recently, an approximately 1-year-old sample
of this material, bearing identical mobility properties to those reported from the
original sample (see Wang et al. [101]), was found to retain approximately 15% of
the in vitro activity of Procrit. It has been found that thawing and re-freezing of the
sample tend to erode its erythropoietic activity. In retrospect, however, the inability
to obtain a supportive mass spectrum of this material raises concerns with respect to
the nature of the folded product. Related sialic acid-containing recombinantly
derived EPO mixtures of unspecified structure gave rise to useful mass spectra in
the context of glycoform profiling studies ([105, 106] and references therein). The
corresponding author of reference [101] assumes full responsibility for not taking
cognizance of these precedents. Further clarification of the matter of folding of the
presumed precursor would require access to freshly prepared material, which can
only be accomplished by repetition of the total synthesis. This has recently been
undertaken in order to settle these questions.

4 Conclusion

The total synthesis of glycosylated proteins has long posed a daunting challenge to
practitioners of organic chemistry. Recent key developments in this field, including
NCL, non-cysteine-based ligations, MFD, and novel glycosylation methodologies,
have led to the realization of the long-standing goal of gaining synthetic access to
homogeneous peptides, proteins, and glycoproteins. Several truncated-
carbohydrate versions of important biologically active glycoproteins have been
synthesized in homogeneous form by a combination of these methods. These
include GM-CSF, TSH, and EPO. An application to EPO bearing sialic acid-
containing biantennary 12-mer N-glycosides has also been reported. The nature
of the previously described biologically active version of this compound warrants
further investigation because we did not obtain a useful mass spectrum to support
its structure.
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In parallel to efforts to achieve the total synthesis of glycoproteins by strictly
chemical means, a number of powerful chemical and biological technologies have
emerged for making tailored, full-size glycoproteins bearing glycan-defined
domains for the study of specific biological questions. These highly enabling
strategies, which have been extensively reviewed elsewhere, include the
chemoselective, site-specific glycosylation of recombinant proteins via the
so-called “tag and modify”” approach [107], in vitro chemoenzymatic glycosylation
remodeling of heterogeneous glycoproteins [108], direct enzymatic glycosylation
of proteins [109], specific glyco engineering of host biosynthetic pathways [108],
and in vivo suppressor tRNA technology [110, 111].

All these approaches complement each other and it is envisaged that, either
alone or in combination, they will continue to enable the generation of glycosylated
proteins with predesigned modifications and increasing complexity for the eluci-
dation of the molecular basis of protein glycosylation. This realization will cer-
tainly contribute to the development of novel and improved glycoprotein-derived
therapeutics in the next few years.
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Modern Extensions of Native Chemical
Ligation for Chemical Protein Synthesis

Lara R. Malins and Richard J. Payne

Abstract Over the past 20 years, native chemical ligation has facilitated the
synthesis of numerous complex peptide and protein targets, with and without
post-translational modifications, as well as the design and construction of a variety
of engineered protein variants. This powerful methodology has also served as a
platform for the development of related chemoselective ligation technologies which
have greatly expanded the scope and flexibility of ligation chemistry. This chapter
details a number of important extensions of the original native chemical ligation
manifold, with particular focus on the application of new methods in the total
chemical synthesis of proteins. Topics covered include the development of
auxiliary-based ligation methods, the post-ligation manipulation of Cys residues,
and the synthesis and utility of unnatural amino acid building blocks (bearing
reactive thiol or selenol functionalities) in chemoselective ligation chemistry.
Contemporary applications of these techniques to the total chemical synthesis of
peptides and proteins are described.
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1 Introduction

Proteins are an important class of biomolecules which play a crucial role in a
number of diverse physiological processes, including structure, transport, storage
and catalysis. The immense structural and functional complexity of proteins is a
consequence not only of the unique, genetically-encoded primary sequence of
constituent amino acids, but also of the potential introduction of covalent post-
translational modifications (PTMs), which occurs enzymatically after protein trans-
lation on the ribosome. Each of these factors has a profound impact on the three-
dimensional structure, and ultimately the function and/or activity of a protein target.

The study of proteins and their use as novel therapeutics has been aided by the
ability to access significant quantities of target molecules using biological expres-
sion of programmed genetic sequences. However, such technologies alone are
insufficient to enable the flexible design of protein therapeutics, or even the detailed
study of all native proteins comprising an organism’s proteome, which is consid-
erably more diverse than would be predicted simply from the finite size of the
genome. The difference is due, in part, to the enzyme-mediated post-translational
modification of proteins. The diverse array of PTMs, including acetylation, phos-
phorylation, glycosylation, methylation, hydroxylation, and ubiquitylation, among
others, occur on the majority of the 20 common proteinogenic amino acid side-
chains and, in some cases, on the amide backbone [1]. These modifications serve to
greatly enhance proteome diversity beyond the intrinsic size of the genome, and
also have significant effects on protein conformation, localization, and function. It
is predicted that approximately 5% of the human genome is dedicated to encoding
enzymes responsible for PTMs [2].

As a consequence of their incorporation through enzyme-mediated processes,
PTMs, unlike the primary structure of proteins, are not under direct template control
and are instead dictated by the relative intracellular concentration of processing
enzymes. This has important implications in cell-signaling pathways, in which
reversible modifications, such as phosphorylation and acetylation, dictate both the
strength and duration of a signaling process [2]. As a result, the composition of the
proteome is inherently dynamic, and the variability of PTMs results in the con-
comitant heterogeneity of native proteins derived or isolated from living systems.
Given these considerations, the role of synthetic chemistry, in the context of the
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total synthesis of proteins, becomes paramount to obtaining homogenous, post-
translationally modified proteins for the purpose of understanding the biological
role of such modifications. The therapeutic potential of modified peptide and
protein targets may also benefit from the design and synthesis of engineered
variants accessed in homogeneous form via chemical synthesis. Indeed, our under-
standing of the link between protein structure and function, and our ability to
exploit this knowledge for the development of novel therapeutics, is closely
connected to our aptitude in the chemical synthesis of complex targets. This chapter
therefore focuses on the development of synthetic methods, specifically peptide
ligation methods, for the convergent assembly of large polypeptides and proteins
from smaller peptide fragments. Particular emphasis is placed on extensions to the
native chemical ligation reaction, which has found enormous application in the
chemical synthesis of proteins, with and without modifications, since the first report
of the method two decades ago [3].

2 Native Chemical Ligation

The development of native chemical ligation by Kent and coworkers in 1994
marked a substantial step in the area of chemical protein synthesis by allowing,
for the first time, the chemoselective construction of a native amide linkage
between two fully unprotected peptides under mild, aqueous conditions [3]. Build-
ing upon a 1953 report by Wieland et al. for the linking of amino acids [4], the
method involves the condensation of a peptide bearing an N-terminal cysteine
(Cys) residue with a peptide bearing a C-terminal thioester (Scheme 1a). Mecha-
nistically, the reaction occurs through a reversible transthioesterification reaction
between the Cys thiol functionality and the C-terminal peptide thioester, generating
an intermediate thioester. Spontaneous rearrangement of the bridged thioester
moiety in a proximity-induced intramolecular § — N acyl shift then occurs through
a five-membered ring intermediate to afford a new amide bond [3]. Importantly, the
reaction proceeds in the presence of all native amino acid side-chains (including
Cys residues distant from the ligation site) and enables a modular approach to the
construction of proteins from peptide fragments prepared via iterative solid-phase
peptide synthesis (SPPS) [5], a highly robust method for the construction of defined
polypeptide sequences.

Kent and coworkers first demonstrated the power of the native chemical ligation
methodology toward protein synthesis in the construction of human interleukin-
8 (IL-8), a 72-amino acid polypeptide chain bearing 18 of the 20 common
proteinogenic amino acids and 4 Cys residues, which form disulfide linkages in
the native protein. This was accomplished via efficient ligation of a 33-amino acid
peptide bearing a C-terminal benzyl thioester 1 with a 39-residue peptide
2 containing an N-terminal Cys residue. The reaction was performed in aqueous
buffer (pH 7.6) containing a denaturing chaotropic salt (6 M guanidine hydrochlo-
ride) and afforded a single peptide product 3, despite the presence of additional
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Scheme 1 (a) Native chemical ligation. (b) Synthesis of human IL-8 by native chemical ligation

unprotected Cys residues in both peptide fragments (Scheme 1b). Selective reaction
at the N-terminal Cys residue was attributed to the reversible nature of the initial
transthioesterification reaction. Although internal Cys residues can react with the
C-terminal benzyl thioester, the resultant thioester intermediates were unproductive
in the ligation reaction because of the lack of a proximal amine group to promote
the amide bond-forming S — N acyl shift, an irreversible process under the condi-
tions employed for the ligation reaction. In the synthesis of IL-8, excess benzyl
mercaptan was added to the reaction media to promote thiol exchange with the
unproductive thioester intermediates, thereby regenerating thioester 1 and enabling
productive transthioesterification with the desired N-terminal Cys residue of pep-
tide 2. Conveniently, the presence of excess thiol also served as a reducing agent to
prevent the formation of Cys disulfides [3].

While the concept of peptide ligation chemistry had previously been explored by
others, including Kemp and coworkers [6-8], Liu and Tam [9, 10], and Schnélzer
and Kent for the construction of backbone-modified proteins [11], the total chem-
ical synthesis of IL-8 by native chemical ligation marked the first preparation of a
protein target, bearing a fully native polypeptide backbone, through the
chemoselective condensation of unprotected peptide fragments. It was predicted
that this modular synthetic approach would enable nearly unlimited variation in the
covalent structure of proteins, thereby facilitating the systematic study of the
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structure and function of these important macromolecules [3]. This has indeed
proved to be the case with hundreds of proteins prepared using this robust
methodology.

2.1 Scope and Mechanism

Shortly after the initial discovery of native chemical ligation, a number of studies
were subsequently conducted with the aim of establishing the scope of the ligation
methodology and deciphering the subtleties of the reaction mechanism. In partic-
ular, the dependence of the rate of ligation on the nature of the C-terminal peptide
thioester moiety has been extensively studied.

Historically, C-terminal peptide thioesters for use in native chemical ligation
have been prepared as the alkyl thioester derivatives using optimized in situ
neutralization Boc-strategy SPPS [12]. The C-terminal benzyl thioesters initially
employed by Kent and coworkers, for example, were prepared via Boc-SPPS using
an HF-labile thioacid linker followed by a subsequent alkylation with benzyl
bromide [3]. Advances in thioester linkers developed shortly thereafter facilitated
the direct synthesis of peptide alkyl thioesters upon cleavage from the resin [13,
14]. The facile handling and preparation and the general stability of alkyl thioesters
render these functionalities a convenient choice for use in native chemical ligation
reactions. Nonetheless, in terms of acylating power, alkyl thioesters are relatively
unreactive acyl donors, a result of the modest leaving group ability of the alkyl thiol
component. The use of a more reactive peptide thioester, containing a better thiol
leaving group, was first investigated in the seminal report of native chemical
ligation, whereby a thioester bearing a 5-thio-2-nitrobenzoic acid (the reduced
form of Ellman’s reagent) leaving group was shown to facilitate rapid ligation [3].

As a corollary to this observation, one of the earliest general advances to the
native chemical ligation method was the development and exploration of thiol
ligation catalysts with a view to modulating thioester reactivity [15]. In 1997,
Kent and coworkers found that the inclusion of thiophenol as an exogenous ligation
additive served to facilitate thiol-thioester exchange with preformed alkyl
thioesters, thereby promoting the in situ formation of the considerably more
reactive peptide aryl thioester (Scheme 2) to facilitate more rapid native chemical
ligation reactions. To enable a direct comparison between benzyl thiol and
thiophenol as effective ligation additives, the authors explored the ligation-based
assembly of a Cys-containing analogue of barnase 4, a 110-amino acid microbial
ribonuclease. Construction of the barnase analogue from barnase(1-48)-COS-ben-
zyl 5, a preformed peptide C-terminal benzyl thioester, and a modified N-terminal
fragment, [Cys49, Hisso, A1a102]barnase(49—110) 6, in the presence of thiophenol
proceeded to completion in approximately 7 h (Scheme 3). In contrast, in the
presence of benzyl mercaptan, the ligation reaction was less than 25% complete
after the same period of time. The observed rate enhancement for the ligation of a
preformed benzyl thioester in the presence of exogenous thiophenol established in
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Scheme 3 The effect of thiophenol as an exogenous thiol additive for the construction of barnase
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situ transthioesterification with thiol additives as a practical and general means of
modulating the reactivity of C-terminal peptide alkyl thioesters for use in native
chemical ligation [15].

More recently, a detailed study of the ability of various thiol additives to
promote native chemical ligation identified the water-soluble aryl thiol mercapto-
phenylacetic acid (MPAA) as the optimal thiol catalyst [16]. This study also
established an important relationship between ligation rate and the pK, of the
thiol additive. The most effective additives, such as thiophenol and MPAA, had
pK. values between approximately 6 and 8, thus maintaining sufficient nucleophi-
licity to promote the initial thiol-thioester exchange with the less reactive peptide
alkyl thioester component, and adequate leaving group ability for effective
transthioesterification with the Cys-containing peptide fragment [16]. Thiol addi-
tives with higher pK, values (e.g., the water-soluble alkyl thiol sodium
2-mercaptoethanesulfonate (MESNa) [17], commonly employed in expressed pro-
tein ligation (EPL) [18]) rapidly exchanged with preformed alkyl thioester deriv-
atives but were poor leaving groups in the reaction with a peptide bearing an
N-terminal Cys residue. Conversely, thiol additives with a pK, value less than six
were inefficient ligation additives as a result of their inability to effectively activate
preformed alkyl thioesters through thiol-thioester exchange [16]. It should also be
noted that highly electrophilic acyl donors may increase the likelihood of thioester
hydrolysis or epimerization at the a-center of the C-terminal amino acid residue,
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particularly with challenging ligation junctions. In addition to the pK, of the thiol
used in the reaction, these factors must be carefully considered in the design of new
ligation additives. The development of other thiol catalysts for application in
ligation chemistry is further discussed later in this chapter.

An equally important determinant of thioester reactivity in native chemical
ligation reactions is the nature of the C-terminal residue bearing the reactive
thioester functionality. In 1999, Dawson and coworkers carried out a comprehen-
sive study of the rate of ligation as a function of the identity of the C-terminal amino
acid residue [13]. In a series of model ligation reactions, whereby C-terminal
thioesters derived from each of the 20 proteinogenic amino acids were examined,
the reaction rate was shown to be closely correlated with the steric and electronic
nature of the C-terminal thioester moiety. For example, reactions at sterically
unencumbered C-terminal amino acid thioesters proceeded much faster than reac-
tions employing bulky, p-branched amino acid thioesters, such as those derived
from Ile, Val, and Thr, which, under the ligation conditions employed, required 48 h
or more to reach completion. Electronic effects were likewise apparent, with Cys
and His thioesters reacting at remarkably similar rates to the model Gly thioester,
despite the increased steric bulk, and much faster than the corresponding Ala
thioester [13]. Poor reactivity observed with the model Pro thioester was subse-
quently explained by the decreased electrophilicity of the Pro thioester carbonyl
carbon resulting from an orbital overlap (n — n*) with the adjacent N-terminal
amide oxygen atom [19].

The power of native chemical ligation together with an extended knowledge of
the specific reactivity of C-terminal peptide thioesters have been exploited in the
total chemical synthesis of numerous proteins to date [20-28], greatly expanding
the scope and size of native protein targets within the grasp of synthetic chemists. In
combination with SPPS as a robust approach to access peptide fragments bearing
native amino acids as well as unnatural amino acid building blocks (derived from
modern organic synthesis), the method has advanced the opportunity for protein
engineering and structural remodeling. As a testament to the power of native
chemical ligation, 20 years after its seminal report the technique is often employed,
in near original form, for the total synthesis of complex and post-translationally
modified proteins.

2.2 Modern Application

A recent, illustrative example from Okamoto et al. of the extensive applicability of
native chemical ligation toward the study of protein structure and function is the
total chemical synthesis of the glycosylated and non-glycosylated forms of the
73-amino acid chemokine protein CCL1 and a 74-amino acid, N-terminally
extended variant, Ser-CCL1 [29]. The construction of these chemokines was
accomplished using a convergent, three-component iterative native chemical liga-
tion approach (see Scheme 4 for a representative example), with the glycosylated
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variants each containing a complex, N-linked asialo-nonasaccharide at the native
glycosylation site, Asn*

Notably, preparation of the requisite peptide fragments for the construction of
the target proteins strategically utilized a number of recent and powerful advances
to the native chemical ligation motif. Using the synthesis of glycosylated CCL1 as a
representative model (Scheme 4), the first step in the iterative ligation strategy
involved the reaction of C-terminal Cys-containing peptide CCL1(34-73) 7, pre-
pared by Boc-SPPS, with bifunctional glycopeptide 8. To enable chemoselective
iterative ligation, the N-terminal Cys residue of glycopeptide 8 was masked as the
corresponding thiazolidine (Thz) residue [30], which is orthogonal to the general
conditions employed in solid-phase peptide synthesis, but is mildly removed in the
presence of methoxyamine at pH 4.0. Furthermore, due to the incompatibility of
glycans with the strongly acidic deprotection conditions (e.g., HF) employed in
Boc-SPPS, glycopeptide fragment 8 was synthesized via
9-fluorenylmethoxycarbonyl (Fmoc)-SPPS, in which cleavage from the resin is
accomplished using milder conditions. Nonetheless, thioester linkers are incompat-
ible with the basic conditions employed for unmasking the N-terminal Fmoc group
in standard Fmoc-SPPS. As such, the authors employed a diaminobenzoic acid
(Dbz) linker for the Fmoc-based assembly of bifunctional peptide 8, which bears a
C-terminal peptide N-acylbenzimidazolinone (Nbz), a novel peptide thioester



Modern Extensions of Native Chemical Ligation for Chemical Protein Synthesis 35

precursor accessible from resin-bound o-aminoanilides, originally described by
Dawson and coworkers in 2008 [31]. In the presence of thiol additives under
standard native chemical ligation conditions, the peptide-Nbz group undergoes
facile thiolysis to afford the corresponding peptide thioester.

Following the preparation of CCL1 peptide fragments 7 and 8, the fragments
were subsequently joined using native chemical ligation in aqueous denaturing
buffer in the presence of 200 mM MPAA as a thiol catalyst and 20 mM of the water
soluble phosphine reductant, tris(2-carboxyethyl)phosphine (TCEP), to prevent the
formation of Cys disulfides (Scheme 4). The reaction required 48 h to reach
completion because of the use of an acyl donor fragment bearing a bulky,
B-branched isoleucine (Ile) residue as the C-terminal amino acid. Completion of
the ligation, as monitored by HPLC-MS, was directly followed by thiazolidine
deprotection in the presence of methoxyamine. Crude fragment 9, bearing an
unmasked N-terminal Cys residue, was then ligated to peptide thioester 10,
corresponding to CCL 1(1-24), affording the full-length glycosylated CCL1 11 in
45% isolated yield for the two ligation steps following HPLC purification. Similar
ligation protocols were employed for the synthesis of the non-glycosylated CCL1
variant and for the glycosylated and non-glycosylated Ser-CCL1 derivatives. Each
of the CCL1 variants were folded and evaluated in a chemotaxis assay, allowing for
a systematic study of the effect of glycosylation on the chemotactic activity of the
proteins. Notably, Kent and coworkers were also able to prepare a non-glycosylated
mirror image Ser-CCL1 protein composed entirely of p-amino acids using an
analogous synthetic strategy [32]. This p-protein analogue was used to obtain the
X-ray crystal structures of both Ser-CCL1 and glycosyl-Ser-CCL1 using racemic
and quasi-racemic crystallization, respectively [32].

As the preparation of large quantities of complex, homogeneous post-
translationally modified proteins and the construction of unnatural p-proteins rep-
resent synthetic feats currently unachievable using biological expression or the
majority of other chemical methods, the work described by Okamoto et al. on CCL1
[29, 32] highlights the critical importance of native chemical ligation as an enabling
tool for understanding protein structure and function. Importantly, native chemical
ligation has also served as a platform for the development of a myriad of related
synthetic technologies for application in chemoselective peptide ligations. The
remainder of this chapter discusses a number of powerful extensions to the original
native chemical ligation manifold, with a particular focus on the development of
new technologies for the total chemical synthesis of proteins. Topics covered
include the development of auxiliary-based methods for peptide ligation, the
post-ligation manipulation of Cys residues, and the synthesis and utility of unnat-
ural amino acid building blocks in native chemical ligation-like reactions. In the
process, contemporary applications of these techniques to the total chemical syn-
thesis of peptides and proteins are described.
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3 Development of New Cysteine Ligation Surrogates

The successful disconnection of proteins using native chemical ligation is predi-
cated on the presence of appropriately placed Cys residues within a target sequence.
While there are countless targets that fulfill this unique requirement, the relative
scarcity of Cys in naturally occurring proteins (1.1%) [33] precludes the ligation-
based assembly of a number of desirable targets and represents a limitation to native
chemical ligation in its original form. A number of innovative strategies have
therefore been developed to address this intrinsic limitation. The following discus-
sion provides an overview of some of the most significant discoveries, based on the
overall logic of native chemical ligation, toward circumventing the reliance on
N-terminal Cys residues.

3.1 Auxiliary-Based Methods
3.1.1 N-Terminal Ligation Auxiliaries

One of the earliest and most heavily explored means of circumventing the need for
an N-terminal Cys residue has been the use of removable N-terminal thiol ligation
auxiliaries to mimic the role of the Cys thiol group in the ligation reaction [27]. A
summary of effort in this area is shown in Scheme 5. The general mechanism of
N-terminal auxiliary-based ligation is analogous to that of native chemical ligation
and is conceptually similar to the original “prior thiol capture” technique employed
by Kemp and coworkers [6, 7], whereby a proximity-induced acyl shift event is
templated by a traceless reaction auxiliary. In the case of N-terminal auxiliaries, the
N-linked thiol reaction auxiliary participates in an initial transthioesterification
step, generating the intermediate thioester 12. A subsequent acylation of the
auxiliary-bound secondary amine occurs via an S — N shift to generate an amide
bond at the ligation site (Scheme 5a). Cleavage of the tethered reaction auxiliary
following the ligation event then generates native peptide products. A variety of
N-terminal reaction auxiliaries have been explored for this purpose (Scheme 5b—d),
allowing access to select non-Cys ligation junctions.

The first N-terminal thiol auxiliary approach was developed by Kent and
coworkers in 1996, with the installation of ethanethiol 13 and oxyethanethiol 14
auxiliaries (Scheme 5b) on the terminal amine functionality of peptides bearing
N-terminal Gly and Ala residues [34]. These auxiliaries were shown to promote
ligation with various C-terminal peptide thioesters in a number of model ligation
reactions. Interestingly, when the oxyethanethiol auxiliary 14 was used to ligate
peptides bearing steric bulk on either the N-terminal or C-terminal residue of the
ligation junction, the authors detected substantial amounts of the unrearranged
thioester intermediate (see 12, Scheme 5a) in the ligation mixture. This observation
suggested a decrease in the rate of acyl transfer of the thioester intermediate to the
auxiliary-bound, secondary amine. It was postulated that the added steric bulk at the
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ligation junction in combination with the requirement for a six-membered ring
intermediate in the intramolecular rearrangement of the oxyethanethiol-derived
thioester (rather than the five-membered ring intermediate generated at
unsubstituted Cys residues) served to slow substantially, or in some cases halt,
the rate of the S — N acyl shift. Nonetheless, in ligation reactions in which amide
bond formation was successfully mediated by the oxyethanethiol linker, removal of
the ligation auxiliary was readily achieved through cleavage of the N-O bond upon
treatment with Zn dust in acidic media. Despite some limitations, this technique
served as a proof of concept for the generation of native peptide products following
an auxiliary-based ligation strategy [34].

With the aim of further generalizing auxiliary ligations and increasing reaction
rates, a number of 1-phenylethane thiol-based auxiliaries (15-19) (Scheme 5c)
[35-39] were also explored. Importantly, these scaffolds were designed to facilitate
intramolecular acyl shift through a five-membered ring intermediate and were
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proposed to increase the rate of S — N acyl transfer relative to oxyethanethiol linker
14 [35]. An additional consideration in the strategic development of the methoxy
benzyl auxiliaries 16 and 17 was the ease of removal following the ligation reaction
[36, 40]. When bound to the N-terminal a-amino moiety of a peptide fragment,
auxiliaries 16 and 17 were not labile to treatment with HF, and were thus compat-
ible with standard Boc-SPPS conditions. The observed stability was attributed to
the positive charge ensuing from protonation of the terminal amine under acidic
cleavage conditions, which possibly disfavored the formation of a proximal ben-
zylic cation during cleavage of the methoxybenzyl moiety [37]. However, amide
bond formation as a consequence of the ligation reaction effectively increased the
acid lability of the thiol auxiliary, which was readily cleaved in a post-ligation HF
treatment. It is also important to note that, despite the potential for chirality in the
1-phenylethane thiol scaffold, auxiliaries 16 and 17 were synthesized as a mixture
of diastereomers [36]. In a contemporary study by Dawson and coworkers on
1-phenylethane thiol derivative 15, configuration at the benzylic position was
determined to have no effect on the rate of ligation [35].

The first application of an N-terminal ligation auxiliary to the total synthesis of
proteins was demonstrated through the use of p-methoxy auxiliary 16 in the
ligation-based assembly of the 106-amino acid metalloprotein cytochrome b562
and an engineered analogue, [SeMet’]cyt b562, containing a strategically placed
selenomethionine residue to serve as an axial ligand for the cytochrome heme iron
atom [37]. The synthesis of these two proteins was accomplished via ligation of
N-terminal auxiliary bound peptide 20 to peptide thioesters 21 and 22, bearing a
native methionine residue or a selenomethionine residue, respectively, at position
7 (Scheme 6). The reaction was performed under aqueous, denaturing conditions in
the presence of thiophenol as an exogenous thiol additive. Following the successful
ligation, treatment of 23 and 24 with anhydrous HF facilitated clean removal of the
N-terminal auxiliary to afford the full-length polypeptide chains 25 and 26. The
target protein molecules were then obtained after folding in the presence of heme,
thus enabling a detailed analysis of the spectroscopic and electrochemical proper-
ties of wild-type cyt b562 relative to the engineered, selenomethionine-containing
protein [37].

The successes of the 1-phenylethane thiol auxiliary scaffold in protein synthesis
prompted the subsequent exploration of photolabile derivatives [35] (such as 18 and
19) [39, 38] bearing the ortho-nitrobenzyl motif (see Scheme 5c), to allow for
auxiliary removal without the use of harsh acidic conditions. These reaction
auxiliaries were shown to facilitate model ligation reactions at Gly—Gly [38] and
Ala—Gly [39] junctions, and could be removed by facile photolysis upon irradiation
with UV light. Muir and coworkers have also reported the innovative application of
a photolabile linker in auxiliary-mediated expressed protein ligation (EPL) [41] for
the synthesis of a ubiquitylated peptide target [42]. In this study, the authors ligate
recombinantly produced ubiquitin and SUMO (small ubiquitin-related modifier)
thioesters to a small peptide fragment 27, from the mammalian histone nucleopro-
tein H2B, bearing an auxiliary-modified Lys residue (see Scheme 7 for ubiquitin
example). Following ligation, irradiation of the ubiquitylated product 28 at 325 nm
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effected rapid removal of the photolabile auxiliary to afford chemically modified
peptide 29. Importantly, the final ubiquitin-modified protein was also shown to be a
suitable substrate for the ubiquitin-dependent hydrolase UCH-L3, thus confirming
the structural and functional integrity of the semi-synthetic protein [42]. A subse-
quent report from the Muir laboratory utilized the same photolytic ligation auxil-
iary, in combination with a second EPL reaction, to achieve the semi-synthesis of
the full-length, chemically ubiquitylated H2B histone [43].

A third class of auxiliaries probed for use in ligation reactions employed the
2-mercaptobenzyl motif (e.g., 30-33, Scheme 5d) [44—47]. The rationale for this
tethered thiophenol-based scaffold was to exploit the rate enhancement observed in
the presence of aryl thiol additives [15]. It was envisaged that transthioesterification
of C-terminal peptide thioesters with the 2-mercaptobenzyl thiol auxiliaries would
generate a highly acylating aryl thioester intermediate capable of facilitating rapid
S — N acyl shift. Furthermore, substitution of the aromatic ring could be used to
modulate the nucleophilicity of the thiol or enhance the lability of the auxiliary
[44]. For example, increasing substitution of the aromatic ring with electron-
donating functionalities (e.g., methoxy groups) was shown to enhance greatly the
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acid lability of the auxiliaries, with the 4,5-dimethoxy-2-mercaptobenzyl auxiliary
32 [45, 46] cleaved upon treatment with strongly acidic trifluoromethane sulfonic
acid (TFMSA) or bromotrimethylsilane (TMSBr) and the more electron-rich 4,5,6-
trimethoxy-2-mercaptobenzyl derivative 33 effectively removed in the presence of
TFA [47]. Notably, the comparatively mild conditions for removal of
trimethoxybenzyl (Tmb) auxiliary 33 enabled its application in the synthesis of
glycopeptides [48], including fragments derived from human erythropoietin (EPO)
bearing complex O- and N-linked glycans [49, 50]. Tmb derivative 33 has likewise
been applied to the synthesis of a 62-amino acid SH3 domain of the actin cross-
linking protein a-spectrin using a Lys-Gly disconnection site (Scheme 8) [47]. This
ligation reaction was complete in 12 h, affording auxiliary-bound peptide 34 in 66%
isolated yield. Cleavage of the Tmb auxiliary in the presence of TFA subsequently
provided the target SH3 domain 35 [47].

Although N-linked thiol ligation auxiliaries have expanded the scope of ligation
chemistry to include non-Cys ligation sites, such methods are often plagued by
additional limitations. Harsh conditions for the removal of some auxiliaries (par-
ticularly strongly acidic conditions such as HF and TFMSA) limit the application of
these methodologies to peptides and proteins bearing acid labile functionalities,
including post-translational modifications such as glycosidic linkages. Further-
more, the techniques generally exhibit poor sequence tolerance at both the
C-terminus of the thioester component and the N-terminus of the auxiliary-bound
peptide, with the majority of successful auxiliary-mediated ligations exclusively
utilizing junctions where one or both termini are Gly residues [23, 27]. Additional
steric bulk at the ligation junction resulting from the tethered auxiliary, together
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with the requirement, in some cases, for larger ring-sized intermediates in the S — N
acyl migration, greatly decrease the overall rate of ligation and limit general
application of these auxiliaries in protein synthesis.

3.1.2 Side-Chain Ligation Auxiliaries

The development of side-chain ligation auxiliaries (Scheme 9) bearing reactive
thiol functionalities tethered to the side-chain of an N-terminally located amino
acid circumvented many of the issues associated with N-linked auxiliaries, includ-
ing additional steric bulk at the terminal amine moiety [27, 51]. Mechanistically,
the side-chain mediated process is very similar to native chemical ligation and N-
linked auxiliary ligation, consisting of a thiol exchange reaction between a
C-terminal peptide thioester and the side-chain thiol auxiliary, followed by an
S — N acyl shift of the thioester intermediate to generate the new amide bond. A
final step is then required to effect auxiliary removal and generate a native peptide
product (Scheme 9a).

The first example of ligation via side-chain auxiliary, termed sugar-assisted
ligation (SAL), was developed by Wong and coworkers in 2006 and involved the
use of a glycopeptide whereby the reactive thiol auxiliary was appended to the C-2
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position of a f-O-linked carbohydrate moiety 36 (Scheme 9b) [52]. Ligation reac-
tions were performed in aqueous buffer and, in contrast to ligation mediated by
N-terminal auxiliaries, demonstrated a relatively broad sequence tolerance at the
ligation junction [53]. Interestingly, reaction rates increased when the auxiliary-
appended glycosylamino acid unit was incorporated as the penultimate residue as in
model peptide 37, rather than the terminal residue of the peptide fragment (com-
pound 38), despite the reliance on a larger ring-sized intermediate in the S — N acyl
shift (Scheme 10) [52]. Following amide bond construction, the side-chain thiol
functionality could be cleaved using a reductive desulfurization protocol (see
below) [54] to yield glycopeptide products bearing a native acetamide at the C-2
position of the carbohydrate. The method was subsequently expanded to include N-
linked [55] and a-O-linked [56] glycans (e.g., 39 and 40, respectively, Scheme 9b).
Enzymatic manipulation of the glycosylated peptide products (with or without the
thiol handle present), including removal of the glycan [55] or elaboration of the
appended monosaccharide unit through the action of glycosyltransferases [55, 571,
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further increased the scope and complexity of peptide and glycopeptide targets
accessible using SAL.

Notably, the utility of SAL for the construction of glycoprotein targets was
confirmed through the total chemical synthesis of diptericin € 41, an 82-amino acid,
Cys-free antibacterial glycoprotein containing two galactosamine moieties a-O-
linked to Thr'® and Thr>* (Scheme 11) [56]. It was envisaged that the glycoprotein
could be synthesized from three segments, 42, 43, and 44, in the C-to-N direction by
employing a sequential SAL-native chemical ligation sequence, whereby the for-
mer is facilitated by a side-chain glycan auxiliary, and the latter a Cys residue
installed as a temporary mutation. To this end, glycopeptide 42, corresponding to
the C-terminal region of diptericin € and bearing a side-chain a-O-linked carbohy-
drate auxiliary at Thr’*, was first ligated to thioester 43 bearing an N-terminal Cys
protected as the corresponding Cys acetamidomethyl (Acm) residue [58]. This
sugar-assisted ligation was conducted in aqueous denaturing buffer at 37 °C and
was complete in 48 h to afford peptide product 45. Removal of the N-terminal Cys
(Acm) group using mercury salts then provided glycopeptide 46, bearing a free
N-terminal thiol at position 37, poised for further functionalization. Accordingly,
reaction between 46 and glycopeptide thioester 44 proceeded in 47% isolated yield
to provide the 82-residue polypeptide chain 47. A final global desulfurization
reaction using conditions first described by Yan and Dawson [54] (explored in
detail in Sect. 4.1) facilitated removal of the glycan-tethered thiol auxiliary as well
as cleavage of the Cys side-chain thiol to generate diptericin € 41, with the native
Ala residue at position 37 [56].

Although SAL in its original form greatly increased the number and flexibility of
accessible ligation junctions, a major limitation of the technique was the reliance on
a post-ligation reductive desulfurization protocol to facilitate cleavage of the
glycan-appended auxiliary. These methods are incompatible with unprotected
Cys thiols, and, as such, preclude the use of SAL for synthesis of peptides and
proteins bearing native Cys residues. To address this shortfall, a second-generation
SAL protocol was developed by Wong and coworkers in 2007, employing a
modified auxiliary which could be removed in a mild and selective manner
(Scheme 9c) [59]. In particular, this technique employed a thiol auxiliary with an
ester linkage to the C-3 hydroxyl group of an O-linked glucosamine moiety 48,
which was easily removed via hydrazinolysis following ligation and without
affecting unprotected Cys residues in the peptide sequence. Another important
modification to the original SAL technique was the use of an organic cosolvent
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Scheme 11 Synthesis of diptericin € using sugar-assisted ligation (SAL)

(e.g., N-methyl-2-pyrrolidone, NMP) in ligation reactions, serving to reduce hydro-
lysis of both the thioester component and the ester-linked auxiliary and therefore
enhance ligation yields [59].

An additional SAL-inspired ligation strategy, developed in 2008 by Brik and
coworkers, utilized a cyclohexyl or cyclopentyl ring auxiliary bound by an ester
linkage to the side-chain of aspartic acid (Asp), glutamic acid (Glu), or serine (Ser)
(e.g., 49 and 50, Scheme 9d) [60]. In this method, the simplified side-chain
carbocycle served an analogous role to the carbohydrate moiety in SAL. Following
ligation, the auxiliary was rapidly cleaved in situ by the addition of NaOH
[60]. Application of a Ser-linked cyclohexyl auxiliary using a sequential side-
chain assisted ligation-native chemical ligation approach enabled the successful
construction of the 86-residue polypeptide backbone of the regulatory protein
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HIV-1 Tat [61]. Unfortunately, complications in the removal of the side-chain
auxiliary hampered the total synthesis of the native protein in this study.

A remarkable feature of side-chain carbohydrate and cyclohexyl reaction auxil-
iaries is the ability to promote ligation effectively, despite the reliance of such
systems on considerably larger ring size intermediates (14—15-membered) in the
S — N acyl shift than those required for native chemical ligation or for N-terminal
auxiliary-mediated ligation. As previously noted, SAL reactions employing the
original carbohydrate bearing a C-2-linked thiol auxiliary proceeded faster with a
single amino acid extension N-terminal to the glycosylamino acid moiety than
when the glycosylamino acid was N-terminally located (see Scheme 10). These
results suggest that the side-chain auxiliary may play an important role in appro-
priately positioning the intermediate bridged thioester for attack by the N-terminal
amine [52]. Detailed studies probing the effect of multiple amino acid extensions
N-terminal to the glycosylamino acid auxiliary in SAL [59, 62] demonstrated that
ligation is feasible (though substantially slower) with as many as six amino acids
appended to the N-terminus of the auxiliary-bound residue. However, it should be
noted that ligation reactions bearing such large N-terminal extensions are likely to
proceed, at least in part, via a direct aminolysis pathway [63, 64].

Another novel side-chain thiol auxiliary approach was developed in 2010 by
Hojo et al. for ligation reactions at N-terminal Ser and Thr residues [65]. This
method optimized the use of a mercaptomethyl group attached as a thiohemiacetal
to the side-chain of Ser or threonine (Thr) (Scheme 12). As with native chemical
ligation, the auxiliary was found to promote ligation through initial transthioester-
ification with a C-terminal peptide thioester followed by an § — N acyl shift, in this
instance through a seven-membered ring intermediate, to generate a new amide
bond. The inherent instability of the thiohemiacetal functional group was over-
come, in part, through incorporation of the auxiliary-bound residue into peptides as
the corresponding asymmetric disulfide 51 or 52, allowing an in situ generation of
the free auxiliary upon treatment with TCEP in the ligation reaction (Scheme 12).
Furthermore, ligations were performed with preformed aryl thioesters to enhance
the rate of the initial transthioesterification reaction. Under these conditions,
rearrangement of the thioester intermediate through S — N acyl migration proved
to be the rate-limiting step. To prevent hydrolysis of the unrearranged intermediate,
the aqueous reaction buffer was diluted with DMF containing 5% acetic acid after
the initial transthioesterification and left for 2 days to promote rearrangement.
Following ligation, the susceptibility of the auxiliary to hydrolysis became a
strategic advantage, whereby spontaneous cleavage of the thiohemiacetal afforded
native products in a one-pot fashion. The method was utilized in the synthesis of the
glycopeptide toxin contulakin-G, derived from the venom of Conus geographus,
and for the preparation of human calcitonin [65].
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Scheme 12 Ligation at Ser and Thr using a mercaptomethyl side-chain auxiliary

4 Post-Ligation Manipulations

The contributions of N-terminal and side-chain auxiliary-mediated ligations have
served to enhance greatly the scope of ligation chemistry beyond the original
reliance on N-terminal Cys residues. Despite these successes, auxiliary methods
generally require the multi-step preparation of specialized thiol auxiliaries and
auxiliary-bound peptides, which reduces the overall efficiency of the techniques.
As previously discussed, auxiliary-mediated ligations are also slower than native
chemical ligation at Cys, requiring lengthy reaction times whereby hydrolysis and
epimerization become significant competing pathways. As such, a conceptually
appealing approach to increasing the scope of native chemical ligation without
sacrificing the simplicity and efficiency of the technique is to explore the post-
ligation modification of Cys residues [54, 66] for the generation of target peptides
and proteins.

An innovative demonstration of the manipulation of Cys residues to expand the
scope of accessible ligation junctions was reported in 2008 by Okamoto and
Kajihara [67]. With the aim of preparing complex glycopeptides and proteins, the
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Scheme 13 Conversion of Cys to Ser following native chemical ligation

authors demonstrated a post-ligation conversion of Cys to the corresponding Ser
residue using a three-step protocol (Scheme 13). The method first involved S-
methylation of the Cys residue using methyl 4-nitrobenzenesulfonate 53 [68]. Sub-
sequent reaction with CNBr in the presence of formic acid leads to the activation of
the S-methyl group [69], facilitating attack of the S-methyl Cys p-carbon by the
carbonyl oxygen of the neighboring amide bond. The resultant five-membered ring
is converted to the O-ester peptide intermediate, which undergoes a subsequent
O — N acyl shift at slightly basic pH (7-8) to generate the new amide bond. Initial
application of this protocol on model systems demonstrated the overall feasibility
of the approach. The potential for reaction of CNBr with Met residues, however,
required the incorporation of Met as the corresponding sulfoxide so as to allow
selectivity for the methyl Cys residues. Reduction of the sulfoxide to yield a native
Met residue was accomplished following the conversion of Cys to Ser. The utility
of the Cys to Ser transformation in the synthesis of complex glycopeptide fragments
was also demonstrated through the construction of a glycopeptide fragment of
erythropoietin, bearing a complex, N-linked glycan, along with the synthesis of a
MUCI1 40-mer peptide containing two copies of the Ty antigen [67].

4.1 Ligation-Desulfurization

In 2001, Yan and Dawson reported an elegant approach for the disconnection of
peptide and protein targets at alanine (Ala) residues [54]. The concept combined a
typical native chemical ligation reaction between a peptide bearing an N-terminal
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Cys residue and a C-terminal peptide thioester with a post-ligation, reductive
desulfurization protocol which selectively removed the sulfhydryl moiety in the
Cys side-chain to generate the corresponding Ala residue at the ligation junction
(Scheme 14a). The technique combined the efficiency of Cys-promoted ligations
while enabling access to ligation junctions containing the significantly more abun-
dant Ala residue (8.9%) [33], thereby enabling the synthesis of a variety of
previously inaccessible peptide and protein targets. To optimize the desulfurization
protocol, the authors treated Cys-containing ligation products with a variety of
metal reagents, including Pd on Al,O3, Pd on carbon, PdO and Raney Ni, in the
presence of hydrogen gas. Excellent results were obtained with Pd on Al,O3, which
effected high-yielding, global desulfurization of Cys residues while minimizing the
over-reduction of the aromatic proteinogenic amino acids tyrosine (Tyr), phenyl-
alanine (Phe), and tryptophan (Trp). Rapid and efficient desulfurization with Raney
Ni was also demonstrated, although demethylthiolation of Met residues was evident
with prolonged reaction times [54].

In the original publication, Yan and Dawson also demonstrated the post-ligation
reduction of a homocysteine (homoCys) residue to the corresponding
a-aminobutyric acid (Abu) (Scheme 14b) [54]. This application built upon earlier
work by Tam and Yu [70], which demonstrated that ligation at homoCys followed
by S-methylation provided a feasible approach to ligation at Met residues. The
extension of the desulfurization protocol to include non-Cys thiols established the
generality of the technique and led to the prescient notion of utilizing unnatural,
thiol-derived amino acid derivatives to effect ligation (see Sect. 4.3 for more
details) [54]. Importantly, the authors also demonstrated the utility of the Cys
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ligation-desulfurization strategy in diverse peptide and protein systems through the
syntheses of a cyclic microcin J25-like peptide, the 56-amino acid streptococcal
protein G B1 (PGB1) domain, and [Ala49]barnase, prepared by desulfurization of
the previously reported 110-amino acid [Cys*’]barnase analogue [15].

Following this seminal report, research efforts have shifted to improving the
selectivity of the desulfurization protocol to preclude the desulfurization of Cys
residues (and other sulfur-containing functionalities) crucial to the native peptide
sequence. Pentelute and Kent reported the desulfurization of unprotected Cys
residues with Raney Ni in the presence of acetamidomethyl (Acm)-protected Cys
residues, which could be unmasked following desulfurization to generate the free
sulfhydryl side-chain of Cys [58]. In their work on sugar-assisted ligation (SAL),
Wong and coworkers independently reported that the use of hydrogen gas and
Pd/Al,O5 could effect selective removal of a glycan-bound thiol auxiliary in the
presence of a Cys(Acm) residue [56].

However, broader issues with the use of metal-based reagents, including the
adsorption of specific peptide sequences to the metal surface [71] and the undesired
reduction of Met and thiazolidine-protected Cys residues [72], prompted the search
for a milder, metal-free desulfurization protocol. To this end, Danishefsky and
coworkers turned to a radical-promoted desulfurization method [72] based on an
initial report by Hoffman et al. 50 years earlier on the desulfurization of thiols,
under thermal or photochemical conditions, in the presence of trialkylphosphites
[73]. The subsequent use of trialkylphosphines to promote desulfurization was also
reported [74]. With the goal of mild and selective desulfurization of peptide
systems in mind, Danishefsky and coworkers specifically employed the water-
soluble phosphine TCEP, owing to its stability, ease of handling, and proven
compatibility with proteinogenic amino acid side-chains and glycopeptide func-
tionalities. Indeed, in the presence of TCEP, the water-soluble radical initiator
2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) 54, and
tBuSH in aqueous media, the selective desulfurization of Cys residues was readily
achieved. The mechanism for this transformation presumably mirrors the one
proposed by Walling et al. [75, 74] and involves the initial formation of a Cys
thiyl radical in the presence of radical initiator 54 (Scheme 15). Addition of the
sulfur-centered radical to TCEP generates a TCEP-adduct, which undergoes
[-scission to produce an alanyl radical and a phosphine sulfide byproduct. Hydro-
gen abstraction from an exogenous thiol by the alanyl radical then generates the
native Ala residue. Importantly, these conditions were shown to tolerate Cys(Acm)
groups, Met residues, thiazolidine groups, and C-terminal thioester moieties. In the
initial report, Danishefsky and coworkers employ the metal-free desulfurization
protocol in a ligation-desulfurization approach to an N-linked glycopeptide frag-
ment and the cyclic nonapeptide crotogossamide [72].



50 L.R. Malins and R.J. Payne

Iy &S &
VA-044 54 W L( \M

R= %~ COOH RP — l

K

(F’H3

HS‘%
WJ\WW V WLN\W

Scheme 15 Radical desulfurization of Cys residues initiated by VA-044 54

4.2 Ligation-Desulfurization in Protein Synthesis

Since its inception, the concept of ligation-desulfurization chemistry [76, 77] at Cys
residues has been widely adopted for the synthesis of an enormous variety of
peptides and proteins, including targets bearing complex PTMs [20, 21, 28,
78]. The following discussion outlines a number of recent, illustrative examples
of the technique for the ligation-based assembly of protein targets.

In 2007, Kent and coworkers reported an elegant synthesis of a fully functional,
homodimeric HIV-1 protease (PR) by combining ligation-desulfurization chemis-
try with a biomimetic autoprocessing strategy [79], taking advantage of the ability
of the HIV-1 protease to catalyze its own removal from the Gag-Pol polyprotein
precursor during HIV-1 maturation in vivo. In their initial studies toward the total
chemical synthesis of the 99-amino acid HIV-1 PR monomer using ligation chem-
istry, the authors encountered considerable difficulties in solubilizing peptide
intermediates, particularly the C-terminal fragment. A revised strategy therefore
incorporated a C-terminal poly-Arg tag to aid in the solubility of the terminal
fragment and subsequent ligation intermediates (Scheme 16). In order to facilitate
removal of the solubility tag following construction of the monomeric polypeptide
backbone, the poly-Arg sequence was attached to the C-terminus of the protease
using a ten-residue linker sequence derived from the HIV-1 reverse transcriptase
(RT) protein (which is proximally located in the Gag-Pol polyprotein precursor).
The C-terminal construct 55 would therefore contain an autoprocessing site, and it
was envisaged that the folded protease would readily cleave the modification.
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Accordingly, construction of the full-length peptide was accomplished using a
four-component iterative ligation-deprotection strategy in the C-to-N direction,
whereby bifunctional thioesters 56 and 57 were prepared as N-terminal
thiazolidines which could be easily unmasked following a ligation reaction to
facilitate extension in the N-terminal direction (Scheme 16). As such, iterative
ligation-thiazolidine deprotections employing peptide fragments 55, 56, and 57
rapidly afforded 28-99RTArg,, 58. After ligation of N-terminal thioester 59 to
28-99RTArg o 58 and removal of Trp formyl protecting groups, the 119-residue
polypeptide 60 was globally desulfurized in the presence of Raney Ni to afford
1-99RTArg;o 61 in 26% overall yield based on starting peptide 55. As anticipated,
autoprocessing of the C-terminal modification occurred concomitantly with folding
of the protease to generate the target homodimeric protein (Scheme 16). The
biological activity of the synthetic enzyme was further confirmed in a kinetic
assay and the structure validated using X-ray crystallography [79].

Liu and coworkers recently reported the total chemical synthesis of a-synuclein,
a Cys-free protein implicated in the development of Parkinson’s disease, in another
impressive application of ligation-desulfurization chemistry to the total chemical
synthesis of proteins [80]. Herein, the authors utilize a four-component N-to-C
ligation approach which takes advantage of C-terminal peptide acyl hydrazides, a
technology pioneered in the Liu laboratory, as thioester surrogates for ligation
chemistry [81, 82]. Briefly, the method first involves the activation of fully
deprotected C-terminal peptide hydrazides with the oxidant NaNO,, which
chemoselectively affords an intermediate acyl azide. Thiolysis of the acyl azide
using an aryl thiol (e.g., MPAA) then promotes the in situ formation of the peptide
thioester, which is poised for use in ligation chemistry. Importantly, peptide
hydrazides are easily prepared using Fmoc-SPPS and are able to serve as masked
thioesters in iterative ligation strategies because of the requirement for an initial
activation step (oxidation to the acyl azide). As such, the reactivity of bifunctional
peptides containing a C-terminal hydrazide and an N-terminal Cys residue are
carefully controlled to promote protein synthesis using iterative ligation chemistry.
The ability of hydrazides to serve as latent thioesters was strategically exploited in
the N-to-C construction of o-synuclein using an iterative oxidation-ligation
approach (Scheme 17). To facilitate ligation, Cys mutants were temporarily intro-
duced at residues 30, 69, and 107 in place of the native Ala residues. Following the
iterative ligation sequence and construction of the full-length a-synuclein (1-140,
A02197C) 62, high-yielding conversion to the native protein 63 was accomplished
using a global radical desulfurization protocol employing the conditions developed
by Wan and Danishefsky [72].

Post-ligation desulfurization has also been extensively applied to the synthesis of
proteins bearing post-translational modifications. In 2012, Wilkinson et al. reported
the construction of a library of homogeneous antifreeze glycoproteins (AFGPs)
using ligation-desulfurization chemistry [83]. AFGPs are mucin-type glycoprotein
natural products isolated from select Arctic and Antarctic fish, where they play a
critical role in preventing the growth of ice crystals. Structurally, AFGPs are
composed of multiple copies of the repeating tripeptide Ala-Thr-Ala/Pro, in
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which each Thr residue is «a-O-linked to the disaccharide p-p-galactosyl-
(1—3)-a-N-acetyl-p-galactosamine (Scheme 18) and range in size from 4 to
50 repeat units [84, 85]. In an effort to access large quantities of homogeneous
AFGPs for biological studies and applications in materials science, the authors
designed a convergent ligation approach to homogeneous AFGPs bearing between
4 and 32 repeat units. Specifically, peptide fragment 64, bearing an N-terminal Cys
residue, and bifunctional peptide 65, bearing an N-terminal thiazolidine and a
C-terminal thioester, were used in iterative ligation chemistry to assemble increas-
ingly large AFGP repeat units (Scheme 18). Upon reaching the desired chain
length, the Cys ligation handles were readily converted to the native Ala residues
via radical desulfurization [72] in the presence of VA-044, TCEP and glutathione
[71] as a source of hydrogen atoms. The resulting library of homogeneous AFGPs
(ranging in size from 1.2 to 19.5 kDa) enabled a comprehensive study of the effect
of chain length on thermal hysteresis and ice recrystallization inhibition
activities [83].

Kajihara and coworkers recently reported the total chemical synthesis of two
glycoforms of the 166-amino acid human glycosyl-interferon-f3, bearing a complex
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desulfurization chemistry

N-linked sialyl or asialo biantennary oligosaccharide [86]. Using a three-
component synthetic strategy, the target was disconnected at two Ala ligation
junctions, accessible via ligation-desulfurization chemistry (Scheme 19). Notably,
interferon-P also contains three native Cys residues in the full-length sequence.
However, the location of these residues was deemed unsuitable for the facile
construction of the target protein. As such, the native Cys residues were incorpo-
rated as the corresponding Cys(Acm) residues in the target peptide fragments 66
and 67 to facilitate construction of the protein using ligation-desulfurization chem-
istry (Scheme 19). Initial ligation of peptide 66 and glycopeptide thioester 68,
bearing an N-terminal thiazolidine, was accomplished under standard aqueous
conditions in the presence of thiophenol as a ligation catalyst. Removal of the
thiazolidine afforded 69, which was subsequently ligated with fragment 67 to afford
the 166-amino acid polypeptide 70. At this stage, radical desulfurization enabled
conversion of the two ligation site Cys residues to the native Ala residues, affording
glycopeptide 71. Removal of the Cys(Acm) groups upon treatment with AgOAc in
90% AcOH and saponification of the benzyl ester protecting group (in the synthesis
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of the sialylated glycoprotein variant) afforded the native protein glycoforms. Upon
folding, both glycosylated variants of interferon-p were shown to suppress tumor
growth in vivo [86].

Perhaps one of the most demonstrative applications to date of the power of
ligation-desulfurization chemistry has been in the total chemical syntheses of the
human glycoprotein hormone, erythropoietin (EPO) [87-90]. The most recently
reported example described the first synthesis of the 166-amino acid glycoprotein
as single glycoforms bearing natively linked glycans [87, 88]. In this groundbreak-
ing work [91], the Danishefsky laboratory accessed multiple Ala ligation sites by
employing a post-ligation metal-free radical desulfurization protocol [72] together
with judicious protection of the native Cys residues, including those inappropriately
positioned for ligation chemistry. A summary of the ligation strategy is shown in
Schemes 20 and 21 [88].
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To begin, C-terminal fragment EPO(125-166) 72, bearing a Ser-linked
glycophorin moiety, was first prepared via ligation of fragment 73 with the short
glycopeptide 74 bearing a latent thioester moiety [92, 93] followed by an Fmoc
deprotection and unmasking of the N-terminal thiazolidine (Scheme 20). Ligation
of 72 with thioester EPO(98-124) 75 and subsequent thiazolidine deprotection then
provided peptide 76 in 81% yield over the two steps. Glycopeptide thioester 77,
corresponding to EPO(60-97) and bearing a complex N-linked sialyl biantennary
glycan, was next ligated to peptide fragment 76. Another thiazolidine deprotection,
followed by ligation with glycopeptide thioester EPO(29-59) 79, afforded peptide
80 corresponding to residues 29-166 of the protein sequence. At this point, radical
desulfurization of the four ligation-site Cys residues was accomplished in 69%
yield to afford the corresponding Ala residues (Scheme 20). Removal of the Acm
protecting groups then unmasked the native Cys residues, including N-terminal
Cys? to afford 81, which was appropriately positioned for a subsequent ligation
with glycopeptide thioester EPO(1-28) 82 to afford the full-length, native poly-
peptide sequence 83 (Scheme 21). Importantly, upon folding, chemically-derived
EPO displayed potent erythropoietic activity in both in vitro and in vivo assays
[88]. The size and complexity of the target EPO glycoform pushed the limits of
modern protein synthesis and thus served as a potent validation of the utility of
ligation-desulfurization chemistry for the construction of post-translationally
modified proteins.
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4.3 Ligation-Desulfurization at Thiol-Derived Amino Acids

The impact of Yan and Dawson’s seminal work [54] on post-ligation desulfuriza-
tion has extended far beyond access to Ala ligation junctions. As previously
discussed in their seminal report, the authors also established the intellectual
framework for ligation at a variety of additional non-Cys sites by demonstrating
ligation-desulfurization at homoCys residues. These results prompted the proposal
that unnatural, - or y-thiol amino acid derivatives could be utilized in a similar
manner to enable disconnections at other proteinogenic amino acids (Scheme 22)
[54]. This idea has fuelled an intense focus on the development of unnatural, thiol-
derived amino acids for use in ligation reactions (Schemes 22 and 23) [76, 77]. A
concise overview of the synthetic strategies employed in the construction of these
valuable building blocks has recently been reported [94]. As such, the following
discussion serves to outline the application of these novel building blocks (e.g., 84—
100, Scheme 23) in ligation-desulfurization chemistry for the synthesis of peptides
and proteins.

4.3.1 Phenylalanine

The first application of post-ligation desulfurization beyond Cys to Ala conversions
was in the demonstration of ligation disconnections at Phe residues [95, 96]. In
2007, Crich and Banerjee reported the synthesis of p-thiol derivative 84
(Scheme 23), beginning with L-Phe methyl ester. The synthetic pathway utilized
chemistry originally developed for the bromination of the benzylic position of
aromatic amino acid residues and subsequent conversion to the p-hydroxy ana-
logues [97-99]. Synthetic Phe building block 84 was first shown to facilitate
ligation reactions with amino acid thioesters. Following incorporation into a
model peptide 101 using Fmoc-SPPS, the building block was successfully used to
mediate ligation with peptide thioesters 102 and 103, bearing C-terminal Gly and
Met residues, respectively, in good yields (Scheme 24). Removal of the p-thiol
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Scheme 23 f- and y-thiol amino acid derivatives for ligation-desulfurization chemistry

moiety following ligation was achieved via hydrogenolytic desulfurization with
nickel boride, thereby generating the native Phe residue at the ligation junction
[96]. The results of this initial study served as a critical proof-of-concept for the
development of subsequent thiol-derived proteinogenic amino acids.

4.3.2 Valine

Shortly after the report of ligation at Phe building block 84, Seitz and coworkers
reported the first strategy for ligation at Val by employing a commercially available
penicillamine building block (Boc-Pen(Trt)-OH, 85, Scheme 23) [71]. Following
incorporation into peptides, penicillamine-mediated ligations were successfully
demonstrated for peptide thioesters bearing C-terminal Gly, His, Met, and Leu
residues, proceeding in 1248 h. The relatively lengthy reaction times were attrib-
uted to the additional steric bulk associated with the use of a tertiary thiol.
Following ligation, application of a slight variation on Wan and Danishefsky’s
metal-free radical desulfurization protocol [72], using glutathione (rather than
tBuSH) as the hydrogen atom donor, afforded native peptide products in excellent
yields [71].

Danishefsky and coworkers independently reported access to Val ligation
junctions via a synthetic y-thiol Val building block 86 [100]. Using a ten-step



60 L.R. Malins and R.J. Payne

Scheme 24 Ligation-

desulfurization at f-thiol EtS-S,,
phenylalanine /—Q N
Ac— Peptide 1}—S HoN R-A-N-K
o}
102: LYRMG
103: LYRAM 101

74% vi 6 M GneHCI, 0.1 M Tris buffer,
72:74% vield | 3 0Ep MESNa, pH = 8.0, 24 h

~

HS,, \”

H
po~(Fepize Dy o N (rrie
e

Nickel boride, 6 M GneHClI,
57-60% yield | 0.1 M sodium phosphate,
pH =7.0, 0 °C, 30 min

n

zx(/ N\

po~(Fepize T

H o

synthesis beginning with Fmoc-Asp-OrBu, the authors were able to access both
diastereomers of 86. Following incorporation into model peptides, comparative
rate studies revealed that ligations mediated by both diastereomers of y-thiol Val
proceeded significantly faster than the corresponding reactions mediated by
penicillamine (p-thiol Val), despite the requirement for a six-membered ring
intermediate in the S — N acyl shift for the y-thiol variants. The enhanced rate
of ligation relative to penicillamine is likely owing to the greater reactivity and
decreased steric bulk of the primary thiol of building block 86 relative to the
tertiary thiol of 85 (Scheme 23). Ligation at y-thiol Val was also utilized in the
high-yielding synthesis of a glycopeptide bearing an N-linked disaccharide
through ligation of a peptide bearing an N-terminal y-thiol Val residue with a
glycopeptide ortho-thiophenolic ester [100].

4.3.3 Threonine

The Danishefsky laboratory also reported a ten-step synthetic approach to y-thiol
Thr 87 from H-Met-OMe (Scheme 23), expanding the repertoire of ligation-
desulfurization chemistry to include Thr ligation sites [101]. Following incorpora-
tion of the building block into peptides, its utility in ligation-desulfurization
chemistry was demonstrated in a number of diverse model systems. Notably, the
v-thiol Thr residue was capable of facilitating ligation with a variety of C-terminal
acyl donors, including at sterically encumbered C-terminal Val, Ile, and Pro
residues, through activation as the corresponding p-nitrophenyl ester acyl donors.
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Application of the Thr ligation strategy followed by radical desulfurization also
enabled the synthesis of a glycopeptide bearing a complex N-linked hexasaccharide
moiety [101].

4.3.4 Lysine

In 2009, Liu and coworkers published the synthesis of a y-thiol Lys derivative 88
which was capable of mediating ligation at both the a- and e-amino groups of Lys
(Scheme 25), each via a six-membered ring intermediate in the S — N acyl shift
[102]. Specifically, a side-chain Cbz-protected y-thiol Lys derivative was first
ligated at the a-amino group. Deprotection of the Cbz group unmasked the
e-amino group for a subsequent ligation, and a final desulfurization protocol
rendered a native Lys residue, derivatized at both the o- and e-positions
(Scheme 25). This dual ligation protocol is particularly attractive for the synthesis
of post-translationally modified peptides and proteins given the variety of
functionalization occurring naturally at the e-amino moiety of Lys, including
acetylation, ubiquitylation, and methylation. Access to the key y-thiol Lys building
block 88 (Scheme 23) was accomplished in 16 steps from Fmoc-Asp-OrBu by first
employing the method of Guichard and coworkers [103] to access a 4-hydroxy-Lys
derivative bearing a side-chain Cbz protecting group. Lys building block 88 was
shown to effectively mediate a number of ligations at both the a- and e-amino
groups, and was used in the preparation of side-chain ubiquitylated and biotinylated
peptide products [102].

Two d-thiol Lys derivatives, 89 [104] and 90 [105], have been independently
reported for use in side-chain ligation approaches to ubiquitylation. In particular,
O-thiol Lys building block 89 has been extensively employed by Brik and
coworkers to study the ubiquitylation of a-synuclein [104, 106], a 140-amino
acid presynaptic protein implicated in a number of neurodegenerative diseases,
through protein semi-synthesis. Ovaa and coworkers have also reported the incor-
poration of Lys building block 90 in place of native Lys residues in the 76-amino
acid ubiquitin protein sequence to facilitate the synthesis of a library of diubiquitin
conjugates using ligation-desulfurization chemistry [105]. The same group recently
reported a concise synthetic route to an additional y-thiol Lys derivative and
determined that both y- and &-thiol Lys are equally efficient in facilitating the
synthesis of diubiquitin conjugates [107].

Another impressive display of the applicability of thiol-derived amino acid
building blocks in the synthesis of large proteins through ligation-desulfurization
chemistry was the total chemical synthesis of a 304-amino acid tetraubiquitin
protein by Brik and coworkers in 2011 [108]. The polyubiquitin chain was
constructed using an iterative ligation approach facilitated by a 8-thiol Lys residue
positioned at Lys*® in the ubiquitin chain (Scheme 26). Ligation of Ubl fragment
104, bearing a 5-thiol Lys residue, with Ub2 thioester 105, containing a thiazolidine
protected d-thiol Lys residue, was accomplished using standard ligation conditions
in the presence of exogenous benzylmercaptan and thiophenol. Removal of the
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thiazolidine positioned diubiquitin 106 for subsequent reaction with another Ub
thioester, Ub3 107. Thiazolidine deprotection and a final ligation of triubiquitin 108
with ubiquitin thioester Ub4 109, bearing a native Lys residue at position 48, then
afforded a tetraubiquitin adduct containing three unnatural d-thiol Lys residues. A
final conversion of the unnatural amino acid derivatives to the native Lys residues
using a global radical desulfurization protocol furnished the 304-amino acid
tetraubiquitin 110 [108], currently the second largest protein prepared to date by
total chemical synthesis.

4.3.5 Leucine

Ligation at Leu has been independently demonstrated by Danishefsky and
coworkers [109] and Brik and coworkers [110], each developing a seven-step
synthetic approach to suitably protected Leu building blocks, 91 and 92
(Scheme 23), respectively, beginning with commercially available p-hydroxy-L-
Leu. Danishefsky and coworkers prepared both B-epimers of the target Leu building
block 91 by beginning the synthesis with both erythro- and threo-f-hydroxy-L-Leu
precursors [109]. In contrast, Brik and coworkers reported the synthesis of a single
diastereomer of p-thiol Leu 92, beginning exclusively with threo-f-hydroxy-L-Leu
[110]. Following the preparation of the target building blocks, both groups demon-
strated the utility of the Leu derivatives in ligation-desulfurization chemistry.
Interestingly, in a competition experiment, Danishefsky and coworkers were able
to show that diastereomeric p-thiol Leu derivatives reacted at substantially different
rates, with peptide 111 reacting approximately 20 times faster than the B-epimer
epi-111 (Scheme 27). This selectivity was thought to be a result of a trans
relationship between the B-isopropyl group and the peptide chain imposed by the
putative five-membered ring transition state in the S — N acyl shift in peptide 111,
while a corresponding cis relationship would predominate for epi-111 (Scheme 27).
The authors also postulate that the rate of initial transthioesterification for the two
epimeric thiols with the C-terminal peptide thioester is altered by the ability of the
proximal a-amino group to participate in a base catalysis step to generate the
reactive thiolate at the P-position. This proposed intramolecular proton transfer
step would be similarly affected by the cis and trans orientation of the p-isopropyl
group and the peptide chain [109].

Brik and coworkers further demonstrate the synthetic capability of ligation-
desulfurization at pB-thiol Leu through the total synthesis of the HIV-1 Tat protein,
which the authors had previously attempted using a side-chain auxiliary approach
[61] (see Sect. 3.1.2). In this instance, HIV-1 Tat was disconnected at a -thiol Leu
residue and a native Cys residue for an iterative ligation strategy employing
fragments 112, 113, and 114 prepared via Fmoc-SPPS (Scheme 28) [110]. Ligation
between peptide 112, containing an N-terminal p-thiol Leu residue, and C-terminal
peptide thioester 113, bearing an N-terminal Cys thiazolidine, was first carried out
to generate an intermediate peptide ligation product, which was subsequently
desulfurized to generate the native Leu residue in peptide 115. It should be noted
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that a final, global desulfurization protocol was not employed to avoid the use of
protecting groups on the N-terminal HIV-1 Tat fragment 114, which is rich in Cys
residues. Deprotection of intermediate thiazolidine 115 followed by ligation with
thioester 114 afforded the full-length HIV-1 Tat protein 116 [110].

4.3.6 Proline

An approach to Pro ligation junctions employing the commercially available,
protected y-thiol Pro derivatives 93 and epi-93 (Scheme 23) was offered by
Danishefsky and coworkers in 2011 [111]. As with the diastereomeric Leu deriv-
atives, a substantial rate difference was observed for the two y-epimers, with only
the trans derivative of 93 capable of facilitating ligation with C-terminal peptide
thioesters. Once again, steric hindrance in the cyclic transition state of the S — N
acyl shift was implicated as an explanation for the rate differential. Notably, in
subsequent reports, Danishefsky and coworkers also demonstrated the utility of
trans Pro derivative 93 in the ligation-based assembly of a large glycopeptide
fragment of EPO [112, 113].

A synthetic approach to both diastereomers of the Boc-protected y-thiol Pro
derivative 94 was also reported by Otaka and coworkers [114]. The authors of this
study confirmed the finding that use of the trans Pro derivative 94 was essential to
facilitate ligation. The relative rate differential between rapid Cys-mediated liga-
tions and ligation reactions mediated by trans y-thiol Pro residues was also
exploited to effect a one-pot, dual kinetically controlled ligation reaction.
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This methodology strategically utilized an N-sulfanylethylanilide (SEAlide) pep-
tide as a latent thioester moiety (see [115] for more details on SEA peptide
technologies) [114].

4.3.7 Glutamine

A ligation-desulfurization approach to Gln ligation junctions using a y-thiol Gln
derivative was reported by Brik and coworkers in 2012 [116]. The preparation of a
diastereomeric mixture of the requisite y-thiol Gln building block 95 was accom-
plished in ten steps from L-Asp. Ligation chemistry with a variety of model
C-terminal peptide thioesters was unhindered by the diastereomeric y-thiols. Inter-
estingly, attempted radical desulfurization of y-thiol Gln-containing peptides pro-
duced a complex mixture of products. As such, removal of the ligation auxiliary
was accomplished via reductive desulfurization with nickel boride, affording
enantiomerically pure peptide products [116].
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4.3.8 Arginine

Payne and coworkers recently reported the synthesis of a p-thiol arginine (Arg)
building block from commercially available Garner’s aldehyde [117], a configura-
tionally stable a-amino aldehyde, for use in ligation-desulfurization chemistry
[118]. The Arg derivative 96 (Scheme 23) was shown to facilitate ligation with
peptide thioesters bearing a range of functionality at the C-terminal position, and
detailed kinetic studies indicated that ligation rates were inversely proportional to
steric bulk at the C-terminal thioester residue, largely mirroring studies performed
by Dawson and coworkers on native chemical ligation at Cys residues [13]. Inter-
estingly, removal of the p-thiol auxiliary using radical desulfurization was substan-
tially slower than the corresponding desulfurization of Cys to Ala. It was proposed
that the Arg guanidine side-chain moiety was interfering with the standard radical
desulfurization mechanism. Nonetheless, the Arg building block was successfully
utilized in the ligation-based assembly of a 60-amino acid homogeneous MUCI1
glycopeptide 117, corresponding to three copies of the 20-residue MUC] variable
number tandem repeat (VNTR) sequence and bearing six O-linked glycans
(Scheme 29).

Construction of the 60-amino acid MUCI1 glycopeptide was achieved in a
one-pot fashion from peptide fragments 118, 119, and 120 using a kinetically-
controlled ligation strategy, first reported by Kent and coworkers for the construc-
tion of crambin [119]. The technique capitalizes on the innate reactivity difference
between alkyl and aryl thioesters to perform iterative ligations in a rapid and
efficient manner, while minimizing protecting group manipulations and intermedi-
ary purifications. This strategy has been successfully applied to the synthesis of a
number of complex protein targets, including human lysozyme [120], HIV-1
protease [121], and full-length glycosylated EPO [87]. For the synthesis of
MUC1 60-mer 117, it was envisaged that kinetically-controlled, [-thiol
Arg-mediated ligations between three functionalized MUC1 VNTR fragments
would facilitate rapid construction of the target glycopeptides (Scheme 29). To
this end, peptide thiopheny! thioester 118 was first ligated with bifunctional peptide
119 bearing an N-terminal p-thiol Arg and a C-terminal peptide alkyl thioester. The
large increase in reactivity associated with aryl thioester 118 relative to the
corresponding alkyl thioester 119 effectively promoted the intermolecular conden-
sation of the two fragments to yield the 40-residue intermediate 121 rather than the
competing cyclization or oligomerization of peptide 119 by reaction at the alkyl
thioester. Importantly, this reaction took place in the absence of a thiol additive to
avoid in situ activation of the alkyl thioester through transthioesterification. With-
out isolation, ligation of intermediate product 121 with peptide 120 containing an
N-terminal p-thiol Arg residue was accomplished via addition of the final peptide
fragment, along with 2 vol.% thiophenol, to generate the 60-amino acid polypeptide
122 in 43% isolated yield. Removal of the Arg p-thiol auxiliaries using a double
desulfurization reaction then afforded the native glycopeptide 117 [118].
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4.3.9 Aspartic Acid

A concise, three-step synthesis of p-thiol Asp derivative 97 (Scheme 23) was
developed in 2013 by Thompson et al. from commercially available Boc-Asp
(OrBu)-OH by employing a key sulfenylation reaction to install the requisite
protected-thiol moiety [122]. Building block 97 was shown to facilitate the high-
yielding synthesis of native peptides through ligation-desulfurization chemistry,
and ligation reactions were found to proceed with equal efficiency, regardless of the
configuration at the B-position. Interestingly, the authors of this report also demon-
strated that B-thiol Asp residues could be selectively desulfurized in the presence of
unprotected Cys residues upon treatment with TCEP and dithiothreitol (DTT) at
65 °C and pH 3, in the absence of a radical initiator. As standard reductive and
radical-based desulfurization methods are unselective, application of these tech-
niques requires the protection of all native Cys residues in the target sequence. In
contrast, the ability to chemoselectively remove the p-thiol Asp ligation auxiliary



68 L.R. Malins and R.J. Payne

abrogates the need for protecting group manipulation in protein targets with
functionally important Cys residues. The utility of the ligation-chemoselective
desulfurization protocol was demonstrated through an efficient, one-pot synthesis
of the N-terminal, extracellular domain of the chemokine receptor CXCR4. The
target CXCR4(1-38) fragment contained a native Cys residue (although at an
intractable Pro-Cys junction) and two post-translational modifications — an N-
linked glycan and Tyr O-sulfation [122].

Tan and coworkers subsequently reported the 7-step synthesis of a modified
B-thiol Asp derivative 98 and the application of this building block in the total
synthesis of the 60-amino acid neuropeptide human galanin-like peptide (h\GALP)
using ligation-desulfurization chemistry [123]. Notably, the authors of this report
utilize the p-epimer of the thiol Asp derivative previously employed for the
ligation-based assembly of CXCR4(1-38) [122]. In contrast to the rate differential
observed with epimeric p-thiol Leu derivatives 91 [109], these results confirm that
configuration at the f-position does not have a large impact on the efficiency of
ligation reactions at B-thiol Asp residues [122, 123].

Very recently, the application of the p-thiol Asp derivative 97 [122] has been
reported in the one-pot, three-component total synthesis of madanin-1 123
(Scheme 30), a small, Cys-free thrombin inhibitory protein derived from the hard
tick H. longicornis [124]. In this study, the target 60-amino acid protein 123 was
disconnected at Asp and Ala ligation junctions using ligation-desulfurization
chemistry mediated by f-thiol Asp and Cys, respectively. Interestingly, for the
construction of the target protein, the authors also reported the use of a novel thiol
additive, trifluoroethanethiol (TFET) 124, which facilitates the facile application of
a one-pot ligation-desulfurization protocol [124]. Previous attempts to streamline
the ligation-desulfurization strategy into a one-pot process have been hampered by
the use of aryl thiol ligation additives which, because of their radical quenching
ability [125], complicate the radical desulfurization process [126—128]. Given the
importance of aryl thiol additives in modulating thioester reactivity and promoting
rapid ligation reactions [15, 16], a number of approaches have aimed to facilitate
the post-ligation removal of aryl thiols. The liquid-liquid extraction of thiophenol
[128] and the development of bifunctional aryl thiol catalysts which can be cap-
tured using a resin-bound aldehyde following the ligation reaction [126] have
recently been employed to facilitate one-pot ligation desulfurization reactions.

The alkyl thiol TFET was designed as an alternative additive in ligation reac-
tions to circumvent the issues posed by aryl thiol additives in radical desulfurization
reactions while maintaining efficiency as a ligation catalyst [124]. Because the pK,
of TFET (=7.30) is comparable to the pK, of common aryl thiol ligation additives,
it was postulated that this alkyl thiol would be sufficiently nucleophilic to promote
initial transthioesterification with the unactivated C-terminal peptide thioester and
would also maintain sufficient leaving group ability to promote the acylation of the
Cys thiol moiety. The efficacy of the additive was showcased in a kinetically-
controlled one-pot total synthesis of madanin-1 123 (Scheme 30). To this end,
preformed TFET thioester 125, corresponding to residues 1-28 of madanin-1 was
ligated with bifunctional peptide madanin-1 (29-47) 126, bearing an N-terminal
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B-thiol Asp and an unactivated C-terminal alkyl thioester. Without isolation,
madanin-1 (48-60) 127, containing an N-terminal Cys residue, was added to the
ligation mixture, along with 2 vol.% TFET to activate the latent C-terminal alkyl
thioester and promote a second ligation reaction. The 60-amino acid ligation
product 128 was then subjected directly to radical desulfurization, cleanly affording
the target protein 123 in 42% isolated yield over the three steps. The one-pot total
synthesis of madanin-1 123 therefore served as a proof-of-concept for the efficiency
of B-thiol Asp residues in ligation-desulfurization chemistry, as well as application
of the new thiol additive, TFET, in the one-pot construction of Cys-free
proteins [124].

4.3.10 Glutamic Acid

Using a similar synthetic approach to the one employed for the synthesis of -thiol
Asp building block 97, Cergol et al. reported the preparation of y-thiol Glu
derivatives 99 and 100 (Scheme 23) and their application in ligation-desulfurization
chemistry [128]. Initial attempts to incorporate building block 99 into model
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peptides using Fmoc-SPPS were complicated by the instability of the y-thiol Glu
derivative in the acidic cleavage cocktail. It was determined that, at acidic pH, the
deprotected y-thiol could facilitate nucleophilic cleavage of the amide backbone,
resulting in loss of the terminal thiol-derived amino acid. Subsequent incorporation
of the asymmetric disulfide building block 100 circumvented this issue, allowing
for the efficient construction of model peptides. Ligation reactions proceeded in
high isolated yields and could be followed by desulfurization using either a one- or
two-pot protocol. To facilitate one-pot desulfurization, ligation reactions were
initially performed using thiophenol as an additive, which could be removed almost
entirely from the reaction mixture by extraction with diethyl ether [128]. Subse-
quently, the application of y-thiol Glu derivative 100 in a TFET-mediated iterative
ligation-desulfurization strategy enabled the efficient one-pot total chemical syn-
thesis of chimadanin-1, another small thrombin inhibitory protein isolated from the
hard tick H. longicornis [124].

4.3.11 Tryptophan

An innovative approach to ligation-desulfurization at N-terminal Trp residues has
recently been reported [129]. Based on results from Scoffone et al. in the late 1960s
[130, 131], the method utilizes a chemoselective sulfenylation protocol, followed
by a mild and selective thiolysis reaction [132], to install a thiol ligation auxiliary at
the 2-position of the Trp indole ring (e.g., 129, Scheme 31) in unprotected peptides
or resin-bound peptide intermediates. This methodology therefore eliminated the
need to synthesize a protected thiol-derived Trp amino acid building block. Liga-
tion reactions at model peptides bearing the 2-thiol Trp moiety 129 were found to
proceed in good yields with preformed thiophenyl thioesters in the absence of an
exogenous thiol additive. Interestingly, in the presence of exogenous aryl thiol,
significant quantities of the 2-thioether byproduct 130 were observed (Scheme 32).
Mechanistically, following the initial transthioesterification step, the positioning of
the thiol auxiliary at the 2-position of the Trp indole ring required the S — N acyl
shift to proceed through a seven-membered ring intermediate (path a, Scheme 32).
It was postulated that, in the presence of excess thiophenol, a slower S — N acyl
migration step allowed the intermediate bridged thioester to be intercepted at the
C-2 position of the indole ring with exogenous aryl thiol (path b) before the
intramolecular acyl shift could occur (Scheme 32). Following optimization of the
ligation conditions, reductive desulfurization using Pd on Al,Oj3 in the presence of
H, gas cleanly afforded native peptide products. The technique was also applied to
the synthesis of a glycopeptide fragment of the N-terminal extracellular domain of
the chemokine receptor CXCR1. In this example, installation of the key thiol
auxiliary was performed using an efficient solid-phase sulfenylation protocol [129].
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4.3.12 Protein Synthesis via Ligation at Non-Cys Sites

The flourish of activity in the development of building blocks for ligation-
desulfurization chemistry has provided enormous flexibility for the disconnection
of target proteins. As discussed, these building blocks are used in combination with
ligation at Cys or ligation-desulfurization at Ala for the construction of complex
proteins. A powerful example of the scope of ligation using a combination of these
building blocks was provided by Danishefsky and coworkers in 2011 with the
construction of human parathyroid hormone (hPTH) 131 using a convergent
ligation-global desulfurization strategy employing Cys, p-thiol Leu, and 7y-thiol
Val ligation disconnections (Scheme 33) [133]. It was envisaged that the target
hPTH protein could be synthesized from peptide fragments 132-135 by combining
iterative ligation technologies for the construction of proteins in both the N-to-C
and C-to-N directions (Scheme 34).
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First, thiophenyl thioester 132 and bifunctional peptide 133, bearing an
N-terminal f-thiol Leu residue and a C-terminal alkyl thioester were ligated in a
kinetically-controlled ligation reaction, affording hPTH(1-38) 136 as the alkyl
thioester derivative in 59% yield (Scheme 34). Peptide fragments 134 and 135
were then joined using a y-thiol Val-mediated ligation reaction. Subsequent
thiazolidine deprotection afforded hPTH(39-84) 137 bearing a free N-terminal
Cys residue for further functionalization. Accordingly, standard native chemical
ligation of peptide 137 with thioester 136 facilitated construction of the full-length
polypeptide sequence 138 in 63% yield. Radical desulfurization of the three thiol
ligation auxiliaries finally afforded the native protein hPTH 131 in 86% yield
following HPLC purification. Notably, the hPTH prepared in this study using
total chemical synthesis was shown to be significantly more pure than the compar-
ative recombinant hPTH reference sample used to confirm the identity of the
protein. The superior quality of the product obtained using chemical methods attests
to the importance of ligation chemistry, including non-Cys ligation strategies, for
the production of homogeneous proteins for use in biological studies. It is therefore
envisaged that the ligation-desulfurization motif will continue to be widely utilized
in the total chemical synthesis of target proteins, particularly as thiol-derived amino
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acid building blocks become increasingly accessible, e.g., through commercial
sources.

4.4 Ligation at Selenocysteine

Selenocysteine (Sec) is often considered to be the 21st amino acid [134], and there
are a number of naturally occurring proteins that contain structurally and function-
ally crucial Sec residues [135]. These considerations, together with the structural
similarities between Cys and Sec, render native chemical ligation at N-terminal Sec
residues a logical extension of chemoselective ligation technologies. Indeed, in
2001, the laboratories of van der Donk, Hilvert, and Raines independently reported
native chemical ligation at Sec [136—138]. Mechanistically, Sec-mediated ligations
were proposed to proceed in an analogous fashion to ligation at Cys (Scheme 35),
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whereby an initial, reversible transesterification reaction between a C-terminal
peptide thioester and an N-terminal Sec residue first proceeds to form a bridged
selenoester intermediate. Intramolecular rearrangement of the selenoester in a
Se — N acyl shift through a five-membered ring intermediate subsequently gener-
ates a new amide bond.

Despite similar mechanistic considerations, Sec displays a number of distinct
physicochemical properties from its sulfur counterpart which have important impli-
cations in ligation chemistry. In particular, the pK, of the Sec selenol functionality
is approximately 5.24-5.63 [139, 140], implying that at physiological pH, Sec
exists primarily in the anionic selenolate form. The corresponding Cys thiol,
however, has a pK, of 8.25 [139], and remains largely protonated at neutral
pH. Selenolates also display enhanced nucleophilicity [139] and leaving group
abilities relative to their thiolate analogues [141]. Collectively, these unique chem-
ical properties suggest that ligation at Sec residues might proceed faster than
ligation at the corresponding Cys residues, particularly at slightly acidic
pH. Raines and coworkers indeed demonstrated that ligation reactions with Sec in
the presence of ligation buffer and TCEP proceeded 10°-fold faster than the
analogous Cys ligation at pH 5.0, leading to the proposition that Sec ligations
may be performed chemoselectively in the presence of Cys residues [138].

However, in the absence of TCEP, van der Donk and coworkers observed
sluggish reactivity in ligation reactions facilitated by N-terminal Sec residues.
The authors speculated that the decreased rate of reaction was a consequence of a
low steady-state concentration of reactive selenol in the ligation mixture, with the
starting Sec peptide existing primarily as the symmetrical diselenide or the selenyl-
sulfide variant under the ligation conditions employed [136]. The unique redox
properties of diselenides, particularly their relative stability and large negative
reduction potential [142, 143], support this hypothesis. Furthermore, the observa-
tion by Hilvert and coworkers that Sec-mediated ligation reactions did not proceed
in the absence of TCEP and exogenous thiophenol also suggests that the overall rate
of reaction at Sec is heavily dependent on the ability to reduce diselenides in the
ligation mixture [137]. The observation that the inclusion of TCEP in Sec-mediated
ligations resulted in the formation of deselenization byproducts [136], however, has
fuelled the adoption of thiol additives, such as MPAA, as mild reductants in Sec
ligation chemistry [144].
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There have been a number of applications of Sec-mediated ligation chemistry
for the synthesis of diverse peptide and protein targets, including a Sec analog of the
C-terminal fragment of ribonucleotide reductase [136] and a fully folded Cys38Sec
mutant of the 58-amino acid bovine pancreatic trypsin inhibitor (BPTI) [137]. The
ligation technology has also been used in conjunction with expressed protein
ligation to construct a Sec analog of ribonuclease A (RNase A) [138]. To this
end, a 109-amino acid recombinant thioester 139 was produced in E. coli and
subsequently ligated to the short, synthetic selenopeptide 140, prepared using
SPPS, to provide the target semi-synthetic protein 141 (Scheme 36). The
Cys110Sec RNase A analogue 141 was isolated in very low yields because of the
poor recovery of recombinant thioester, but nonetheless displayed ribonucleolytic
activity consistent with the wild-type enzyme, suggesting that the Sec analog was
properly folded [138].

A novel application of Sec ligation chemistry in protein engineering has been the
preparation of a semi-synthetic analogue of the type 1 blue copper protein, azurin,
containing a Cys112Sec mutation [145]. Cys''? is involved in the active site of the
wild-type redox metalloprotein through coordination to the copper ligand. It was
therefore envisaged that synthesis of a Sec''? variant might provide important
insight into the structure and function of the protein. Synthesis of the target protein
142 was accomplished using expressed protein ligation of an N-terminal recombi-
nant thioester 143 corresponding to residues 1-111 of azurin (Scheme 37). The
recombinant thioester was generated in situ from the corresponding fusion protein
144 upon treatment with MESNa. Ligation with selenopeptide 145, bearing an
N-terminal Sec residue afforded the full-length Cys112Sec azurin. Addition of
copper sulfate then produced the ligand-bound protein 142 in a yield of ~0.4 mg/
L of culture. Synthesis of the engineered protein enabled a detailed comparison of
the electronic absorption spectra and reduction potential of the engineered variant
with wild-type azurin [145].

As with ligation at Cys, there has been considerable interest in the post-ligation
manipulation of Sec residues to facilitate access to diverse ligation junctions. In
2002, Hilvert and coworkers reported the synthesis of a cyclic peptide from
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bifunctional precursor 146 using a Sec ligation strategy (Scheme 38) [146]. Follow-
ing construction of the cyclic selenopeptide (isolated as the symmetrical diselenide
147 and the seleno-thiophenyl sulfide 148), the Sec residue was used as a handle for
chemical manipulation. Alkylation of selenylsulfide 148 with iodoacetamide in the
presence of TCEP generated the selenoether derivative 149 in 35% yield. Oxidative
elimination with hydrogen peroxide afforded the dehydroalanine (Dha) derivative
150, which could be further functionalized in a thiol Michael reaction to generate
thioethers such as 151. Finally, reductive deselenization of 146 in the presence of
Raney Ni, akin to the post-ligation desulfurization of Cys residues [54], afforded
peptide 152, bearing the corresponding Ala residue at the ligation junction
[146]. Interestingly, in their original report of metal-free radical desulfurization,
Danishefsky and coworkers also reported the extension of the radical protocol to the
deselenization of Sec to Ala [72].

Despite the potential for diverse post-ligation modifications at Sec residues,
Sec-mediated ligation chemistry has not been widely adopted for the routine
construction of target peptides and proteins which do not contain Sec residues in
the final product [147]. The lack of commercially available Sec building blocks for
direct incorporation into peptides using standard SPPS and the ability to modify
readily the side-chain of Cys residues [54, 66, 148] have generally favored the use
of standard native chemical ligation at Cys.
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4.5 Ligation-Deselenization Chemistry

A 2010 report by Dawson and coworkers outlining the mild and selective
deselenization of Sec in the presence of unprotected Cys residues [144] has contrib-
uted to a resurgence of interest in Sec-mediated ligation chemistry as a general
strategy for the synthesis of peptides and proteins [147]. At the time of this seminal
report, all known protocols for the reductive or radical-based desulfurization of Cys
(see above) effected global cleavage of unprotected thiols within the target sequence.
As such, the synthesis of peptides and proteins bearing native, non-ligation site Cys
residues using ligation-desulfurization chemistry demanded the use of side-chain
Cysprotecting groups. By providing the first chemoselective approach to Ala ligation
junctions, Dawson and coworkers provided an important tool for the construction of
proteins from fully deprotected peptide precursors [144].

The deselenization protocol involved the treatment of Sec-containing peptides,
at room temperature and in aqueous media, with excess TCEP in the presence of
dithiothreitol (DTT). The utility of the reaction was demonstrated on a model
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system and in a larger polypeptide corresponding to Grx(1-38) 153 containing two
Cys to Sec mutations at positions 11 and 14, and a single Ala to Cys mutation at
residue 38 (Scheme 39). Under the optimized deselenization conditions, the two
Sec to Ala conversions were accomplished to afford compound 154 with only
minor amounts of the globally reduced Grx (1-38) product observed (Scheme 39).
Notably, a Grx(1-38) Cys mutant, containing no Sec residues, was completely
stable to the deselenization conditions [144]. Mechanistically, the phosphine-
mediated deselenization reaction was thought to proceed via a radical pathway
(Scheme 40), similar to the one proposed for the radical desulfurization of thiols by
trialkylphosphites and trialkylphosphines [74, 75] and implicated by Danishefsky
and coworkers in their development of the metal-free radical desulfurization pro-
tocol [72]. Although proceeding through similar pathways, the observed selectivity
of the deselenization reaction for Sec over Cys might be attributed to the preferen-
tial formation of selenium-centered radicals over the corresponding sulfur-centered
radicals, particularly under the mild conditions employed for deselenization.
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By allowing for the chemoselective conversion of Sec to Ala in the presence of
unprotected Cys residues, the ligation-deselenization strategy effectively provided
a means of accomplishing, without protecting group manipulations, ligation at Ala
and Cys junctions in the same protein target. In a similar manner to the extension of
ligation-desulfurization chemistry to include thiol-derived proteinogenic amino
acid building blocks (see Scheme 23) [54], Dawson and coworkers also proposed
that the logic of chemoselective ligation-deselenization chemistry could be
extended to include synthetic selenol-derived amino acids [144]. Specifically,
non-proteinogenic building blocks bearing a suitably positioned p- or y-selenol
auxiliary could facilitate a Sec-mediated ligation reaction to afford an unnatural
selenopeptide product. The mild and chemoselective removal of the selenol auxil-
iary in the presence of TCEP could then be effected in the presence of unprotected
Cys residues elsewhere in the target sequence (Scheme 41), thereby expanding the
scope and flexibility of chemoselective ligation chemistry.

Chemoselective ligation-deselenization chemistry has recently been extended
through the preparation of a y-selenoproline building block 155 [113] and a
B-selenophenylalanine derivative 156 [149] (Scheme 42). The trans-y-sele-
noproline derivative 155 was prepared by Danishefsky and coworkers in three
steps from a protected hydroxyproline precursor. The trans-derivative was chosen
over the corresponding y-epimer on the basis of favorable results obtained from
earlier studies with the analogous trans-y-thiol derivatives 93 and 94 [111, 113,
114]. Following incorporation into model peptides, building block 155 was shown
to mediate ligation effectively with a variety of C-terminal peptide thioesters,
including Gly, Ala, Phe, and Val. Notably, ligation reactions were performed in
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the absence of TCEP to avoid premature deselenization of the selenol ligation
auxiliary. The authors instead used MPAA [16] as both an exogenous thiol
exchange catalyst and a mild reductant for the generation of free selenol from the
starting diselenide [144]. Deselenization reactions were performed in a one-pot
fashion through the sequential addition of DTT and TCEP. Importantly, the
chemoselectivity of the deselenization protocol was also confirmed in the presence
of an unprotected y-thiol Pro residue [113].

The preparation of p-selenophenylalanine derivative 156 and its application in
ligation-deselenization chemistry was subsequently reported [149]. The synthesis
of the key protected amino acid building block was accomplished in seven steps
from Garner’s aldehyde [117]. Notably, Garner’s aldehyde has also served as a
synthetic precursor for the preparation of p-thiol Arg derivative 96 by Payne and
coworkers [118] and has been proposed as a common starting point for the
divergent synthesis of both B-thiol and B-selenol amino acid derivatives [149]. Fol-
lowing the synthesis of 156 and its incorporation into model peptides using standard
Fmoc-SPPS, a number of ligation reactions were performed to evaluate the utility
of the building block in ligation-deselenization chemistry. Reactions proceeded in
moderate to good yields for the majority of C-terminal peptide thioesters examined,
requiring 24-48 h to reach completion. The slow rates of reaction were attributed to
the relative stability of the starting diselenide and the reliance on MPAA, rather
than the more powerful reductant TCEP, to liberate free selenol to promote the
ligation reaction. Interestingly, deselenization of the purified ligation materials with
TCEP and DTT led to substantial formation of peptide derivatives bearing diaste-
reomeric f-hydroxy Phe at the ligation junction. The prevalence of this byproduct
was dramatically reduced when ligation-deselenization reactions were performed
as a one-pot protocol in the presence of exogenous MPAA. Under these conditions,
the rate of deselenization also dramatically decreased, perhaps because of the
ability of aryl thiols such as MPAA to act as competitive radical scavengers [126,
127, 144]. Nonetheless, native peptide products, including those bearing unpro-
tected, non-ligation site Cys residues, were isolated in good yields following the
one-pot protocol for ligation-deselenization at f-selenophenylalanine [149].

Although the application of ligation-deselenization chemistry has thus far been
limited to model systems and small polypeptides, it is envisaged that this technology
will also be amenable to the construction of proteins. By minimizing the need for
late-stage protecting group manipulations, chemoselective ligation-deselenization
chemistry will enhance the availability of ligation junctions and serve to expedite
the construction of complex targets [147].

5 Conclusion

Over the last 20 years, native chemical ligation has ushered in a new era in the total
chemical synthesis of proteins by enabling the efficient, programmed construction
of native structures, including those bearing post-translational modifications, as
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well as the modular synthesis of strategically engineered protein variants. This
chapter has summarized the importance of native chemical ligation and highlighted
a number of modern extensions to the original technology which have facilitated
these synthetic feats. In particular, novel methods for Cys-free ligation, including
auxiliary-mediated ligation and ligation-desulfurization chemistry, employing both
Cys residues and synthetic thiol-derived amino acid variants, have been extensively
explored. These techniques have served to increase dramatically the availability of
synthetically viable ligation junctions and have expanded the flexibility of modern
ligation chemistry for the construction of diverse targets. In addition, the advent of
chemoselective ligation-deselenization chemistry has provided a promising new
strategy for the manipulation of proteins in the absence of protecting groups. It is
predicted that these powerful new tools, and additional developments in
chemoselective ligation technologies, will continue to fuel the construction of
increasingly more complex protein targets in the years to come.
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Chemical Methods for Protein Ubiquitination

Renliang Yang and Chuan-Fa Liu

Abstract In eukaryotic cells, many proteins undergo extensive post-translational
modifications (PTMs) such as methylation, acetylation, phosphorylation, glycosyl-
ation, and ubiquitination. Among these, ubiquitination is a particularly interesting
PTM from both structural and functional viewpoints. In ubiquitination, the C-
terminal carboxyl group of the small ubiquitin protein is attached to the e-amine
of a lysine residue of a substrate protein through an isopeptide bond. Ubiquitination
has been shown to be involved in the regulation of many cellular processes
including protein degradation and gene expression. And dysfunction of these
processes is implicated in many human diseases. Despite many years of intensive
research, a large number of protein ubquitination events remain poorly character-
ized. The challenge lies with the tremendous difficulties in isolating homoge-
neously modified proteins from biological samples for structural and functional
studies. Enzymatic ubiquitination in vitro often has limited practical value due to
the large number of substrate-specific E3 ligases and the difficulties in identifying
or isolating these enzymes. Chemical approaches to the preparation of ubiquitinated
proteins provide a powerful solution, and the development of such approaches has
been the subject of intense research by many research laboratories. This review
summarizes the methodological developments of protein chemical ubiquitination in
recent years.
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1 Introduction

As a fundamental mechanism to modulate protein function in the cell, post-
translational modification (PTM) regulates almost all biological processes [1,
2]. The side chain e-amine of lysine provides a platform for several important
PTMs such as methylation, acetylation, and ubiquitination [1, 2]. Among these,
ubiquitination is a particularly interesting PTM from both structural and functional
viewpoints [3-9]. In contrast to most other PTMs such as phosphorylation, methyl-
ation, and acetylation, in which the modifying groups are rather simple,
ubiquitination involves the transfer of an entire, albeit small, protein onto a protein
substrate [3-9]. Ubiquitin is a 76-amino acid protein ubiquitously distributed in all
tissues of eukaryotic organisms. In the post-translational ubiquitination process, the
C-terminal carboxyl group of ubiquitin becomes attached to the e-amine of a lysine
residue of the substrate protein through an isopeptide bond [3-9]. More interest-
ingly, as any of the seven lysine residues or the amino terminus of ubiquitin can still
accept another ubiquitin molecule, the modified proteins often carries polyubiquitin
chains of the same or mixed linkages [9]. This gives a great number of possibilities
to ubiquitinating cellular proteins. These different ubiquitin modifications have
different structural effects which are interpreted by the various effector proteins
in the cell and thereby impart many different outcomes to the targeted proteins
[9]. For example, K48 polyubiquitination signals for their degradation via the
proteasome system, whereas other forms of polyubiquitination or monoubiquiti-
nation can change their function, alter their cellular location or trafficking, or
inhibit/enhance their interactions with other proteins in a signaling pathway [10,
11]. Biologically, ubiquitination is achieved through the consecutive action of three
enzymes — ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2),
and ubiquitin ligases (E3) [3-9]. As with other PTMs, ubiquitination is reversible.
The biochemical processes of ubiquitination and deubiquitination are tightly con-
trolled, and their dysfunction is implicated in many human diseases. However,
despite many years of intense research, a large number of protein ubquitination
events remain poorly characterized. A great challenge in the structural and func-
tional analysis of this PTM lies with the tremendous difficulties in isolating
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homogeneously modified proteins from biological samples. Because of the diffi-
culties in identifying or isolating the substrate specific E3 ligases, enzymatic
ubiquitination in vitro often has limited practical value. Chemical approaches to
the preparation of ubiquitinated proteins provide a powerful solution, and the
development of such approaches has been the subject of intense research by
many research laboratories. This review summarizes the methodological develop-
ments of protein chemical ubiquitination in recent years.

2 Preparation of Ub-Proteins with Native Isopeptide Bonds

2.1 Na-Auxiliary-Mediated Ubiquitination

In 2007, Muir et al. reported the first method of chemical ubiquitination of a
synthetic peptide through No-auxiliary-mediated ligation [12]. In this method,
site-specific ubiquitination was achieved through the ligation at Gly75-Gly76
junction between a ubiquitin(1-75)-thioester and the side chain of a lysine residue
pre-acylated by Gly76 bearing an No ligation auxiliary in the substrate peptide.
After ligation, the photolabile auxiliary was removed by UV irradiation to generate
the native isopeptide linkage. With this method, they initially synthesized a
ubiquitinated peptide NH,-TKCVTKYTSSK-COOH corresponding to the resi-
dues 115-125 of human histone H2B (Scheme 1). Later, they also applied this
strategy to the synthesis of full-length Lys120-ubiquitinated H2B via multi-step
ligations (Scheme 2) [13]. This method represents the first chemical method for the
synthesis of native ubiquitinated peptides/proteins. The only limitation of the
method is that the auxiliary-mediated ligation is sluggish as it occurs at a sterically
hindered secondary amine.

In Muir’s auxiliary-mediated ubiquitination approach, the auxiliary has to be
introduced onto peptides during solid-phase peptide synthesis (SPPS). When using
this method for the synthesis of ubiquitinated proteins, one or more ligation steps
may be required to construct the full-length substrate protein bearing the auxiliary.
Recently, our group developed an auxiliary-mediated ubiquitination method in
which the ligation auxiliary could be introduced onto recombinant proteins geneti-
cally (Scheme 3) [14]. In our method, the lysine involved in ubiquitination was first
genetically incorporated as azidonorleucine (Anl) into the recombinant protein of
interest as mediated by an evolved methionyl-tRNA synthetase. After protecting all
the amines with -Boc, Anl was reduced to lysine under mild conditions. A Gly
derivative bearing the ligation auxiliary at its a-amine was installed on this lysine
side chain through the active OSu ester. Site-specific ubiquitination was then
achieved through auxiliary-mediated ligation between ub(1-75)-thioester and the
Boc-deprotected acceptor protein. After ligation, the auxiliary group was removed
by treating the ligation product with a cocktail of trifluoroacetic acid/triisopropyl-
silane/H,O (95/2.5/2.5) (Scheme 3).
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Besides the synthesis of ubiquitinated peptides and proteins, the No-auxiliary-
mediated ubiquitination method has also been used for the synthesis of ubiquitin
C-terminal derivatives. Recently, Liu et al. reported the semi-synthesis of ubiquitin
C-terminal conjugate of 7-amino-4-methylcoumarin (ub-AMC) with such a method
[15]. First, a ubiquitin hydrazide with residues 1-75 was generated through
hydrazinolysis of a ubiquitin-intein fusion protein. The ub(1-75)-hydrazide was
then ligated with Na-(auxiliary)-Gly-AMC through Na-auxiliary-mediated liga-
tion. After ligation, the auxiliary was removed to generate the ub-AMC with a
native peptide bond (Scheme 4).

The aforementioned Na-auxiliary-mediated ubiquitination methods all
employed substituted benzylamine-derived auxiliaries. Recently, Chatterjee
et al. reported an auxiliary-mediated ubiquitination method employing
2-mercaptoethoxyl group as the auxiliary [16]. The 2-mercaptoethoxyl auxiliary
was introduced to the a-amine of Gly76 which had been attached to the lysine side
chain during SPPS. The ubiquitination was achieved through the reaction between
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ub(1-75)-thioester and the peptide with the auxiliary. After ligation, the auxiliary
could be removed by activated Zn in acidic HPLC buffer containing 6 M guanidine
hydrochloride (Scheme 5).

2.2 Thiolated-Lysine-Mediated Ubiquitination

Since the development of the Na-auxiliary-mediated ubiquitination method,
many researchers have been actively seeking the development of alternative
and more efficient chemical ubiquitination methods. Our group [17, 18]
and Brik’s group [19-21] have independently reported the y- and d-thiolysine-
mediated ubiquitination methods, respectively. In these two approaches, site-
specific ubiquitination was achieved through chemical ligation involving full-
length ubiquitin(1-76) thioester and the e-amine of a lysine residue in the peptide



94 R. Yang and C.-F. Liu

Boc 6
[NH2]6 Ns }

global amine protection
with BOLZO reduction
HzN COOH Boc— acceptor ub COOH —»
Boc—N COOH »  Boc— chom

b
Me 2 o
1) Boc deprotection 6 0 H;N @ SR
—_— > NH,| HN NH SH

'

2) Thz deprotection ligation

ol @% o

— .

COOH H,N COOH
6

Scheme 3 General scheme for the synthesis of linkage-specific diubiquitins through genetic
incorporation of azidonorleucine and Na-auxiliary mediated ligation

or protein substrate. In contrast to the No-auxiliary-mediated ubiquitination
approach, this ligation process was mediated by a simple thiol group located at
either the y- (our approach) or 8- (Brik’s approach) position of the lysine side
chain. As the ligation occurred at the non-sterically hindered primary e-amine,
the reaction was very efficient (Schemes 6 and 7). With these methods, both
ubiquitinated peptides and proteins were synthesized. Chin’s group also reported
a method for genetic incorporation of &-thiolysine which therefore allows for
ubiquitination of recombinant proteins [22]. The only limitation of the thiolated-
lysine methods was that it took many steps to synthesize the unnatural thiolysine
derivatives. Recently, Ovaa’s group reported a simplified method for the
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synthesis of y-thiolysines [23, 24]. This enabled the scale-up production of
y-thiolysine and can significantly enhance the application of our y-thiolysine-
mediated ubiquitination approach.

2.3 Ubigquitination Through Ag*-Mediated Activation
of Ubiquitin C-Terminal Thioester

All these chemical ubiquitination methods mentioned above were through the
chemoselective ligation between unprotected peptides or proteins. Recently, Chin
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et al. reported the genetically encoded orthogonal protection and activated ligation
(GOPAL) approach for the synthesis of K6- and K29-linked diubiquitins [25]. To
synthesize diubiquitins using the GOPAL approach, the isopeptide bond was
formed through Ag*-mediated condensation between two partially protected
(with Cbz) ubiquitin proteins (Scheme 8). One was a full-length ubiquitin thioester
with all its amino groups protected. The other was the acceptor ubiquitin with all the
amine protected except the e-amine of the lysine where ubiquitination occurred. As
the condensation occurred between two relatively large partially protected proteins,
the reaction was less efficient than those chemical ligation approaches. For the
acceptor ubiquitin, the lysine residue to be ubiquitinated was introduced genetically
as Lys(Boc) which was deprotected after all other amines were protected with Cbz.
More recently, Cropp and Fushman modified the approach and applied it to the
synthesis of more complicated oligo-ubiquitins (Schemes 9 and 10) [26]. In their
approach, Alloc, instead of Cbz, was used as the protecting group for the amines
which were not involved in ubiquitination. At the end of the ubiquitin linkage
construction, Alloc group could be globally removed by a ruthenium complex
instead of strong acid treatment when Cbz was used as the protecting group.
Another important modification was that the E1 ubiquitin activating enzyme was
employed to thioesterify the C-terminal COOH of mono-, di-, or tri-ubiquitin to
generate the reactive intermediates. Different from the protein splicing approach
used by Chin, where a monoubiquitin thioester was generated through thiolysis of
ubiquitin-intein fusion protein, their method could generate polyubiquitin
thioesters, which was crucial for polyubiquitin construction.

3 Preparation of Ub-Proteins with Non-Native Linkages

Synthesis of ubiquitinated peptides and proteins with the native isopeptide linkage
is very challenging. During the development of chemical ubiquitination methods,
researchers frequently need to balance the necessity for nativity of the ubiquitin
linkage against the labor requirements of the synthetic task. Many relatively simple
methods to generate non-native or mimetic ubiquitin conjugates have therefore
been developed.

Ubiquitin conjugates with Gly76 to D-Cys or Ala mutation were synthesized by
Chan’s and Muir’s groups, respectively (Scheme 11) [27-29]. Chan et al. reported
the genetic incorporation of Ne-(p-cysteinyl)-L-lysine as an unnatural amino acid,
which was mediated by the pyrrolysyl-tRNA synthetase and tRNA pair [27]. The
Cys residue was employed to mediate native chemical ligation between ub(1-75)-
thioester and the cysteinyl-lysine side chain on the acceptor ubiquitin. In Chan’s
method, the D-Cys was left unchanged after ligation. Muir’s group attached the L-
cysteine to the lysine side chain amine through solid phase peptide synthesis.
After ligation, the thiol of cysteine residue could be converted to alanine through
desulfurization [28, 29].



98 R. Yang and C.-F. Liu

i global amine protection with Cbz-Osu l

Cbz Boc
CbZ] 7 |
| NH N
N

H -G
— acceptor ub

Boc removal

P

NH| NH,
“
Cbz—N—acceptor ub »—COOH

l Ag+ mediated condensation

(llbz 7

NH

Cbz— NCOOH

Cbz
Global Cbz removal
o

NH2

Scheme 8 General scheme of GOPAL approach for the synthesis of linkage-specific diubiquitins



Chemical Methods for Protein Ubiquitination

?oc
NHZ NH [NHZ] 6

donor ub acceptor ub

E1, MESNa
Alloc protection

Boc AIIoc p

,
NH,
)
N SR Alloc—N @—COOH

¢ Alloc protection

Boc removal

AIIoc
7 AIIoc p

Alloc—N donor ub
U Alloc— N@—COOH

l Ag+ mediated condensation

AIIoc 7

Alloc ¢
AIIoc— donor ub NH |
NH

H
Alloc—N

Global Alloc removal

H,N

99

Scheme 9 General scheme for the synthesis of K11-linked diubiquitin using the revised GOPAL

approach



100

R. Yang and C.-F. Liu

7
NH.
i I
HeN NH [NHZ] 6 Boc
K NH NH2]6
H,N COOH
H,N COOH
¢ acceptor ub
El, MESNa
l Alloc protection
7
[NHZ o I||o 6
H,N NH
Alloc— N COOH
COSR
¢Alloc protection iBoc removal
||0 6
Allocy7
NH NH, NH
(o]
H Alloc ¢ H
Alloc—N NH Alloc—N COOH
NH
Ky
Alloc—N COSR
Ag+ mediated condensation
IIo 7
AIIoc 6
AIIoc—
Il\lloc 6
Alloc— N NH
[NH
Ky
H
Alloc—N COOH
¢Global Alloc removal
NHZ
( Y NH [NH2]6
Ky
H,N
2 NH [NHz]ﬁ
Ky
H,N COOH

Scheme 10 General scheme for the synthesis of K33 and K11 mix-linked triubiquitin using the

revised GOPAL approach



Chemical Methods for Protein Ubiquitination 101

[o}

HZNSR
HS HoN

o chemical ligation

HS

o8

o

N
HN
H,N R ————— § )4
HN

0 )4 H,N @ COOH

H,N @ COOH

o J\f
. p N
desulfurization HoN onor u H

(o]
HN
| )4

............... -
H2NCOOH

Scheme 11 General scheme for the synthesis of G76C or G76A ubiquitin conjugates. POI —
protein of interest

Non-native ubiquitin conjugates with disulfide bond were also reported
[30-33]. In this type of conjugates, a full-length ubiquitin with a C-terminal
2-mercaptoethyl amide moiety was first prepared by reacting cysteamine with
ubiquitin thioester; the thiol at its C-terminal 2-mercaptoethyl amide was then
linked to the cysteine residue of the substrate protein through a disulfide bond
(Scheme 12). The method is very simple and suitable for the preparation of
ubiquitinated proteins in large quantities as both reacting components can be easily
obtained as recombinant proteins. The limitations of the method are that the linkage
is much longer than the native lysine side chain and that the disulfide bond is also
susceptible to reducing conditions.

Triazole-linked ubiquitin conjugates were also demonstrated in the synthesis of
proteins modified by ubiquitin or ubiquitin-like proteins (Schemes 13 and 14)
[34-36]. The triazole linkage was formed through copper-catalyzed click reaction
between an alkyne and an azide. Both the alkyne and azide are non-natural
functional groups and have been introduced through genetic incorporation as part
of the unnatural amino acids [34] or through post-expression chemical manipu-
lation of recombinant proteins [35, 36]. In the genetic incorporation approach, an
azide functional group was introduced when azidohomoalanine was incorporated
into the donor ubiquitin at the C-terminal end. The incorporation was mediated by
methionyl-tRNA synthetase in methionine auxotrophic bacterial strains grown in
minimal media. The alkyne functional group was introduced when alkyne-bearing
pyrrolysine analogs were incorporated into the receptor ubiquitin (Scheme 13).
Mootz et al. reported another way to generate triazole-linked ubiquitinated/
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sumoylated proteins [36] (Scheme 14). In their approach, an alkyne group was
introduced onto the C-terminus of ubiquitin(1-74) or ubiquitin-like proteins (such
as SUMO) through reacting propargyl amine with the ubiquitin or SUMO thioester.
An azide group was introduced to the side chain of a cysteine residue in the protein
to be modified through alkylation with iodoacetamide ethyl azide. Click reaction
was then performed to link ubiquitin (or SUMO) with the substrate protein. The
triazole linkages formed were resistant to ubiquitin-deconjugating enzymes.

Ubiquitin conjugates with a thioether linkage have also been reported [37,
38]. The thioether linkage was formed through free-radical thiol-ene click reaction
between an allyl group introduced at the C-terminus of donor ubiquitin and the thiol
group of a cysteine residue of in the substrate protein (Scheme 15). The introduction
of the ally group was achieved through reacting allylamine with the full-length
ubiquitin thioester. The thioether linkage generated resembled very much the native
isopeptide linkage of ubiquitination except that the former had a slightly longer
“lysine” side chain. However, the thiol-ene reaction was inefficient in this setting
and a yield of only about 30% was obtained. The probable reason was that the large
size of the two reacting components imposed a molar concentration which was too
low to sustain the radical chain reaction.
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4 Conclusion

Chemical synthesis of site-specifically modified proteins has provided enabling
techniques for protein structure-function studies. The development of the above
methods has helped to make the difficult-to-obtain ubiquitinated proteins more
available for biophysical and biochemical characterizations. Obviously, the
ub-protein conjugates with non-native linkages are much easier synthetic targets
and in many cases such conjugates are useful reagents for functional studies.
Nevertheless, it is desirable to obtain ubiquitinated proteins with the native
isopeptidic linkage to understand the complete and genuine structural/functional
implications of this important post-translational modification. Without doubt,
native chemical ligation [39] is still the most useful technique for the chemical
installation of ubiquitin onto synthetic or recombinant proteins.
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Peptide Thioester Formation via
an Intramolecular N to S Acyl Shift
for Peptide Ligation

Toru Kawakami

Abstract In chemical protein synthesis, peptide building blocks are prepared by
solid-phase peptide synthesis (SPPS), and then connected by chemical ligation
methods. The peptide thioester is one of key building blocks used in chemical
protein synthesis, and improvements in the Fmoc SPPS procedure for preparing
such thioesters would be highly desirable. In this review we focus on a method for
peptide thioester synthesis based on the use of an intramolecular N to S acyl shift
reaction as a key reaction. Amide and thioester forms at the thiol-containing residue
are in equilibrium as a result of a reversible intramolecular acyl shift, which is
detectable by '>C NMR. The amide form is favored under neutral conditions, while
the thioester predominates under acidic conditions. Thiol auxiliaries can be
employed to facilitate the formation of a thioester from an amide via an intramo-
lecular N=S acyl shift, and the peptide thioester is formed after intermolecular
transthioesterification in the presence of excess amounts of thiols. Even under
neutral conditions, thiol auxiliary-containing peptides can be ligated with a
cysteinyl peptide via an intramolecular N-S acyl shift, followed by native chemical
ligation (NCL) in a one-pot reaction. These procedures can be applied to the
chemical synthesis of proteins which are post-translationally modified.

Keywords Ligation - N-S acyl shift - Peptide thioester - Post-translational
modification - Protein synthesis - Transthioesterification
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Abbreviations

Acm Acetamidomethyl

Boc tert-Butoxycarbonyl

CPC Cysteinylprolylcysteine

CPE Cysteinylproline ester

DEAD Diethyl azodicarboxylate

DIEA N,N-Diisopropylethylamine

DIPCI N.,N'-Diisopropylcarbodiimide

DKP Diketopiperazine

Dmmb 4,5-Dimethoxy-2-mercaptobenzyl

DMSO Dimethyl sulfoxide

DTT Dithiothreitol

Fmoc 9-Fluorenylmethoxycarbonyl

Gdn Guanidine

HBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate

HFBA Heptafluorobutyric acid

HOBt 1-Hydroxybenzotriazole

HOObt 3,4-Dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine

HOSu N-Hydroxysuccinimide

MAP Methionine aminopeptidase

MBHA 4-Methylbenzhydrylamine

MESNa Sodium 2-mercaptoethanesulfonate

MPA 3-Mercaptopropionic acid

NAC N-Alkyl cysteine

NCL Native chemical ligation

NMR Nuclear magnetic resonance

PDF Peptide deformylase
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PURE Protein synthesis using recombinant elements system
system

RP-HPLC Reversed-phase high performance liquid chromatography
SPPS Solid-phase peptide synthesis

t-Bu tert-Butyl

TCEP Tris(2-carboxyethyl)phosphine

TFA Trifluoroacetic acid

TFMSA Trifluoromethanesulfonic acid

Tle tert-Leucine

Trt Trityl

1 Introduction

Peptides can now be conveniently and rapidly synthesized by solid-phase peptide
synthesis (SPPS) [1, 2]. SPPS is an efficient method for the synthesis of a peptide,
which contains less than 50 amino acid residues, but is generally difficult to apply to
protein synthesis. In order to synthesize a longer peptide, peptide segments, which
can be synthesized by SPPS, are condensed using ligation methodology. Producing
native peptide bonds by chemical ligation has been dramatically advanced by the
introduction of the peptide thioester as a building block [3-6]. Typical ligation
methods using the thioester are shown in Schemes 1, 2, and 3. In the thioester
method, a partially protected peptide thioester 1 is used as a building block and
condensed with a partially protected peptide 3 via an active ester 2, in the presence
of silver ions as an activating reagent in an organic solvent such as DMSO
(Scheme 1) [7-10]. This method can be applied to ligation at any given amino
acid residue. Native chemical ligation (NCL) is a chemoselective reaction, in which
an unprotected peptide thioester 6 is ligated with a cysteinyl peptide 7 in a neutral
aqueous buffer solution (Scheme 2) [6, 11]. Although this method requires a
cysteine residue at the ligation site, the cysteine residue can be transformed into
an alanine residue after the reaction is complete [12, 13]. When amino acid
residues, to which the thiol group is introduced on the side chain, are placed at
the N-terminus, ligation at the corresponding amino acid residues can be realized
[14-25]. Several types of thiol auxiliaries have been used as alternatives to the
cysteine residue. In these cases, the thiol auxiliary is attached to the N-terminal
amino group for extended chemical ligation, thus retaining the advantageous
features of NCL [26-32]. In Scheme 3, an auxiliary group, 4,5-dimethoxy-2-
mercaptobenzyl (Dmmb), is shown as an example [28].

The peptide thioester is a common building block used in ligation methodology,
and improved methods for preparing such thioesters would be highly desirable.
Peptide thioesters can be prepared in a straightforward manner via the use of ferz-
butoxycarbonyl (Boc) SPPS. For example, starting from a thioester resin, a
Boc-Gly-SCH,CH,CO-B-Ala-MBHA resin, the peptide chain can be elongated by
the standard Boc SPPS and the peptide thioester is then removed by treatment with
anhydrous hydrogen fluoride [8, 10]. However, the preparation of peptides with
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Scheme 1 Thioester method

post-translational modifications such as glycosylation [33—35] and phosphorylation
[36] by Boc SPPS continues to be a formidable task. On the other hand, the
9-fluorenylmethoxycarbonyl (Fmoc) SPPS method is suitable for the preparation
of peptides that are post-translationally modified, although the preparation of a
peptide thioester using the Fmoc SPPS procedure continues to be a challenge,
because the thioester decomposes in the presence of piperidine, which is commonly
used to remove the Fmoc group. In the direct synthesis from a thioester resin, weak
nucleophilic bases can be used. In this case, the Fmoc group is removed by
treatment with a mixture of 1-methylpyrrolidine, hexamethylenimine, and
1-hydroxybenzotriazole (HOBt), permitting the thioester bond to remain intact
[37]. Using this approach, peptide thioesters can be prepared, although chiral
amino acid residues at the thioester position are partially racemized during the
removal of the Fmoc group in the chain elongation cycle [38]. Indirect methods
have also been examined [39]. For example, a peptide chain can be elongated on a
sulfonamide linker, and the linker is then activated by alkylation of the sulfon-
amide, which can be replaced by an intermolecular reaction with an external thiol to
produce a peptide thioester [40, 41]. This procedure is simple to use, but has some
drawbacks. For example, the sulfonamide moiety can undergo acetylation during
the capping cycle [42] and methionine residues are frequently alkylated during the
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activation step [43]. So far, a number of synthetic methods for preparing peptide
thioesters based on the Fmoc SPPS procedure have been studied. These methods
include the use of a Wang linker [44], an aryl hydrazine linker [45], a trithioortho
ester [46], an in situ O to S acyl shift reaction [47, 48], the formation of N-acylurea
[49] or pyroglutame [50] for activation, and the use of a peptide hydrazide [51] or a
peptidyl N-acetylguanidine [52] intermediate. Each method may overcome some of
the difficulties associated with peptide thioester synthesis by the Fmoc SPPS
procedure. As an alternative approach, an intramolecular N to S acyl shift reaction
has emerged as one of key reactions for the preparation of peptide thioesters. In this
review we focus on methods for peptide thioester production via the intramolecular
N=S acyl shift reaction in chemical procedures. The other recent reviews for
preparation of peptide thioesters by Fmoc SPPS are also available [53-55].
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2 Intramolecular N to S Acyl Shift Reaction

2.1 At the Thiol Auxiliary, Dmmb

The Dmmb group was originally developed as a thiol-mediated ligation auxiliary,
and can be removed by treatment with 1 M trifluoromethanesulfonic acid (TFMSA)
in trifluoroacetic acid (TFA) after completion of the ligation (Scheme 3) [28]. On the
other hand, when the peptide 13 containing Dmmb group was treated with TFA
without TFMSA, a new compound X was produced, which was eluted earlier than
peptide 13 on reversed-phase high performance liquid chromatography (RP-HPLC),
and had a mass identical to that of 13 [29]. Compound X disappeared when the pH
of the solution was increased to 8. This suggests that compound X corresponded to
the thioester intermediate 12, which was formed by the reversal of the ligation
reaction, thus involving an intramolecular N—S acyl shift reaction.
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Fig. 1 Reaction of Dmmb-containing '*C labeled peptide 14 in a TFA solution (14% CDCls,
0.5% TCEPHCI (v/v/w)). (a—¢) >*C NMR spectra after indicated reaction time. (d—f) RP-HPLC.

Column: YMC-Pack Pro C18 (4:6 x 150 mm); eluent: 0.1% TFA in aq CH3CN, 1.0 mL/min

In order to confirm the formation of thioester from the Dmmb-containing
peptide, the '*C-labeled peptide, Fmoc-Gly(1-'>C)-p,L.-(Dmmb)Ala-OCH; (14)
was treated with TFA and analyzed by '*C NMR and RP-HPLC (Scheme 4,
Fig. 1) [56]. The '*C NMR signal at 172.8 ppm, corresponding to amide 14, was
shifted, and signals at 204.6 and 205.3 ppm, corresponding to thioester 15,
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appeared. Two signals of the thioester are indicative of the presence of distinct
conformers. A small amount of peptide 16 without Dmmb group was observed
under the conditions used.

On the RP-HPLC, amide 14 and thioester 15 were eluted at 21 min and at
12 min, respectively. These two materials had identical masses. The ratio of the
amide and the thioester (1:4) was in good agreement with the two different
analytical methods, indicating that the thioester 15 is formed and is relatively stable
under these analytical conditions.

2.2 At the Cysteine Residue

A thiol auxiliary, Dmmb mediated thioester formation, above, and a cysteine
residue might also play a role in the formation of a thioester. It was suggested
that a thioester is formed during the treatment of a protected cysteine-containing
peptide with anhydrous hydrogen fluoride [57]. In order to confirm the formation of
thioester from a cysteine-containing peptide, the '*C-labeled peptide, Fmoc-Ile-
Ala-Gly(1-">C)-Cys-Arg-NH, (17) was treated with TFA and analyzed by '*C
NMR and RP-HPLC (Scheme 5, Fig. 2) [56]. On '>°C NMR the signals at 172.5
and 172.7 ppm, corresponding to amide 17, were shifted to 201.8 ppm,
corresponding to thioester 18. This amide and thioester mixture reached equilib-
rium (1:4) after almost 1 month.

On the RP-HPLC, amide 17 was eluted at 23 min, and thioester 18 at 19 min.
These two materials had identical masses. The ratio of amide and thioester (4:1)
was, however, much different from the NMR results, showing a 1:4 ratio. These
results indicate that cyateine-containing peptide is in equilibrium between amide
and thioester, as a result of an intramolecular acyl shift, and the thioester is
predominant in a concentrated TFA solution, whereas this thioester is transformed
into an amide, even under the acidic conditions of 0.1% TFA in aq acetonitrile,
which was used in the RP-HPLC analysis.

HS

v 9
_N_Bc—
0 Fmoc-lle-Ala” >~ S
N._tiC Arg-NH ._ﬂ
Fmoc-lle-Ala” >~ N 92 ® Arg-NH,
H HaN

o} 17 o 18

Scheme 5 TFA treatment of the Cys-containing '>C labeled peptide
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Fig. 2 Reaction of Cys-containing 13C labeled peptide 17 in a TFA solution (29% CDCl3, 0.5%
TCEP (v/v/w)). (a—c) 13C NMR spectra after indicated reaction time. (d—f) RP-HPLC. Column:
YMC-Pack Pro C18 (4:6 x 150 mm); eluent: 0.1% TFA in aqg CH3CN; 1.0 mL/min

3 Peptide Thioester Synthesis via Intramolecular N to S
Acyl Shift

3.1 Active Acyl Structure

An active acyl moiety toward nucleophiles has advantages for use in intramolecular
N-S acyl shift reactions, and the resulting thioester is basically stable, which means
the reverse S—N acyl shift does not occur. The safety-catch strategy using the
sulfonamide linker had been applied to peptide thioester synthesis by an
intermolecular reaction with an external thiol after the peptide chain elongation
was complete [40, 41]. The concept for peptide thioester synthesis via the intra-
molecular N—§ acyl shift reaction taking advantage of the safety catch strategy has
been reported (Scheme 6) [58]. The peptide sulfonamide resin 19 is alkylated for
activation with S-protected mercaptoethanol 20 to give the alkylated sulfonamide
21. The removal of the triisopropylsilyl protecting group results in the formation of
a thioester via the thiol intermediate 22, which undergoes an intramolecular N—S
acyl shift, followed by TFA treatment to liberate the peptide thioester 24 from the
protecting groups and the solid support.
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Scheme 6 Strategy for peptide thioester synthesis by intramolecular N—S acyl shift on sulfon-
amide linker

The acyl oxazolidinone structure 25 was reported as another active structure, in
which an N-§ acyl shift reaction can be performed under neutral conditions, and
ligation with cysteinyl peptide 7 can then proceed [59]. Although the synthesis of
hBNP32-NH, was successfully performed, the acyl oxazolidinone was partially
decomposed by piperidine treatment and was potentially racemized during peptide
chain elongation by Fmoc SPPS (Scheme 7).

Anilides are slightly more active than alkyl amides. N-Sulfanylethylanilide
(SEAlide) 27 can be transformed into the thioester via intramolecular N—S acyl
shift under both acidic and neutral conditions [60, 61]. Phosphate salts are needed
for thioester formation under neutral conditions, in which ligation with the cysteinyl
peptide is performed (Scheme 8§).
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3.2 Thiol Auxiliary, Dmmb

The Dmmb group can mediate thioester formation via an intramolecular N-S acyl
shift reaction, and this thioester is relatively stable under the RP-HPLC conditions
in which aqueous 0.1% TFA is used as the eluent, although under neutral conditions
it is easily transformed into an amide by intramolecular S—N acyl shift. This
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thioester intermediate, however, can be transformed into a ‘stable thioester,” which
contains no amino group in the vicinity, by intermolecular transthioesterification,
prior to the intramolecular S—N acyl shift, upon treatment with an excess of thiol
under neutral conditions. This corresponds to the reverse scheme for ligation
(Scheme 3). This process was applied to peptide thioester synthesis via Fmoc
SPPS (Scheme 9) [56, 62-64]. A Dmmb-containing peptide does not contain a
thioester bond itself, and the peptide chain is elongated on the Dmmb-containing
resin 29 by using standard Fmoc SPPS methodology. After the peptide chain
assembly, the resin 30 is treated with the acid such as TFA or hydrochloric acid
to remove protecting groups and to promote an intramolecular N—S acyl shift,
resulting in the formation of the thioester intermediate 31 on the resin. This
intermediate can be transformed into the peptide thioester 6 by treatment with an
excess amount of a thiol, such as 2-mercaptoethenesulfonic acid (MESNa), under
neutral conditions. Under optimized conditions, peptide thioester with 29 amino
acid residues, BPTI(1-29)-SCH,CH,SO3zH (33), was obtained in 15% yield; thus,
protected BPTI(1-29)-p,L-[Dmmb(Trt)]Ala-Phe-NH-ChemMatrix resin was pre-
pared from the Fmoc-Leu-p,L-[Dmmb(Trt)]Ala-Phe-NH-ChemMatrix resin, and
was treated with TFA containing scavengers for 2 h, followed by 0.25 M HCI in
50% aq acetonitrile at 37°C for 3 h. The resulting thioester intermediate was treated
with 1.0 M MESNa in a mixture of sodium phosphate buffer (pH 7.0) and
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acetonitrile (1:1, v/v) for 1 h to give peptide thioester 33. The RP-HPLC of the crude
material is shown in Fig. 3. 4-Mercaptophenylacetic acid (MPAA) can be used
instead of MESNa to provide the corresponding S-aryl thioester, which is known to
be a useful building block for native chemical ligation [65].

3.3 tert-Amide with Vicinal Thiol Group

In the reaction at the Dmmb group, an N-S acyl shift occurs at the fert-amide,
resulting in the formation of a sec-amine, which is less reactive for an S—N acyl shift
than the primary amine. Based on the fert-amide structure, several types of devices
34 for thioester formation by an intramolecular N—S acyl shift were reported, which
contain a vicinal amino thiol moiety (Scheme 10). A basic concept is that the
thioester intermediate 35 is formed under acidic conditions, in which the thioester
35 is in equilibrium with the starting amide 34, and the intermediate 35 is converted
into the ‘stable thioester’ 6 without a $-amino group, in the presence of an excess
amount of an ‘external thiol,” R?SH, such as 3-mercaptopropionic acid (MPA) and
MESNa.

The 5-mercaptomethylproline residue is one of such devices used for promoting
intramolecular N-S acyl shift reactions (Scheme 10a) [66]. In an aqueous solution
containing MPA, peptide 34a is transformed into the thioester of MPA. This
reaction is promoted by microwave irradiation. The thiazolidine structure can
substitute for proline (Scheme 10b) [67]. This thiazolidine ring is constructed
from a cysteine residue on the solid support, which simplifies the preparation of
the thioester precursor.
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3

tert-Amide structures can be simplified by the use of N-alkyl cysteine (NAC)
residues, such as N-ethyl cysteine (Scheme 10c), which can be easily prepared by
the reductive amination of acetaldehyde with S-trityl (Trt) cysteine [68]. The
introduction of an amino acid residue to an N-ethylcysteine residue on the solid
support results in a low yield, and therefore dipeptides, Xaa-(Et)Cys(Trt), are
prepared first and then introduced on the solid support [69]. The conversion rate
of a peptide containing an N-alkyl cysteine residue at the C-terminus is much faster
than that for a peptide with 5-mercaptomethylproline, even at low MPA concen-
trations and without microwave irradiation. The tert-amide structure can be further
simplified as an N-(2mercaptoethyl)-N-butyl amide (Scheme 10d) [70]. This pep-
tide amide is prepared on a CI-Trt(2-Cl) resin, the efficiency of which is similar to
that for thioester formation with the NAC group.
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In order for the N—S acyl shift to take place, the planar amide bond must be in a
conformation where the 2-mercaptoethyl group is anti to the carbonyl oxygen. N,N-
Bis(2-sulfanylethyl)amide (SEA or BMEA) is introduced at the C-terminal of a
peptide, in which the SEA group can facilitate the N—S acyl shift without any
dependence on conformations because of the presence of two 2-sulfanylethyl
groups (Scheme 10e) [71, 72]. While an MPA thioester is obtained from SEA
peptide 34e under acidic conditions, the ligation of SEA peptide can also proceed
under neutral pH conditions with a cysteinyl peptide in a one-pot reaction. Micro-
wave irradiation significantly accelerates the ligation reaction.

3.4 tert-Amide with Irreversibility

In the synthesis of peptide thioesters by the intramolecular N—S acyl shift reaction, a
drawback is the reverse reaction of the N—S acyl shift, and thereby an S—N acyl shift
reaction, which reproduces the starting amide. When the amino group is removed
after the N-S acyl shift, the resulting thioester is stabilized, which shifts the
equilibrium in the direction of the thioester. One of solutions to this dilemma is
intramolecular amidation with different acyl groups from the thioester. The
5-mercaptomethylprolylproline structure (Scheme 10a) was designed to produce
diketopiperazine (DKP) 36 after an N-S acyl shift (Scheme 11), but failed
[66]. This strategy was realized later using the cysteinylproline ester (CPE) struc-
ture (see below).

A 1,2-aminoethanethiol moiety, which is produced after an N-S acyl shift
reaction of the SEA peptide 34e (Scheme 10e), can be reacted with glyoxylic
acid to produce a thizolidine ring, resulting in ferz-amine formation (Scheme 12)
[73]. Furthermore, this thiozolidine thioester 37 is more reactive than the thioester
of MPA in the ligation reaction with a cysteine peptide.

The other concept was reported, in which the enamide structure 39 is
transformed into the enamine 40 by an N-S acyl shift, followed by hydrolysis to
give the ketone 41, thereby removing the amino group (Scheme 13) [74].
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3.5 C-Terminal Cysteine

In the previous sections, thioester formation at the tferf-amide moiety was discussed,
and the thioester intermediate was predominant in the equilibrium mixture under
acidic conditions. The intermediate was sufficiently stable, even under neutral
conditions, to allow it to react with the external thiol by intermolecular transthioes-
terification. On the other hand, a thioester intermediate at the cysteine residue is
easily transformed into the amide, even under aqueous acidic conditions such as a
0.1% aqueous TFA solution. Special sequences containing a cysteine residue were,
however, reported. Peptide 42 containing a Gly-Cys, His-Cys, or Cys-Cys sequence
can be transformed into the corresponding glycine, histidine, or cysteine thioester
44 in the presence of thiols under acidic conditions (Scheme 14) [75, 76]. The
C-terminal cysteine carboxylic acid is more easily converted into the thioester than
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the C-terminal cysteine amide. Peptide 42 is composed of only a proteinogenic
structure, and a recombinant peptide thioester could be prepared [77].

Recently, ligation via an N—S acyl shift at the a-methylcysteine site was reported
[78]. By using an a-methylcysteine residue, the ligation with a cysteinyl peptide
7 was performed successfully, not only at the glycine or histidine residue but also at
the leucine residue under neutral, aqueous conditions (Scheme 15).

3.6 Cysteinylproline Ester (CPE)

In order to stabilize the thioester intermediate at the cysteine residue, the amino
group, produced as a result of an N-S acyl shift, needs to be protected. An
interesting reaction was reported in 1985, in which the acyl cysteinylproline active
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ester 48 was transformed into the DKP thioester 49 via an intramolecular reaction
(Scheme 16) [79].

Based on this structure, a cysteinylproline ester (CPE) auto-activating unit was
designed for use in thioester formation (Scheme 17) [80, 81]. When peptide 50,
containing a CPE structure at the C-terminus, is incubated under neutral, aqueous
conditions, the DKP thioester is spontaneously formed via an intramolecular N—S
acyl shift, followed by DKP formation (Scheme 17). In the presence of an addi-
tional thiol, such as MESNa, the corresponding thioester 6 is formed. On the other
hand, in the presence of the cysteinyl peptide 7 in the reaction mixture, the ligation
product 9 is obtained in a one-pot reaction. During the incubation, the chiral amino
acid residue at thioester 6 is gradually racemized under the slightly basic conditions
used, especially in the case of sensitive amino acid residues, such as serine. It is
noteworthy that epimerization occurs after the formation of the thioester, and not
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during the thioesterification step. Epimerization is suppressed when the pH of the
buffer is reduced and in the case of ligation with a cysteinyl peptide.

For DKP thioester formation, the presence of an ester group in the CPE moiety is
required. When the ester is replaced by a carboxylic acid or amide, no ligation
product is produced. On the other hand, the proline residue can be replaced by an
N-substituted glycine residue, such as sarcocine (N-methylglycine). At the DKP
formation step, the amide bond of the Cys-(R)Gly moiety of the thioester interme-
diate 55 must adopt a cis conformation for cyclization to occur. The cis conforma-
tion at the N-substituted glycine residue is preferred to that at the Pro residue
[82]. As a result, substitution of an N-substituted glycine for proline in the CPE
moiety accelerates the formation of the DKP thioester, and the bulky substituents,
such as benzyl groups, are more effective [83] (Scheme 18).

An alternative possibility for enhancing the rate of peptide thioester formation
was reported, in which an amino acid residue is added after the ester moiety of the
CPE group [83]. A mixture of CPE peptides containing additional amino acid
residues at the C-terminus, Ala-Lys-Leu-Arg-Phe-Gly-Cys-Pro-OCH,CO-Xaa-
NH, (57) (Xaa=none, a; Gly, b; Ala, c; Val, d; Tle (fert-leucine), e; Pro, f) was
treated in the presence of MESNa under neutral conditions, and a plot was
constructed for the rate of conversion of peptides 57 (Fig. 4), in which the thioester,
Ala-Lys-Leu-Arg-Phe-Gly-SCH,CH,SOsH (58), was formed. The CPE peptides
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Fig. 4 Conversion rate of the CPE peptides containing additional amino acid residue at the
C-terminus of the CPE moiety, Ala-Lys-Leu-Arg-Phe-Gly-Cys-Pro-OCH,CO-Xaa-NH, (57)
(Xaa=none, a; Gly, b; Ala, ¢; Val, d; Tle (tert-leucine), e; Pro, f) into thioester, Ala-Lys-Leu-
Arg-Phe-Gly-SCH,CH,SO;H (58) in 0.1 M sodium phosphate buffer (pH 7.8) at 37°C in the
presence of 50 mM MESNa, 20 mM TCEP, and 6 M Gdn

57d, e which contain an additional amino acid residue with a bulky side chain, such
as Val and Tle, were converted into the thioester more rapidly, and the reaction rate
was similar to that for peptide 54, which contains an N-benzyl glycine derivative
instead of the proline residue.

A CPE peptide can be easily prepared by the Fmoc SPPS procedure (Scheme 19).
In order to prevent DKP formation during peptide chain elongation, the dipeptide,
Fmoc-Xaa-Cys(Trt)-OH (60), must be introduced onto the Pro-OCH,NH-resin.
Standard Fmoc SPPS is then applied to peptide chain elongation, and the usual
TFA treatment, followed by RP-HPLC purification, gives the CPE peptide.

Furthermore, a CPE peptide can be prepared using a cell-free peptide synthesis
system by genetic code reprogramming [84—86] to introduce glycolic acid and
non-proteinogenic amino acids into a peptide, in which protein synthesis using
recombinant elements (PURE) system is used [87] (Scheme 20). These glycolic
acid and non-proteinogenic amino acids were charged onto any desired tRNA by
treatment with flexyzyme (highly flexible tRNA acylation ribozymes) [88]. In this
system the CPE peptides 64 were transformed into the corresponding cyclic pep-
tides 66 in the presence of peptide deformylase (PDF) and methionine aminopep-
tidase (MAP), which removed the N-terminal formyl group and the methionine
residue to expose the N-terminal amino group, allowing intramolecular cyclization
to proceed via the DKP thioester 65.
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3.7 Cysteinylprolylcysteine (CPC)

The CPE structure contains an ester moiety, and is produced by chemical synthesis
or by the special translational system, shown above. On the other hand, it was found
that a peptide containing a Cys-Pro-Cys sequence (CPC peptide) without an ester
group is also transformed into the peptide DKP thioester (Scheme 21) [89].
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An initial search for the thioester-forming sequence indicated that a peptide 67
containing a Cys-Pro-Cys/Ser sequence appeared to be converted into the DKP
thioester. An N-S/O acyl shift at the second Cys or Ser residue (path b) would
produce a Cys-Pro (thio)ester structure 68b. Once the CPE structure is formed, the
DKP thioester 52 would be obtained via an N-S acyl shift at the first Cys residue
(path a) followed by DKP formation (path ¢). The order of reactions ‘@’ and ‘b’
would not be critical for the overall reaction. As of this writing, DKP thioester
formation from the CPC peptide was demonstrated only in model systems
(Scheme 22). When the CPC peptide, H-Ala-Lys-Leu-Arg-Phe-Gly-Cys-Pro-Cys-
NHj; (70), was treated at 110°C under acidic conditions, dilute hydrochloric acid or
heptafluorobutyric acid (HFBA), the corresponding DKP thioester 71 was obtained.
Although epimerization in the DKP moiety was observed, the reaction mixture was
reacted with cysteinyl peptide, H-Cys-Tyr-NH, (72), to produce 73 as a single
isomer.
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Scheme 22 DKP thioester formation from CPC peptide. RP-HPLC profiles of reaction mixtures:
(a) after treatment of CPC peptide in HFBA at 110°C for 4 h; (b) after ligation of the crude DKP
thioester with cysteinyl peptide. Column: YMC-Pack Pro C18 (4.6 x 150 mm); eluent: 0.1% TFA
in aq CH3CN, 1.0 mL/min

4 Protein Synthesis via N to S Acyl Shift Based on the CPE
System

The Fmoc SPPS procedure can be used in peptide thioester synthesis based on
intramolecular N—S acyl shift reactions. One of advantages of using Fmoc SPPS is
that post-translationally modified peptides, i.e., phosphorylated, glycosylated pep-
tides can be produced. Post-translational modifications play major roles in the
regulation of numerous biological processes.

Histones are core proteins which form nucleosomes with DNA, in which an
octamer of two copies of each of four different histones H2A, H2B, H3, and H4 are
wrapped by DNA. This nucleosome is a basic unit of chromatin. Post-translational
modifications of histones, such as acetylation, methylation, and phosphorylation,
play an important role in gene regulation [90]. Although the synthesis of histones
H2B [91] and H4 [92, 93], which contain no Cys residues, has been reported based
on the combination of NCL and a desulfurization strategy by several groups, the
synthesis of the Cys residue-containing histone H3 is difficult and has enjoyed
limited success [72, 92, 94]. Recently, one-pot synthesis of H3 using peptide
hydrazide as a peptide thioester precursor was reported [95].
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Scheme 23 Synthesis of trimethyllysine-containing histone H3 by sequential ligation based on
the use of CPE peptides

Here, synthesis of such a modified histone is presented as a representative
example in the use of CPE peptide as a peptide thioester precursor [96]. H3,
which contains a total of 135 amino acid residues with an N°-trimethyl Lys’ residue,
was synthesized. H3 was divided for synthetic purposes into three segments, [Lys
(Mes)’1H3(1-43)-Cys-Pro-OCH,CONH, (74), Fmoc-H3(44-95)-Cys-Pro-
OCH,CONH, (75), and H3(96-135) (76), which were sequentially ligated by the
native chemical ligation and thioester methods (Scheme 23). These segments were
prepared by Fmoc SPPS. Peptides 75 and 76 were first ligated under NCL
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Fig. 5 RP-HPLC of (a) reaction mixture of the thioesterification of CPE peptide 74, (b) reaction
mixture of the ligation of CPE peptide 75 and cysteinyl peptide 76, (c) final reaction mixture after
removal of the protecting groups. Column: YMC-Pack ProC18 (4.6 x 150 mm) (a) or YMC-Pack
C8 (4.6 x 150 mm) (b, ¢), eluent: aq CH3CN containing 0.1% TFA, flow rate: 1.0 mL/min. 80": H3
(44-135).

conditions to give the Fmoc-H3(44-135) (79) (Fig. 5b). The thiol and amino groups
of 79 were protected by methylthio and Boc groups, respectively, and the
N-terminal Fmoc group was then removed to give [Cys(SCH3)”®''°) Lys
(Boc) &6+ 79-115:1221H3(44_135) (80). Prior to the second ligation, the CPE peptide
74 was transformed into the corresponding thioester, [Lys(Me3)9]H3(l—43)-
SCH,CH,SOsH (77), by treatment with MESNa (Fig. 5a), and Boc groups were
introduced to the amino group, resulting in the production of Boc-[Lys
(Boc)*!1418:23.27:36.37 11 v(Me;) |H3(1-43)-SCH,CH,SO5H (78). The thioester 78
was then ligated with peptide 80 in DMSO under the conditions of the thioester
method. Although this ligation reaction proceeded very slowly, probably as the
result of the properties of this protein, [Lys(Me3)9]H3 (82) was eventually obtained
after removing the protecting groups (Fig. 5c).
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Conclusions

Chemical protein synthesis has progressed rapidly in the period following the
introduction of the peptide thioester. The thioester method and NCL are
major methods for ligation using peptide thioesters as building blocks. The
recent demand for preparing peptides and proteins that are post-
translationally modified has prompted the development of synthetic methods
for the peptide thioesters using the Fmoc-SPPS. One solution is to utilize
intramolecular N—S acyl shift reactions to form thioesters, in which the
peptide chain is elongated on a solid support by Fmoc-SPPS and the peptide
thioester is then formed by an intramolecular N—S acyl shift as the key
reaction, followed by intermolecular transthioesterification. This procedure
corresponds to the reverse of the thiol-mediated ligation of peptides, such as
NCL. In nature a biological N—S acyl shift is the initial step for protein
splicing [97]. In this case, the enzymatic action of the intein domain promotes
an N-S acyl shift and transthioesterification. Intein-mediated thioester for-
mation is also used in the production of recombinant peptide thioesters for
expressed protein ligation [98]. In chemical conditions, the amide and
thioester forms are in equilibrium, and these species can be detected by '°C
NMR and RP-HPLC. Various types of skeletons containing the thiol group
were developed for intramolecular N-S acyl shifts, including the use of
cysteine residues in the synthesis of peptide thioesters. Using these methods,
various types of peptide thioesters can be synthesized and applied to protein
synthesis as building blocks. Chemical synthesis makes it possible to intro-
duce a wide variety of modifications in proteins which are synthesized using
this methodology. These novel methodologies have great potential for
advancing protein science in general.
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Chemical Synthesis and Biological Function
of Lipidated Proteins

Aimin Yang$, Lei Zhao®, and Yao-Wen Wu

Abstract Lipidated proteins play a key role in many essential biological processes
in eukaryotic cells, including signal transduction, membrane trafficking, immune
response and pathology. The investigation of the function of lipidated proteins
requires access to a reasonable amount of homogenous lipid-modified proteins with
defined structures and functional groups. Chemical approaches have provided
useful tools to perform such studies. In this review we summarize synthetic
methods of lipidated peptides and developments in the chemoselective ligation
for the production of lipidated proteins. We introduce the biology of lipidated
proteins and highlight the application of synthetic lipidated proteins to tackle
important biological questions.

Keywords Click ligation - Diels—Alder ligation - Expressed protein ligation - GPI
anchor - MIC ligation - Peptide synthesis - Protein lipidation - Rab - Ras - Rheb -
Sortase-mediated protein ligation
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1 Introduction

A biological membranes system is typically formed by the combination of lipids
and proteins. In eukaryotic cells, the plasma membrane, also referred to as the cell
membrane, is a protective barrier which regulates what enters and leaves the cell.
The endomembrane system is composed of different kinds of membranes which
divide the cell into structural and functional compartments within a eukaryotic cell,
such as the endoplasmic reticulum, Golgi apparatus, mitochondria, endosome and
lysosome. Covalent modification of proteins with lipid anchors (protein lipidation)
facilitates association of the lipidated proteins with particular membranes in
eukaryotic cells. Protein lipidation is one of the most important protein post-
translational modifications (PTMs). Studying lipidated protein function in vitro or
in vivo is of vital importance in biological research.

A variety of lipids serve as lipid anchors attached to proteins, including fatty
acids, isoprenoids, glycosylphosphatidylinositol (GPI) and cholesterol. Protein
lipidation is not only essential for binding to membranes, but also for the protein—
protein interactions and the regulation of the signalling process [1]. Therefore, lipid
modification plays a critical role in the function and localization of proteins. So far,
recombinant production of lipidated proteins has not been very successful and is
particularly challenging in terms of homogeneity and output. In this review, we
discuss the chemical synthesis of various lipidated proteins. We show a few
examples of using synthetic lipidated proteins to elucidate their biological
functions.

The four major types of protein lipidation are N-myristoylation, palmitoylation,
prenylation and glycosylphosphatidylinositol-anchor (GPI-anchor) addition
(Table 1).
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1.1 N-Mpyristoylation

N-Myristoylation is an irreversible protein modification where a myristoyl group, a
14-carbon saturated fatty acid, is covalently attached via an amide bond to the
N-terminal glycine residue. This type of protein modification was firstly identified
as an “N-terminal blocking group” [2, 3]. In eukaryotic cells, N-myristoylation is
mediated by the enzyme N-myristoyltransferase (NMT) which transfers the acyl
group from myristoyl CoA to the N-terminal amine of proteins containing
N-terminal GXXXS/T sequences [4]. This modification majorly occurs
co-translationally and in some cases happens post-translationally. During
co-translational modification, the N-terminal glycine is modified following the
cleavage of N-terminal methionine residue by methionine aminopeptidases. Post-
translational myristoylation typically occurs after a caspase cleavage, resulting in
the exposure of an internal glycine residue. N-Myristoylation plays an essential role
in protein—protein interactions and membrane targeting of proteins, which are
involved in a wide range of signal transduction pathways. N-Myristoylation not
only occurs on eukaryotic proteins, including Src family tyrosine kinases, Abl
tyrosine kinase, cAMP-dependent protein kinase (PKA), o subunits of G proteins,
ADP-ribosylation factors (Arfs), and Ca®* sensor proteins (Recoverin, Hippocalcin,
Neurocalcins, MARCKS), but also on bacterial and viral proteins, such as HIV-1
Gag [5].

N-Mpyristoylated proteins can switch between two distinct conformations, one
conformation where the myristoyl group is exposed and available to promote
membrane binding and the other conformation where the myristoyl moiety is
sequestered in a hydrophobic binding pocket and not available for membrane
binding. For instance, Arf, a member of the family of GTP-binding proteins of
the Ras superfamily, is N-myristoylated in cells [6]. Arf functions as regulators of
vesicular trafficking and actin remodelling. As the other members in the Ras
superfamily, the switch between the inactive GDP-bound form and the active
GTP-bound form of Arf GTPase is highly regulated by GTPase-activating proteins
(GAPs) which accelerate the intrinsic GTP hydrolysis of GTPases and by guanine
nucleotide exchange factors (GEFs) which facilitate exchange of GDP for GTP [7,
8]. In the GDP-bound Arf, the myristoylated N-terminal helix is in a shallow
hydrophobic groove formed by loop A3. In the GTP-bound form, the extrusion of
loop A3 from the GTPase core eliminates the binding site for the myristoylated
N-terminus, which becomes available for membrane binding [9, 10]. The
“myristoyl switch” can be used as a signal regulating cellular localization, mem-
brane association and protein—protein interactions.

Moreover, N-myristoylation also plays a critical role in bacterial and viral entry.
Although viruses and bacteria usually lack the enzyme NMT required for this
modification, their proteins are consequently processed by NMTs of the hosts
[11]. During the human immunodeficiency virus-1 (HIV-1) life cycle, an HIV
protein, Gag, specifically assembles at the lipid raft region of the host cell mem-
brane. The high concentration of Gags facilitates the viral particle budding. The
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N-myristoylation plus basic motif is thought to target Gag to the plasma membrane.
Without myristoylation, the host cells do not release any virus particles [12, 13].

1.2 Palmitoylation

Palmitoylation is the covalent attachment of preferred 16-carbon palmitic acid to a
cysteine side chain (S-palmitoylation) and less frequently to a serine/threonine side
chain of proteins (O-palmitoylation). Occasionally other long chain fatty acid
moieties, including stearoyl (C18), oleoyl (C18:1) and arachidonyl (C20:4) chains,
have also been found in acylated proteins. Acylation is therefore a more accurate
description of this type of fatty acid modification [14]. The acyl transfer from
palmitoyl CoA to the thiolate side chain of cysteine residues is an energy-neutral
reaction, which is catalysed by palmitoyl acyl transferases (PATs). So far there is
no consensus sequence in protein substrates which undergo S-palmitoylation.
S-Palmitoylated proteins include transmembrane receptors (e.g. TGFa, adrenergic
receptors, Rhodopsin), viral proteins (e.g. Influenza HA, HIV-1 gp160), Ras pro-
teins, Ga subunits, Src family tyrosine kinases (Src, Lck, Fyn, Hck, Lyn and Yes),
etc. The Ga subunits and Src family tyrosine kinases are both myristoylated and
palmitoylated, and they contain consensus sequence MGC at their N-termini
[15]. In contrast to N-myristoylation and prenylation, palmitoylation is usually
reversible because of the thioester or ester connection [16, 17]. The reverse
modification is catalysed by palmitoyl protein thioesterases (PPTs) [18,
19]. Because of the reversibility of palmitoyl modification, palmitoylation is a
dynamic post-translational modification to regulate the subcellular localization
and protein—protein interactions.

Cycles of palmitoylation and depalmitoylation regulate membrane binding of
palmitoylated proteins. For example, the spatial cycle of H/N-Ras between the
Golgi and the plasma membrane is dependent on the reversible S-palmitoylation at
the C-termini [18, 20]. H-Ras and N-Ras are prenylated and palmitoylated.
Farnesylation alone does not confer high membrane affinity. Farnesylated Ras
molecules are solubilized by PDES [21] and rapidly diffuse throughout the cell
until they become palmitoylated in the Golgi to acquire additional hydrophobicity
and thereby higher affinity to membranes. Palmitoylated Ras are transported on
vesicles via the secretory pathway, leading to an enrichment of Ras at the plasma
membrane. The palmitoylated Ras at the plasma membrane slowly redistributes to
all cellular membranes, where they are ubiquitously depalmitoylated by
thioesterases, such as acyl protein thioesterase 1 (APT1). Rapid diffusion of
depalmytoylated Ras molecules increases the probability of a Golgi encounter, in
which they are repalmitoylated and transported to the plasma membrane. Thus, the
acylation cycle maintains the spatial cycle for H- and N-Ras, which confers it with
unique signal propagation characteristics [18, 20].
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1.3 Prenylation

Prenylation is a posttranslational addition of CI15 (farnesyl) or C20
(geranylgeranyl) isoprenyl groups via thioether linkages to the cysteine side chains
at the C-termini of the protein substrates. Prenylation is of increasing interest since
many prenylated proteins are involved in signal transduction pathways controlling
cell growth and differentiation, cytoskeletal rearrangement, and vesicular transport
[22]. Although a search of the human proteome revealed about 300 proteins which
are potentially prenylated, only a fraction of these have been reported. So far, three
protein prenyltransferases responsible for isoprenoid addition to proteins have been
identified (for reviews see [23-25]). They can be classified into two categories
according to their functions. One is the CaaX prenyltransferases: protein farnesyl-
transferase (FTase) and protein geranylgeranyltransferase type I (GGTase-I) rec-
ognize protein substrates containing a CaaX box (C is cysteine, a is usually an
aliphatic amino acid, and X can be one of a variety of amino acids) at their
C-termini. The other is Rab geranylgeranyltransferase (RabGGTase), also called
protein geranylgeranyltransferase type I (GGTase-1I), which mediates the addition
of usually two geranylgeranyl groups to the C-terminal cysteines of Rab GTPases.

Substrates for FTase include Ras GTPases, which regulate signal transduction
involved in cellular growth; nuclear lamin A and B, which form structural lamina
on the inner nuclear membrane; the y subunit of heterotrimeric G-protein
transducin, which functions in visual signal transduction in the retina; the large-
antigen component of the hepatitis d virus; and yeast mating factors. Known targets
of GGTase-I include y subunits of heterotrimeric G-proteins and many small
GTPases such as the Rho/Rac family. Prenylation of proteins enables them to
associate with endoplasmic reticulum, where they are further modified in subse-
quent post-prenylation reactions, including proteolytic removal of the last three
amino acids of the CaaX motif and subsequent carboxyl methylation [26].

RabGGTase has a very strict substrate preference and acts only on the members
of the Rab GTPase family, which play a central role in membrane trafficking in
eukaryotic cells [7, 8]. Unlike FTase and GGTase, RabGGTase does not recognize
a short C-terminal sequence but requires an additional factor called Rab escort
protein (REP) to recruit Rab protein. REP interacts with the unprenylated Rab
protein preferentially in its GDP-bound form and mediates its recognition by
RabGGTase. Since the specificity is already outsourced from the REP molecule,
RabGGTase has essentially no sequence preference for the context of the
prenylatable cysteines, and the C-terminal sequences occurring in Rab GTPases
include CC, CXC, CCX, CCXX, CCXXX and CXXX [27, 28]. The conjugated
prenyl group not only is a mediator of membrane association but also functions as a
molecular handle for specific protein—protein interactions, such as interaction with
GDP-dissociation inhibitor (GDI) which enables cycling the prenylated Rab pro-
teins between different membranes [29, 30].
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1.4 GPI-Anchor Addition

Glycosylphosphatidylinositol (GPI) anchors are found in many cell surface proteins
in eukaryotes, which tether them to the extracellular side of the plasma membrane.
The GPI anchor is attached to the C-terminus of a protein via a phosphoetha-
nolamine linkage. GPIs and GPI-anchored proteins are built up in the ER and
then the modified proteins transit to the cell surface. This posttranslational glyco-
lipid modification is mediated by the GPI transamidase (GPI-T) in the ER lumen.
The GPI anchor can be hydrolysed by phosphatidylinositol-specific phospholipase
Cor D (PLC or PLD) which releases the protein moiety into the extracellular milieu
[31]. Almost all GPIs share a common core glycan structure, NH,(CH,),OPO5;H-
6Manal — 2Manal — 6Manal — 4GlcNal — 6myo-Inol-phospholipid (Table 1).
The glycan core can be decorated with several side-chain modifications, and the
lipid moiety can vary between diacylglycerol, alkylacylglycerol, ceramide, etc.
[32]. The variety of the different compositions results in high structural diversity
among GPIs, which makes the studies complicated [33, 34]. There are diverse
GPI-anchored proteins displayed at the cell surface, ranging from receptors
(e.g. folate receptor, FcyRIII, CD14), cell surface antigens (e.g. Thy-1, CD anti-
gens, Campath, LFA-3) to enzymes (e.g. alkaline phosphatase, carbonic anhydrase,
dipeptidase). GPI-anchored proteins play vital roles in immune response, trans-
membrane signal transduction, cell contacts and migration, pathology of parasites,
and oncogenesis [35].

For example, the glycophospholipid facilitates the protein lateral diffusion on
the cell surface [36]. GPI-anchored proteins exhibit greater mobility than the
transmembrane proteins. Moreover, GPIs can serve as an immunomodulator,
which triggers the immune response by stimulating the ability of the immune
system to produce antibody or sensitized cells. Nature killer T (NKT) cells could
recognize GPIs, resulting in a rapid immune response to various parasitic pathogens
[37]. The investigation of the structure-function relationship of GPIs could facili-
tate elucidating the principle of high mobility and immunomodulation of
GPI-anchored proteins.

One of the famous examples of GPI-anchored proteins is prion protein (PrP),
whose misfolded form is an infectious agent (PrP5°). PrP€ is a normal form of the
protein, which can be digested by proteinase K and can be released from the cell
surface by PLC which cleaves the GPI-anchor [38]. The mechanism of conversion
from PrP€ to PrP®° is still unclear. GPI-anchor is implicated in the pathogenesis of
prion disease. In the transgenic mice model, the engineered PrP lacking the GPI
membrane anchor formed abnormal proteinase-resistant prion (PrP5¢) amyloid
deposits in their brains and hearts when infected with the murine scrapie, while
infection of normal mice with a GPI-anchored PrP did not deposit amyloid with
PrP5¢ in the brain or the heart [39]. Molecular dynamics simulation suggests that,
unlike other lipid anchors, GPI-anchor is highly flexible and would maintain the
protein at a certain distance from the membrane surface, with little influence on its
structure or orientational freedom [40].
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1.5 Other Types of Lipidation

Besides four major types of lipidation, there are also many other types of lipidation,
such as addition of cholesterol and phosphatidylethanolamine. Although some of
them have been rarely identified so far, the importance in many biological processes
is well established. To date, the only example with C-terminal modification of a
cholesterol molecule in mammalian cells is the Hedgehog (Hh) family, which plays
a critical role in regulating cellular differentiation and proliferation. The pro-Hh
proteins (45 kDa) contain a C-terminal processing domain, which mediates the
formation of a thioester intermediate and the subsequent addition of a cholesterol
molecule in an intein-like process [41]. The resulting N-terminal 20-kDa fragment
is further S-palmitoylated at the N-terminal cysteine by the Hedgehog acyl trans-
ferase. This S-acyl moiety migrates to the N-terminal amino group after an S — N
acyl shift to form a stable amide bond [42]. Both lipidations are essential for the
function of the Hh proteins. The cholesterol modification may play a role in
regulating the Hh activity gradient to restrict the dilution and unregulated spread
of Hh at the cell surface [43].

Another example of rarely found lipidation is phosphatidylethanolaminylation
on the microtubule-associated protein light chain 3 (LC3, the mammalian homolog
of yeast Atg8) family proteins, which play a key role in the formation of
autophagosomes during the autophagy process. LC3 family proteins are the only
phosphatidylethanolaminylated proteins identified so far. LC3 proteins require a
phosphatidylethanolamine (PE) group attached to the C-terminal glycine for correct
membrane localization and function. In mammalian cells, production of lipidated
LC3 is controlled by two ubiquitin-like conjugation systems. Newly synthesized
LC3 is processed by a protease, Atg4, to expose a C-terminal glycine. The resulting
LC3 serves as a substrate for the addition of a PE molecule in a ubiquitin-like
conjugation reaction catalysed by El-like Atg7, E2-like Atg3, and the E3-like
Atgl2-Atg5:Atg16L complex (Atgl6L complex). The Atgl6L complex is gener-
ated by another ubiquitin-like conjugation system, in which Atg12 is conjugated to
the lysine side chain of Atg5 in sequential reactions catalyzed by Atg7 and Atg10.
There is no E3-like enzyme implicated in the Atg12-Atg5 conjugation. The Atgl2-
Atg5 conjugate further forms a complex with a multimeric protein, Atgl6L. The
Atg12-5 conjugate promotes LC3-PE formation, and Atg4 releases lipidated LC3
from the surface of closed autophagosomes [44, 45].

2 Synthesis of Lipidated Peptides

Preparation of lipidated proteins allows for in-depth study of protein function and
the biological process in which the protein is involved. However, it is difficult to
obtain lipidated proteins by using traditional biochemical approaches. Recent
advances in protein ligation methods profoundly facilitate production of lipidated
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proteins by chemical synthesis. These ligation methods, including expressed pro-
tein ligation (EPL), maleimidocaprolyl (MIC) ligation, Diels—Alder ligation, click
ligation and sortase-mediated protein ligation, allow for ligation of lipidated pep-
tides with expressed proteins [46]. Therefore, synthesis of lipidated peptides has
been considered an important aspect in the preparation of lipidated proteins.

In general, the lipidated peptide for ligation usually consists of three parts:
peptide, lipid moiety and N-terminal reactive group (natural Cys and triglycine,
and non-natural maleimide and alkyne moieties) (Scheme 1). The strategy for
synthesis of lipidated peptides depends upon the nature of the lipid group, peptide
sequence, and the reactive group for ligation. Many different synthetic approaches
have been reported, such as solution and/or solid-phase strategies, different protec-
tion strategies involving the fert-butoxycarbonyl (Boc) strategy and
9-fluorenylmethoxycarbonyl (Fmoc) strategy, and the methods for the incorpora-
tion of the lipid groups.

The solution phase approach is usually slow and laborious. Moreover, the
increasing insolubility of the growing peptide chain in the reaction medium causes
problems in both purification and the next coupling step. Solid-phase peptide
synthesis (SPPS) has now become a widely used approach for peptide synthesis
in the lab. The synthesis of lipidated C-terminal peptides of the Ras protein family
typically involves preparation of lipidated amino acid building blocks, which are
then incorporated into the elongating peptide chain, whereas the lipidated peptide
containing phosphatidylethanolamine (PE) is prepared by coupling the lipid group
to C-terminus of the peptide in solution. In this review, we briefly introduce the
solution phase approach and the synthesis of lipidated building blocks and give an
overview of the linker strategies for the SPPS of lipidated peptides. We focus on the
synthesis of lipidated peptide specifically used for the ligation with proteins. More
detailed information for the preparation of lipidated peptides has been reviewed by
Waldmann and co-workers [47—49].

Synthesis of lipidated peptides, especially lipidated Rab and Ras peptides, is
challenging because of several limitations (Scheme 2). First, prenyl groups, such as
farnesyl or geranylgeranyl, cannot be combined with strong acid-labile protecting
groups or linker systems because acids attack the double bonds and lead to
isomerization of prenyl groups. Therefore, high concentrations of acid during the
synthesis or for the release of the peptide from the solid support should be avoided.
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Second, when a palmitoyl group is present, different conditions for the Fmoc
deprotection and the coupling of amino acids should be chosen to minimize a
nucleophilic attack on the thioester. Moreover, S— N acyl shift at the
N-terminally unprotected Cys should be considered. Third, it should be considered
that additional functional groups, which are often incorporated in the lipidated
peptides for ligation or biological studies, such as maleimide, fluorophore and
alkyne moieties, typically lead to additional restrictions for the synthetic strategy.

2.1 Preparation of Lipidated Cysteine Building Blocks

Incorporation of lipid groups can be performed in two ways. Either the lipidated
cysteine building blocks are coupled into the peptide chain, or the lipid is intro-
duced to the complete peptide backbone. The former approach is more suited for
the synthesis of lipidated Ras and Rab peptides because of its flexibility. The
prenylated cysteine building blocks (either with a farnesyl or a geranylgeranyl
group) can be prepared by alkylation of the free thiolate of cysteine with prenyl
chloride (Scheme 3a). The palmitoylated cysteine can be synthesized from Fmoc-
Cys(Trt)-OH after removal of the trityl group and coupling with palmitoyl chloride
(Scheme 3b) [50]. In the coupling of the Fmoc-Cys(Pal)-OH to the peptide in SPPS,
to minimize the S — N acyl shift of the palmitoyl group, a fast removal of the Fmoc
group is performed by 1,8-diazobicyclo[5.4.0]Jundec-7-ene (DBU), a
non-nucleophilic hindered base. The coupling is then carried out immediately
using preactivated amino acid and HATU as the coupling reagent [50].
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Scheme 3 Synthesis of lipidated cysteine building block

2.2 Solution-Phase Synthesis of Lipidated Peptides

The introduction of acid-sensitive prenyl groups and base-sensitive palmitoyl
groups significantly limited the choice of orthogonal protecting groups for carboxy,
amino, thiol and hydroxyl groups, which can be removed selectively under mild
conditions. The synthesis of lipidated Ras peptides involves the combination of
acid-labile rert-butyl ester function as carboxy protecting group, the Pd -sensitive
allyloxycarbonyl (Aloc) urethane function as amino-blocking group, mild acid-
labile trityl-type protecting groups for masking lysine side chains, the reduction-
labile fert-butyl disulfide function for protection of thiol groups and removal of Boc
group with TMSOT{/Iutidine [51, 52]. Because of the undesired cyclization in the
linear elongation approach, prenylated peptides derived from Rab7 C-terminus
(12a, b) were synthesized by applying a convergent approach using geranylger-
anylated cysteine (2a) and e-N-fluorescently labelled lysine (5) as building blocks
(Scheme 4) [53, 54].

2.3 Solid-Phase Approach for the Synthesis of Lipidated
Peptides

Solid-phase peptide synthesis (SPPS) is a fast and flexible approach and has been
frequently used for the synthesis of lipidated peptides. SPPS allows for preparation
of the desired peptides, including both natural and nonnatural modifications, with
high purity and good yields in a short time. The linker chosen for the solid-phase
synthesis of lipidated peptides is of utmost importance. High concentrations of acid
during the synthesis or for the release of the peptide from the solid support should
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Scheme 4 Synthesis of fluorescently labelled mono- and diprenylated Rab7 C-terminal
hexapeptides using solution-phase approach

be avoided so as to keep the prenyl group intact. In the case where a palmitoyl group
is present, different conditions for the Fmoc deprotection and the coupling of amino
acids should be used to minimize a nucleophilic attack to the thioester and an S — N
acyl shift. Finally, the linker should be able to afford the desired peptide as a
C-terminal methyl ester in case this functionality is present in the native sequence.

Not so many linkers meet all these requirements. Among them, the hydrazide
linker and the Ellman sulfonamide linker are stable under acid and basic conditions,
permitting the synthesis of the peptides and their orthogonal release from the solid
support [47]. The hydrazide linker can be cleaved by oxidation to an acyldiazene
followed by a nucleophilic attack by methanol or water to release the peptide with a
C-terminal methyl ester or carboxylic acid, respectively (Scheme 5a) [55]. Oxida-
tion can be performed with either Cu(AcO),/O, or NBS. Such cleavage conditions
are orthogonal to prenyl and palmitoyl groups and classical protecting groups (Boc,
Fmoc and Aloc). An example of using the hydrazide linker for the synthesis of
N-Ras C-terminal peptide 13 is depicted in Scheme 5b (solid line) [53]. The
hydrazide linker was also used to produce lipidated peptide by on-resin lipidation
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Scheme 5 Synthesis of N-Ras protein C-terminus for MIC ligation using hydrazide linker and
Ellman sulphonamide linker. (a) Cleavage of the hydrazide linker by oxidation and nucleophilic
attack and Ellman sulphonamide linker by activation and nucleophilic attack of a nucleophile. (b)
Synthesis of farnesylated and palmitoylated N-Ras C-terminus with maleimido group using
hydrazide linker and Ellman sulphonamide linker

[56]. However, because free amines could attack the oxidized linker, deprotection
of amines has to be performed after linker cleavage, in order to reduce the formation
of undesired cyclic peptides [57].

The Ellman sulfonamide linker is stable under acid or basic conditions. It can be
selectively alkylated with haloacetonitriles, and then becomes susceptible to nucle-
ophilic attack, leading to release of the peptide from the solid support (Scheme 5a)
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Scheme 6 Synthesis of the farnesylated and carboxymethylated C-terminal peptide of Rheb and
K-Ras4B using the Trt linker

[58]. However, classical cleavage with a solution of methanol and DMAP leads to
significant racemerization of cysteine. An alternative approach was to release the
peptide from the solid support using H-Cys(Far)-OMe as a nucleophile with
microwave irradiation for 10 min. Peptide corresponding to N-Ras protein
C-terminus 13 was synthesized using Ellman sulfonamide linker strategy as
shown in Scheme 5b (dotted line) [59, 60].

Another linker successfully applied to the synthesis of lipidated peptides is the
trityl linker, which can be cleaved by treatment with low concentrations of acid (1%
TFA) without affecting the integrity of the prenyl group. The main disadvantage of
this linker is that the cleavage at the C-terminus generates free carboxylic acid. In
order to obtain the C-terminal methyl ester, the last second C-terminal amino acid
can be immobilized on the solid support via the side-chain. After incorporation of
the designated prenylated cysteine methyl ester 1, the peptide chain can be elon-
gated and subsequently released from the solid support with 1% TFA, which
simultaneously cleaves all acid-sensitive side-chain protecting groups without
affecting the farnesyl group. Synthesis of the farnesylated and carboxymethylated
C-terminal peptide of Rheb and K-Ras4B is shown as an example [61] (Scheme 6).
For the synthesis of Rheb peptide, Fmoc-Ser-OAll was loaded to the trityl resin
through the side-chain hydroxyl group of Ser to form 14. After selective removal of
the allyl ester and coupling of the S-farnesylated cysteine methylester, the peptide
chain 15 was elongated by Fmoc strategy with N-Fmoc-protected amino acids with
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acid-labile side-chain protecting groups. Finally, treatment of the resin with 1%
TFA and a scavenger released the desired peptide 16a. The lipidated C-terminal
peptide of K-Ras4B (16b) was synthesized by a similar strategy. In this case, Fmoc-
Lys-OAll was loaded to the trityl resin through the side-chain amine (17). The side
chain of other Fmoc-lysine building blocks was protected with the orthogonal
allyloxycarbonyl (Aloc) group which can be liberated with palladium(0) and piper-
idine. After cleavage from the solid support, the peptide 16b could be precipitated
readily in diethyl ether (Scheme 6) [61]. It should be noted that the deprotection
conditions of Aloc are incompatible with thioesters, such as palmitoylated cysteine,
and the maleimide group, because of the use of piperidine and triphenylphosphine
in the reaction.

2.4 Synthesis of Lipidated Peptides by Combined Solution/
Solid-Phase Approach

2.4.1 Synthesis of Phosphatidylethanolaminylated Peptide

Synthesis of phosphatidylethanolaminylated (PE) peptide is performed by
lipidation of peptide backbone in solution, which was synthesized using the trityl
linker strategy via SPPS. PE-conjugated C-terminal peptide of LC3 (20) was
synthesized on the chlorotrityl resin by means of the Fmoc strategy (Scheme 7)
[62]. After release from the resin, the protected peptide 19 was subsequently
activated by pentafluorphenyl trifluoracetate as an activated ester and was coupled
to 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) in solution to pro-
duce protected lipidated peptide. The desired lipidated peptide 20 can be obtained
after removing all acid sensitive protecting groups by a high concentration of TFA.
In another approach, the peptide 22 was preactivated with 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide HCl (EDCl) and N-hydroxysuccinimide (NHS),
and was subsequently coupled to the DPPE in the presence of base N,N-diisopro-
pylethylamine (DIEA). Removal of the peptide protecting groups with TFA
afforded PE-conjugated peptide 23 [63]. In order to facilitate handling and
solubilisation of LC3-PE protein, Liu and co-workers introduced a photolabile
poly-Arg chain into the lipidated peptide [64]. To this end, the main peptide
chain was prepared on the chlorotrityl resin, followed by an elongation of poly-
Arg chain at the glutamine side chain, which is connected via a photosensitive
nitrobenzyl linker. The branched peptide was cleaved off the resin and condensed
with  1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE). The final
PE-peptide 21 was obtained after removal of the protecting groups.
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Scheme 7 Synthesis of the PE conjugated peptides for EPL

2.4.2 Synthesis of Sterol-Modified Peptide

C-terminally sterol-modified heptapeptides derived from the Hedgehog protein
were prepared by a combined solution and solid-phase approach with introduction
of different functional and reporter groups, i.e. sterols, a fluorescent label for
membrane binding assay, and a maleimidocaproyl (MIC) group for ligation to the
protein [65]. Dipeptide Fmoc-Ser-Gly-OAll was prepared in solution and loaded to
the trityl resin via the serine side chain. The C terminus of the immobilized
dipeptide was coupled with glycyl-sterol esters. The glycyl sterol esters were
prepared by esterification of fert-butyloxycarbonyl (Boc)-protected glycine with
the sterols using N,N-diisopropylcarbodiimide (DIC) and 4-(dimethylamino) pyri-
dine (DMAP) followed by selective removal of the Boc group. N-terminal peptide
chain elongation was achieved by means of SPPS to yield peptide 26 carrying an
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Scheme 8 Synthesis of sterol-modified heptapeptides for MIC ligation

NBD group at a lysine side chain and a maleimide group at the N-terminus. The
peptides were cleaved from the resin under very mild conditions, resulting in
desired products 27 (cholesterol for 27a and androstenol for 27b) (Scheme 8) [65].

3 Synthesis of Lipidated Proteins

In general, there are two approaches which have been used to prepare lipidated
proteins: (1) the incorporation of the lipid by lipid transfer enzymes and (2) the
ligation of lipidated peptides with expressed proteins [66]. Recently, approaches
using protein prenyltransferases have been used to obtain prenylated Ras family
proteins. Protein prenyltransferases can tolerate diverse modifications of their lipid
substrates [67, 68]. Therefore, bioorthogonal groups or probes can be incorporated
into proteins containing a CaaX motif or Rab proteins via prenylation [69-72].
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Such enzymatic approaches have limitations in the scope of manipulation of
protein structure, and therefore are not suited for the preparation of proteins with
different lipid moieties at multiple sites and/or with non-natural groups. Moreover,
not all lipid transfer enzymes are readily recombinantly available. Chemical protein
ligation methods have been developed in the past few years. These methods allow
for site-specific lipid modifications of a protein and production in large quantities
for cellular, biochemical and biophysical analyses (Table 2).

Each chemical ligation method, involving expressed protein ligation (EPL),
MIC ligation, Diels—Alder ligation, click ligation and sortase-mediated protein
ligation, has its own pros and cons. The choice of the approach depends on the
nature of the target protein and design of protein synthesis. The EPL method has
been applied to the synthesis of most lipidated proteins, affording the native peptide
bond. However, the EPL reaction is relatively slow and sometimes leads to a low
yield caused by hydrolysis of thioester. MIC ligation, Diels—Alder ligation and
click ligation proceed much faster with a high yield. However, a non-natural linker
is introduced in the protein-peptide conjugate, which could affect the function of
lipidated proteins. Sortase-mediated protein ligation emerges as a fast ligation
strategy with a good yield. We discuss some examples for the application of
these ligation methods to the lipidated protein synthesis.

3.1 Assisted Solubilisation Strategy

The poor solubility of lipidated peptides in aqueous solution makes the lipidated
protein ligation much more challenging. Moreover, lipidated proteins tend to
aggregate and precipitate in solution, which renders them difficult to handle.
Several assisted solubilisation techniques have been developed to overcome this
problem, including detergent strategy, polyethylene glycol (PEG) tag, ploy-Arg tag
and maltose binding protein (MBP) tag.

Detergent is the most popular strategy used for lipidated protein ligation.
Detergent not only facilitates solubilisation of lipidated peptide but also drives
the ligation reaction as a catalyst. In an early study on the synthesis of mono- and
diprenylated Rab7 proteins, a wide range of detergents have been screened
[54]. Although most detergents can solubilize the prenylated peptide, only 6 out
of 76 detergents are able to support the ligation efficiently, including cetyltrimethy-
lammoniumbromide (CTAB), lauryldimethylamine-N-oxide (LDAO), N-dodecyl-
N,N-(dimethylammonio)butyrate (DDMAB), sodiumdodecyl sulfate (SDS),
n-octyl-phosphocholine  (FOS-Choline-8) and cyclohexyl-ethyl-p-p-maltoside
(Cymal-2). The ligation efficiency is also dependent on the concentration of the
detergent. A concentration above the critical micellar concentration (CMC) is
necessary to drive the ligation reaction (unpublished results). It is conceivable
that prenylated peptides which form higher order structures in aqueous solution
can be made accessible to the protein via formation of mixed detergent micelles.
However, it remains unclear why some detergents are dramatically more efficient
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Table 2 Chemical ligation methods for the synthesis of lipidated proteins
Ligation
methods Requirements | Mechanism Product Examples
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protein thioester @ ”"” QN)E/@ peptide N-Ras,
ligation Lipidated bond Rheb,

peptide with K-Ras4B,

an D-Ral,

N-terminal YPTI,

cysteine LC3-PE,

lipidated
GFP

Maleimide | Protein with a { ) Non-natural | H-Ras,
ligation C-terminal G Q: - \qi” bond N-Ras

cysteine h

Lipidated

peptide with

an

N-terminal

maleimide
Diels— Protein with a R o @4: Non-natural | Rab7
Alder C-terminal SO L Y bond
ligation dienyl group

Lipidated

peptide with

an

N-terminal

maleimide
Click Protein with a N o, Gy Non-natural | Rabl,
ligation C-terminal bond Rab7

azide

Lipidated

peptide with

an

N-terminal

alkyne

moiety
Sortase- Protein with a | e H: o O e 4 Native K-Ras4B,
mediated | C-terminal = peptide lipidated
protein LPXTG motif bond with GFP, GPI
ligation Lipidated additional modified

peptide with amino acid | GFP

an sequence

N-terminal
oligoglycine
sequence

than others. Among these detergents, CTAB appears to be the most robust mediator
of the ligation reaction and has been used to produce mono- and diprenylated Rab7
(Scheme 10a) [54].
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Syntheses of farnesylated Rheb methyl ester by EPL and prenylated Rabl and
Rab7 proteins by click ligation were carried out efficiently in the presence of CTAB
(Schemes 10b and 14b) [61, 73]. The native chemical ligation of PE-modified
peptides with protein thioesters was performed in the presence of
B-octylglucoside to afford GFP-PE (Scheme 10e) [63] and LC3-PE (Scheme 11)
[62]. B-Octylglucoside was also used for the EPL of GPIl-anchored GFP
(Scheme 10f) [74]. Some other examples of application of detergent to the lipidated
protein ligation include 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) for the EPL of geranylgeranylated Rab7 protein [75],
dodecylmaltoside (DDM) and dodecyl-phosphocholine (DPC) for the EPL of
lipidated rPrP™™ (Scheme 10d) [76], DDM and deoxycholate (DOC) for the
sortase-mediated protein ligation of lipidated GFP (Scheme 15b) [77]. Triton
X-114 is widely used in the synthesis of lipidated Ras proteins because it can
drive protein ligation as well as facilitate purification of ligation product
(Scheme 12b, c¢) [78]. Triton X-114 has a low cloud point of 22°C. The reaction
was carried out at 4°C, under which the reaction mixture is homogenous. A
temperature shift to 37°C after reaction leads to a phase separation of the detergent
phase from the aqueous phase. A further separation of the ligated from unligated
protein can be performed by extraction with 11% Triton X-114, whereby lipidated
proteins partition into surfactant droplets.

Because the presence of detergents could affect protein function, removal of
detergents after ligation is usually required. However, dialysis is not always suffi-
cient to eliminate detergents because of the strong interaction between the lipid
group and the detergent. Extensive washing with organic solvents leads to dena-
turation of the protein. Thereby, another refolding step is required [54]. Recently,
detergent-free strategies using traceless solubilisation tags have been developed.

PEG solubilisation tag has been used in the synthesis of lipidated murine prion
protein (PrP) with two palmitoyl modifications as the GPI anchor mimic. PEG tag
was introduced at the C terminus of the lipidated peptide, leading to a large increase
in solubility (Scheme 10d) [76, 79]. Using this strategy, ligation reactions could be
carried out in the absence of detergent and organic solvent with a fourfold increase
in the yield. The PEG can be removed by proteolytic cleavage with TEV protease.

Poly-Arg tag and MBP tag have been employed in the synthesis of LC3-PE
protein. Highly positive charged poly arginine chain makes the PE-peptide and
protein soluble in aqueous solution [64]. This strategy allowed for the synthesis of
lipidated proteins under detergent-free conditions without laborious screening of
the solvents and additives. The poly-Arg tag is connected to the peptide via a
photosensitive linker, which can be removed by UV irradiation (Scheme 11). In
parallel, an MBP tag strategy was developed for the synthesis of LC3-PE. The MBP
tag which is fused to the N-terminus of the LC3 protein thioester dramatically
enhances the ligation efficiency, probably owing to the nonspecific association of
the PE-peptide with the MBP tag. The EPL reaction was performed under folding
conditions. The resulting MBP-LC3-PE protein is soluble in the buffer without
detergents, making it facile to handle the lipidated LC3 protein. Before the analysis
of the lipidated LC3, the MBP tag was removed by TEV protease (Scheme 11) [62].
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Scheme 9 Mechanisms of (a) native chemical ligation and (b) expressed protein ligation

3.2 Expressed Protein Ligation

In the early 1990s, Kent and coworkers introduced the breakthrough approach of
native chemical ligation (NCL), which is now a general method for chemical
protein synthesis [80, 81]. In NCL, the thiol group of an N-terminal cysteine residue
of an unprotected peptide 29 attacks the C-terminal thioester of another unprotected
peptide 28 in an aqueous buffer to form a thioester intermediate 30. The initial
chemoselective transthioesterification in NCL is essentially reversible, whereas the
subsequent S — N acyl shift is spontaneous and irreversible. Thus, the reaction is
driven to form a native amide bond specifically at the ligation site, even in the
presence of unprotected internal cysteine residues (Scheme 9a). A number of
refinements and extensions in ligation methodology and strategy have been devel-
oped (for a recent review see [46]).

The scope of application of NCL was significantly widened upon introduction of
the approach referred to as expressed protein ligation (EPL) from the Muir labora-
tory [82, 83]. With EPL, both fragments containing C-terminal thioester and
N-terminal cysteine, respectively, can be produced recombinantly (Scheme 9b).
EPL emerged as a result of the advances in self-cleavable affinity tags for recom-
binant protein purification using intein chemistry. Inteins are protein insertion
sequences flanked by host protein sequences (N- and C-exteins) and are eventually
removed by a posttranslational process termed protein splicing. By means of a
C-terminal Asp to Ala substitution on the intein to prevent the formation or
breakdown of the branched intermediate, the protein can be trapped in an equilib-
rium between the thioester and the amide form. The engineered intein can then be
cleaved by treatment with thiol reagents (such as 2-mercapoethanesulfonate,
MESNA) via an intermolecular transthioesterification reaction, generating a recom-
binant protein thioester 33 which is ready to undergo NCL with a synthetic peptide
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34 containing N-terminal cysteine. Until now, the EPL has been widely applied to
produce proteins with post-translational modifications [84, 85].

The EPL approach requires a cysteine residue at the ligation site. Because
cysteine is the second least common of the 20 amino acids in proteins, many
proteins do not have a native cysteine residue. Even if the protein contains cysteine,
it may not be a suitable ligation site. A simple solution is that a mutation to cysteine
at the ligation site could be introduced in the ligated protein. Several issues
concerning the choice of the ligation site should be considered. First, introduction
of a mutation to Cys at the ligation site should minimally interfere with protein
activity and function. Second, the synthetic C-terminal peptide length should be
short to reduce the synthetic effort and the risk of protein folding. If a cysteine
mutation is not tolerated, it is possible to perform the ligation reactions with an
amino acid other than Cys or to convert Cys chemically to other amino acids or
analogues [46].

Prenylated Rab proteins have been produced using the EPL approach
(Scheme 10a) [29, 54, 75, 86, 87]. Rab proteins were expressed in Escherichia
coli with a C-terminal fusion to an engineered intein, followed by a purification tag,
chitin-binding domain (CBD). The Rab-intein-CBD fusion protein on the chitin
beads was treated with MESNA to release Rab-thioester protein 36, which is
amenable for native chemical ligation with mono- or diprenylated peptides. After
ligation, the protein either remained in solution or precipitated, depending on the
ligation conditions, such as detergent and salt concentration. Washing of the
ligation mixture with organic solvents led to extraction of the peptide and detergent
to the organic phase and precipitation of protein. The protein pellet was dissolved in
6 M guanidinium chloride and was then refolded by stepwise dilution into the
buffer containing CHAPS. The approach yielded correctly folded prenylated Rab
proteins 38.

Farnesylated Rheb (41) and K-Ras4B (44) methyl ester were obtained by EPL
(Scheme 10b, ¢) [61]. Because of the presence of CTAB in the ligation reaction of
Rheb, an extraction with organic solvent and subsequent refolding was required
(Scheme 10b). In contrast, the C-terminal polybasic amino acid sequence of
K-Ras4B mediates solubilisation of farnesylated peptide and protein. Thus, ligation
of the peptide 43 with K-Ras4B thioester 42 was carried out in buffer without any
detergent. Denaturation and refolding were not needed for the synthesis of
farnesylated K-Ras4B.

Many other examples of lipidated proteins generated via EPL include PrP™'™ 47
[76, 79], GFP-PE 50 [63], GPI-anchored proteins 53 [74, 88] and GPI-anchored PrP
56 [89] (Scheme 10). Bertozzi and co-workers prepared a series of GPI-protein
analogues bearing different anchor structures to dissect the structure-function
relationship of GPI-proteins (see the discussion in Sect. 4.5). After ligation of
cysteine-bearing GPI analogues 52 with GFP-thioester 51, the resulting
GPI-anchored proteins 53 were extracted by 12% Triton X-114 at 37°C
(Scheme 10f) [74, 88]. Seeberger and co-workers reported a synthetic strategy for
the preparation of homogeneous GPI-anchored prion protein 56 by a similar
strategy (Scheme 10g) [89]. Access to the GPI anchor 55 relies on the incorporation
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of the cysteine residue into the GPI backbone before global deprotection and on the
judicious selection of protecting groups.

A highly effective catalyst for native chemical ligation, (4-carboxymethyl)
thiophenol (MPAA), was used in the EPL of LC3-PE protein (Scheme 11)
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[90]. In the poly-Arg solubilisation strategy, the ligation of lipidated hexapeptide 62
with LC3'"'“_thioester 61 was performed under denaturing conditions. After
cleavage of the ploy-Arg tag by UV irradiation, the lipidated protein LC3-PE 60
was purified by HPLC and subsequently refolded by pulse dilution into refolding
buffer [64]. In the MBP solubilisation strategy, the reaction of lipidated
hexapeptide 58 with MBP-LC3'™''"“-thioester 57 was performed under folding
conditions [62]. The MBP tag was removed by proteolytic cleavage with TEV
protease, followed by the amylose affinity chromatography.

3.3 MIC Ligation

The chemoselective Michael addition of sulthydryl group to the maleimido group is
a well-known conjugation reaction under neutral pH, which has been commonly
used for the coupling of fluorophores to proteins with surface-exposed cysteine
residues. The reaction was used to conjugate a maleimidocaproyl (MIC) peptide to
a C-terminally truncated Ras protein bearing a C-terminal cysteine (Scheme 12).
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Chemical synthesis allows for the incorporation of various types of lipids together
with reporter groups required for biological studies, such as fluorophores, photo-
activatable groups, different kinds of lipid groups, and nonhydrolysable palmitoyl
thioester analogues. The modular nature of this approach also offers more oppor-
tunity for introducing additional non-natural building blocks. Although the site
selectivity of the reaction is limited when more than one cysteine is present,
structures of N-Ras and H-Ras suggest that the cysteine residues in the GTPase
domain are buried in the fold and therefore are not easily accessible. C-terminally
truncated N-Ras or H-Ras protein with a C-terminal cysteine introduced at position
181 was expressed in E. coli. The exposure of the C-terminal cysteine makes the
ligation reaction fast and selective. The ratio of peptide to protein has to be limited
and generally should not exceed 3:1 to prevent nonspecific reaction with internal
cysteine residues. The MIC ligation was performed in the presence of Triton
X-114 at 4°C. The ligated product was subject to extraction by 11% Triton
X-114 at 37°C. Scheme 12 shows the preparation of a collection of semisynthetic H,
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N-Ras proteins 63 with different modifications using the MIC ligation approach
[78, 86, 91-93].

To understand the function of sterol anchors, fluorescently labelled
heptapeptides 65a and 65b bearing sterol moieties were attached to the
N-RasG12V(1-181) 64, yielding the sterol-modified proteins 66a, b (Scheme 12c¢).
N-Ras was chosen as the protein moiety because this system offers the possibility to
evaluate the membrane binding of different membrane anchors in cells [65].

3.4 Diels-Alder Ligation

The Diels—Alder reaction is a highly selective and fast transformation and can
proceed in aqueous solution. Its compatibility with biomolecules has been explored
elegantly in the bioconjugation and/or immobilization of oligonucleotides and other
biomolecules. Wladmann and co-works reported the development of the Diels—
Alder cycloaddition as chemoselective ligation of peptides and proteins under mild
conditions [94, 95]. This approach was successfully implemented by employing the
Rab7 protein as a representative biologically relevant example. The peptide fea-
tures a Cys residue at its N-terminus and a 2,4-hexadienyl ester at its C-terminus
(Scheme 13). The Rab7-thioester 67 was ligated with the dienyl peptide 68 via EPL.
To avoid undesired modification of the thiol group in the subsequent reaction with
the maleimide, the accessible cysteine side chains were protected as disulfides by
treatment with Ellmann’s reagent immediately after the ligation reaction. The
resulting protein dienyl ester 70 was ligated with the lipidated peptide 71 containing
a maleimido group at the N-terminus to afford lipidated protein 72. This strategy is
suitable for the incorporation of BODIPY fluorophore which is unstable under the
conditions of EPL [94, 95].

3.5 Click Ligation

Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction, also referred to as the
“click reaction”, is widely employed in protein/peptide modifications [96]. The
click reaction was applied to the synthesis of geranylgeranylated Rabl and Rab7
proteins [73]. There are several advantages to using click chemistry: first, the 1,2,3-
triazole formed has only a low steric demand and is also regarded as a peptide-bond
mimetic linker; second, the reaction proceeds quickly and selectively under neutral
pH conditions at room temperature. The incorporation of the azide-modified cys-
teine, CysN3, into the Rab protein by EPL is quantitative and efficient, in contrast to
the EPL of prenylated peptides. The alkyne-containing peptides 75 were then
coupled to the proteins with an azide 74 through the click reaction (Scheme 14).
The ligation is fast and quantitative, which makes the purification of the ligated
protein highly facile.
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palmitoylated, and farnesylated Ras protein

3.6 Sortase-Mediated Protein Ligation

Sortase A (SrtA) is a transpeptidase from the Gram-positive bacterium Staphylo-
coccus aureus. It catalyses attachment of proteins with an LPXTG motif to the cell
wall. The motif is cleaved by SrtA at threonine residue, leading to formation of a
thioester intermediate at the active centre cysteine of SrtA. A nucleophilic attack by
the favoured a-amino group of the pentaglycine unit of peptidoglycan on the cell
wall results in formation of a new peptide bond (Scheme 15a) [97, 98]. The LPXTG
motif has been successfully transposed onto unstructured regions of other proteins
to generate new sortase substrates. Protein substrates require only a five amino acid
extension (LPETG), a modest insertion which is not expected to impede the
function of most proteins and should also have minimal impact on the expression
yield of these polypeptides (Scheme 15a). Recently, Ploegh and co-workers have
developed a strategy using sortase-mediated transpeptidation as a means to install
lipid modifications onto protein substrates in a site-specific fashion (Scheme 15b)
[77]. The ligation of lipid-modified triglycine 78 and model protein eGFP 77
was successfully performed in the buffer with 150 pM SrtA and 1% detergent
(B-octylglucoside, DDM or deoxycholate). The His tag present on both the sortase
and the C-terminus of eGFP substrate provided a convenient way for purification
of the transpeptidation product 79 by Ni-NTA chromatography. The attachment
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of a range of hydrophobic modifications to eGFP was achieved in excellent yields
(60-90%).

Another example of lipidated proteins successfully generated by sortase
transpeptidation is lipidated K-Ras4B (Scheme 15¢) [99]. The farnesyl group was
attached to the cysteine of C-terminal K-Ras4B peptide via the sulfo-SMCC
heterobifunctional crosslinker. The lipopeptide 81 bearing an N-terminal glycine
was ligated to the K-Ras4B protein with an LPETG motif 80 in the presence of
70 pM SrtA and 1% (w/v) n-dodecylmaltoside (DDM).

Recently, Guo and co-workers reported sortase-mediated chemoenzymatic syn-
thesis of a GPI-anchored protein [100]. The GPI anchor 84 featuring the common
glycan core, a lipid and an additional double glycine unit was coupled to the model
protein GFP 83 by SrtA (Scheme 15d). This work has demonstrated that SrtA could
accept a complex GPI anchor, suggesting that SrtA-mediated protein ligation is a
versatile approach for protein synthesis.
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4 Chemical Biology of Lipidated Protein

Protein crystallization, NMR, FTIR and AFM studies usually required large quan-
tities of homogeneous proteins. Chemical approaches as shown above allow for
production of reasonable amount of lipid modified proteins with well-defined
structures as well as incorporation of reporter groups into proteins. These strategies
have profoundly facilitated the structural, biophysical and cellular studies of the
function of lipidated proteins. Some examples are discussed in this section.

4.1 Cell Biological Studies of S-Palmitoylation Cycle of Ras
GTPases

Ras GTPases signalling is spatially organized by its specific intracellular localiza-
tion on membranes or microdomains. Three isoforms of Ras protein (H-, N- and
K-Ras) share a common C-terminal S-farnesylcysteine carboxymethyl ester, while
N- and H-Ras have one and two adjacent S-palmitoylcysteine residues, respec-
tively, and K-Ras has a polylysine cluster at the C-terminus. The three isoforms of
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Ras protein take different intracellular trafficking modes because of different
lipidated patterns. To elucidate how the S-palmitoylation cycle regulates the local-
ization of N- or H-Ras, semi-synthetic lipidated N or H-Ras proteins with natural
and unnatural lipidated patterns are required (Scheme 12b, Fig. 1a). Hexadecyl
(HD) group is introduced as a non-cleavable palmitoyl (Pal) analogue, and a serine
substitution of cysteine provides a non-palmitoylatable form. p-Cysteine and
B-peptidomimetics are employed to study the specificity of palmitoylation
enzymes. Bastiaens and co-workers investigated the retrograde trafficking of Ras
from the PM to the Golgi apparatus in Madin—Darby canine kidney (MDCK) cells
using the fluorescence recovery after photobleaching (FRAP) technique
[18]. N-Ras(PalFar) and N-Ras(HDFar) were microinjected into the MDCK cells,
respectively. The measurements clearly showed that PalFar protein localized nor-
mally to PM and the Golgi and displayed a similar fluorescence recovery kinetics at
the Golgi to the wild type N-Ras. In contrast, HDFar protein localized
unspecifically to the entire membrane system and did not display restricted Golgi
or PM localization. Specific fluorescence recovery at the Golgi was not apparently
observed in FRAP experiments (Fig. 1b). These findings suggest that retrograde
PM-Golgi trafficking of H-Ras and N-Ras is mediated by de/repalmitoylation
activities acting on Ras in different subcellular localizations.

To elucidate the site and kinetics of Ras palmitoylation, CysFar, a substrate for
palmitoylation resembling the depalmitoylated N-Ras, was microinjected into the
cell. A rapid accumulation of CysFar at the Golgi with a ¢, of 14 s was observed,
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Fig. 1 (a) Semisynthetic N-Ras proteins with various C-terminal structures. (b) Cellular distri-
bution and FRAP measurements of Cy5-N-Ras-PalFar and Cy5-N-Ras-HDFar at the Golgi. GalT
is a Golgi marker
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followed by PM localization at later time points, suggesting that the palmitoylated
CysFar exits Golgi via the secretory pathway. In contrast, SerFar, a protein which
cannot be palmitoylated, nonspecifically distributed over endomembranes. FRAP
measurements showed that CysFar fluorescence recovery at the Golgi is 13-fold
slower than SerFar, suggesting a stable membrane association because of
palmitoylation. These results led to the conclusion that prenylated Ras is further
palmitoylated at the Golgi apparatus within seconds [20]. Depalmitoylation was
accessed by using PalFar, a substrate for depalmitoylation, and HDFar with a
non-cleavable palmitoyl analogue. PalFar rapidly accumulated on the Golgi shortly
after microinjection, whereas HDFar distributed all over the cell. PalFar is
depalmitoylated before reaching Golgi, which is derived from the similar recovery
kinetics of PalFar at the Golgi to CysFar. These experiments show that N-Ras is
depalmitoylated everywhere in the cell on a time scale of seconds. Furthermore, to
study the substrate specificity of the palmitoylation machinery, p-CysFar and
B-CysFar (Fig. 1a) proteins were evaluated. Both proteins are rapidly trapped on
the Golgi by palmitoylation with kinetics similar to CysFar. The results imply that
no consensus sequence is involved in cellular palmitoylation and that there is no
essential requirement for the de/repalmitoylation machinery to recognize any
structure on the substrate other than the target cysteine side chain [20]. These
studies reveal that the palmitoylation cycle plays a key role in Ras intracellular
localization and translocation, thereby controlling Ras activity in different organ-
elles (Scheme 16).
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4.2 Biophysical Studies of Lipidated Ras GTPases

The lipidation of Ras plays a vital role in regulating the protein localization and
function. The association with different membrane microenvironments, such as
lipid rafts, is believed to regulate Ras signalling further. Lipid rafts can serve as
“signalling platforms” involved in transducing extracellular stimuli into the cell. To
investigate how the farnesylated and palmitoylated Ras proteins localize to differ-
ent membrane microdomains, the fully lipidated Ras proteins are required. The
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) labelled and dual lipidated
[hexadecylated (HD) as a nonhydrolysable palmitoyl group analogue and
farnesylated (Far)] N-Ras protein was obtained by MIC ligation (Scheme 12b).
The heterogeneous lipid bilayer systems were generated by 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC), bovine sphingomyelin (BSM) and cholesterol.
The liquid ordered (/,) domain, liquid disordered (/4) phase, and gel or solid ordered
(s,) phase were controlled by different ratio of POPC/BSM/cholesterol mixture
[101]. Winter and co-workers elucidated the interaction between lipidated Ras
protein and membrane and investigated the distribution of Ras proteins in mem-
brane microenvironments using two-photon fluorescence microscopy on giant
unilamellar vesicles (GUVs) and tapping mode atomic force microscopy (AFM)
[102]. The result of time-dependent partitioning of lipidated N-Ras in the different
domains of GUVs indicates that the phase sequence of preferential binding of
N-Ras to mixed-domain lipid vesicles is Iq > [, > s,.

Moreover, a series of N-Ras proteins with different lipid patterns (N-Ras
Far/Far, N-Ras HD/Far, N-Ras HD/HD, N-Ras Far) and farnesylated K-Ras4B
were prepared (Schemes 10c and 12b). By using time-lapse tapping-mode AFM,
the partitioning of these N-Ras proteins to various membrane microenvironments
are able to be detected. The results showed that GDP-bound N-Ras proteins bearing
at least one farnesyl anchor (N-Ras Far/Far, N-Ras HD/Far, N-Ras Far) display
comparable membrane partitioning behaviour and show diffusion of the protein
into the /,/l; phase boundary region, suggesting that the bulky and rigid farnesyl
anchor is responsible for the clustering of N-Ras proteins in the interfacial regions
of membrane domains, thus leading to a decrease of the line energy (tension)
between domains (Fig. 2) [103]. In contrast to N-Ras, farnesylated K-Ras4B
induces formation of new protein-containing fluid domains within the bulk fluid
phase (l3) and is believed to recruit multivalent acidic lipids by an effective,
electrostatic lipid sorting mechanism. Furthermore, the GDP-GTP exchange and
thereby K-Ras4B activation leads to changes in G-domain orientation and a stron-
ger enrichment of activated K-Ras4B in the signalling platform [104].

The lipidated Ras proteins were further studied under some extreme environ-
mental conditions by monitoring the chemical or physical signal. For instance,
pressure modulation has been applied in combination with FTIR spectroscopy to
reveal equilibria between spectroscopically resolved conformations of the lipidated
N-Ras. The measurements showed that increased pressure shifts the conformational
equilibrium toward the more open and solvent exposed state 1, which is involved in
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Fig. 2 (a) AFM images of the time-dependent partitioning of GDP-bound N-Ras Far/Far, N-Ras
HD/Far, and N-Ras HD/HD into lipid bilayers consisting of DOPC/DPPC/Chol 1:2:1. (b) AFM
images of the time-dependent partitioning of GDP- and GTP-bound K-Ras4B into lipid bilayers
consisting of DOPC/DOPG/DPPC/DPPG/Chol 20:5:45:5:25. (¢) Schematic model for N- and
K-Ras localization in heterogeneous model biomembranes with liquid-disordered (l5) and
liquid-ordered (1,) domains

more effective interaction with GEFs. Moreover, upon membrane interaction, high
pressure induces the otherwise lowly populated state 3, which is accompanied by
structural reorientations of the G domain at the lipid interface. These findings
suggest that the membrane is involved in modulating Ras conformations, thereby
regulating its effector and modulator interactions [105].

4.3 Structural Studies of Prenylated Rheb GTPases

Ras homologue enriched in brain (Rheb) protein is a key regulator of the mamma-
lian target of rapamycin complex 1 (mTORC1) signalling pathway, involved in
regulating cell growth, metabolism and proliferation. Similar to Ras protein, Rheb
is S-farnesylated and methylated at its C terminal cysteine. S-Farnesylated Rheb
(here referred to as F-Rheb) was generated by a combination of EPL and
lipopeptide synthesis (Scheme 10b) [61], facilitating preparation of F-Rheb:PDES
complex for crystallization. PDES was initially identified as a fourth subunit of
rod-specific cGMP phosphodiesterase, PDE6. Wittinghofer and co-workers showed
that PDES can bind and solubilize prenylated Ras, Rheb, Rho6 and Gay;; [106]. The
structural studies of F-Rheb:PDES complex provide insights into the function of
PDES as a GDI-like solubilizing factor involved in the transport of farnesylated
small GTPases [107].

As shown in Fig. 3, PDES interacts with F-Rheb-GDP with a total buried surface
area of 2,142 A2, Rheb C-terminal residues 177-181 contact PDES via main-chain
atoms with a buried surface area of 1,007 A% which involves a PDES flexible loop
(residues111-117). This flexible loop is invisible in the crystal structure of PDES in
complex with Arl2, suggesting it can adopt different conformations (Fig. 3a). The
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Fig. 3 Structure analysis of F-Rheb:PDE®J. (a) Ribbon representation of F-Rheb in cyan, with the
farnesyl group in blue, in complex with PDES in green (PDB code 3T5G). GDP bound to Rheb is
shown in ball-and-stick representation. (b) Residues forming the hydrophobic pocket of PDES are
shown in green. The farnesyl group is shown in blue (PDB code 3T5I). (¢) Superimposition of
PDES in cyan on RhoGDI in green (PDB code 1DOA) with the RhoGDI regulatory arm marked by
red dashed circle, the PDES-bound farnesyl in blue and the RhoGDI-bound geranylgeranyl group
in gold. (d) Superimposition of F-Rheb:PDES as shown in a on the PDES:Arl2-GTP complex
(PDB code 1KSJ) with PDES in orange and Arl2 in gray. (e, f) The lipid binding pockets of F-
Rheb-bound PDES (open conformation) and Arl2-bound PGES (closed conformation)

main-chain interactions together with the flexibility of this loop support the notion
of broad specificity of PDES. Several hydrophobic residues constitute the hydro-
phobic pocket for binding farnesyl moiety (Fig. 3b).

In contrast to RhoGDI, which features a “regulatory arm” by which it contacts
Rho switch regions (Fig. 3c), there is no interaction between PDES and the switch
regions of the Rheb. Moreover, the last three C-terminal residues of Rheb together
with the farnesyl group penetrate much more deeply into the hydrophobic pocket of
PDES, suggesting the interaction occurs mainly through the farnesylated
C-terminus (Fig. 3c). These findings explain the nucleotide-independent binding
of G proteins to PDES [106, 108]. PDES binds to Arl2 and Arl3 GTPases in a
GTP-dependent manner [106, 109, 110] (Fig. 3d). Upon binding to Arl2-GTP,
residues in the hydrophobic pocket, Met20, Ile129 and Phe94, are shifted toward
the inside, leading to a clash with the farnesyl group (Fig. 3e). The conformation of
PDES switches between the Arl2-bound closed conformation and the F-Rheb-
bound open conformation (Fig. 3f). The fluorescence polarization measurements
demonstrated that Arl2-GTP disrupts F-Rheb:PDES complex in a nucleotide-
dependent manner by forming a low-affinity, rapidly dissociating ternary complex.
Fluorescence lifetime imaging microscopy (FLIM) measurements also suggested
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that Arl2 releases Rheb or N-Ras from PDES in cells. Therefore, Arl2 and Arl3
function as GDI-like displacement factors (GDFs), which allosterically regulate the
release of farnesylated G proteins from PDES.

4.4 Thermodynamic Basis of Rab GTPases Membrane
Targeting

Rab GTPases with more than 60 members in humans consist of the largest subgroup
of Ras superfamily. Rab GTPases regulate vesicular transport through a spatiotem-
porally controlled GTPase cycle and their distinct membrane localization in cells.
Cycling between the cytosol and membranes is an essential feature of the mode of
action of Rabs, made possible by reversible interaction with GDP dissociation
inhibitor (GDI), which can solubilize the geranylgeranylated Rab molecules in
the cytosol. Membrane-bound GDI displacement factors (GDFs) were proposed
to disrupt GDI:Rab complexes, leading to insertion of the prenylated Rab into the
membrane in the GDP form and release of GDI into the cytosol (Scheme 17b).
Since GDI is a generic regulator (only two isoforms in humans and one isoform in
yeast known to date) for prenylated Rab proteins and only one GDF (Pral in
humans and Yip3 in the yeast) with promiscuous activity on several different Rab
proteins has been identified so far, it has been a perplexing question as to how
individual Rabs are targeted to their cognitive membrane compartments
specifically.

Elucidation of the thermodynamic basis of Rab membrane targeting requires
analysis of interaction between prenylated Rab proteins (GDP/GTP-bound) and
REP/GDI. Such analysis is made possible by generation of fluorescent labelled
prenylated Rab proteins (Scheme 10a) [30, 54]. A series of Rab7-based protein
probes with one or two isoprenyl moieties and fluorophores on the lipid moiety or
the lysine side chain were prepared using the EPL technique. The semisynthetic
method enables precise installation of GDP/GTP into Rab proteins to generate the
“off” and “on” states, yielding for the first time homogeneous preparations of
functionalized prenylated proteins in a well-defined nucleotide bound state [87].

Thermodynamic and kinetic analysis of the interaction of prenylated Rab pro-
teins with regulatory factors provides insights into the mechanism of Rab mem-
brane targeting. For example, Rab7A6CK(NBD)SCSC(G)-OMe (Rab7NBD-G)
displays a four- to fivefold fluorescence enhancement upon binding to REP-1 or
GDI-1. This signal change was used to perform fluorescence titration experiments
to determine Ky values (Fig. 4a) [87]. These measurements indicated that replace-
ment of GDP with GTP analog GppNHp leads to a reduction of the affinity of
prenylated Rab proteins for their regulators REP-1 and GDI-1 by at least ca. three
orders of magnitude. In the case of GTPase interaction with effector proteins, the
affinity increases by several orders of magnitude on substitution of GDP by GTP.
These reciprocal relationships are essential features of the Rab cycle, in which
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nucleotide exchange coordinates membrane delivery, effector interactions and
retrieval of Rabs from membranes.

To study the relationship further between nucleotide exchange and Rab targeting
to membranes, a RabGEF from Legionella pneumophila (DrrA) was used in
investigating the effect of GEFs on the Rab:GDI complex. Kinetics of the complex
interaction was monitored by a fluorescence change of Rabl-NBD-farnesyl (Rab1-
NF) (Fig. 4b). DrrA-mediated exchange for GTP or GDP resulted in loss or
recovery, respectively, of the Rab binding to GDI. These measurements suggest
GEF activity is sufficient to disrupt Rab:GDI complex and could lead to membrane
insertion.

As shown in this study, after the Rab extraction (Scheme 17a), GEF-mediated
exchange of GDP for GTP dramatically reduces the affinity of Rabs to GDI and
leads to an essentially irreversible dissociation of GDI. GEF-mediated nucleotide
exchange plays a key role in providing the free energy to drive this process. The
results obtained with DrrA suggest that GEF activity is necessary and sufficient to
displace GDI (Scheme 17c), but the dissociation of the Rab:GDI complex is rate-
limiting in this process (Scheme 17d). Therefore, GTP/GDP exchange catalyzed by
a membrane-specific GEF is the thermodynamic determinant for the delivery to and
stabilization of Rab on a particular membrane or membrane domain.

4.5 Biological Function of GPI-Anchors

Although many types of GPI-anchored proteins have been identified, the biological
functions of the GPI anchor have yet to be elucidated at a molecular level.
However, the structure-function relationship of GPI-anchor is difficult to study
because of the heterogeneity and limited quantities of GPI-anchors from natural
sources. Chemical synthesis of a series of GPI-protein analogues profoundly facil-
itates understanding the contribution of glycan components to the behaviour of
GPI-proteins on the membrane. Bertozzi and co-workers generated fully modified
GPI-anchored green fluorescent protein (GFP), which mimics the three domains of
native GPI anchor (Fig. 5, Scheme 10f). The proteins were incorporated into
supported lipid bilayers or loaded on the cell surface, and were analysed using
fluorescence correlation spectroscopy (FCS) [74].

Native GPI-anchored proteins diffuse more rapidly in supported lipid bilayers
than transmembrane proteins, presumably because the lipid tail of the GPI anchor
does not extend completely through the lipid bilayer [111]. To investigate the
relationship of GPI-anchor structure to the mobility on the membrane, the glycan
core of GPI anchor was substituted with no (87), one (88) or two mannosyl units
(89). These GPI anchored protein analogues were incorporated into supported lipid
bilayers. The diffusion properties of GFP-2, GFP-3 and GFP-4 in supported lipid
bilayers were investigated by FCS. From these FCS measurements, the character-
istic correlation times (zp) and the diffusion coefficient (D), a physical measure of
protein mobility, were obtained. GFP-4, which contains two monosaccharides in
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Scheme 17 Models of modulation of Rab recycling and targeting of Rabs to membranes by the
state of bound nucleotide. (a) The minimal model of Rab extraction. (b) GDF allosterically
regulates GDI dissociation, followed by membrane attachment and GEF-mediated nucleotide
exchange. (c, d) In the other models for GEF-mediated insertion, either there is direct interaction
of GEF with the Rab:GDI complex, leading to (c¢) nucleotide exchange and Rab dissociation, or (d)
spontaneous dissociation is rendered effectively irreversible by GEF activity and membrane
attachment
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Fig. 5 Structures of native GPI-anchor (86) and GPI-anchor analogues (87), (88), and (89). These
structures contain three domains of GDI-anchor: (1) a phosphoethanolamine linker (red), (2) the
common glycan core (black) and (3) a phospholipid tail (blue). R is a GPI anchor side chain, such
as galactose or phosphoethanolamine. The GPI-analogues were attached to GFP protein by EPL to
produce GFP-2 (87), GFP-3 (88), GFP-4 (89)

the GPI anchor, diffused more rapidly than GFP-2 or GFP-3, which contains no or
one monosaccharide residues, respectively (Fig. 6a, b). Moreover, the results also
indicated that a protein attached to a native GPI anchor 86, which contains four
monosaccharide moieties, may move even more rapidly through the lipid bilayer.

For further elucidation of biological function of GPI anchor, the behaviour of
those GPI anchor analogues together with the native GPI anchor was accessed in
living cells. Transiently expressed native GPI-anchored protein, decay-accelerating
factor (DAF) or the folate receptor (FR), GFP-2, GFP-3 or GFP-4 was tested on
HeLa cell surface. FCS analysis revealed a correlation between the structure of the
glycan core and lateral mobility in the cell membrane (Fig. 6¢c, d). GFP-2 displayed
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Fig. 6 Measurements of mobility by FCS. (a, b) The mobilities of GFP-2, GFP-3 and GFP-4 in a
supported lipid bilayers. (¢ ,d) The mobilities of native GPI-anchored proteins GFP-GDI (DAF),
GFP-GDI (FR) and GPI analogues GFP-2, GFP-3 and GFP-4 on HeLa cell surface

significant lower diffusion kinetics than GFP-3, GFP-4 and the native GFP-GPIs.
GFP-3 and GFP-4 also appeared to diffuse more slowly than the native GPI
proteins. GFP-2 contains a highly flexible linker connecting to the lipid anchor.
The flexible linker might permit a great movement of the protein attached. Thus, the
protein may be allowed to engage in contacts with both lipid bilayer and other cell
surface proteins, leading to the decrease of the mobility on the cell surface. The
sugar units may rigidify the native GPI anchor so as to limit the interaction of the
attached protein with the membrane, resulting in the increase of the mobility.
Therefore, the GPI anchor is not only a membrane anchor, but also serves to prevent
transient interactions of the attached protein with the lipid bilayer, thus permitting
rapid diffusion in the membrane [74, 88].

4.6 Function of LC3-PE in Autophagosome Formation

Phosphatidylethanolaminylated LC3 family proteins (LC3-PE) are required for the
elongation of autophagosomal precursors. However, the function of LC3-PE in
promoting membrane tethering and hemifusion is controversial. Using in vitro
reconstitution of Atg8 (LC3 in yeast) ubiquitin-like system, conjugation of yeast
Atg8 to liposomes containing high concentrations (55%) of PE has been shown to
promote the tethering and hemifusion of liposomes. Crosslinking of LC3 to lipo-
somes through maleimide-coupling strategy induces membrane tethering and
fusion. However, recent studies using both the reconstitution system and the
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Fig. 7 Membrane tethering and fusion meditated by the semisynthetic MBP-LC3-PE protein
in vitro. (a) A schematic view of LC3-PE-mediated liposomal hemifusion. (b) LC3-PE induces
membrane tethering in a dose-dependent manner. (¢) LC3-PE induces membrane fusion in a dose-
dependent manner

maleimide-coupling strategy suggested that Atg8-PE/LC3-PE is unable to drive
membrane fusion in the presence of physiological concentrations of PE (30%).
Therefore, it is of great importance to be able to produce lipidated LC3 protein to
study the role of LC3 in autophagosome formation. However, it is challenging to
generate lipidated LC3 protein by reconstituting the LC3-PE conjugation reaction
in vitro with purified protein components, because of the difficulties in recombinant
production of mammalian proteins involved in the LC3-PE conjugation system.
Wu’s lab and Liu’s lab prepared LC3-PE using a semisynthetic approach
(Scheme 11) [62, 64]. The semisynthetic LC3-PE allows for addressing the
perplexing question on the membrane fusing activity of LC3-PE. MBP-LC3-PE
was used in liposomal assays, since it is soluble in aqueous solution without
detergents (Fig. 7a). The ability of MBP-LC3-PE to promote liposome tethering
and fusion was determined by dynamic light scattering (DLS) and the lipid mixing
assay, respectively [62]. Addition of MBP-LC3-PE to liposomes containing various
concentrations of PE (30% and 55%) induced aggregate formation in a dose-
dependent manner. In contrast, after treatment with catalytic amounts of Atg4B
to cleavage PE, MBP-LC3-PE had no effect on liposome size distribution, in line
with the fact that lipidation of LC3 is essential for membrane association and
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function of LC3 (Fig. 7b). Membrane fusion activity was measured by the lipid
mixing assay, in which fluorescence energy transfer from NBD-labelled lipid to
rhodamine B (Rhod)-labelled lipid is reduced when a labelled liposome fuses with
an unlabelled liposome. A dose-dependent induction of membrane fusion by
MBP-LC3-PE was observed in the presence of 30% PE (Fig. 7c). These findings
clearly demonstrate that LC3-PE mediates membrane tethering and fusion at
physiological concentrations of PE.

5 Conclusions and Perspectives

Chemical approaches are invaluable means for the preparation of homogeneous
lipidated proteins on a scale which permits X-ray crystal structure determination
and many other biophysical studies. Moreover, chemical synthesis allows for
manipulation of the protein structure and incorporation of difference functional
groups into proteins. These strategies make it possible to investigate structure-
function relationships, protein—protein interactions, protein-membrane interac-
tions, intracellular localization and function of lipidated proteins in vitro and in
cells. A combination of chemistry and biology has allowed the study of biological
functions previously not possible through traditional biochemical approaches.

The toolbox of chemoselective methods for protein synthesis and modification
has substantially expanded in the past few years [46, 112—115]. Many of these
reactions proceed under physiological conditions, which are compatible with bio-
logical system. These methods allow for application of powerful synthetic chem-
istry to the modification of proteins. In particular, the recent development of
bioorthogonal and rapid ligation reactions make it possible to label protein in
cells and organisms [116]. In principle, many of these reactions are applicable to
the synthesis of lipidated proteins to improve the yield and reduce the reaction time.
In this sense, chemical ligation of lipidated proteins in cells would also be possible.
In addition to the development of new ligation methods, another important issue for
the synthesis of lipidated proteins is solubilization of lipidated peptides and pro-
teins. Detergents have been shown to be a useful strategy. In some cases, they serve
not only as a solubilizer but also as a catalysis for the ligation. However, detergents
are usually not easily removed, and the presence of detergents could affect protein
function. A high demand remains for assisted solubilisation techniques for the
synthesis of lipidated proteins in a detergent-free manner. It is conceivable that in
future many other lipidated proteins with diverse lipid modifications can be pre-
pared and become essential tools for elucidation of various biological processes.
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Abstract The discovery of novel therapeutics to combat human disease has tradi-
tionally been among the most important goals of research chemists. After a century
of innovation, state-of-the-art chemical protein synthesis is now capable of effi-
ciently assembling proteins of up to several hundred residues in length from
individual amino acids. By virtue of its unique ability to incorporate non-native
structural elements, chemical protein synthesis has been seminal in the recent
development of several novel drug discovery technologies. In this chapter, we
review the key advances in peptide and protein chemistry which have enabled
our current synthetic capabilities. We also discuss the synthesis of p-proteins and
their applications in mirror image phage-display and racemic protein crystallogra-
phy, the synthesis of enzymes for structure-based drug discovery, and the direct
synthesis of homogenous protein pharmaceuticals.
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AAA Amino acid analysis
Acm Acetamidomethyl
BAL Backbone amide linker
BHA Benzhydrylamine

Boc tert-Butyloxycarbonyl group

Bpoc Biphenylisopropoxycarbonyl

Bzl Benzyl

CBD Chitin-binding domain

Cbz Carboxybenzyl or benzyloxycarbonyl

CTC 2-Chlorotrityl chloride

DBU 1,8-Diazabicyclo[5. 4. OJundec-7-ene
DCC N,N'-Dicyclohexylcarbodiimide
DIEA N,N-Diisopropylethylamine

DMF N,N-Dimethylformamide

DMSO  Dimethyl sulfoxide

EPL Expressed protein ligation

EPO Erythropoietin

ESI Electrospray ionization

FAB Fast atom bombardment

Fmoc 9-Fluorenylmethoxycarbonyl group

GCSF Granulocyte-colony stimulating factor

HEPES  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HF Hydrogen fluoride

HIV-PT Human immunodeficiency virus-protease
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HMPA  4-Hydroxymethylphenoxyacetic acid

HMPB  4-Hydroxymethyl-3-methoxyphenoxybutyric acid
HOBt 1-Hydroxylbenzotriazole

HOOBt 3,4-Dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
HPLC High-performance liquid chromatography

ivDde 1-(4,4-Dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl
KCL Kinetically controlled ligation

MALDI Matrix-assisted laser desorption/ionization
MBHA  4-Methylbenzhydrylamine

MESNa  Sodium 2-mercaptoethanesulfonate

MIPD Mirror image phage-display

MPAA  4-Mercaptophenylacetic acid

MS Mass spectrometry

NCL Native chemical ligation

NHS N-Hydroxysuccinimide

NMP N-Methyl-2-pyrrolidone

NMR Nuclear magnetic resonance

PAL Peptide amide linker

PAM 4-Hydroxymethyl-phenylacetamidomethyl

PEG Polyethylene glycol

rDNA Recombinant DNA

RP Reverse-phase

RSV Raus-sarcoma virus

SAR Structure-activity relationship
SPPS Solid-phase peptide synthesis

Bu tert-Butyl

TCEP Tris(2-carboxyethyl)phosphine
TFA Trifluoroacetic acid

TFET Trifluoroethanethiol

Thz 1,3-Thiazolidine-4-carboxylic acid
TPO Thrombopoetin

VEGF Vascular endothelial growth factor

1 Introduction

Proteins constitute a universally essential class of macromolecules which perform a
wide range of specialized functions in living systems. Examples of these functions
include the enzymatic catalysis of metabolic pathways, hormonal signaling in the
endocrine system, and antibody mediated defense in the immune system. Proteins
also perform critical structural roles, for example as the muscle proteins actin and
myosin. The study of protein structure and function is therefore essential to our
understanding of life and the advancement of medicine [1].
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Proteins have traditionally been obtained from their native sources through
extraction and isolation, a method which is inherently limited by the availability
of the source material and low concentration of the target protein. In addition, an
extracted protein of a non-human sequence may be less than ideal for therapeutic
application. Nevertheless, extraction of bovine and porcine pancreatic glands
served as the sole source of insulin for over 60 years, while cadaver pituitary glands
provided the initial source of human growth hormone. Semi-synthesis, typically
accomplished by reverse proteolysis of a native precursor, offered an important
means of primary sequence modification for early protein structure-function studies
and has also been utilized commercially [2]. More recently, de novo methods of
protein production have been developed which are not constrained by availability
of the natural source and, importantly, are not restricted to the native sequence. The
first of these is recombinant DNA (rDNA) technology which utilizes transfected
exogenous genes to express the target protein in a bacterial, yeast, or mammalian
cell. This process has become enormously significant from not only a discovery but
also a commercial perspective as one of the key technologies of the biotechnology
revolution. A number of highly important therapeutic proteins including insulin,
growth hormone, interferon, granulocyte-colony stimulating factor (GCSF) were
the earliest commercial products made possible by this technology.

An additional method, the production of proteins by chemical or total synthesis,
as differentiated from semi-synthesis mentioned above, has emerged as a highly
versatile tool for the study of protein structure and function. The ability to modify
side-chains or portions of the backbone site-specifically, or to introduce isotopically
labeled amino acids and then correlate these with biological activity, represents an
enormous advance in the chemical biology of proteins. In this chapter we have
focused on the impact of this technology on several areas of drug discovery:
enzyme total synthesis, mirror image phage-display, racemic crystallography, and
protein pharmaceutical synthesis.

2 A Brief History of Modern Chemical Protein Synthesis

2.1 Peptide Chemistry in the Early Years, 1880s—1950s

The first formal studies of peptide bond formation can be traced back to 1881, when
Curtius obtained Bz-Gly-Gly through the treatment of glycine silver salt with
benzoyl chloride [3]. A notable later milestone was Fisher’s synthesis of an
octadecapeptide LGGGLGGGLGGGGGGGGG in 1907, where the o-halogen
was utilized as the precursor of a-amine as a means of protection during the peptide
bond formation [4].

It had long been recognized that the efficiency of peptide synthesis could be
dramatically increased with the development of reversible amine protections. This
realization inspired Bergman to modify Fischer’s ethoxycarbonyl function and
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create the versatile carboxybenzyl group (Cbz) in 1932 which maintained a-carbon
chirality during carboxyl activation and could be removed under mild cleavage
conditions [5]. The Cbz group represented a milestone event in the history of
peptide chemistry, and was subsequently widely adopted and utilized in the syn-
thesis of numerous peptides, such as glutathione [6], carnosine [7], and
oxytocin [8].

The acyl azide of Curtius [9, 10] and the acid chloride of Fisher [11]
were the predominant methods of peptide bond formation until 1955 when
Sheehan [12], Khorana [13], and their co-workers introduced the highly effi-
cient N,N’-dicyclohexylcarbodiimide (DCC) coupling reagent. In contrast to the
older reagents, DCC did not require carboxyl group pre-activation, and could be
used in situ. The convenience and efficiency of DCC were quickly recognized and
incorporated into many peptide synthesis protocols.

The introduction of the acid labile tert-butyloxycarbonyl group (Boc) in 1957 by
Carpino [14], Anderson [15], and McKay and Albertson [16] marked the next
breakthrough in peptide synthesis. The Boc group remains intact during hydroge-
nation and under conditions of the Birch reduction [17], and therefore represents
complete orthogonality to Cbz and other benzyl-based groups. Its use in combina-
tion with Cbz greatly enhanced the flexibility of earlier protecting group schemes,
illustrated by the synthesis of 39-mer f-corticotropin adrenocorticotrophic hormone
(ACTH) by Schwyzer and Sieber in 1963 [18].

2.2 Solid-Phase Peptide Synthesis (SPPS), 1960s—1980s

Growing interest in peptide hormones together with the dramatic progress in
protecting groups and coupling reagents in the 1950s set the stage for perhaps the
most significant advance in peptide chemistry to date, the realization of Merrifield’s
ingenious concept of solid-phase peptide synthesis (SPPS) in 1963 [19]. The
procedure was initiated with attachment of the a-carboxyl of the C-terminal residue
to a polymer support via an ester bond, followed by elongation through a repetitive
process of coupling and deprotection of carbamate-protected a-amino acids. The
Boc/Bzl protecting group scheme, DCC activation, and HF resin cleavage/global
deprotection were found to be highly compatible with the SPPS protocol and the
technique was quickly adopted [20]. Merrifield’s SPPS inarguably revolutionized
the efficiency of peptide chemistry, shortening many syntheses from years to days.
Automation, a unique and highly advantageous feature of SPPS, was first demon-
strated in 1968 in Merrifield’s lab with commercial peptide synthesizers becoming
available by the 1980s. The impact of SPPS was recognized by the award of the
1984 Nobel Prize in Chemistry to R. B. Merrifield. It should be recalled that a
nearly simultaneous report by Letsinger and Kornet proposed an alternative solid-
phase approach which relied on anchoring of the a-amino group of the N-terminal
residue and elongation in the N-to-C direction [21]. Activation of the C-terminal
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carboxyl group of the resin-bound peptide, however, was accompanied by signif-
icant levels of epimerization, which discouraged the development of this method.

The 1970s brought numerous advances, many of which served to improve
further the performance and convenience of SPPS. The use of DCC, despite the
excellent reactivity of the O-acyl iso-urea intermediate, was associated with various
side reactions, including the rearrangement to an unreactive N-acyl urea and the
loss of a-chiral integrity. The introduction of 1-hydroxylbenzotriazole (HOBt) as a
DCC coupling additive by Konig and Geiger in 1970 dramatically improved
reaction efficiency [22]. Possessing a similar acidity as acetic acid, HOBt pro-
tonates the basic center in the DCC-generated O-acyl iso-urea intermediate and
therefore prevents the racemization of the activated residue. It also prohibits the
unreactive N-acyl urea formation by converting the over-activated O-acyl iso-urea
to the less but still sufficiently reactive HOBt ester.

The need for successful base-labile a-amino group protection was met by the
introduction of the 9-fluorenylmethoxycarbonyl group (Fmoc) by Carpino and Han
in 1970 [23, 24]. The Fmoc group is completely orthogonal to the ferz-butyl-based
protecting groups and can easily be removed through f-elimination initiated by
bases such as piperidine [25]. These features have led to the adoption of Fmoc/fBu
as an important alternative to the classic Boc/Bzl. More recently, the concerns
about the use of HF and its incompatibility with phospho- and glycopeptides have
made Fmoc/fBu-SPPS generally more preferable to the Boc/Bzl-SPPS.

The 1970s and 1980s witnessed development of a number of solid-phase linkers,
an area which had progressed dramatically since the days of chloromethylpo-
lystyrene (Merrifield resin) (Fig. 1) [26]. These include the 4-hydroxymethyl-
phenylacetamidomethyl resin (PAM resin) introduced by Merrifield and Mitchell
to improve stability under prolonged TFA exposure [27], and the benzhydrylamine
(BHA) linker of Pieta and Marshall [28], devised to simplify the synthesis of
C-terminal carboxamides, a feature of many biologically active peptides. Stewart
and Matsueda further modified the BHA linker for optimal balance between TFA
stability and HF cleavage efficiency, resulting in the 4-methylbenzhydrylamine
resin (MBHA resin) [29]. Since then, PAM and MBHA have been the standard
linkers for Boc-SPPS for peptides with C-terminal acids and amides, respectively.

The introduction of the Fmoc group in 1970 prompted the design of more acid-
sensitive linkers which can be cleaved in TFA. This was generally accomplished
through the addition of electron-donating substituents to the benzyl or benzhydryl
linkers employed in Boc chemistry. Examples include the Wang [30] and
4-hydroxymethylphenoxyacetic acid resins (HMPA resin) [31, 32], which can
both be effectively cleaved in 95% TFA, as well as the more acid labile
4-hydroxymethyl-3-methoxyphenoxybutyric acid resin (HMPB resin) (Fig. 1)
[33]. Fmoc/tBu compatible linkers for generation of C-terminal amides began to
emerge in 1987 and included the peptide amide linker (PAL) resin [34], the Rink
amide resin [35], and the Sieber resin [36]. While the former two linkers require
95% TFA for cleavage, the Sieber requires only 1%, allowing the side-chain
protecting groups to remain intact. A similar option is available in the case of the
trityl-based resin, such as 2-chlorotrityl chloride resin (CTC resin), which also permits
release of side-chain-protected peptide acid in the presence of 1% TFA [37, 38].
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Since the invention of SPPS, divinylbenzene-cross-linked polystyrene has been
the predominant solid support used. There have been several alternatives developed
along the way, with the most important advancement being the introduction of
PEG, including PEG-grafted polystyrene resin [39, 40] and all-PEG-based resin
(ChemMatrix) [41, 42]. PEG-based resins can produce crude products with better
quality than the polystyrene resins, particularly in the case of difficult sequences
[43]. This superiority is explained by the H-bond acceptor function of PEG which
interrupts peptide inter-chain H-bonding, effectively inhibiting peptide chain
aggregation [44].

2.3 Protein Synthesis by Peptide Ligation, 1990s-Present

The capability of SPPS has made the high quality preparation of peptides of up to
~40 residues a routine exercise. However, for longer sequences, alternative
methods have generally been required to achieve satisfactory results. A traditional
approach dating back to the 1960s involved the convergent condensation of fully
protected fragments [45, 46]. The practical application of this method has fre-
quently been limited by the poor solubility of protected peptide fragments and by
the epimerization of the C-terminal a-carbons during activation. Nevertheless, this
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method has on occasion been successfully utilized on an industrial scale as in the
manufacture of the anti-HIV agent enfuvirtide (Fuzeon), a 36-mer peptide, on a
near-ton scale [47]. A notable advance first reported by Blake in 1981 and subse-
quently refined by Aimoto in 1999 involved silver ion-mediated peptide ligation
which did not require side-chain carboxyl group protection [48, 49].

While it had been recognized that unprotected peptides benefit from better
solubility and handling, it was also clear that their ligation would place higher
demands on chemoselectivity. A number of such methods have been reported,
including the formation of thioester via C-terminal thiocarboxyl and N-terminal
bromoacetyl [50], oxime ligation via glyoxylyl functionality and an N-terminal
aminooxy acetyl group [51], and the formation of thiazolidine via a C-terminal
aldehyde and an N-terminal cysteine mediated by imine capture [52]. Despite the
conceptual importance and utility of these methods, none are capable of producing
a native peptide bond. A number of enzymatic ligation methods were developed to
address this issue, such as the engineered sublitigase reaction [53], but, unfortu-
nately, the restrictive N-terminal sequence requirements and the poor solubility of
the peptides in the ligation buffer have limited this method’s practical application.

A major breakthrough was achieved by Dawson et al. in 1994 with their
discovery of native chemical ligation (NCL) [54]. This approach joins two peptides
through a thiol/thioester exchange and a subsequent S-to-N acyl-shift. The use of
NCL (discussed in detail below) offers exquisite chemoselectivity, generally excel-
lent solubility of the peptides in the ligation buffer, and, above all, the ability to
form a native peptide bond. It is appropriate to credit the work of Wieland et al. who
first demonstrated the thiol-thioester exchange/S-to-N acyl shift reaction sequence
during the synthesis of di and tri-peptides in 1953 [55], and the thiol capture
strategy of Kemp et al. demonstrated in 1986 [56, 57]. The discovery of NCL
represents without question a revolutionary advance in peptide and protein chem-
istry, as evident by its immediate extensive applications in the synthesis of various
proteins [58—60].

Muir et al. in 1998 extended the capability of NCL by expressed protein ligation
(EPL) where one or both ligation partners can be produced recombinantly [61],
facilitating the use of larger native protein sequences in the ligation reaction.

It is important to cite several other recently developed methods for peptide
ligation, which include the traceless Staudinger ligations of Bertozzi [62], Raines
[63], and their co-workers, the decarboxylative amide ligation (KAHA ligation)
developed by Bode et al. [64], and the Ser/Thr ligation of Li et al. [65, 66]. While
these methods can be considered complementary to NCL, they have various
constraints which limit their general utility.

2.4 Analytical Methods

While beyond the scope of this review, advances in analytical techniques were an
essential counterpart to the evolution of synthetic methodology. Amino acid
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analysis, N-terminal sequencing, high-performance liquid chromatography, and
mass spectrometry have served an indispensable role in the structural characteriza-
tion of peptides and proteins.

Amino acid analysis (AAA) developed by Stein and Moore [67] is the oldest
method and is still in use today. Although it has historically been used to determine
peptide composition and stoichiometry, it is primarily used today to assess peptide
content [68]. For the synthetic peptide chemist this method offers a means of
monitoring the progress of a synthesis through analysis of a crude peptide or
resin hydrolysate.

Edman degradation or N-terminal sequence analysis [69—71] has not only been
instrumental in the characterization of countless native peptides and proteins, but
also offers significant utility in the context of synthetic peptide chemistry. The
sequencing of a peptide can rapidly identify the presence and position of an amino
acid deletion or side-chain modification. In a technique known as “preview analy-
sis” [72] the sequencing of a peptide mixture containing a peptide of length “n”
reveals the presence of a deletion peptide of length “n—1” through detection of a
particular residue one cycle earlier than expected. The extent of such preview is
also an excellent independent determinant of peptide homogeneity. Similarly to
AAA, N-terminal sequence analysis can be carried out on crude or resin-bound
peptides.

High-performance liquid chromatography (HPLC) has been enormously impor-
tant both as a preparative and analytical tool [73]. It is particularly well suited for
the resolution of heterogeneous products of SPPS containing, in addition to the
desired material, deletion and termination products. The basic concept can be
utilized through several modes of application including size-exclusion, ion
exchange, and reversed-phase (RP-HPLC), the last being the most commonly
used for peptide application.

Mass spectrometry (MS) offers a direct and efficient confirmation of the molec-
ular weight of a synthetic peptide and has largely become the method of choice for
this application. Fast atom bombardment (FAB), matrix-assisted laser desorption/
ionization (MALDI), and electrospray ionization (ESI) modes have all been suc-
cessfully used for peptide characterization. Of the three, ESI [74] stands out as
particularly advantageous by virtue of its ready compatibility with LC/MS systems.
This integration enables assignment of molecular weights to individual chromato-
graphic peaks in the LC trace of a crude peptide and can also assess the homoge-
neity of individual fractions during preparative chromatography.

The greater size and complexity of synthetic protein targets also places increased
demands on analytical methods required for their rigorous characterization. These
criteria should include a reliable assessment of homogeneity by HPLC or isoelectric
focusing (IEF), mass measurement by ESI, and confirmation of correct tertiary
structure through multi-dimensional nuclear magnetic resonance (NMR) spectros-
copy and/or high resolution X-ray crystallography. Interpretation of biological data
is only meaningful if the above analytical criteria are satisfied.
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3 Key Chemistries for Modern Chemical Protein Synthesis

3.1 Native Chemical Ligation

Native chemical ligation selectively conjugates two unprotected peptide segments,
resulting in the formation of a native peptide bond (Scheme 1) [54]. The reaction
between the C-terminal thioester of one segment and the N-terminal cysteine of
another is initiated by a thiol-thioester exchange and generates a thioester-linked
intermediate. The subsequent intra-molecular S-to-N acyl shift proceeds through a
reversible five-membered transition state producing a stable native peptide bond,
driving the equilibrium in the desired direction. While aryl thioesters are highly
reactive and ligate readily, the alkyl thioesters, in contrast, are less reactive and
require a thiol catalyst, such as 4-mercaptophenylacetic acid (MPAA) to facilitate
their ligation [75]. The reaction is typically conducted in a phosphate buffer (pH ~7)
and chaotropic agents such as guanidine or urea are included in the buffer to assist
in the dissolution of the peptides. In addition, a water soluble disulfide bond
reducing agent such as tris(2-carboxyethyl)phosphine (TCEP) is generally present
to prevent cysteine oxidation.

3.2 Preparation of Peptide C-Terminal Thioesters

The efficient preparation of the C-terminal thioester peptide component is an
essential requirement for conducting a successful NCL reaction. The chemical
synthesis of peptide thioesters either by Boc-SPPS or Fmoc-SPPS has been the
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Scheme 2 The preparation of peptide thioesters by Boc-SPPS (AA amino acid)

subject of intensive investigation; in addition, these intermediates can also be
obtained by means of recombinant expression.

3.2.1 Preparation of Peptide C-Terminal Thioester by Boc-SPPS

C-terminal thioester peptides can be prepared in a straightforward manner by using
Boc-SPPS [76, 77]. The thioester group is typically an integral component of the
resin linker and stepwise chain elongation is conducted under in situ neutralization
conditions developed by Kent et al. to ensure the efficiency of couplings
(Scheme 2) [78].

3.2.2 Preparation of Peptide C-Terminal Thioesters by Fmoc-SPPS

The inconvenience and risk of HF handling prompted the development of Fmoc-
SPPS compatible protocols for thioester preparation. The principal obstacle is the
instability of the thioester when exposed to 20% piperidine, the standard conditions
for Fmoc-removal, and numerous alternative methods have been developed to
circumvent this problem [79]. The most straightforward involve using less nucle-
ophilic conditions, such as a mixture of 25 vol.% 1-methylpyrrolidine, 2 vol.%
hexamethyleneimine, and 2% HOBt (w/v) in NMP and DMSO (1:1, v/v) [80, 81];
or a mixture of 1% HOBt (w/v) and 1 vol.% DBU in DMF [82]. These methods are
effective when preparing short sequences.

A second method to avoid piperidine aminolysis of the thioester group involves
performing the thioesterification of the C-terminal carboxyl as the last coupling step
(Scheme 3). This conversion can be performed in solution or on resin, although both
approaches share the risk of C-terminal epimerization. In addition, the poor solu-
bility of the fully protected peptide can often complicate the solution-phase proce-
dure [83, 84]. In contrast, the difficulty associated with the solid-phase procedure is
the need to tether the C-terminus reliably. The earlier approach of anchoring from
the backbone (backbone amide linker or BAL) is theoretically feasible but in
practice limited by the low coupling yields at the N-alkylated C-terminal residues
[85]. Subsequent approaches involving side-chain anchoring have proven to be
more successful, although the requirement of anchoring at one of the two
C-terminal residues has hindered their utility [85—-89].
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The third method of preparing thioesters by Fmoc-SPPS involves C-terminal
activation of the assembled peptide followed by thiolysis (Scheme 4). One widely
used method utilizes Ellman’s modification of Kenner’s sulfonamide linker
[90, 91]. The resin-bound peptide is treated with iodoacetonitrile or trimethylsilyl-
diazomethane to activate the acylsulfonamide bond, then exposed to free thiol to
release the resulting thioester peptide from resin. A final global deprotection by
TFA treatment provides the desired thioester. The reported drawbacks include the
risk of epimerization during the slow loading step and side-chain modifications
during the activation step [92, 93]. An alternative procedure recently introduced by
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Dawson et al. involves peptide assembly on a 3,4-diaminobenzoyl linker, acylation
of the free amine with 4-nitrophenyl chloroformate, followed by spontaneous ring
closure. The resulting N-acylbenzimidazolone can either be readily converted to a
thioester or directly used in an in situ ligation [94]. More recently, peptide
C-terminal hydrazides have been reported by Liu et al. as convenient and efficient
thioester precursors [95]. The reaction of a C-terminal hydrazide with NaNO, at
pH 3.0-4.0 at —10°C forms an acyl azide, which is subsequently converted to the
thioester prior to ligation. The C-terminal hydrazide can be easily obtained through
Fmoc-SPPS except in the case of a C-terminal Asp, Asn, or Gln. Another advantage
of the peptide hydrazide is that it can be produced by recombinant expression
through hydrazinolysis of the protein thioester intermediate generated by the intein-
mediated method [61]. Another approach from this category is based on the
backbone pyroglutamylimide linker reported by Jensen et al., although both the
formation of pyroglutamylimide and its conversion to the thioester require
prolonged treatment at increased temperature [96].

A fourth method involves an intramolecular O-to-S or N-to-S acyl shift process
following peptide chain assembly (Scheme 5). Typically, thiol-functionalized ester
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Scheme 5 Examples of peptide thioester preparation by O-to-S or N-to-S acyl shift
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or amide-based linkages are incorporated during the solid-phase synthesis. TFA
cleavage then liberates the thiol group which undergoes rearrangement via a
5-membered transition state, forming the corresponding thioester. The equilibrium
is driven toward the thioester by excess thiols or irreversible native bond formation
if used for in situ ligation. The advantage of the O-to-S acyl shift is that it generally
proceeds rapidly under mild conditions [97]. Limitations involve the concurrent
hydrolysis of the alkyl ester (10-20%), particularly in the case of beta-branched
residues such as Val, Ile, and Thr (50-70%) [98-100] and the potential for
C-terminal racemization during formation of the aryl ester [101]. Since the major
challenges for the N-to-S acyl shift procedure involve slow conversion kinetics,
most efforts have focused on accelerating this process under mild reaction condi-
tions [102-121].

3.2.3 Preparation of Protein C-Terminal Thioesters by Expressed
Protein Ligation

The preparation of protein C-terminal thioesters by expressed protein ligation
(EPL) involves a manipulated protein splicing process [61]. Protein splicing is a
post-translational process in which a thioester-mediated intramolecular
rearrangement results in the extrusion of an internal sequence (intein). In EPL the
intein is mutated so that, while it is still capable of facilitating the formation of the
thioester intermediate, the splicing is not completed (Scheme 6). A fusion of the
mutated intein and a chitin-binding domain (CBD) enables the affinity purification
of the chimera by chitin beads, with a subsequent thiol treatment promoting the
release of the desired protein thioester.

l Expression in E.coli
[¢] o
HZNm)J\S Intein g CBD Chitin
NH, beads

l Affinity purification

o} o}
HZNWSQ
NH,

i R-SH
(0]

Scheme 6 Preparation of a
HoN SR

protein thioester by EPL
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3.3 Ligation at Non-Cys Junctions

The 1-2% composition percentage of cysteine in proteins [122] limits the practical
application of conventional NCL. To circumvent this constraint and enhance the
utility of NCL, a number of alternative approaches have been devised involving
thiol handle-mediated as well as thiol handle-free approaches.

3.3.1 Thiol Handle-Mediated Ligation at Non-Cys Junction

A thiol handle can, in principle, be introduced through an auxiliary group [123] or
by direct attachment to a side-chain. While auxiliaries can be anchored either to the
backbone or to a side-chain, each approach involves inherent limitations (Fig. 2).
When an auxiliary is attached to the backbone, the subsequent coupling to this
residue is typically slow, which limits its utility to less hindered junctions. Never-
theless, successful examples have been reported by Kent [124, 125], Botti [126],
Dawson [127], Danishefsky [128], and others [123, 129]. Use of a side-chain
auxiliary circumvents the above difficulty but requires an appropriate side-chain
anchoring site. This method has been successfully demonstrated by Wong
et al. with carbohydrate-based auxiliaries at the side-chains of Ser or Thr [130,
131] and Brik et al. with cyclohexane or cyclopentane-based auxiliaries on the side-
chains of Asp, Glu, Ser, or Thr [132, 133].

The direct attachment of a thiol to a side-chain requires a post-ligation desul-
furization step for its removal. This approach was first reported by Yan and
Dawson, who extended hydrogenolytic desulfurization of cysteine to the chemical
synthesis of proteins by NCL, utilizing Ala as a new ligation junction (Scheme 7)
[134]. In the same study, they also noted that not only Raney nickel but also
palladium could be used as the catalyst. In addition, the application was expanded
to other residues such as Leu, Val, and Ile. A subsequent refinement of this method
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Fig. 2 Examples of auxiliary-assisted chemical ligation
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by Kent and Wong and their co-workers [131, 135] achieved selective desulfuri-
zation of Cys in the presence of Cys(Acm) and Met. However, Danishefsky
et al. observed that the metal-based desulfurization was not compatible with
(4R)-1,3-thiazolidine-4-carboxylic acid (Thz) [136, 137] and subsequently intro-
duced a new metal free, free radical-based method [138]. The key reagents of
Danishefsky’s homogeneous desulfurization include a water-soluble phosphine
TCEP and a water-soluble free-radical initiator 2,2'-azobis[2-(2-imidazolin-2-yl)
propane]dihydrochloride (VA-044), which are not only compatible with Thz, Cys
(Acm), and Met, but also equally capable of reducing selenocysteine to Ala.
Subsequent efforts in this area have focused on “one-pot” ligation-desulfurization
protocols, which are complicated by the radical quenching properties of
thiophenols, such as MPAA. Nevertheless, several successful one-pot protocols
have been reported, including the use of sodium 2-mercaptoethanesulfonate
(MESNa) in place of thiophenol [139], and the post-ligation removal of thiophenol
by liquid- [140] or solid-phase extraction [141]. Most recently, Payne
et al. described the use of a non-free radical quenching alkyl thiol trifluor-
oethanethiol (TFET) as an effective MPAA surrogate permitting one-pot post
ligation desulfurization [142].

3.3.2 Thiol Handle-Free Ligation at Non-Cys Junction

In addition to the fragment condensation of side-chain fully protected segments, a
number of improved thiol handle-free ligation methods have been developed,
which complement NCL and enhance our capability of synthesizing proteins by
chemical methods.

A strategy based on silver-ion mediated selective activation of a C-terminal
thiolcarboxyl group initially reported by Blake [48] was modified by Aimoto et al.,
employing the more oxidation- and hydrolysis-resistant thioester in place of
thioacid and HOBt or 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine (HOOBt)
as an additive to facilitate the formation of the activated ester (Scheme 8) [49, 143].
This activated ester-based coupling requires the protection of side-chains of Lys
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(by ivDde) and Cys (by Acm) and the N-terminal amine (by Fmoc). Recently,
Danishefsky et al. reported another modification of this method, where the thioester
was masked as a protected ortho-thiol-containing phenolic ester [144].
Epimerization at the ligation site, and in some cases poor fragment solubility, are
the main concerns when employing these approaches.

As a second approach, Tam et al. demonstrated a selective histidine ligation, in
which the C-terminal thiolcarboxyl was activated by Ellman’s reagent in situ,
captured by the imidazole ring of the N-terminal histidine and subsequently trans-
ferred to its a-amine to furnish a native peptide bond (Scheme 9) [145]. The high
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ligation selectivity between the a-amine of N-terminal histidine and the e-amine of
internal lysines was achieved by conducting the reaction in a low pH (5.7) buffer.
The in situ activation of the thiolcarboxyl by Ellman’s reagent was necessary since
the unactivated thiolcarboxyl does not ligate.

In a third approach, the C-terminal thioester and the N-terminal amine are
coupled directly, with the competing reaction, the hydrolysis of the thioester,
effectively suppressed through the use of a mixture of organic solvent and aqueous
buffer (Scheme 10). While the ligation is compatible with the free side-chain of
Cys, protection is required for the amine groups [146]. Follow-up studies reported
that the phosphate group of an N-terminal phosphorylated Ser or Thr could signif-
icantly improve the ligation yield, presumably because of acyl capture by phos-
phate and the subsequent intramolecular acyl transfer [147]. A similar yield
enhancement effect was also observed for the N-terminal Asp or Glu [148].

In another example, Raines and Bertozzi and their co-workers modified the
Staudinger reaction to an amide-bond-forming ligation, which utilizes a
C-terminal phosphinobenzenethioester and an N-terminal o-azide (Scheme 11).
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The intermediate iminophosphorane undergoes a six-membered transition state-
mediated S-to-N acyl shift to furnish the native amide bond [62, 63, 149].

Bode et al. devised a unique chemoselective amide ligation by the
decarboxylative condensations of o-ketoacids and N-alkylhydroxylamines
(KAHA ligation) (Scheme 12) [64, 150—154]. This process requires neither cou-
pling reagents nor catalysts, produces only water and carbon dioxide as
by-products, and tolerates unprotected amino acid functional groups. It is also
completely orthogonal to NCL and theoretically can be utilized at any junction.
However, the limited access to N-alkylhydroxylamines and a-ketoacids restricts
broader application of this chemistry.

Li et al. reported a chemoselective ligation between a C-terminal ester
of O-salicylaldehyde and an N-terminal Ser or Thr which after forming an
N,O-benzylidene acetal intermediate, undergoes an intra-molecular six-membered
transition state-mediated O-to-N acyl shift to generate an amide bond (Scheme 13)
[65, 66]. The subsequent post-ligation TFA treatment removes salicylaldehyde and
furnishes a native peptide bond.

3.4 Multiple Segment Ligation Strategies

The chemical synthesis of an average-sized protein of about 300 residues, requires
multiple ligations. The minimization of the intermediate purification steps and use
of a convergent route are necessary to ensure a high overall yield and a rapid
throughput. Kent et al. have devised a number of strategies in pursuit of this goal,
including the one-pot sequential ligation [137], His-tag-assisted ligation [155],
solid-phase-assisted ligation [156, 157], and kinetically controlled ligation (KCL)
[158-160].
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In the one-pot sequential ligation, Thz [136, 137] is utilized as the protected
N-terminal cysteine with its liberation facilitated by the addition of methoxyamine
at pH 4. The successful application of this strategy relies largely on a nearly
quantitative yield of each intermediate ligation step (Scheme 14) [137].
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Both solid-phase and His-tag-assisted ligation strategies take advantage of the
principal benefits of solid-phase synthesis where the excess reagents are removed
by simple filtration. An important distinction is that, while the His-tag ligation is
conducted in solution-phase, the latter is conducted on solid support. Both
approaches greatly reduce the number of intermediate purification steps
(Scheme 15) [155-157].

KCL is made possible by the dramatic difference in reactivity between an aryl
thioester and alkyl thioester. The significantly faster reaction kinetics of aryl
thioesters enable selective ligation in the presence of an alkyl thioester, whose
subsequent ligation is initiated by the addition of a catalyst such as MPAA. This
approach provides the flexibility of conducting a ligation from the N-terminal to the
C-terminal direction (Scheme 16) [158-160].
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3.5 The Folding of a Synthetic Protein

A unique three-dimensional structure is an indispensable feature of a functional
protein. To reproduce the essential physico-chemical and biological properties of a
native protein, a chemically synthesized polypeptide chain must be folded into its
correct tertiary structure. In most cases, the course of the folding reaction is directed
thermodynamically by its primary sequence. In the native environment, the folding
process occurs in the protein-rich cytosol and is aided by sophisticated “chaperone”
machineries [161]. In contrast, the folding of a synthetic protein involves a single
species and takes place under much simpler conditions. In general, a synthetic
single domain linear polypeptide can be efficiently folded in an aqueous buffer into
its fully active native form; in addition, a number of multi-domain proteins have
been successfully produced by the same methods. For cysteine-containing proteins,
optimized pH and oxidative or redox conditions are utilized to facilitate the
disulfide bond formation. A modest concentration of a chaotropic agent such as
0.5-1.5 M urea or guanidine may be included to maintain solubility and prevent
aggregation [58, 60].

4 Applications of Protein Chemical Synthesis to Drug
Discovery

4.1 Chemical Synthesis of p-Proteins and Their Application
to Drug Discovery

4.1.1 Mirror Image Phage-Display

A novel approach to drug discovery, enabled entirely by the recent advances in
protein chemical synthesis, is “Mirror Image Phage-Display” (MIPD), a powerful
technique designed to facilitate identification of non-native, all-p-amino acid pep-
tide ligands. This approach has been successful in generating high affinity ligands
to SH3 domains, viral entry inhibitors, and oncoprotein antagonists [162—
165]. Remarkably, it has been particularly effective in identifying ligands which
disrupt protein—protein interactions which have been considered an “undruggable”
class of targets [166, 167]. To provide a meaningful perspective on the potential of
this powerful new technology, it is necessary to view it in the context of existing
recombinant and chemical methods of de novo peptide ligand discovery. Since their
introduction almost three decades ago, peptide libraries have been utilized for a
range of applications including receptor target screening, enzyme inhibitor identi-
fication, and vaccine development. The earliest reports of this method involved
construction of chemically [168] or recombinantly [169, 170] derived libraries for
the identification of immunogenic epitopes within a native protein sequence. Phage
display technology, originally introduced by Smith [171] for this purpose, relied on
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mutagenesis of filamentous plIII phage each displaying one peptide on its surface, to
construct hexapeptide libraries of approximately 4 x 10’ sequences. The resulting
phage libraries were then surveyed for binding against a biotin labeled antibody,
eluted, and amplified. Several rounds of affinity purification would then iteratively
select high-affinity binders. The DNA sequences of the coding region of the high-
affinity phage were then sequenced and the binding epitope sequences deduced.
The deduced sequences not only correlated with the known sequence specificities
but also revealed completely unrelated surrogate sequences of similar affinities. A
simultaneous report by Devlin [172] employed a similar method to construct a
library of plIII fusion sequences to identify nine streptavidin-selective peptides
whose binding was inhibited in the presence of free biotin. The broad utility of
this new technique was quickly recognized and validated through application to
therapeutically relevant targets. The identification of peptide-based concanavalin A
ligands [173], inhibitors of neutrophil elastase [174], and antagonists of the IL-1
receptor [175] demonstrated the unique and wide-ranging capabilities of this
method. Two impressive examples emerged from the Affymax group which
reported the discovery of small peptide erythropoietin (EPO) hormone agonists
[176], with a subsequent report from the same group disclosing sequences which
functioned as full agonists of the thrombopoetin (TPO) receptor [177].

While the large size of the phage-display libraries (10'%) as well amplification of
binders enables efficient screening of enormous sequence diversity, the obligatory
restriction to all L-amino acids imposes a limitation. In 1993 Kim et al. addressed
this shortcoming and expanded the scope of phage-display technology beyond
coded amino acids [162]. The work was conceptually inspired by an elegant
demonstration of “reciprocal chiral specificity” by Kent et al. [178]. The L and b
forms of the HIV protease enzyme were synthesized and shown to catalyze the
cleavage of substrates of only their corresponding configuration: the L-enzyme
cleaved only the L-substrate while the p-enzyme cleaved only the p-substrate. This
specificity was also conserved with respect to corresponding enantiomeric inhibi-
tors of the L- and p-enzymes. The use of mirror image phage display technology
offers an important option of obtaining all-p amino acid sequences. The method
entails chemical synthesis of an all-p amino acid target molecule (a mirror image of
the native L-amino acid form) which is then used to screen a phage display library.
The adhering phage hits are amplified, their sequences deduced and chemically
synthesized using b-amino acids. By virtue of their mirror image relationship, these
peptides now bind to the native target (Fig. 3). The original validation of this
concept was provided by Kim and co-workers who synthesized a 60 residue, all-p
amino acid protein corresponding to the homology 3 domain (SH3 domain) of c-Src
and utilized this as a target to screen a phage library expressing 10-residue random
peptides [162]. When the best native sequences binding the p-SH3 domain were
resynthesized in their mirror image all-p form they were shown to bind to the native
L-SH3 domain target. Heteronuclear magnetic resonance (NMR) studies of the
L-SH3 and p-SH3 domains with their respective ligands revealed that the two
binding interactions utilize distinct receptor contacts. In addition, while the all-p
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Fig. 3 The principle of mirror image phage-display. The p-enantiomer of any target is chemically
synthesized and used for phage display which identifies an L-peptide ligand. The p-enantiomer of
the identified L-peptide ligand is chemically synthesized and it binds to the L-enantiomeric target
[179]. (Reproduced from [179] with permission from The Royal Society of Chemistry)

ligands bound tightly in their cyclic form, they lost binding affinity in their linear
form. The same group provided further validation of this technology by targeting
the gp41 pocket, a highly conserved region of the HIV envelope glycoprotein
[163]. The gp41 pocket residues were fused to a soluble trimeric coiled coil forming
a polypeptide sequence referred to as IQN17. This protein sequence was synthe-
sized in its all-p form denoted p-IQN17 and used to screen a bacteriophage library
identifying 12 peptides, 9 of which shared sequence homology and bound selec-
tively to the pocket. Kay et al. subsequently utilized the consensus sequence
(CXsEWXWLC) from the above study as a basis for further optimization to
develop dimeric and trimeric inhibitors of sub-nanomolar potency [180].

MIPD has also been utilized for potential diagnostic use in Alzheimer’s disease.
Willbold et al. used the all-p version of AP(1-42) amyloid peptide as a target to
screen a commercial phage display library to generate a dominant consensus
sequence whose all p-amino acid analog “D-pep” bound the native AP(1-42)
sequence with submicromolar affinity [181]. In addition, a fluorescein-labeled
derivative of pD-pep was shown to stain native AP amyloid fibrils specifically,
suggesting it may be useful as a diagnostic probe for amyloid plaques.

The Willbold group also explored the possibility of a therapeutic application to
Alzheimer’s disease using MIPD-derived peptides [182]. A series of peptides with a
dominant consensus sequence referred to as “D3” was shown to reduce AP aggre-
gation in a thioflavin fluorescence assay and also disrupt pre-existing A aggregates
in vitro. Remarkably, administration of a 9-pg dose of D3 into the hippocampus
reduced Ap plaque load in transgenic APP and PS1 mice after a 4-week treatment.
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The utility of MIPD was further demonstrated in cancer immunotherapy with the
disclosure of synthetic peptide mimics of human mucin 1 (MUC1), a protein which
is expressed in several types of cancer [183]. The authors identified several peptides
with no homology to MUC1 which were nevertheless capable of stimulating T-cell
response to MUCI1 antigen-expressing tumors. Presumably these would be less
likely to be neutralized (recognized as “self””) by the immune system and deliver a
sustained therapeutic response.

The work of the Lu group in the discovery of native and all-p peptides which
inhibit the MDM2/MDMX oncoprotein interaction with P53 is notable in its use of
NCL to construct the required biotinylated targets and illustrates the impact of
NCL in expanding the scope MIPD. An initial report described the NCL synthesis
of 7 '“MDM2 and **'®*MDMX in their unmodified and site-specifically
biotinylated forms and the use of these as a target to screen a duodecimal phage
library [164]. Two consensus sequences were obtained which both bound MDM2
and MDMX with low nanomolar Kd values. A complex with MDM2 and MDMX
with the more potent of the two inhibitors was used to solve the crystal structures of
the two respective complexes. These findings fundamentally furthered our under-
standing of the structural basis of p53 binding and provided insights for drugging
this important target. In a subsequent publication from the same group [165], the
authors used the MIPD strategy against an all-D MDM?2 protein to identify peptide
ligands termed "PMI-o and PPMI-p which bound to MDM-2 with Kd values of
219 and 34.5 nM, respectively. While unmodified "PMI-a and related peptides
were unable to traverse cell membranes, they proved capable of inhibiting the
growth of a mouse glioblastoma when administered in an RGD-liposome
formulation [184].

Perhaps the best singular demonstration of the utility of MIPD as drug discovery
tool is the identification of p-peptide ligands binding to vascular endothelial growth
factor-A (VEGF-A) reported by Mandal [185]. VEGF-A, an angiogenic growth
factor whose overexpression correlates with poor prognosis in breast cancer, has
been successfully targeted by monoclonal antibodies. The B1 domain of strepto-
coccal protein G (GB1) was chosen as scaffold for phage display affinity screening
against the p-VEGF-A (8-109) target. The 56-residue lead inhibitor L-RFX001
bound the p-VEGF-A protein with a Kd of 95 4+ 8 nM while b-RFX001 bound the
L-VEGF-A isomer with a Kd of 85 &+ 12 nM. The ligands also bound with reciprocal
chiral specificities: L-RFX001 bound only the p-VEGF target and p-RFX001 only
the L-viGF target. The p and L forms of the VEGF proteins and the enantiomeric
ligands were co-crystallized and used to solve their high resolution structure.

4.1.2 Racemic Protein Crystallization

The seminal contributions of Dorothy Hodgkin and Max Perutz involving the
structural elucidations of insulin [186] and hemoglobin [187], respectively, stand
out as early examples of the power of X-ray protein crystallography, while the HIV
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protease work highlighted in the next section highlights its recent importance in
drug discovery. The structural characterization of a macromolecule of interest,
whether an enzyme, a hormone, or receptor is considered key to its validation as
a drug discovery target. Along with NMR, X-ray crystallography continues to serve
a primary method of 3D structure determination. One of the principal challenges in
utilizing this powerful technique is the requirement of well-ordered protein crystals
suitable for X-ray diffraction studies. Unlike small organic molecules, proteins are
inherently difficult to crystallize, typically requiring considerable trial-and-error
testing to identify optimal conditions. The fundamental reason for this difficulty
was addressed by Wukovitz and Yeates [188] who proposed that, in contrast to
small organic molecules, proteins tend to be highly solvated in their crystal lattice
and utilize a narrow range of chiral space groups with nearly one-third falling into
the P2,2,2; group. This is dictated by the universally homochiral nature of all
native proteins which favors the formation of non-centrosymmetrical crystals. The
suggestion of MacKay [189] that co-crystallization of equimolar quantities of a b
and L protein would crystallize more readily by virtue of centrosymmetry was
remarkably prescient. The synthesis of the L and D enantiomers of bacterial
rubredoxin, a 45-amino acid metal binding protein containing 4 disulfide bonds
by Zawadzke and Berg [190] validated MacKay’s prediction. CD analysis of
crystals formed by mixing the two enantiomers indicated no signal, confirming
the presence of the racemate. Solution of rubredoxin structure using molecular
replacement methods demonstrated the centrosymmetric structure of the racemic
crystals within the P1 (bar) space group. The racemic method was further validated
through the work of Toniolo [191] who determined the structure of trichogin A IV
through crystallization of its p and L forms. Through the mid-1990s racemic
crystallography was effectively restricted to relatively small proteins and peptides
under 50 amino acids in length. The advent of NCL [54, 58-60] largely removed
this size limitation and dramatically expanded the scope of this important tech-
nique. Over the past 15 years a number of protein structures have been solved
through the use of racemic crystallography and have validated the early theoretical
assumptions of MacKay [189], Yeates [188], and Berg [192]. Remarkably, the
majority of the racemic protein crystals synthesized to date fall into the P1 (bar)
space group, in excellent agreement with the predictions of Wukovitz and
Yeates [188].

The structure of racemic sweet-tasting protein monellin was solved by molecular
replacement and found to form the P1 (bar) crystal space group [193]. The synthetic
L-enantiomer of the 81-mer snow flea antifreeze protein (L-sfAFP) crystallized only
after a lengthy effort did not yield useful X-ray structure data [194]. In contrast, the
racemic solution of L-sfAFP and p-sfAFP yielded crystals in ~50% of the conditions
explored for L-sfAFP (Fig. 4). Excellent results were also obtained from “quasi-
racemic” crystals composed of p-sfAFP and the L-enantiomer in which the Asnl1
was replaced with “pseudo-Se-GIn” (a seleno-Cys residue alkylated with
bromoacetamide). The resulting quasi-racemic mixture produced crystals under
various conditions and was used to generate Synchrotron X-ray data to a resolution
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Fig. 4 X-Ray structure of snow flea antifreeze protein determined by racemic crystallization of
synthetic protein enantiomers (PDB code: 3BOG) [194]

of 1.2 A. Within the span of 2-3 years a number of important proteins were
synthesized in their p and L forms by NCL and their structures solved by direct
methods. These include BmBKTx1, a 31-amino acid calcium-activated potassium
channel blocker isolated from scorpion toxin [195], plactacin, a 40-amino acid
antimicrobial protein of fungal origin [196], kaliotoxin, a 38-residue potassium
channel blocker [197], and DKP ester insulin [198]. Studies of vascular endothelial
growth factor (VEGF) [185] discussed above in reference to their use of MIPD also
involved the use of racemic crystallography.

4.2 Chemical Synthesis of Enzymes

The possibility that an enzyme could be assembled entirely by chemical methods is
not new and was first raised by Emil Fischer in a note to his contemporary Adolf
Bayer in 1905: “My entire yearning is directed toward the first synthetic enzyme. If
its preparation falls into my lap with the synthesis of a natural protein material, I
will consider my mission fulfilled.” [199]. While Fisher made important contribu-
tions to peptide chemistry culminating in the synthesis of an 18-mer peptide [4], his
dream of enzyme total synthesis went unfulfilled in his lifetime. The synthetic and
analytical technologies required to accomplish this ambitious goal would take
decades to develop [58].

The first successful efforts in enzyme total synthesis involved ribonuclease in the
late 1960s and were disclosed in simultaneous publications by Merrifield and Gutte
at the Rockefeller [200] and Denkwalter and co-workers at Merck [45, 46, 201—
203]. The Rockefeller group’s bovine ribonuclease A (RNase A) synthesis utilized
automated, stepwise Boc/Bzl chemistry to assemble the 124 amino acid sequence.
Following conversion to the S-sulfonate derivative and purification by
ion-exchange and gel chromatography, the material was reduced to the free sulf-
hydryl form and air oxidized to form the four disulfide bonds. Upon further
purification the protein was shown to be identical to the native enzyme by paper
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electrophoresis and exhibited appropriate selectivity with respect to an RNA
substrate 2/, 3'-cyclic cytidine phosphate (active) vs DNA substrate 2/, 3'-cyclic
guanosine phosphate (inactive).

The Merck approach relied on classic fragment condensation methods to assem-
ble the ribonuclease S (RNase-S) fragment comprising residues 21-124 of RNase-
A. The sequence had previously been shown to exhibit full enzymatic activity
when assayed in the presence of the 1-20 (“S-peptide”) fragment [204]. The use
of N-carboxyanhydrides [205], N-thiazolidinediones [206], and N-hydroxysuc-
cinimide esters [207] yielded 19 minimally protected fragments requiring only
Cbz protection for lysine and the recently introduced S-Acm group for cysteine
[208]. The resulting fragments were coupled through a convergent scheme using
azide activation [10] to yield the protected 21-124 sequence. Deprotection and air
oxidation yielded active enzyme when tested in the presence of S-peptide.

A later synthesis of RNase-A reported by Fujii and Yajima in 1981 [209-215]
shared a number of features with the Merck strategy, such as a convergent fragment
assembly and azide mediated fragment coupling. In contrast with the Merck
method, however, the newer synthesis used substantially shorter fragments as
well as a more elaborate side-chain protecting group scheme, including Bzl groups
for Glu, Asp and 4-MeBzl for Cys. Global side-chain deprotection by treatment
with trifluoromethanesulfonic acid-thioanisole followed by gel chromatography
and air oxidation afforded the crude RNase enzyme. In addition, unlike the earlier
Rockefeller and Merck syntheses, the Japanese group benefited from the use of
affinity chromatography, which dramatically increased the specific activity of the
final material when tested against substrate.

While incomplete, the ambitious efforts of Kenner and co-workers to prepare
lysozyme are relevant to the discussion. Beyond demonstrating the capability of the
synthetic method, one of the stated goals of the work was to study the effect of
variations in lysozyme’s structure on enzymatic activity [216]. The fragment-based
synthetic strategy used tert-butyl protection for Ser, Thr, Asp, and Glu, adamanty-
loxycarbonyl for Orn and Lys, Acm for Cys, and variously Cbz, Boc, and biphenyli-
sopropoxycarbonyl (Bpoc) for the N-termini of fragments. DCC/NHS activation
was utilized for fragment coupling throughout. The strategy suffered from the well-
known limitations encountered during the fragment-based RNase syntheses.

The AIDS crisis beginning in the late 1980s prompted the next significant series
of advances in the chemical synthesis of enzymes. HIV protease (HIV-PT), a homo-
dimeric aspartyl protease with homologies to Raus-sarcoma virus (RSV) [217-
219], was shown to be essential for the assembly and maturation [220] of the HIV
virus. Inhibition of this enzyme emerged as one of the early strategies for arresting
the HIV replication cycle and became the central focus of structure-based or
“rational” drug design efforts to develop clinically efficacious drugs [221]. Isolation
of the enzyme from its native source, however, was complicated by two factors: the
risk of exposure to the virus and the low concentration of the HIV-PT in mature
viral particles. Fortunately, sufficient quantities of HIV-PT were obtained by both
recombinant [222] and chemical [223] methods. Initial working models based on
crystallographic studies of “unliganded” recombinant HIV-PT of Navia et al. [224]
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and structural homology to Raus sarcoma protease [218, 225], while useful, dif-
fered in several important respects such as the precise structure of the dimer
interface. Only later studies using HIV-PT chemically synthesized by Kent
et al. [226] provided a refined crystallographic model and resolved important
differences between the HIV-PT- and RSV-PT-based models. More importantly,
synthetic enzyme was also used in the structural studies of enzyme-inhibitor
complexes, a seminal contribution to the design of the first generation HIV-PT
inhibitors [227]. In the first study [228], the structure of the HIV-PT complexed
with the reduced scissile bond isostere-based inhibitor MVT-101 (K; =780 nM
against synthetic protease) was determined at 2.3 A resolution and facilitated
mapping of the inhibitor’s extended amino acid side-chains within the active site.
Comparison of the inhibitor bound and unliganded structures noted that the enzyme
undergoes a conformational rearrangement as it binds the inhibitor. A follow-up
study [229] of an HIV-PT complex with the more potent hydroxyethylamine-based
inhibitor JG-365 (K;=0.66 nM) provided a structural basis for the difference in
potency between it and the less potent MVT-101. Analysis of the complex revealed
a hydrogen-bonding interaction between the hydroxyl group of the more potent
inhibitor with Asp25 and Aspl25 carboxyl groups of the enzyme. Information
gained through the above studies including a high-resolution three-dimensional
structure of the enzyme, the position and conformation of the inhibitor in the
enzyme’s binding site, and specific contact points between the molecules provided
key insights to the multidisciplinary teams involved in the discovery of the first
generation HIV-PT inhibitors. The mid-1990s approvals of Saquinavir (Invirase),
Ritonavir (Norvir), Indinavir (Crixivan), and Nelfinavir (Viracept) validated the
concept of structure-based drug discovery and the role of chemical protein synthe-
sis within this paradigm [227].

While a number of important HIV-PT studies had been conducted with recom-
binant material, subsequent work by Kent et al. dramatically demonstrates the
unique capability of chemical protein synthesis when applied to structure-function
problems in chemical biology. The nucleophilicity of Asp-25 and its role in
HIV-PT catalysis was investigated through the chemical synthesis and NMR
study of an analog incorporating a 13C-labeled Asp25 residue within each mono-
mer [230]. Measurement of the 13C-NMR chemical shifts highlighted important
differences in the ionization states of the Asp25 residues when comparing
pepstatin-bound and the unliganded enzymes. In the presence of inhibitor, only
one Asp25 residue was protonated, the other unprotonated while in the absence of
inhibitor both Asp25 residues were chemically equivalent and deprotonated. The
catalytic function of the characteristic hairpin loops of HIV-PT, also called “flaps,”
was explored through an approach referred to as “backbone engineering” [231,
232]. The Ile50 amide is thought to play a key role by providing hydrogen bond
stabilization to the enzyme-substrate complex. Replacement of the native amide
bond of 1le50 in each flap with an isosteric CO—S— bond lacking hydrogen bonding
capability resulted in a dramatic 3,500-fold reduction in kcat relative to control
enzyme. The question of whether the presence of one native Ile50 bond would
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maintain catalytic activity was answered through the synthesis of a covalent
“tethered” dimer where only one of the Ile50 amides was replaced by an ester
isostere. The singly substituted enzyme maintained full intrinsic activity,
confirming the single flap catalysis model. The Asp-25 13C label studies and the
backbone modifications were instrumental in providing key clues to the mechanism
of this important enzyme and demonstrated unequivocally the singular power of
chemical synthesis to achieve “atom-by-atom” control. It should be noted that the
seminal structural studies utilizing chemically synthesized HIV protease took place
before the advent of NCL and relied upon highly optimized stepwise SPPS pro-
tocols and ligation via non-native amide bond surrogates. The enormous capability
of NCL and subsequent advances such as convergent assembly, kinetically con-
trolled ligation (KCL) [158], and desulfurization at cysteine residues [134, 138]
greatly expanded the capabilities of chemical protein synthesis. An excellent
example of this enhanced capability was exemplified through two more recent
syntheses of HIV-PT published by Kent et al. in 2007. The first [233] was accom-
plished through a sequential four-component NCL assembly of the native 1-99
sequence extended at the C-terminus with an additional 10 residues of the HIV-PT
open reading frame connected to an (Arg)10 solubility tag. Following Raney nickel
desulfurization of the four cysteines, the folded protein underwent autoprocessing,
removing the 20 amino acid extension to yield the mature HIV-PT(1-99) in excellent
yield. The second approach involved application of KCL [158] to achieve a con-
vergent ligation of the (1-40)-(a-thioarylester) and the Cys-(A42-A99)-(a-thioalkyl
ester) sequences (Fig. 5) [234]. The resulting (A1-A99)-(a-thioarylester) obtained
through transthioesterification was then joined to the Cys-Gly4-(B1-B99) fragment

Fig. 5 X-Ray crystallographic structure of the “covalent dimer” HIV protease (shown as ribbon)
complexed with inhibitor MVT-101 (shown as stick). The linker QGGGG is shown as ribbon in
black (PDB code: 2040) [234]
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by NCL. Conversion of the cysteines at ligation sites with a-bromoacetamide to
y-Gln followed by folding and dialysis furnished the catalytically active enzyme.

The extensive focus on HIV-PT reflected its role as a critically important drug
discovery target. The methodological advances which enabled the tremendous
advances in this area, however, have also increased our capability to synthesize
other enzymes, some of which are also of therapeutic importance. The synthesis and
characterization of the human type II secretory phospholipase A2 (sPLA2), an
enzyme which catalyzes the hydrolysis of phospholipid esters, represent an exam-
ple of a medicinally relevant enzyme prepared by total chemical synthesis
[235]. The preparation of the 126-amino acid, 7-disulfide sequence was accom-
plished by NCL methodology involving a 2-component ligation at the Gly58-Gly59
site. The chemical synthesis of the p and L forms of 4-oxalocrotonate isomerase, an
enzyme which catalyzes the isomerization 2-oxo0-4(E)-hexanedioate to 2-0x0-3(E)-
hexanedioate [236], further demonstrated the utility of this approach in the eluci-
dation of catalytic mechanisms. While the two 4-oxalocrotonate isomerase enan-
tiomers demonstrated equal catalytic activity when tested against an achiral
substrate, the reaction was shown to proceed via a stereoselective mechanism at
the C5 carbon atom by deuterium labeling. Another, more recent example is the
synthesis of lysozyme [159] accomplished by a convergent KCL mediated assem-
bly of the 130-amino acid polypeptide followed by oxidation of the 4 native
disulfides to yield enzymatically active material. The landmark 1969 ribonuclease
A synthesis of Gutte and Merrifield was revisited by Kent et al. [237] who
employed a one-pot KCL strategy to assemble first the 65—124 fragment interme-
diate which they used in a subsequent one-pot ligation to form the full length
ribonuclease protein. The completed linear protein was folded using a redox system
and rigorously characterized by several methods including X-ray crystallography.
Recently Wu et al. synthesized and characterized the human T-cell leukemia virus
type I (HTLV-1) protease, a potentially important target for the treatment of adult
T-cell leukemia [238]. The synthesis of this enzyme and its truncated version
resolved an important controversy regarding the role of its C-terminal region.
Studies with three substrates indicated that deletion of residues 116-125 reduced
its catalytic efficiency by a factor of 10.

The above syntheses are not only significant by virtue of the importance of
particular enzymes prepared, but by their illustration of the important innovations
which have greatly enhanced the capabilities of NCL far beyond the original
two-fragment ligation.

4.3 Protein Pharmaceuticals

The direct preparation of drug candidates represents another potentially important
niche for chemical protein synthesis. Although most currently marketed FDA
approved biologics are produced by fermentation, chemical synthesis can be
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fundamentally important in the drug discovery phase, where homogeneity and
structural variation can be advantageous.

4.3.1 Chemical Synthesis of Erythropoietin

Erythropoietin (EPO), a cytokine produced by the kidney which regulates the
production of red blood cells, is a glycoprotein hormone of 166 amino acids. This
protein undergoes extensive and variable glycosylation at four distinct sites (Asn24,
38, 83, and Ser126) when expressed in cell culture, yielding a mixture of complex
and largely inseparable glycoforms. In fact, the commercial preparations of EPO,
Procrit (Janssen), Epogen (Amgen), and Aranesp (Amgen), prescribed for anemia
associated with chronic kidney disease or cancer chemotherapy, are each supplied
as a mixture of glycoforms. However, studies have shown that the carbohydrate
motifs at the four sites could significantly impact the in vitro stability and in vivo
performance of EPO [239-241]. As a result, the chemical synthesis of EPO analogs,
which enable homogenous modification by glycans or glycan-mimicking polymers,
is essential to correlating carbohydrate modification with biological activity [242,
243].

In 2001, Flitch et al. reported the semi-synthesis of a homogeneously
glycosylated EPO by producing the protein in E. coli with Asn to Cys mutations
and subsequent modification with glycosyl-p-N-iodoacetamide at the mutated sites
[244]. In 2003, Kochendoerfer et al. at Gryphon Therapeutics reported a full
chemical synthesis of EPO with two mono-dispersed polymers attached at residues
24 and 126 [245]. A follow-up report in 2005 from the same group detailed a
correlation between the in vivo half-life, overall charge, and molecular weight of
EPO [246]. In 2008 Macmillan et al. reported a semi-synthetic approach utilizing
cyanogen bromide cleavage of E. coli-derived material to generate the 29-166
fragment for ligation to the synthetic 1-28 fragment [247]. This work was extended
to synthesize an EPO analog with an undecasaccharide attached at sites 24 and
30 [248]. In 2012, Kent et al. published another synthesis of a non-glycosylated
EPO analog with Asn to Lys mutation at sites 24, 38, and 83 [249]. Working toward
a full chemical synthesis of glycosylated EPO, Kajihara et al. reported their
synthesis of an EPO analog with a complex undecasaccharide attached at the native
glycosylation site Asn83 [250]. A 10-year effort by the Danishefsky group requir-
ing the development of a number of specialized synthetic methods [101, 128, 138,
144, 243, 251-253] culminated with the report of fully synthetic EPO with “bio-
level” complex polysaccharides attached at all four native glycosylated sites
[254]. The synthetic routes reported by the Gryphon and Danishefsky groups are
highlighted below.

With the aim of improving the pharmacokinetic properties and efficacy of EPO,
the scientists at Gryphon designed a synthetic erythropoiesis protein (SEP), in
which glycosylation of native EPO at residues Asn24, 38, 83, and Ser126 was
replaced through the attachment of two negatively charged branched polymers of
mono-dispersed molecular weight at residues 24 and 126 (Fig. 6a, b). Native
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Fig. 6 Gryphon SEP route

residues Asn24 and Serl26 were substituted with Lys(N-levulinyl) to enable
chemoselective attachments of the polymer through oxime ligation. The distribu-
tion of the native cysteine residues (Cys7, 29, 33, and 161) did not permit efficient
use of NCL, and therefore two additional cysteines (at residues 89 and 117) were
introduced in the Cys-free region of 34—160. After NCL, two non-native cysteines
were alkylated with bromoacetic acid, thus mimicking the native glutamic acids.
A sequential C-to-N ligation strategy was employed for the fragment assembly
starting with the attachment of a mono-dispersed polymer chain to segment
117-166 through an oxime linkage, with the resulting product then ligated with
segment 89—116 and followed by Acm deprotection by Hg(OAc),. Similar schemes
were utilized to obtain the linear form of EPO 1-166 with polymers attached at
residues 24 and 126, which was subsequently subjected to folding to furnish the
SEP with two native disulfide bonds. The reaction yields were 15-30% for solid-
phase peptide synthesis and purification, 30-50% for oxime-forming ligation,
40-70% for NCL and purification, and 25-40% for final folding and purification.
This process was scalable by a factor of 100 with comparable yields, and more than
100 mg of material was generated. The comparison of the SEP analog with native
microbial-derived EPO found similar in vitro potencies, with the former demon-
strating a prolonged half-life and enhanced performance in animal models (Fig. 6c¢).

In 2002, the Danishefsky group set out to prepare a homogeneous “wild-type”
EPO polypeptide glycosylated at the three conserved N-linked sites as well as at the
single O-linked center. After an effort of ~10 years, this objective was completed in
2013. The synthetic plan called for the installation of a tetrasaccharide glycophorin
motif at Ser126, and a consensus dodecasaccharide at all three Asn-linked sites
(Fig. 7). In addition to NCL, a number of synthetic innovations proved instrumental
to the success, including the metal-free desulfurization [138], the o-mercaptoaryl
ester rearrangement-mediated NCL [252], and the one-flask aspartylation
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[253, 255]. The free radical-based desulfurization offers great selectivity between a
free thiol and Cys(Acm) or Thz, facilitating the utilization of four Ala sites (Ala60,
98, 125, and 128) as NCL junctions in addition to the native Cys29. The modified
aspartylation procedure, improved by the introduction of pseudoproline dipeptide
segments, was also critical to the efficient preparation of the N-linked glycopeptide
segments. The segment assembly was conducted by sequential ligation in the C-to-
N direction utilizing Thz or Cys(Acm) as the protected forms of N-terminal Cys.
All steps proceeded in good to excellent yields, including the critical one-step
metal-free desulfurization of segment 29-166 which selectively converted four
cysteines to alanines at sites 60, 98, 125, and 128 in the presence of three Cys
(Acm) with a yield of 69%. The subsequent treatment with AgOAc removed all
Acm groups in a 79% yield, liberating the free cysteines for the final ligation with
segment 1-28. The resulting linear precursor was successfully folded to yield a
biologically fully active EPO analog at sub-milligram scale, representing the first
synthetic glycoform with glycosylation at bio-level complexity (Fig. 8).

4.3.2 Chemical Synthesis of Insulin

Insulin is a mini-protein hormone produced by pancreatic beta cells, which pro-
motes the uptake of glucose into skeletal muscle and fat tissue [256]. It possesses a
unique structural topology, consisting of an A-chain of 21 residues and a B-chain of
30 residues linked by two disulfide bonds, and a third intra-A chain disulfide. Since
its identification in the 1920s by Banting and Best [257], insulin and its analogues
have served as life-saving medicines for diabetic patients, and will undoubtedly
continue to do so until pancreas regeneration becomes clinically practical
[256]. The industrial scale production of insulin relied for many years solely on
the extraction of bovine and porcine pancreatic glands, with this supply now met
entirely by microbial fermentation. Numerous early structure activity relationship
studies (SAR) utilized the semi-synthetic preparation of analogs [258-264]. These
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were, however, inherently limited in scope by providing access only to the
N-termini of A- and B-chains and the C-terminus of the B-chain [265]. Recombi-
nant DNA technology, which has been the mainstay of large scale insulin produc-
tion [266, 267], provides a means to substitute each residue independently, but with
the restriction that only coded amino acids can be introduced. These limitations
pose significant constraints on the scope of insulin discovery research. The total
chemical synthesis of insulin offers the ability to expand the structural diversity at
each position, facilitating more thorough investigations into insulin’s chemistry,
biology, and therapeutic applications. In addition, the methods developed for
insulin synthesis are also applicable to the synthesis of other members of the
insulin-like-peptide family [268, 269].

The elucidation of the structure of insulin in the 1950s by Sanger et al. prompted
attempts to synthesize the hormone chemically [270]. These remarkable achieve-
ments were accomplished over a 10-year span by three independent international
teams: the consortium of Chinese institutes [271, 272], the group of Helmut Zahn at
the University of Aachen [273], and the group of Panayotis Katsoyannis at the
Biochemical Institute of Pittsburgh [274]. Solution-phase routes were utilized
throughout the preparation of the 21-mer A-chain and the 30-mer B-chain in their
S-sulfonate forms, which were subsequently combined under re-dox conditions to
form the three native disulfide bonds and provided the biologically active protein.
Shortly afterwards, Merrifield et al. achieved the same goal with application of the
recently invented SPPS technique for the synthesis of A- and B-chains
[275]. Because of the typically limited yield of the chain combination reaction,
directed-disulfide bond formation approaches were investigated and successfully
accomplished by Sieber et al. in 1974 [276] and later by Kiso et al. in 1993 [277]. In
addition to the challenge of correctly forming the three native disulfide bonds, the
insolubility of A-chain posed another major obstacle to achieving a highly efficient
synthesis. A poly-lysine tag was introduced as a solubilizing motif for the synthesis
of insulin A-chain by Wade et al. in 2009 and demonstrated by the synthesis of
insulin glargine (Lantus) [278]. Recently, Kent [198, 279, 280], Hoeg-Jensen [281],
and DiMarchi [282] and their co-workers reported the use of a bio-mimetic
approach where the N-terminus of A-chain and the C-terminus of B-chain are
linked together to form a mini-proinsulin enabling highly efficient folding. The
various linkers explored so far include an oxime-containing PEG linker [279],
amide bond [282], short peptide [281], and ester bond [198, 280]. More recently,
Liu et al. at Eli Lilly and others have reported improved directed-disulfide bond
formation methods, including a one-pot procedure [283, 284], solubility enhance-
ment by insertion of isoacyl segments [285], and iodine-free procedures to elimi-
nate side reactions induced by iodine oxidation [286, 287]. Overall, these methods
can be classified into two categories based on the strategy used for construction of
the native disulfide bond: (1) methods exploiting the insulin protein structure to
help direct disulfide bond formation using both a direct two-chain combination
method and an indirect method using a biomimetic single-chain insulin intermedi-
ate [198, 271, 273-275, 279-282] and, (2) those methods using differential
thiol chemical reactivity to help direct disulfide bond formation [276-278, 283,
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Scheme 17 Synthesis of insulin lispro via an “ester-insulin” intermediate

285-287]. The “ester-insulin” approach reported by Kent et al. [280] and the
“isoacyl-insulin” approach reported by Liu et al. [285] are detailed below as
illustrations of each strategy. Both methods have been demonstrated as effective
routes to produce insulin analogs at milligram scale.

The elegant utilization of an ester bond as a means of linking the A-chain
N-terminus to the B-chain C-terminus enabled an enzyme-free, traceless excision
of the linker (Scheme 17) [280]. In this synthesis of insulin lispro (Humalog), the A-
and B-chain were joined together via an ester bond between the side-chains of two
native residues, GluA4 and ThrB30. To obtain the necessary segments for NCL,
thioester segment B1-B18 was prepared by standard in situ neutralization
Boc-SPPS [78], while the B19-A21 segment was assembled by a combination of
Fmoc-SPPS (for residue A1-A21) and Boc-SPPS (for B19-B30). The 5 cysteines of
segment B19-A21 were converted to their respective S-sulfonates to facilitate
purification and improve handling. Separately, a tetra-arginine tag was installed
at the C-terminus of thioester segment B1-B18 to improve its solubility. The
ligation of these two segments was conducted under standard NCL conditions,
followed by the folding of the resulting depsi-linear precursor to form three native
disulfide bonds. In the last step, saponification furnished biologically active insulin
lispro. Both the folding and saponification steps proceeded with high yields of 70%
and 93% respectively.

The protein folding approach, which relies on the conformational characteristics
of the insulin molecule, may have limited utility in cases where a specific mutation
affects the analog’s stability [288-290]. The chemically directed disulfide bond
formation is theoretically able to generate analogs with any mutation, a key
advantage of this approach. However, although the orthogonal chemistries of the
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Scheme 18 Synthesis of human insulin by isoacyl A and B-chains

protected cysteine pairs is sufficient to enable the sequential formation of three
disulfide bonds, the handling difficulties of the hydrophobic A-chain significantly
decreases the overall yield [277, 278, 283]. A recent report by Liu
et al. demonstrated the insertion of isoacyl segments into A- and B-chains as an
effective way to circumvent this issue (Scheme 18) [285]. The isoacyl segments
Thr-Ser and Tyr-Thr were placed at A8-A9 and B25-B26 of the A- and B-chains,
respectively. The increased solubility imparted by isoacyl motifs enabled efficient
purification of A-chain by standard C18 reverse-phase HPLC (RP-HPLC), and also
increased the recovery of B-chain from RP-HPLC purification two- to threefold.
The isoacyl motifs rearranged smoothly to their corresponding native peptide bond
forms when exposed to neutral or basic pH conditions. The overall yield of human
insulin based on substitution of the starting resin used for the A-chain synthesis was
24%, representing the highest yield reported to date.

5 Conclusion

The chemical synthesis of proteins has become a practical reality only within the
last two decades. The advent of NCL chemistry in 1994 effectively overcame the
limits of conventional stepwise SPPS and dramatically increased the range of
protein targets accessible by chemical means. This relatively recent innovation
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has played a significant role in the development of novel drug discovery technol-
ogies, impacting both small molecule and large molecule projects. As is character-
istic of transformational technologies, its future uses are not easy to anticipate and
the examples discussed above are undoubtedly only the first of many potential
applications of this unique and powerful technology.
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1 Introduction to Native Chemical Ligation

Native chemical ligation (NCL) has shown great utility and is a proven method for
the preparation of peptides, cyclic peptides, proteins, and glycoproteins via syn-
thetic or semi-synthetic pathways [1-5]. The concept of NCL dates back to the
pioneering work of Wieland et al. [6], but it was not until 1994 that this method
gained widespread attention when Kent et al. reported its application in the syn-
thesis of interleukin-8, a cytokine responsible for the proliferation of B cells during
immune response [7].

Approaches to ligation of two peptide segments include prior thiol capture [8],
NCL [1], conformationally assisted ligation [9], and Staudinger ligation [10], of
which NCL is the most widely used method. NCL involves the chemoselective
coupling of two protein or peptide fragments, one containing a C-terminal thioester
and the other, typically, an N-terminal Cys residue (Fig. 1). The two components
combine via an intramolecular S- to N-acyl shift to produce, irreversibly, the ligated
amide bond (a native peptide bond) at the point of ligation. The fact that this
reaction occurs in aqueous solution and in the absence of protecting groups has
placed this powerful technology at the forefront of protein synthesis. The driving
force for NCL is the formation of the thermodynamically stable amide link, at
around neutral pH [3].

The rate of the ligation reaction depends on the C-terminal amino acid. Dawson
et al. reported that all 20 amino acids could be used, but amino acids such as Pro,
Val, and Ile gave reduced reaction rates (Fig. 2) [10]. Additives such as urea and
guanidinium chloride can be added to the buffer solution to prevent the aggregation
of amino acids or peptides in the solution phase synthesis [11].

The requirement of a Cys residue (Xaa-Cys, where Xaa=any amino acid) at the
ligation site can be problematic because not all proteins contain a Cys residue and
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the Cys residues may be present at locations in the protein which are not appropriate
for NCL [12]. This has resulted in efforts to carry out ligations at Xaa-Xaa sites in
which a thiol group is attached to a side chain of the N-terminal amino acid.
Subsequent desulfurization then affords the desired peptide (Fig. 3) [13]. Desulfur-
ization of thiol-modified amino acids can be achieved using Raney nickel or
Pd/Al,O3, or under free-radical-based conditions [12, 14]. To date, the ligation-
desulfurization technique has been achieved at Ala [12], Phe [15], Val [16], Lys
[17, 18], Thr [19], Leu [20], Pro [21], GIn [22], and, most recently, Arg residues
[23]. The design of thiol-containing amino acids was recently reviewed by He
et al. [24]. However, where cysteine residues are present in the peptide sequence at
positions other than the ligation junction, protection of the side chain is required to
prevent unselective desulfurization. In this instance the acetamidomethyl group is
typically used [25], and Pentelute and Kent were the first to show its application in
NCL [26].

Dawson et al. demonstrated that the addition of thiophenol or benzyl mercaptan
can increase the rate of ligation [27] and Johnson and Kent studied the effect that
various thiols may have on NCL [28]. It was found that aryl thiols exchange with
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peptide alkyl thioesters to form peptide aryl thioesters, which then act as efficient
leaving groups, thus facilitating the ligation. Mercaptophenylacetic acid (MPPA)
was found to be a more effective thiol additive than those previously used.

2 Solid Phase vs Solution Phase Chemical Ligation

The most successful method of fragment condensation for the synthesis of poly-
peptides and proteins in solution phase is NCL, reported by Dawson for the first
time in 1994 [7]. This was a significant contribution because NCL overcomes one
of the main limitations of solid phase peptide synthesis (SPPS), namely the pro-
duction of long peptide sequences (>50 amino acid residues) [1, 3, 29]. NCL may
be used in both solution and solid phases; solution phase NCL has been used for the
synthesis of small peptides and cyclic peptides [30—32] whereas SPPS is more
widely applied in polypeptide and protein synthesis.

SPPS has proved more useful than solution phase techniques in terms of ligation
reactions for long peptides or polypeptides [33], because both N-terminal
Cys-containing peptides and C-terminal thioester-containing peptides can be effi-
ciently prepared on solid supports. Zhang et al. used 3-mercaptopropionyl MBHA
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resin for the preparation of thioesters using Boc chemistry [34]. However, harsh
acidic conditions (HF/anisole, 9:1) were required to cleave the peptide thioester
from the solid support. Clippingdale et al. reported the synthesis of peptide
thioesters via Fmoc SPPS in order to avoid the use of HF [35]. However, piperidine,
widely used for Fmoc-deprotection, may cause hydrolysis of peptide-a-thioesters,
and thus methods to overcome this difficulty have been the subject of a number of
studies [36].

Raibaut et al. demonstrated the advantages of SPPS for preparing peptide
sequences for use in NCL. An efficient solid-phase synthesis of large polypeptides
was achieved by iterative ligations of bis(2-sulfanylethyl)amido (SEA) peptide
segments [37]. Sequential NCL by N- to C-elongation cycles between the supported
peptide thioester (blocked with SEA) and a free C-terminal thiol group-SEA
activated N-terminus peptide (Fig. 4) allowed the synthesis of peptide thioesters
containing 60 amino acids and the assembly of five peptide segments to give a
15-kDa polypeptide [38].

3 Intramolecular Chemical Ligation (Acyl Migration)

In general, NCL means intermolecular ligation but the phrase has also been applied
to intramolecular ligation, often called acy! migration, which occurs when an acyl
group migrates from X—N (X=S, O, N) within an isopeptide (Fig. 5). Recently,
Panda et al. investigated chemical ligation from isopeptides in the solution phase
via different cyclic transition states [39].

3.1 S-to N-Acyl Migration

Isopeptide ligation is an alternative method for the synthesis of cysteine peptides
via an intramolecular chemical ligation by an entropically favored mechanism. S- to
N-Acyl migration via various cyclic transition states was investigated by carrying
out the ligation with mono-isopeptides under microwave irradiation (50°C, 50 W,

H f
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s
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. i OH
Fig. 5 Intramolecular Pg—HN—{ peptide Q)LN/ @\N%
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chemical ligation
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1-3 h) using 1 M NaH,PO,/Na,HPO, phosphate buffer to maintain pH 7.3
(Scheme 1). The feasibility of intramolecular acyl migrations via 5- to
19-membered cyclic transition states was demonstrated and the yields of long-
range S- to N-acyl transfers were found to depend on the size of the macrocyclic
transition state (TS). Thus the relative rates, based on yields, depended on the ring
size of the TS in the order, 5 >10 >11 >14, 16, 17 >12 >13, 15, 19 >18 >>>9
>8 [40-44].

3.2 O- to N-Acyl Migrations

Chemical ligation of serine isopeptides via O- to N-acyl transfer with 8- and
11-membered TSs occurs without the use of an auxiliary group (Scheme 2)
[45]. This is in contrast to cysteine isopeptides, in which the 8-membered TS was
disfavored even under basic conditions. Intramolecular acyl transfer of Thr
isopeptide through 5- and 9-membered TSs was favored over 8- and
11-membered TSs (Scheme 2) [46].

Chemical ligation studies of Tyr isopeptides under microwave irradiation (50°C
50 W, 3 h) using 1 M phosphate buffer and a DMF-piperidine medium showed that
intramolecular O- to N-acyl transfer occurs via 11- to 13-membered TSs under
basic conditions and with 14- to 18-membered TSs in aqueous media
(Scheme 3) [47].
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3.3 N-to N-Acyl Migrations

The intramolecular chemical ligation of tryptophan isopeptides via N- to N-acyl
migration occurs through 7- to 18-membered cyclic TSs forming the native pep-
tides in basic, non-aqueous media rather than aqueous buffered conditions
(Scheme 4) [48].

4 Applications of Native Chemical Ligation

4.1 Synthesis of Cyclic Peptides

In 1944 Gause and Brazhnikova discovered Gramicidin S, a cyclic peptide [49], and
used it in the treatment of septic gunshot wounds during the Second World War.
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Since then, both natural and unnatural cyclic peptides have become important
synthetic targets because of their potential applications as antibiotics and other
therapeutic agents [50-54]. Selected examples include anticancer agents (ADH-1),
antibiotics (colistin), growth hormone inhibitors (octreotide), and immunosuppres-
sant agents (cyclosporine A) (Fig. 6) [55].

The constrained conformation of cyclic peptides often results in increased exo-
and endopeptidase resistance, enhanced binding affinity, and in certain cases,
increased cell penetration compared to their linear counterparts. Numerous strate-
gies, both in solution and solid-phase, have been reported for the synthesis of cyclic
peptides [56-58]; NCL, the reaction of a C-terminal peptide thioester with an
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N-terminal cysteine peptide, is now an established method for production of
peptides with a cyclized backbone [59-61].

Dawson demonstrated ligation strategies on 1,2-aminothiols which depend on a
capture/rearrangement mechanism to link two peptide fragments under mild con-
ditions [7]. The cyclization process involves a reaction between a weakly activated
C-terminal thioester and an unprotected N-terminal cysteine residue. The thermo-
dynamic stability of an amide bond over a thioester is again the driving force behind
this reaction, made possible through a proximity-driven S- to N-acyl migration.
Zhang and Tam used the above methodology to synthesize cyclic peptides in a
head-to-tail fashion (Fig. 7) [62].

Hackenberger and Kleineweischede reported a traceless Staudinger ligation for
the head-to-tail macrocyclization of peptides without a deprotection step (Fig. 8)
[63]. In this strategy, a phosphine tethered to a thioester at the C-terminus of a
peptide reacts intramolecularly with an azide at the N-terminus to form the cyclic
peptide.

Recently, cLac (cyclic peptide-mimicking lactadherin) was synthesized using
NCL and studied for phosphatidylserine (PS) recognition [64, 65]. The linear
precursors for the synthesis of cLac derivatives were prepared following standard
protocols for automated Fmoc-peptide synthesis and the cyclic peptides (cLac
variants) were obtained in the presence of 4-mercaptophenylacetic acid and isolated
via HPLC in yields of 60-70% (Fig.9). All the synthesized cLac variants were
labeled with the thiol-reactive fluorescein-5-maleimide in DMF containing 2% N-
methylmorpholine (NMM) by taking advantage of the free cysteine side chain [65].

The phosphatidylserine (PS) recognition study suggests that the cLac peptide
effectively mimics the PS binding mechanism of lactadherin, in which multiple
polar residues are conformationally preorganized by the protein or the cyclic
peptide to balance various noncovalent forces (desolvation, hydrogen bonding,
and salt bridges) for specific PS recognition [65].
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Liu et al. reported a modified version of NCL to synthesize the native peptide
from a C-terminal peptide hydrazide and an N-terminal Cys under NaNO,-medi-
ated activation [66, 67]. This method (hydrazide ligation) was also applied in the
synthesis of cyclic peptides. One of its important advantages is that peptide
hydrazides can be easily prepared through routine Fmoc SPPS. The linear hydra-
zide peptides were synthesized from hydrazine-Trt(2-Cl) by following standard
Fmoc SPPS. The peptide hydrazides cyclize in two steps, in a one-pot fashion, in
the presence of NaNO, and the thio-additive MPAA. Aqueous phosphate buffer
containing 6.0 M guanidinium chloride was used as the solvent system. A mixture
of an organic solvent with aqueous phosphate buffer also works as medium for this
transformation (Scheme 5). A number of cyclic peptides were prepared by follow-
ing this methodology in 18-65% yields (Table 1) [68].

SPPS is often used for the preparation of linear precursors required for NCL.
Barany and Tulla-Puche reported NCL on resin to avoid tedious purification
steps, usually necessary after each step. The linear precursor was prepared using
1-hydroxy-7-aza-benzotriazole (HOAt) or 1-hydroxybenzotriazole (HOBt) and N,
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Table 1 Cyclic peptides prepared by hydrazine ligation
Yield of
linear Yield of
precursor cyclic
Entry | Cyclic peptide (%) peptide (%)
1 Cys-Asn-Pro-lle-Trp-Gly-lle-Val 76 59
L l
2 Cys-Asn-Pro-lle-Trp-Gly-lle-Gly 65 55
L l
3 Cys-Asn-Pro-lle-Trp-Gly-lle-Ala 72 63
L l
4 Cys-Asn-Pro-lle-Trp-Gly-lle-Leu 70 60
B l
5 Cys-Asn-Pro-lle-Trp-Gly-lle-Lys 72 57
L l
6 Cys-Asn-Pro-lle-Trp-Gly-lle-Cys 55 42
L l
7 Cys-Asn-Pro-lle-Trp-Gly-lle-His 75 65
L l
8 Cys-Asn-Pro-lle-Trp-Gly-lle-Thr 60 45
L il
9 Cys-Asn-Pro-lle-Trp-Gly-lle-Glu 59 39
L l
10 r Cys-Asn-Pro-lle-Trp-Gly-lle-Trp T 46 35
11 rcys-Tyr-Leu-A|a-(3|y_| 72 48
12 r Cys-Val-Tyr-Gly-Gly-Ala T 77 54
13 r Cys-Trp-Leu-Val-Asp-Cys(Acm)-Pro T 58 45
14 r Cys-Thr-Arg-Gly-Phe-Arg-Cys-Val —| 70 52
15 r Cys-Leu-Leu-Gly-lle-Cys-Arg-Cys-lle T 68 48
16 FCys—Thr—Lys—Ser—lIe—Pro—Pro—GIn—Cys—Tyr—SerT 38 30
17 /— Cys-Thr-Lys-Ser-lle-Pro-Pro-lle-Lys-Phe-(D)Pro-Pro-Arg —‘ 53 45
18 FCTKSIPPICTFSIPPI—| 45 34
19 FCRCVGRRCLCRCFGRTCI T 52 41
20 r CLFKPFLSCGSGSDGGVCPKILKKCRRDSDCPGACICRGNGY T 23 18

N'-diisopropylcarbodiimide (DIPCDI) as coupling agents. Key aspects of on-resin
NCL include Fmoc/fBu chemistry, side-chain anchoring, allyl protection of the
penultimate residue to allow introduction of the C-terminal thioester later in the
synthetic sequence, a new derivative, Trt-Cys(Xan)-OH, which facilitates selective
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and mild removal of both protecting groups. The synthesis of c¢yclo(Cys-Thr-Abu-
Gly-Gly-Ala-Arg-Pro-Asp-Phe) using on-resin NCL is illustrated in Scheme 6 [69].

Fukuzumi et al. introduced a strategy in which linear peptides bearing side
chains with unprotected functional groups could be cyclized under high dilution
conditions [70]. This strategy, known as a-ketoacid-hydroxylamine amide-ligation,
is achieved by the Fmoc-based SPPS of linear peptides bearing a C-terminal sulfur
ylide linker, which acts as a ‘masked’ a-ketoacid (Fig. 10). The introduction of the
N-hydroxylamine can also be carried out on a solid support. Subsequent global
deprotection and cleavage from the solid support affords the linear peptide which,
following sulfur ylide oxidation, undergoes the desired cyclization. The general
applicability of this strategy was demonstrated by the preparation of five natural
product cyclic peptides (Table 2).
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Table 2 Cyclic peptides prepared by a-ketoacid-hydroxylamine amide-ligation

Entry Cyclic peptide HPLC yield (%) Isolated yield (%)
1 Gramicidin S: cyclo(-°’FPVOLPFPVOL-) | 13 13
2 Tyrocidine A: cyclo(-°’FPFPENQYVOL-) |36 22
3 Hymenamide B: cyc/o(-FPPNFVE) 15 8
4 Semi gramicidin S: cyclo(—D FPVOL-) 17 15
5 Stylostatin A: cyclo(-AISNPFPL-) 13 7

Cyclization conditions: 0.1 M (COOH),, 0.001 M DMF: H,0 (50:1), 40°C for 48 h

van de Langemheen et al. synthesized cyclic peptides containing a thioester
handle using a ‘sulfo-click’ linker. In this approach the ‘sulfo-click’ linker used for
the synthesis of the linear precursor was prepared by Fmoc SPPS (Scheme 7)
[71]. Three different cyclic peptide sequences were synthesized, corresponding to
the loops present in HIV protein gp120 interacting with CD4 as found in the X-ray
structure of the gpl20-CD4 complex. On the basis of this structure, the
SSGGDPEIVT?"?,  *“*INMWQEVGKA**, and **LTRDGGN*®® peptide
sequences were selected for the preparation of cyclic peptide thioesters (Fig. 11)
[72]. HIV-gp120 plays a crucial role in the first steps of HIV-infection through its
attachment to the CD4 receptor [73]. Preventing attachment of gp120 to cells and/or
using gpl20 as a starting point to develop a vaccine may offer alternative
approaches to avoid the further spread of HIV [74, 75].
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Chen et al. developed a strategy for preparing cyclic peptides via in situ
generation of a thioester resulting from disulfide reduction; subsequent NCL results
in the desired peptide (Fig. 12) [76]. This strategy was used to synthesize linear
glycopeptides, which, after thioester formation, resulted in cyclization to form a
model glycopeptide in 73% yield (Scheme 8).

The synthesis of branched peptides using masked side-chain thioester deriva-
tives of Asp and Glu which are compatible with Fmoc-SPPS is an important goal.
Boll et al. synthesized cyclic and branched chain peptides using bis
(2-sulfanylethyl)amido (SEA) side-chain derivatives of Asp and Glu via Fmoc
SPPS [77]. The tail-to-side-chain cyclization via an in situ reduction of both acyclic
and cyclic disulfides with tris(2-carboxyethyl)phosphine (TCEP) triggered the SEA
intramolecular ligation. Glu derivatives cyclized more readily than the Asp ana-
logues and without formation of side products (Scheme 9).
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There are several drawbacks associated with the use of thioester surrogates such
as SEA, in SPPS, especially when the thioester surrogate is attached to the resin via
an MeClys linker [78]. These limitations include the need for multiple coupling
reactions to attach the C-terminal amino acid to the resin and the possibility that the
protected MeCys linker can, during peptide elongation, undergo p-elimination and
then piperidine conjugate addition to form MeAla(Pip) as a side product [79]. In
order to overcome these limitations, Taichi et al. developed the thioethylbu-
tylamido (TEBA) group as an alternative to SEA-derived thioester surrogates
(Fig. 13). The utility of the TEBA-thioester surrogate was demonstrated by the
synthesis of cysteine-rich cyclic peptides [78, 80].

Li et al. developed an efficient method for the synthesis of peptides and proteins.
In this method, an O-salicylaldehyde ester at the C-terminus reacts with N-terminal
serine or threonine to realize peptide ligations via an O- to N-acyl transfer
(Scheme 10) [81].

The utility of this ligation approach has been demonstrated through the conver-
gent syntheses of therapeutic peptides (ovine-corticoliberin and Forteo) and the
human erythrocyte acylphosphatase protein (~11 kDa) [82]. The requisite peptide
salicylaldehyde ester precursor is prepared in an epimerization-free manner via
Fmoc—solid-phase peptide synthesis. This approach was also used for the synthesis
of Daptomycin (Fig. 14), a lipodepsipeptide isolated from Streptomyces roseoporus
which was obtained from a soil sample from Mount Ararat (Turkey) [83].
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4.2 Synthesis of Glycopeptides

Post-translational modifications of proteins and peptides can have profound effects
on the overall biological and chemical properties of these biopolymers. In partic-
ular, glycosylation of proteins and peptides results in highly complex structures
known as glycoproteins [84, 85]. The presence of glycans can ensure the stability
and activity of glycoproteins, with biological functions such as cell adhesion,
differentiation, and growth [86—88]. Carbohydrates are linked to proteins via either
a N-glycosidic bond at an asparagine residue or an O-glycosidic bond at a serine or
threonine residue [89]. N-Linked glycoproteins are biosynthesized in a process
commencing in the endoplasmic reticulum (ER) in which a 14-mer oligosaccharide
is transferred to the amide nitrogen of an asparagine residue, in an Asn-Xxx-Ser/Thr
sequon, where Xxx is any amino acid apart from proline, from a dolichol phosphate.
Glycosidases then truncate the 14-mer to a pentasaccharide core fragment which is
further modified to afford the final N-glycoprotein, which is in turn either
transported to the cell surface or secreted (Fig. 15) [90].

The most prevalent class of O-linked glycoproteins are the mucins, in which a
galactosamine (GalNAc) monosaccharide is linked to the peptide backbone via an
a-glycosidic bond from GalNAc to a Ser or Thr residue [91]. The GaINAc mono-
saccharide, often known as the Ty antigen (Fig. 14), is then modified at the C-3 or
C-6 positions with GalNAc, galactose, or glucosamine via a- or f-glycosidic bonds,
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Fig. 16 Core structures of mucin O-linked glycans where R is a Ser or Thr residue [91]

resulting in a series of di- and trisaccharides which are known as the core structures
(Fig. 16).

O-Linked glycoproteins are biosynthesized in a continuous process that occurs
in the ER and the Golgi apparatus. This is not a template driven process, but rather
is subject to numerous sequential and competitive enzymatic pathways, and the O-
glycans vary according to the cell lineage, tissue location, and developmental stage
of the cell [91, 92]. Furthermore, as the pattern of O-glycosylation alters in response
to mucosal infection and inflammation, O-linked glycoproteins have important
implications in a wide range of diseases, including cystic fibrosis, Crohn’s disease,
and cancers [93-99]. Aberrant glycosylation can result in truncated core structures,
lacking backbone motifs, which leave the Ty and T antigens or their sialylated
versions exposed, providing disease markers which might have important implica-
tions in the design and synthesis of anti-cancer vaccines (Fig. 17) [100, 101].

To determine the exact role of glycoproteins and glycopeptides in biological
systems, it is necessary to access pure samples of these compounds. Furthermore,
glycoproteins and glycopeptides are important compounds in drug discovery
because of their potential therapeutic benefits [102, 103]. However, because of
the dynamic and heterogeneous nature of biological systems, progress in
glycobiology has been hindered, and it is not currently possible to isolate single
glycoforms from natural sources [104]. Thus chemical synthesis of glycoproteins
and glycopeptides is an important area of research [105, 106].

Chemical ligation is a very attractive method for the synthesis of glycoproteins
[107], and NCL, traceless Staudinger ligation [108], and sugar-assisted ligation
(SAL) (Fig. 18) [109-111] have all been used for this purpose. SAL has been used
for the synthesis of a large number of glycopeptides [112-114], but difficulties were
encountered in the presence of larger glycans [115].
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The synthesis of glycoproteins has been reviewed recently [84, 85, 106, 116,
117], and hence the focus here is on the use of NCL for the synthesis of glycopep-
tides and glycopeptide mimetics, the so-called ‘neoglycopeptides’ [118,
119]. Although NCL has been applied to the synthesis of glycoproteins and
glycopeptides [120], the synthesis of glycopeptides is inherently challenging [121].

Boc-SPPS, traditionally used to prepare peptides required for NCL, is not used
for the synthesis of glycopeptides because it is incompatible with acid labile
glycosidic linkages such as sialyl- or fucosyl-glycosidic bonds. However,
Murakami et al. were able to prepare a sialylglycopeptide by substituting the
harsh acidic conditions (HF) typically used to remove Boc protecting groups for
an acidic deprotection cocktail of TFA/TfOH/DMS/m-cresol (5:1:3:1) [122]. Alter-
natively, Fmoc-SPPS, used in glycopeptide synthesis, is not compatible with the
synthesis of peptide-a-thioesters, as the thioester may be cleaved by the piperidine
used to remove Fmoc protecting groups. Because the Fmoc strategy is more widely
used than Boc strategies, especially in automated SPPS, methods to overcome
difficulties associated with Fmoc-protected peptide-a-thioesters have received a
great deal of attention [36].

The requirement of a Cys residue at the ligation junction for successful NCL can
be problematic when attempting to synthesize glycopeptides because of the low
natural abundance of Cys residues in nature (only 1.7%). This results in a lack of
Cys residues in the target glycoprotein or the need to synthesize glycopeptide
sequences of 30—50 amino acid residues. It is worth mentioning that the synthesis
of N-linked glycopeptide chains is more challenging than the corresponding amino
acid sequence without an attached glycan, which can lead to difficulties in glyco-
peptide synthesis [106, 123, 124]. Consequently, a large number of techniques have
been developed, including Ser or Thr ligation strategies [125] and the addition of
thiol groups to amino acids [24] which, subject to successful desulfurization, might
afford the target glycopeptide. Desulfurization of peptides was originally achieved
with either Raney nickel or Pd/Al,O53 [12], but these conditions are not always
compatible with desulfurization of glycopeptides [16, 126].

The in situ generation of thioesters has been applied to the synthesis of cyclic
glycopeptides bearing a single carbohydrate moiety (Fig. 12) [76]. Wan and
Danishefsky applied this strategy to the synthesis of glycopeptides containing
strategically placed Cys residues to facilitate NCL. Following NCL, a radical-
based, metal-free desulfurization process using TCEP and rBuSH enabled the Cys
residue to be converted into the desired Ala (Scheme 11) [14]. The NCL free-
radical-based desulfurization was subsequently reported to be applicable to thiol-
modified Val residues [127] and thiol-protected Thr residues [19].

Efforts have been made to improve free-radical desulfurization strategies and in
this respect one-pot strategies are particularly attractive because they avoid time-
consuming purification after each reaction. Moyal et al. [128] recently reported a
one-pot ligation-desulfurization protocol and subsequently Thompson
et al. developed a one-pot ligation-desulfurization protocol, using a novel thiol
additive, 2,2,2-trifluoroethanethiol, for the synthesis of short peptide fragments
[129]. Neither of these strategies has yet been applied to glycopeptide synthesis.
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To achieve a more widely applicable method for glycopeptide synthesis,
Okamoto and Kajihara developed a strategy for the conversion of Cys to a Ser
residue after NCL. Thus, S-methylation of Cys, followed by an intramolecular
rearrangement activated by CNBr, results in an O- to N-acyl shift, which affords
an O-ester peptide intermediate. A second O- to N-acyl shift generates the desired
glycopeptide (Fig. 19) [130]. This strategy was used to access a fragment (residues
79-98) of EPO, N-linked glycopeptide and a repeat sequence of MUC-1, an
O-linked glycoprotein. Furthermore, this procedure can be carried out in the
presence of methionine residues, when protected as the sulfoxide. Subsequently,
Okamoto et al. reported that the substitution of Cys to Ser could be accomplished in
the presence of acid-labile sialyl-glycosidic linkages such as those found on sialyl-
Ty antigens [131].

NCL has been achieved at unprotected Ser and Thr residues via an O- to N-acyl
transfer [81]. Hojo et al. employed a slightly different strategy in which a
mercaptomethyl group was used to protect the Ser and Thr residues. In this instance
the ligation step occurs through an S- to N-acyl transfer via a seven-membered ring
and this approach was used to access O-linked glycoprotein contulakin-G
(Fig. 20) [132].

N- to S-acyl shifts have been used to access peptide thioesters (Fig. 21) [133,
134]. Macmillan et al. used this strategy to prepared thioesters, which were subse-
quently used in NCL to access model glycopeptides based on the erythropoietin
(EPO) amino acid sequence [135, 136].

Hsieh et al. prepared S-glycosylated peptides using NCL (Scheme 12) [137]. In
this instance, the glycopeptides fragments were prepared using Fmoc SPPS and the
subsequent NCL proceeded in yields of over 80% for the three examples. Disulfide-
bridge formation at key cysteine residues achieved the natural product, bacteriocin
glycopeptide Sublancin 168, and two derivatives bearing alternative sugars.

Glycoconjugate mimetics, known as neoglycoconjugates, which bear an ‘unnat-
ural’ linkage between the carbohydrate and aglycon moieties, have been widely
explored, as this allows access to novel glycopeptides which might have enhanced
activity relative to the naturally occurring glycopeptide [119]. The triazole unit is
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one of the most widely studied ‘unnatural’ glycosidic linkages and, in this context,
Macmillan and Blanc synthesized a neoglycopeptide, using Boc-SPPS, in which the
peptide sequence was based upon human erythropoietin. Cleavage of the
neoglycopeptide from the solid support afforded an 11-mer peptide sequence
which was able to undergo NCL with a suitable thioester to afford the target
neoglycoconjugate (Scheme 13), neatly demonstrating that NCL is compatible
with triazole moieties [138].

Lee et al. subsequently synthesized similar neoglycopeptides using a one-pot
strategy in which two propargyl peptides were coupled via NCL; subsequent 1,3-
dipolar cycloaddition afforded the glycosylated peptide (Fig. 22) [139].

Finally, it has been shown that NCL has applications in the context of synthe-
sizing RNA mimics [140], and selective desulfurization again plays an important
role in producing target molecules [141].
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5 Computational Rationalization of Chemical Ligation

Chemical ligation has been widely reported and discussed, and numerous attempts
have been made to increase reactivity and improve yields to make the peptide
ligation method more effective. In particular, mechanistic studies of the reaction
have played an important role in rationalizing the rate of ligation.

Wang et al. investigated the mechanism of NCL and calculated energy barriers
for various C-terminal amino acids in order to compare their reactivity [142]. In the
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reaction between a peptide thioalkyl ester and a Cys-peptide in the presence of an
aryl thiol catalyst, it is alleged that both the thiol-thioester exchange step and the
trans-thioesterification step proceed by a concerted Sn2 displacement, whereas the
intramolecular rearrangement occurs by an addition-elimination mechanism
(Scheme 14).

The energy barrier for the thiol-thioester exchange step depends on steric
hindrance associated with the side-chain of C-terminal amino acids, whereas that
of the acyl-transfer step depends on steric hindrance caused by the side-chain of the
N-terminal amino acid. In auxiliary-mediated peptide ligation, between a peptide
thiophenyl ester and an N-2-mercaptobenzyl peptide, the thiol-thioester exchange
step and intramolecular acyl-transfer step proceed by a concerted Sny2-type dis-
placement mechanism (Scheme 15). For N-terminal Gly, the thioester exchange is
rate limiting, whereas the acyl transfer is the rate-limiting step for N-terminal
non-Gly amino acids (Table 3) [142]. When the difference in AG* between the
two transition states is, for example, 3 kcal molfl, then the reaction with the lower
activation energy is 150 times faster (Table 3).

When compared to intermolecular NCL, there have been far more computational
studies into the intramolecular chemical ligation of isopeptides. Monbaliu
et al. discussed the computational approach and developed the first systematic
theoretical background for an n-exo-trig intramolecular S-to N-acyl transfer
[143]. Cyclic TSs in the ring size range n=5-10 were controlled by enthalpic
factors and a classical range of AG* values were found. The calculations also
emphasized that the substituents at R' and R* (Fig. 23b) had little impact on the
nature of the TS. The preorganization of the structures and, in particular, the
emergence of stabilizing hydrogen bonds in intramolecular TSs appeared as
major factors governing the variations of AG* with ring size. In isomeric structures,
the presence of an internal non-natural amino acid (B-Ala or GABA) directly after
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Table 3 Energy barriers of auxiliary-mediated peptide ligations for various conjugation sites

C-terminal thioester N-terminal amino acid
o R! SH R?

HJ\HJ\H/SO ©/\H/kn/0\ . )
Entry o) o) AG* (TS-A) AG* (TS-B)
1 Gly R'=H) Gly (R’>=H) 29.2 29.4
2 Gly R'=H) Ala (R>=CH3) 29.0 32.6
3 Gly (R'=H) Val (R*>=iPr) 30.4 33.1
4 Ala (R'=CHj3) Gly (R>=H) 31.8 29.5
5 Ala (R'=CHj3) Ala (R>=CHj3) ~32 32.3
6 Ala (R'=CH3) Val (R*=iPr) ~33 35.8
7 Val (R'=iPr) Gly (R’>=H) 34.9 29.4
8 Val (R'=iPr) Ala (R>=CH3) ~35 36.3
9 Val (R'=iPr) Val (R?>=iPr) ~36 38.4

the Cys residue favored hydrogen bonds (5.7-8.4 kcal mol "), which stabilize the
TS. The competition between the intra- and intermolecular acyl transfers is driven
by parameters which govern the approach of the reactive termini, for example, the
ring strain (Fig. 23) [143].

The feasibility and rate of intramolecular ligation depends on various factors
such as preorganization energy, hydrogen bonding, and the distance between the
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reaction sites. Oliferenko and Katritzky rationalized the curious behavior of the
intramolecular ligation of Cys-containing isopeptides by computational chemis-
try. Preorganization is an important factor in chemical ligation because it occurs
through a cyclic TS [144]. The more easily the starting material achieves an
appropriate cyclic conformation, the higher the probability of intramolecular
reaction. Hydrogen bonding and NH-z interactions play a major role in the
stabilization of a preorganized conformer [44]. Intramolecular ligation via
eight-membered cyclic TSs of Cys-containing isopeptides was disfavored,
whereas, surprisingly, Ser-containing isopeptides showed an efficient O- to N-
acyl migration via eight-membered cyclic TSs. The O- to N-acyl migration of
Tyr-containing isopeptides showed intramolecular chemical ligation in the pres-
ence of a base with 12- to 14-membered cyclic TSs and in a buffered medium
with 15- to 19-membered cyclic TSs. The reactivity of Tyr isopeptides is
described in terms of preorganization energy, hydrogen bonding and bond dis-
tance (Table 4) [145].

Biswas et al. reported, the design of a predictive model using statistical tech-
niques to correlate the relative abundance (ligated product percentage) with quan-
titative structural activity/property relationship (QSAR/QSPR) [146]. The genetic
algorithm linear regression method was performed using QSARINS software [147],
which establishes a correlation between the dependent variable (property/response
relative to the abundance of ligated peptide) and independent variables (molecular
descriptors or factors) (Table 5). It was found that the percentage of ligated peptides
increases with both a shorter spatial h(N-C) distance and a higher Balaban index
(Fig. 24).
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Table 4 Determination of parameters governing O- to N-acyl migrations for Tyr isopeptides

Hydrogen bonding
Cyclic TS | Ligated product | h(N-C) | Distance Angle AE preors = Emin — Epreorg

size (%) A A) ©) (kcal/mol)
Cbz o
PR
ron— (et "
(e}

12 95.3 4851 [N(Q2)-H(50)-—N(1) [—0.021
1.944 1163.0

13 85.2 4765 | N(Q23)-H(53)-—N(1) | —0.535
2.010 1162.8

14 97.0 3779 |N@Q2)-H(52)--NG4) | 0.00
1.948 1167.2

15 94.6 3398 | N(1)-HB7)---0(28) | —3.301
1.885 1174.8

16 87.0 3246 |NQ4)-H(56)----0(29) | —1.757
1.913 11713

17 96.8 3.656 | N()-H(#1)---0(30) | —2.723
2.088 11525

18 99.9 3280 |NQD-H(55)--N(39) | —2.360
1.908 1163.7

19 98.1 2990 | NQD-H(56)----N(39) | —1.500
1.970 1 149.1

“Relative abundance calculated from HPLC-MS

Table 5 Statistical model for the relative abundance of ligated peptides

D Factors® | Coeff® s© I
R*=0.93, F=106.1,s=9.92, n=2, N =18, R%cvloo = 0.90, R*adj = 0.88

1 Intercept 0.1439

g1 Distance — b(N-C) —36.143 —0.626 42.50
2 Balaban index 134.304 0.406 37.50

“Represents the molecular descriptor based on best multilinear regression (BMLR) stepwise model
PCoefficients of respective factors including the intercept

“Standard error

9Student’s r-test (¢-criterion)
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6 Conclusions

The increasing demand for peptides and chemically modified peptides has produced
a significant expansion in alternative synthetic routes for peptide and protein
synthesis. Native chemical ligation has proved to be a very useful tool for the
synthesis of proteins, peptides, cyclic-peptides, glycopeptides, and neoglyco-
conjugates. In spite of ligation-desulfurization techniques, the general requirement
of an N-terminal cysteine and a C-terminal thioester remains a limitation. However,
considerable efforts have been made to generalize NCL. Both solution and solid
phase peptide synthesis have been used for NCL, and NCL is the more acceptable
method for preparing peptides because of the high-yielding isolation of long-chain
peptides and cyclic peptides with a lower likelihood of thioester racemization.
Because thioesterification can occur at mildly acidic or neutral pH, NCL promises
to have a major impact on the synthesis of peptides and peptide mimetics and is
particularly suitable for the synthesis of natural products, cyclic peptides, and
glycopeptides. The rate of acyl transfer in chemical ligation reactions depends on
various factors and these have been analyzed by computational studies. This
theoretical rationalization should assist in the preparation of new cyclic peptides
and glycopeptides via chemical ligation.
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