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Abstract

Glycoproteins are an important class of naturally occurring biomolecules which play a pivotal role
in many biological processes. They are biosynthesized as complex mixtures of glycoforms through
post-translational protein 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 homogeneous 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.
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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 cancer [6, 7]. As a result, glycans and glycoproteins are
increasingly being investigated in clinical settings as potential targets for the development of
therapeutics, diagnostics, 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: A-linked and O-
linked glycoproteins. In A-linked glycoproteins, the glycan (A-acetylglucosamine, GICNAC)
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 A-
acetyl-galactosamine, GalNAc and GIcNAC) is a- or B-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].

Unlike protein synthesis, protein glycosylation is not regulated genetically, and the
biosynthesis of typical A- 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 glycosylation 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
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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 oligosaccharide, 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 A-linked [21, 22] and especially O-linked [23, 24]
glycopeptide fragments related to natural glycoproteins. A particularly attractive application
of this strategy is being implemented in a number of laboratories for the synthesis of mucin-
type O-glycopeptides containing tumor carbohydrate antigens (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, the partially protected peptide is
first synthesized by SPPS. Next, the A~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
PyAOP), 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 77+ 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 A-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 chains, increased epimerization,
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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— A 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 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 A-linked glycopeptide fragment
carrying a complex-type oligosaccharide [41]. The first total chemical synthesis of a full-
length glycoprotein bearing a complex type A-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 consecutive 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 subsequent unmasking of the free
thiol, can rearrange to generate the corresponding aryl thioester via a reversible O — Sacyl
transfer [46]. The utility of this latent acyl donor in glycopeptide ligation has been widely
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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 Bu-thio-
protected cysteine at the N-terminus — were subjected to reductive cleavage by the addition
of sodium 2-mercaptoethanesulfonate (MESNa). The resulting glycopeptide intermediates
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 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 glycopeptide 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 somewnhat limited practical value. As a consequence, a
number of alternative strategies have emerged for the cysteine-free, ligation-based assembly
of glycopeptides 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 A-glycans [51]. 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 A-linked glycans (Scheme 6).

As shown, under the reducing ligation conditions, O — Sacyl transfer occurred at the o
disulfide phenolic ester as previously described (see above), to provide the thioester, which
underwent transthioesterification with the thiol-containing glycopeptide (upon in situ
reduction of the auxiliary disulfide bond); the transient intermediate underwentan S— 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 — Sacyl shift, followed
by TFA treatment.

While useful as a tool for peptide or glycopeptide ligation, the general application 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
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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 ligation with the corresponding peptide coupling partner. After the
ligation reaction, 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,03 [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. Subsequent 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 compatible 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 fert-butylthiol as a thiol additive. This mild,
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, 64], 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 relevant 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 A-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—-macrophage colony-stimulating factor (GM-CSF) and EPO.
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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 hormone (LH), chorionic gonadotropin (CG), and thyroid
stimulating hormone (TSH). These glycoproteins are composed of two non-covalently
associated subunits, a common a-subunit (a-hGPH) and a unique hormone-specific -
subunit (B-FSH, p-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 (a.-GPH) as the first step to access the
human glycoprotein hormones.

Human a-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 A-linked dodecasaccharide. This complex-type A-
glycan is a consensus sequence which has also been found to exist on the B-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 procedure followed by Kochetkov
amination [79] afforded the fully deprotected A-~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 a-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 A-linked glycans
[81].

Human B-Fallicle Stimulating Hormone (B-hESH): As our first complete target (with
both a and B 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
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forms of hFSH, chemical synthesis seems to be the most straightforward approach to
overcome this limitation.

The B-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 Lanshury aspartylation. Thus, fragment B-hFSH[66-111], peptide thioester
B-hFSH[28-65], and glycosylated p-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 p-hFSH [1-19] was then joined under NCL conditions to form the
glycosylated p-subunit of hFSH with two A-linked dodecasaccharides at the native
glycosylation sites and Acm-protecting groups at the cysteine residues.

Human B-L uteinizing Hormone (B-hL H) and B-Chorionic Gonadotropin Hormone (8-
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 -
subunit of hCG has been found to be overexpressed in several types of cancers and
encompasses an epitope for hCG-based monoclonal antibodies. 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, p-hLH
contains 121 residues and only one N-glycosylation site (Asn30), whereas B-hCG comprises
145 amino acids and incorporates both A-linked (Asn13 and Asn30) and O-linked sugars
(Serl121, Ser127, Ser132, and Ser138), making it the longest and most complex human
glycoprotein hormone. Several studies investigating the importance of the oligosaccharide
chains on the biological activity of these hormones suggest a more relevant role of the
underlying carbohydrate residues vs the peripheral sugar units [88]. We sought to gain
access to homogeneous glycoforms of B-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 synthesis 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 B-subunit bearing not only two A-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, B-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 -hCG containing two A-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 p-hCG[110-145],
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B-hCG[72-109], p-hCG[38-71], and A-glycosylated p-hCG[1-37]) from the C- to the N-
terminus, using a multiple NCL-based strategy (Scheme 10). Importantly, this synthesis of
the B-subunit of hCG represents the longest human glycoprotein hormone (hGPH) accessed
as a single glycoform by strictly chemical means.

Having accomplished the total synthesis of both a- and B-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 A-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-A-glycosylated version containing the chitobiose disaccharide,
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.

3.2.3 Erythropoietin (EPO)—Erythropoietin (EPO) is a glycoprotein hormone primarily
implicated in the regulation of red blood cell production in the bone marrow, a process
known as erythropoiesis [92-94]. Recombinantly derived EPO has been used for the
treatment of anemia associated with renal failure and cancer chemotherapy [95]. However,
production of recombinant EPO results in a complex mixture of glycoforms, where the
primary protein sequence and the glycosylation sites are highly conserved but the
carbohydrate domains present significant heterogeneity. Despite studies suggesting that
specific sugar modifications affect the stability and erythropoietic activity of EPO [96, 97],
the unavailability of single glycoforms has complicated elucidation of the relationship
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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.

EPO is composed of a 166-amino acid backbone incorporating three A-linked glycans
(Asn24, Asn38, and Asn83) and an C-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 assembling 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 A-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 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
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protein folding to provide a simplified variant of folded EPO which, despite having
truncated A-linked glycans, demonstrated erythropoietic activity.

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 A-glycosylation sites
and glycophorin at Ser126 [101]. We initially envisioned adapting our previously described
linear strategy, developed in the context of the chitobiose glycoform, to this more complex
target. However, the greater steric bulk of the full A-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 assembled, starting from the &
glycosylated, C-terminal domain EPO[125-166] via a series of smooth alanine ligations
followed by thiazolidine unmasking (Scheme 16). 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 surprisingly, 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.
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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 A-~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.

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 elucidation of the molecular
basis of protein glycosylation. This realization will certainly contribute to the development
of novel and improved glycoprotein-derived therapeutics in the next few years.
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Scheme 4.
Total synthesis of antimicrobial O-glycoprotein diptericin by NCL
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Scheme 5.
NCL-based assembly of a complex model A-glycopeptide using an o-disulfide phenolic

ester as latent thioester
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Scheme 6.

Synthesis of a complex model A-glycopeptide using an auxiliary-based, cysteine-free
ligation strategy
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Scheme 7.
Non-cysteine ligation followed by desulfurization
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Scheme 8.
Synthesis of the a-subunit of human glycoprotein hormones, a-hGPH[1-92]
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Scheme 9.
Synthesis of the g-subunit of human follicle stimulating hormone, p-hFSH[1-111]
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Scheme 10.
Synthesis of B-subunit of human chorionic gonadotropin hormone, B-hCG[1-145]

Top Curr Chem. Author manuscript; available in PMC 2016 October 25.

Page 26



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fernandez-Tejada et al.

om

SAam
A i I % 5  calll n
EMNETVEVISEMFDLQEPTCLATRLEL YKQGLRGSLTKLKGPLTMM) . o SHYKQHCPPTPETSCATQIMFEFSKENLKDFLLVIPFDCWEP VO
H

*§ GMCSF[34-80] ® mss” GM-CSFIB1-127)

1. NCL butfer, aq TCEP (0.5 M)
2 2 MeONH, HCI (08 M), pH 4

(B1%, 2 steps)
e SAam SAam Sha 5
" N EMNETVEVISEMF DLOEPTCLOTRLELYKOGLRGSLTKLKGPLTMMC SHYKGHCPPTPETSCATQITFEF SKENLKDF LLVIPFDCWEPVGE }-oH
™ GM-CSF[34-127] r
NMwmwsmemaumumsRmAPLsa l new Mm(.‘;::cspmsm
' GM-CSF1-33) »
My APARSPSPSTQPWEHVNAIQEARRLLNLSRDTA,
;———:. )
i3 - f
CEMNETVEVISEMFDLQEPTCLOTRLEL YKQGLRGSLTKLKGPLTMMCSHYKQHCPPTPETSCATQITFEF SKENLKDFLLVIPFDCWEPVQE
GM-CSF[1-127] s

2. Acm removal (AQOAC HOAC, H,0, DTT)

1. MFD (VA-044, 1Bu-SH, TCEP)
(41%, 2 steps)

W, APARSPSPS TOPWEHVNAIQEARRLLNLSRDTA)
'
:-( AEMNETVEVISEMFDLOEPTCLOTRLEL YKOGLRGSL TKLKGPL TMMASHYKQHCPPTPETSCATQITFEFSKENLKDFLLVIPFDCWEPVOE J-0H

eprotected GM-CSF[1-127] L

Gaathione redox buffer
@3%)

M| APARSPSPS‘I’DPVEHVNMDEARRLLNLSRDTA)—:
[

AEMNE TVEVISEMFDLQEPTCLOTRLELYKOGLRGSL TKLKGPLTMMASHYKOGHCPPTPETSCATQITFEFSKENLKOFLLVIPFDCWEPVOE)
ar

folded GM-CSF[1-127]

Scheme 11.
Synthesis of the bis-glycosylated GM-CSF glycoform
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Scheme 12.
Proposed synthetic strategy for convergent synthesis of erythropoietin, EPO[1-166] and

ribbon diagram of the fully glycosylated protein
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Scheme 13.
Synthesis of EPO[125-166]
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Scheme 14.
Initial convergent synthesis of EPO

Top Curr Chem. Author manuscript; available in PMC 2016 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fernandez-Tejada et al.

SACPURTITADTFRKLF VY SNFLRGRLK|

L i

Acms,
4
N—{(RErcsine
e o
o

°
VPORTKVNG YAWKRAME VGOOAVE VWG _ALLSEAVLR )—‘:\)\w
" A
L HN

luwa.aum

4% ywia

Aem

C(m VNSSOPWEPLOHVDKAVSGLASLTTL RALGAQXEAISPPOACSACPLAT TADTFRALFRYYSNFLAGKLKLYTGEACATGOR —COgH

168
.:j\rﬂ—(.; c[v,,uu--,:- T SALLSE ;,l:uo)J
» o Aom t

ALLVNSSOPWEP .OLHVOWS

SOLASLTTL_RALGAGKEAISPPOAASAAP AT TADTFRKLF RV Y SNFLRGALKLYT GEAGRTGOR J—COsH

18
s, I)
H
j=—{AEHCSLNEN TVPORTKVNF YAWKRMEVGOCAVEVWOGALLSEAVLRGO
[ HaN'
- 3 E

) NCL Buter
TI% yeld

((AL NSSOPER OV ORAVSaLRSLT TR ALGAGRE RSP POARSARS AT TASTF K PV SNFLAGALAY TOEAGATGDR )—C0M
166

MN—{(AFPALICOSAV. ERYL _EAKEAENITTGCAEHCS_ N ENITVPDRT AVNF YAWARMEVGOOA

| i

RGO

Scheme 15.
Linear synthesis of erythropoietin, EPO[1-166]
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Scheme 16.
Synthesis of fully glycosylated EPO[1-166] bearing wild-type glycans at each of the four

glycosylation sites
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