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1. Introduction

1.1. Aims

This review updates our original review on the synthesis
of glycoproteins.® Its aims, therefore, are 2-fold: to highlight,
first, key developments since 2002 and, second, provide,
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where relevant, pointers in the form of seminal examples to
the unitiated. Thus, while we hope to produce a detailed
update of methods for glycoprotein assembly, only select
examples of the numerous potential applications are included.
The field continues to expand apace, yet the conceptua
categories chosen in 2002 still serve well as clear markers
and so will also be used here. The excitement at thistime is
the emergence of genuinely viable strategies of direct
relevance to novel probes of biological mechanism. These
include approaches that now seem likely to yield synthetic
proteins as clinical biopharmaceuticals in the near future.

1.2. Biological Importance of
Glycopeptides/Glycoproteins

Carbohydrates are ubiquitous in nature, and there is little
doubt that the elaborate carbohydrate constructs observed
on the surface of cells and proteins hold the key to
understanding many complex biological processes. For
example, glycoproteins have been reported to exhibit a
pivotal rolein processes as diverse as fertilization, neuronal
development, hormone activities, immune surveillance, and
inflammatory responses.?”° The carbohydrates of host cells
are often employed by pathogens for cell entry and im-
munological evasion. In addition to their critical role in
communication events, an interesting aspect of N-linked
glycans is highlighted by their post-tranglational role in the
‘quality control’ of protein synthesis.”® In the absence of
correct glycosylation, many proteins fold incorrectly. It has
been suggested that if proteins fail to fold correctly the
glycans are incorrectly displayed and cannot be processed
in trimming steps leading to expulsion of the protein viathe
endoplasmic reticulum-associated protein degradation (ERAD)
pathway.'° Therefore, the apparently superfluous glycan
trimming steps seen in the endoplasmic reticulum may not
simply be a means to glycan structure but steps along a
“quality-controlled” protein production line and suggests a
key role for added glycans as indicators of correct protein
structure. %12 Moreover, glycans appear to stabilize tertiary
structure™*** and also aid folding and transport by protecting
proteins from proteolysis.*> Enhanced proteolytic stability,
as aresult of glycosylation, has been observed, for example,
through comparison of RNase A, an unglycosylated pancre-
atic ribonuclease, and RNase B, which bears a single high-
mannose oligosaccharide at Asn34.16718

Carbohydrates alter other physiochemical properties of
proteins. In artic fish,*® O-glycan-rich proteins act as an in
vivo “antifreeze’, preventing nucleation of ice, allowing them
to survive temperatures of —2 °C. Glycopeptide analogues
of these proteins have a so demonstrated significant antifreeze
properties in the cryopreservation of iset cells.?%
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code?® Alterations of amino acid side chains such as
glycosylation lead to higher structural and functional protein
diversity and are therefore a prime candidate in explaining
the seeming incongruity in gene number and biologica
function.?®

1.3. Why Does Nature Employ Carbohydrates

The need for carbohydrates in biological events may be
explained through the diverse range of constructs that they
can form. Schreiber recently suggested®* that carbohydrates
in biology may best be compared simply with terpenes, yet
this underestimates their structural diversity enormously.
Carbohydrates are unparalleled in the number of structures
they can adopt, and as a consequence, nature appears to
exploit this structural diversity to convey information at a
molecular level.? In terms of oligomerization, proteins and
nucleic acids are effectively linear in structure (amide bonds
in proteins and 3'—5' linkage of phosphodiesters within
DNA), where limited basis sets (4 for DNA, 20 for amino
acids) giverise to limited variations. In addition to inherent
configurational variation (gluco, manno, etc.), additiona
variety caused by ring size, branching, anomeric configu-
ration, and modification (e.g., acylation, sulfation, and
phosphorylation) gives carbohydrates strong potential for
diversity. This inherent structural diversit%/ parallels a wide
range of functions within nature,®%1%2%27 ranging from a
source of energy and metabolic intermediates to the structural
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Figure 1. LEAPT: lectin-directed enzyme activated prodrug therapy.

components of plants (cellulose), animals (chitin), and nucleic
acids (DNA, RNA). However, greater variation in oligosac-
charide structure is exploited by nature through the combina-
tion of carbohydrates with proteins (glycopeptide/glycopro-
tein), the products of which have caused an explosion of
interest within the scientific community. This structural
diversity has been christened glycocode, a term that well
represents the potential level of complex information that
carbohydrate structures are able to convey.>?® This vast
number of potential permutations represents a technological
barrier and means that oligosaccharide portions of glyco-
proteins cannot be made simply on an iterative basis since
there are far too many possible synthetic targets. It is
therefore crucial that the design of new glycoproteins is
guided by identification of the associated functions and
activities of existing natural and resulting synthetic structures.
In this regard, the number of possible glycans that we may
need to target may not be as overwhelming as a statistical
analysis of possible permutations might suggest. As we start
to unpick the mechanisms by which the biosynthetic as-
sembly of protein glycans is controlled we may start to
unpick a greater sense of the ‘rules’ of these processes and
their resulting functional effects in proteins; here again,
precisely modified proteins will be crucial in the delineation
of any such rules.

1.4. Potential Applications

Recent developments in glycopeptide/glycoprotein syn-
thesis have been further honed by the application of products
to an understanding of the vital role that they play in
nature.>®32 Although this is the principle reason for
conducting this research,® the biological significance and
application of both natural and synthesized glycopeptides/
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glycoproteins will only be discussed in passing here.3* The
reader isreferred to our previous review for further examples
of the biological and biotechnological applications of gly-
copeptides and glycoproteins.®

The specificity of the hepatic asialoglycoprotein receptor®
has been widely exploited for liver targeting and is a standard
for targeted drug delivery® and genedelivery>"* therapies. 34
A recent example termed lectin-directed enzyme-activated
prodrug therapy (LEAPT) has been designed to exploit
endogenous carbohydrate—lectin binding through the com-
bination of biocatalysis with novel glycosylated enzymes and
prodrugs.** In the first step of this bipartite strategy a
glycosylated enzyme is targeted to specific cell types within
the body that are determined by the selected carbohydrate
ligand; next, a prodrug capped with a nonmammalian sugar
isadministered. Use of linkages in the prodrug that can only
be cleaved by the activity of the glycosylated enzyme ensures
that it isonly released at the predetermined target site (Figure
1). Thefirst system utilized a rhamnosidase, which was first
deglycosylated following treatment with endoglycosidase-H
(see section 3.1) and then chemically glycosylated using a
lysine-glycosylation (IME, 2-iminomethoxymethy! thiogly-
coside) methodology.*? When coadministered with model
rhamnose-capped prodrugs, in vivo analysis showed a high
level of drug in the target organ, the liver. Moreover, use of
a prodrug of the anticancer drug doxorubicin in the system
allowed promising treatment of an animal tumor model. The
methodology shows possible adaptation to other disease
targets by varying the sugar or to target other suitable
receptors of medical relevance.

Such “sugar-targeting” approaches may also be used to
target physiologically advantageous enzymes in so-called
“enzyme replacement therapy” (ERT).*® For example, the
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presence of mannose-6-phosphate bearing high-mannose
oligosaccharides on recombinant human acid a-glucosidase
(rhGAA) has been shown to improve the clearance of
glycogen in Pompe mice.** Infusion of glycosylated rhGAA
into Pompe mice resulted in greater delivery of the enzyme
to muscle tissues when compared to the unmodified enzyme
with an impressive 5-fold increase in glycogen breakdown
in affected tissues.

Recently, Vérez-Bencomo and co-workers developed a
glycoconjugate vaccine composed of a fully synthetic
capsular polysaccharide antigen of Haemophilus influenzae
type b (Hib),*® highlighting the fact that access to synthetic
complex carbohydrate-based vaccines is feasible. Initial
results from clinical trials demonstrated long-term protective
antibody titers as compared to licensed commercia products.
This Cuban work has set the international benchmark for
synthetic vaccines and highlighted the need for further
development of similar approaches to other human pathogens
and perhaps greater innovation and courage in other countries.

Fatalities resulting from malaria are caused by an inflam-
matory surge initiated by malarial toxin released from the
parasite Plasmodium fal ciparum; glycosylphosphatidylinosi-
tols (GPI) are thought to be the primary toxin that underlies
this pathology. In an attempt to produce a vaccine against
malaria, Seeberger and co-workers chemically synthesized
the GPI oligosaccharide and conjugated it to carrier proteins
(see section 3.2).*¢ Anti-GP! antibodies were obtained from
immunized mice and shown to neutralize the pro-inflamma-
tory activity of P. falciparumin vitro. More impressively, it
was demonstrated that deaths from malarial parasites in
animal models were greatly decreased, thereby establishing
the idea that GPI conjugates could be used for antimalarial
vaccine design. The rapid and high-yielding assembly of the
GPI motif was possible through automated solid-phase
glycosylation chemistry,*” which could be adapted to include
alternative building blocks for SAR studies.

Glycans may modulate serum half-life, and in an attempt
to enhance the pharmacokinetics of synthetic insulin, Nish-
imura and co-workers combined mutagenesis with enzymatic
synthesis in the production of a glycosylated insulin.*®
Standard insulin is rapidly degraded by the liver (within a
few hours of administration), thus requiring frequent booster
shots. Methods to increase in vivo activity of insulin have
been investigated,*® but these are limited by intricate
administration regimes resulting in uncontrolled fluctuation
in glucose blood levels caused by decreased water solubil-
ity.>® Nishimura et al. tackled the water solubility and
degradation problems by introducing siaic acid, a sugar that
is known to increase glycoprotein half-life in vivo.>>>? This
required installation of accessible GIn residues through
mutagenesis into the B chain of insulin and subsequent
transglutaminase (TGase) catalyzed transamidiation with a
lactosyl amine. The resulting glycoprotein was further
modified through enzymatic sialylation with a Siaa2,6-
transferase to make Sia2,6-Lac. The product insulin showed
a longer-lasting in vivo activity than unmodified insulin.
Interestingly, the same synthetic methods were also used in
the creation of a dendrimeric display of siaic acid, leading
to an insulin “glycodendriprotein’ (see section 3.3).%°
Although the binding affinity of these modified insulins to
receptor decreased as dendrimer size increased, an overall
in vivo activity increase was observed due to the enhanced
half-life caused by the higher presence of sialic acid.
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Keratoconjunctivitis is a severe eye infection caused by
adenoviruses; Kihlberg and co-workers developed multiva-
lent displays of 3-sialyllactose conjugated to HSA-carrier
proteins ligated through squaric acid (see section 3.2).>* 3~
Sialyllactose was chosen as a putative cellular marker for
adenovirus serotype 37 infection, and the effectiveness of
these glycoconjugates was demonstrated through strong
inhibition of the binding of Ad37 to human corneal epithelial
cells.

More recently, a ‘dual-tag double-modification’ strategy
in combination with site-directed mutagenesis and orthogonal
chemosel ective ligation has enabled the precise site-selective
attachment of different post-trand ational modifications to the
surface of reporter proteins, thereby creating probes to survey
protein/protein interactions (see section 3.3).2> A combination
of triazole formation and disulfide formation alowed for the
position-specific attachment of a sLe* tetrasaccharide and a
sulfated tyrosine mimic, respectively, onto areporter protein
SSBG, a gaactosidase which is capable of being visuaized
using the widely used X-Gal substrate. Furthermore, through
the use of site-directed mutagenesis these modifications were
located in a way that successfully mimicked the binding
parameters of human protein ligand PSGL-1 to its protein
receptor P-selectin. This synthetic protein was able to act as
a potent reporter system for P-selectin and hence as a probe
for in vivo inflammatory brain lesions caused by either acute
or chronic interleukin-induced inflammation and within a
Plasmodium-infected malarial disease model.

Single-site glycosylation through site-selective cysteine
ligation has also been used to produce glycosylated fragments
of 19gG1,% shown to be capable of interacting with human
FcyRI by inhibiting superoxide production in interferon-y
(IFNy) stimulated U937 cells. This study thus impressively
showed that the activity of a glycoprotein could be removed
through deglycosylation of its natural glycan and then
partialy restored through the in vitro ligation of synthetic
carbohydrates.

1.5. Need for Homogeneity/Single Glycoforms

As previously discussed, glycoproteins are fundamental
to avariety of biological events. However, investigating these
processes is complicated by the fact that naturally expressed
glycoproteins often emerge as heterogeneous mixtures.>®
Biosynthesis of proteinsis under direct genetic control from
DNA-to-protein through transcription—trandgation. However,
biosynthesis of the glycan portion is not template mediated;
the glycan structure is subject to competition between various
glycosyltransferases, glycosidases, and their substrates, the
substrate specificity of these processing enzymes, and
substrate/donor availability. This variable post-translational
processing of glycans resultsin expression of an assortment
of possible glycan structures called “glycoforms’,® glyco-
proteins that possess the same protein backbone but differ
in the oligosaccharide components and sites of glycosylation.
Therefore, expression of glycoproteins in mammalian cell
culture habitually leads to mixtures of glycoforms. The
different properties demonstrated by each glycan within the
resulting heterogeneous mixture present not only regulatory
difficulties for therapeutic glycoproteins® but also problems
in determining exact structure—activity relationships (SAR).
There is therefore an urgent need to develop methodol ogies
to provide access to aternative sources of homogeneous
perhaps synthetic glycoproteins. Development of highly
successful small-molecule carbohydrate-containing ligands
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Scheme 1. Glycoprotein Retrosynthetic Analysis

Protein

has often involved careful SAR refinements.®® If we are to
achieve the same successes with glycoproteins as larger
molecules using advanced synthetic organic chemistry then
a new mode of synthetic biology must be developed with
product homogeneity as one of its first key priorities.

1.6. Retrosynthetic Analysis

Theaim of thisreview isto discuss and highlight the recent
methodol ogies and synthetic strategies applied to preparation
of glycoproteins and, where relevant, glycopeptides as model
systems. These procedures encompass chemical, enzymatic,
and molecular biological approaches used independently or
in combination with one another. The net result is a
formidable range of techniques that bridges the ever-
decreasing boundaries between chemistry and biology.
Scheme 1 displays a generalized pseudoretrosynthetic analy-
sisfor glycoproteins, and this review systematically discusses
recent advances under the headings of each disconnection
type.* The terms that have been used to describe disconnec-
tions A, B, C, and D are not necessarily systematic and are
subjective ones that have been popularized by various
workersin the field but nonetheless are helpful and shall be
used where appropriate in this review (Scheme 1).

It is not the intention of this review to provide complete
coverageof al themethodsfor congtructionof carbohydrate—amino
acid conjugates but to instead focus on formation of
glycosylated-polypeptide (glycoprotein) structures that have
emerged since our last review. As a consequence, glyco-
peptide synthesis and assembly are only covered whereit is
of potential or direct relevance to glycoproteins. The reader
isreferred to recent reviews that have appeared on synthesiz-
ing shorter length glycopeptides.>® % Correspondingly,
although they are a crucial requirement for glycoprotein
synthesis, synthesisof oligosaccharides®™ "2 or pureproteins”™ "
will not be covered unless of direct relevance. This review
is a complete update of our first comprehensive review of
2002 on the synthesis of glycoproteins,* and the reader is
aso referred to other reviews?>%*7878% A|l sources of
glycoproteins have potential function (see section 1.4);
therefore, there will be no distinction drawn between
synthetic analogues, sometimes referred to as neoglycopro-
teins (neo simply means new and adds nothing to the
nomenclature of this field), and those occurring naturally.
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2. Glycopeptide Assembly

The urgent need for homogeneous glycopeptides and
glycoproteins has resulted in a concerted effort to develop
general and efficient methodologies for their assembly.
Synthesis of glycopeptides requires a combination of syn-
thetic methods from both carbohydrate and peptide chem-
istry. Central to any glycopeptide synthetic strategy is
formation of the integral glycan—amino acid bond. Thus,
the required carbohydrate structure is attached to an amino
acid residue (typically asparagine for N-linked glycopeptides
and serine or threonine for O-linked glycopeptides). Several
reviews cover strategies for preparation of N-linked and
O-linked glycoaminoacids, and our previous review covers
al major strategies.>®98%87 Any resulting glycosylated amino
acid isthen typically incorporated into standard solid-phase
peptide synthesis (SPPS) techniques. Two factors generally
limit this approach: first, the requirement not only for often
extensive carbohydrate protection but also amino acid
protection regimes and, second, the acid and base lability of
glycosylated amino acid residues.®® As a direct consequence
of these limitations SPPS technology is typicaly limited to
synthesis of peptide sequences of up to 50 residues. Neces-
sary protection and deprotection regimes, use of particular
supports, including introduction of specific linkers, and
coupling methods have, in some examples, all been tailored
to be compatible with the presence of carbohydrates. The
following section outlines some of the advances since 2002
in formation of naturally or unnaturally linked glycopeptides,
the products of which can or could be used in linear,
convergent, or mixed strategies to give larger glycopeptides/
glycoproteins. The reader is referred to several excellent
reviews which cover these aspects in more detail 858

2.1. Strategies for Formation of the Glycosidic
Linkage

2.1.1. Linkage Variety

Most natural glycan—protein linkages are N-(Asn) and
O-(Ser/Thr) glycosides. The majority of motifs for N-linked
are GIcNAcS-Asn and for O-linked GICNAcS-Ser/Thr or
GaNAca-Ser/Thr, although other unusual linkage forms are
aso observed® including GIcNAc-o-Asn,*® Glc-Asn,**
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Scheme 2. Methods for Preparation of N-Linked Glycopeptides
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2.1.2. Formation of Natural Linkages

2.1.2.1. N-Linked Glycans. The most commonly em-
ployed route is reaction of a protected or deprotected
glucosamine or equivalent with a suitably protected Asp
derivative (Scheme 2a).'® The Staudinger reaction of
glycosyl azides with Asp side chain carboxylates or carboxyl
derivatives in the presence of PPh;,’%” also offers good yields
to 8-Asn N-glycosides (Scheme 2b).1%® Recently, Kiessling
and co-workers described a Staudinger ligation for N-
glycosylation using glycosyl azides and asaparagine-derived
phosphinothioesters.!® In several examples complete S
selectivity was observed and the process showed a marked
dependence on the type of phosphinothioester used. We
recently expanded the Staudinger reaction to be fully
compatible with deprotected sugars (Scheme 2c).*° N-
Glycosyl asparagines have also been prepared via mild
photochemical coupling in which a photoreactive side chain
amide of aspartate was condensed with a glycosyl amine
(Scheme 2d).*** Photolysis activates the y-carboxylate
through formation of intermediate 1, rendering it susceptible
to nucleophilic attack with glycosyl amines. Orthogonally
protected photoreactive peptides have also been employed
by Michael and co-workers as part of their convergent
synthesis of N-glycopeptide fragments of the glycoprotein
hormone hEPO (human erythropoietin).**? This novel pho-
totransamidation strategy furnished N-linked glycopeptides
in good yield and avoided formation of aspartimide

2.1.2.2. O-Linked Glycans. The O-glycosidic bond in
O-linked glycansis normally installed through glycosylation
of the hydroxyl group of asuitably protected Ser or Thr using
standard glycosyl donors.****4 Trichloroacetimidate (TCA)
donors have been used previously, but a recent innovation
by Field and co-workers describes an ‘ on-column’ approach
where Lewis-acid-catalyzed activation of the TCA occurs
with perchloric acid immobilized on silica (Scheme 3a).'*°
The procedure also allows in situ purification of products,
and a range of glycosylated amino acids was prepared by
this route. Activation of thioglycosides using a Ph,SO/Tf,0O

Scheme 3. Methods for Preparation of O-Linked
Glycopeptides
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promoter system has been reported by Boons and co-workers
in the stereospecific preparation of T, and T antigen building
blocks (Scheme 3b).*'® Use of n-pentenyl glycosides as
glycosyl donors for O-glycopeptide synthesis has also
been revisited (Scheme 3c).**’

2.1.2.3. C-Linked Glycans. A novel variant of glycopro-
teins that incorporates a C-glycosylated amino acid has been
identified. Ito and co-workers described the synthesis of one
such C-linked glycosyl amino acid, namely, C-2-a-D-C-
mannopyranosyl-L-tryptophan, via ring opening of a pro-
tected 1,2-anhydromannose by a lithiated indole derivative
(Scheme 4).*# Functional group conversion and deprotection
furnished a glycoamino acid suitable for peptide elongation.

2.1.3. Synthetic Approaches to Unnatural Linkage Types

A variety of methods have been developed for preparation
of unnatural glycan—peptide linkages, and most of those
which follow have generally been applied to, or indeed are
restricted strategically to, peptide systems. However, some
may also applicableto larger protein systems (Scheme 5a—h).
As a primary linkage type, thioethers or variants have
featured heavily (Scheme 5).

Use of a serine-derived sulfamidate (Scheme 5a), based
on previous methods,**° allows reaction with thiohexoses
to create Slinked glycoaminoacids in water. Thisis amethod
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Scheme 4. Ito’s Synthesis of C-Mannosyl Tryptophan**®
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Scheme 5. Methods for Preparation of Thioether-Linked
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that could potentially be adapted to convert N-terminal
serines to glycosylcysteines in peptides, athough some amino
acid epimerization was noted which may partly limit its
applicability.*?° Michael addition of various protected and
unprotected thiosugars to dehydroalanine (Dha) in small
peptides (Scheme 5b),*?* introduced through oxidative
elimination of phenylselenocysteine, has produced a variety
of glycopeptide mimics. To this end, thio-isosteres of the
four tumor-associated carbohydrate antigens, Tp, T, STy, and
2,6-ST, were prepared as pairs of diastereoisomers due to
uncontrolled stereoselective reprotonation of the addition
intermediate.*? Recently, several methods for introduction
of Dha into proteins have opened up the possibilit g/
trang ating thisglycoconjugationintofull-lengthproteins.*>> 125
In order to better control stereoselectivity, van der Donk and
Gin and co-workers employed aziridine-containing peptides
(or Azy-peptides) as reagents for preparation of glycopeptides
(Scheme 5¢).12%27 Azy-containing peptides can be prepared
by standard SPPS using FmocAzyOH as a novel amino acid
monomer. Unfortunately, attempts to extend Azy-containing
peptides by sequential coupling of single Fmoc-amino acids

n Bn0OB" NHBoc

were unsuccessful due to intramolecular aziridine N-deacety-
lation by the liberated amine upon Fmoc removal at the
[Azy+2] position. This problem was overcome through use
of a dipeptide building block that allowed simultaneous
incorporation of the [Azy+2] and [Azy-+3] residues, thereby
avoiding aziridine deacetylation. The resulting Azy-peptides
were treated with 1-thio-sugars to furnish egcopegﬂd% in
43% yield over 10 steps in a convergent manner.**’ Solid-
supported unprotected thioglucose can be used to displace
side-chain amino acid iodides to furnish Slinked glycoami-
noacids.**® Similarly, iodide displacement of an iodoserine
or Mitsunobu coupling using GlcNAc-thiol gave Fmoc-
Cyg[GIcNACc], athough in this study racemization was
observed during iodide displacement due to in situ elimina-
tion to Dha and subsequent conjugate addition.*?® Peptides
containing 3-bromoalanine and y-bromohomoal anine were
prepared by direct bromination of peptides or incorporation
of abromoamino acid into the peptide synthesis. These were
then coupled with protected 1-thio-sugars to furnish Slinked
glycopeptides in good yield (Scheme 5d).**° One major
advantage of this methodology is that, due to the mild
reaction conditions, epimerization at the a-carbon of the
amino acid was not observed. The methodology could also
be applied to deprotected 1-thio-sugars, resulting in formation
of partially protected glycopeptides.*****! More recently,
Wong and co-workers adapted this procedure for a one-pot
strategy for Slinked glycopeptide synthesis with the in situ
generation of glycosyl thiolates in the presence of bromoala-
nine.®*2 This method was used in the synthesis of an S-linked
cycloglycopeptide mimic of tyrocidine, where it should be
noted that the Slinked anal ogue displayed a greater inhibitory
activity against B. subtilis than the natural antibiotic. In a
reverse mode alkylation, Schmidt and co-workers employed
glycosyl bromides with thiol-containing peptides (Scheme
5e).13% Homocysteine-containing glycopeptides, prepared by
native chemical ligation (see section 2.2.4), were glycosylated
in the presence of N&CO3 with glycosyl halides to furnish
Slinked glycopeptides in good yield. In this fashion,
synthesis of an S-linked glycopeptide analogue carrying two
sugar residues derived from Tamm—Horsfall glycoprotein,
the most abundant glycoprotein present in human urine, was
achieved (Figure 2).'3*

Use of mesylates to alkylate cysteine residues has aso
been applied to an isostere of a galactosylated peptide
(Scheme 5f).2*® In this approach, a‘ carbagalactose’ deriva-
tive in which the ring oxygen of galactose was replaced with
a methylene unit (synthesized using ring-closing metathesis

jﬁf;%&

Figure 2. Tamm-—Horsfall glycopeptlde mimic prepared by
cysteine alkylation.*>*
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Scheme 6. Unnatural N-Linked Glycopeptide Examples
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followed by mesylation) was reacted with a Boc-protected
cysteine-containing tripeptide. Reaction of glycosylthiom-
ethyl azides directly with peptide-derived thioacids has
resulted in formation of a variety of glycopeptidomimetics
(Scheme 5g). In an analogous fashion, a glycosylthiomethyl
bromide was coupled to a peptide through the side-chain thiol
of cysteine under basic phase-transfer conditions (Scheme
5h).**% The synthetic pathways and utilities of thioglyco-
peptides have been comprehensively reviewed elsewhere.%
Recently, Crich and co-workers reported a modified
Kirmse—Doyle reaction for ligation of assorted functionality
onto cysteine residues (Scheme 5i).**’ In this approach a
2,3-sigmatropic rearrangement of alylic sulfur ylids, gener-
ated from the rhodium-catalyzed addition of a diazoakane
(using stabilized and unstabilized carbenoids) to an alylic
sulfide, was used to ligate carbohydrates to a dipeptide.

Recently, Dondoni and co-workers described a Hantzsch-
type three-component approach for preparation of C-linked
glycosyl amino acids.**® The C-glycosylmethyl pyridylala-
nine products were prepared via a thermally induced cyclo-
condensation reaction using an aldehyde—ketoester—enamino
ester system. Both a and 3 configurations at the anomeric
center could be accessed, and the positions of the carbohy-
drate and amino acid sectors in the pyridine ring could be
controlled.

Glycosylisocyanates prepared by oxidation of isocyanides,
in turn prepared from anomeric formamides, react with
amines to give urea linkages, and this has allowed one
example of a glycosyl—amino acid conjugate to be synthe-
sized (Scheme 6a).1°%1%° Steyermark’s glucopyranosy! ox-
azolidinone has been successfully applied to ligation of
glucose to amino acids in water (Scheme 6b).*** The
oxazolidinone was prepared from trapping of an anomeric
glycosyl aza-ylid with COy; addition of either lysine or
cysteine results in urea-tethered glycopeptides.

Ligation approaches based on C=N bond formation have
also been successfully applied to unnaturaly linked glyco-
peptide synthesis.** Functionalization of both a- and
€-amino groups of lysine with aminooxyacetyl groups, before
condensation of the newly introduced free amine with
reducing sugars, generated the desired oxime linkages
(Scheme 6¢). In asimilar fashion, reaction of a 12-aa peptide
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Scheme 7. Metal-Mediated Glycoconjugation Strategies for
Unnatural Glycopeptide Synthesis
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containing an N-terminal aminooxyacetyl function has also
been described.** Aminooxyacetyl Lys capping and oxime
formation with the reducing end of lactose has also been
applied to a sulfopeptide.*** In addition, Imperiali and co-
workers developed unnatural tripeptides containing either
pB-hydroxylamine or -hydrazide alanine (Scheme 6c¢) and
reacted them with the reducing terminus of N-acetylglu-
cosamine.**®

The Cu(l)-catalyzed [3 + 2] addition between organic
azidesand @Im% as reported by the groups of Meldal 4
and Sharpl generaly results in formation of the
corresponding 1,4-disubstituted 1,2,3-triazoles in high yields.
Application of this reaction to azidoglycosides and acetylenic
amino acids has alowed preparation of triazole-linked
glycopeptides (Scheme 7a).2%¢1%° Peptide model systems
containing azido and acetylenic amino acids were used to
evaluate reaction conditions for eventual protein glycocon-
jugation (see section 3.3) using triazole formation.?® This
methodology has been employed by Danishefsky and co-
workers for preparation of complex multiglycan peptides.***
This chemistry has also been used in the synthesis of alibrary
of carbohydrate-modified cyclic 13-mers related to tyroci-
dine.®* The resulting triazole-linked glycopeptides were
screened in antibacterial and hemolytic assays and in genera
demonstrated improved activity as compared to the natural
motif. Thorson et a. developed a procedure to rapidly access
variant libraries of the cyclic peptide vancomycin based upon
an efficient chemoenzymatic route.>>'>* The vancomycin
biosynthetic enzyme, GtfE, was used with a variety of natural
and unnatural NDP sugar donors to create a glycosylated
vancomycin library which contained a unique azide ‘handle'.
Subsequent ligation of this azido group with other carbo-
hydrate moieties gave a second-stage library that showed
increased activity with respect to unmodified vancomycin.
More recently, Wang and co-workers employed the Cu(l)-
catalyzed [3 + 2] addition to conjugate four units of the D1
arm tetrasaccharide'>® (Mana.1,2Mana.1,2Mana.1,3Mana-)
of the high-mannose N-glycan onto a cyclic decapeptide. The
scaffold showed a high affinity toward antibody 2G12
compared to the monomeric D1 arm, highlighting a signifi-
cant clustering effect in 2G12 recognition. Recently, Ziegler
and co-workers employed Cu(l)-catalyzed [3 + 2] additions
for synthesis of acombinatoria library of glycosylated amino
acids, anumber of orthogonally protected L-asparaginic and
(9-3-aminobutyric acids bearing a glycosidic moiety linked
through the triazole spacer were prepared.*>®

Olefin cross metathesis (OM) has been employed as a
strategy for both co- and post-trandational synthetic strategies
of C-linked glycopeptides(Scheme7b) inorganicsolvents. > 1%°
Tripeptides incorporating the allyl functionality were pre-
pared and successfully ligated with C-alyl glycosides to
furnish the C-linked glycopeptides in yields of up to 68%.
OM, using the Grubbs second-generation catalyst, has been
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Figure 3. Benzyl-protected intermediate used during the synthesis of CTLA-4.15°

successfully employed to link a- and g-C-allyl glycosides
with protected vinyl glycines to furnish products in 57—94%
yields; subsequent palladium-catalyzed hydrogenation gave
saturated C-glycosyl amino acids in good yield.**®° A similar
approach has also been employed to produce glycomimetics
of globo-H.'®* Interestingly, Nolen and co-workers report
increased efficiency with O-allyl glycosides than with the
corresponding C-allyl derivativesin some cases.*®? Discovery
of alyl sulfides as privileged partners in agueous OM has
recently allowed the first examples of OM on proteins
including glycoconjugation reactions with allyl glucosides.63

2.2. Assembly Strategies
2.2.1. Linear Assembly

These techniques rely heavily on SPPS methodology. A
noteworthy example is preparation of a cyclic 47-aa HIV-1
V3 domain containing two GIcNAcC residues.*®* More
recently, Kgjihara and co-workers employed linear assembly
in their synthesis of the sialylglycopeptide CTLA-4, 2.1°
The siayl oligosaccharide, isolated from egg yolk, was
converted into an Asn-linked building block which was
subsequently elongated by SPPS. Impressively, only benzyl
protection of the sialic acid C-1 carboxylates residues was
required during the synthesis and alowed use of lightly
protected intermediates such as 2 (Figure 3).

Another linear assembly strategy reported by Guo and co-
workers describes the preparation of CD-52,*%° a GPI-
anchored glycopeptide expressed on virtually al human
lymphocytes and sperm cells (Scheme 8). The oligosaccha
ride amine 3 was linked to a side-chain carboxy Asp residue
side chain through DCC/HOBT coupling to form the
N-glycan. The sensitive a-fucoside linkage remained intact
despite treatment with 18% TFA necessary for deprotection
of the glycopeptides. The oligosaccharide remained unpro-
tected for the entirety of the glycopeptide synthesis.

Kunz demonstrated an impressive SPPS of an 18-residue
fragment of the CD62P ligand PSGL-1 containing an
O-linked hexasaccharide.*®” A more recent example of linear
glycopeptide synthesis has been reported by Wong and co-
workers. This method employs tracel ess Staudinger ligation
methodology (see section 5.2) in the coupling of an azide
containing peptide/glycopeptide to a phosphinothioester
peptide/glycopeptide. This allowed production of glycopep-
tides of up to 10 residues in length, displaying up to two
acetylated monosaccharides. %8

2.2.2. Convergent Assembly

As described above, a linear strategy in glycopeptide
synthesis is more usua since direct convergent peptide
glycosylation often suffers from low yield. Despite this
limitation, some examples of convergent glycopeptide syn-
thesis have been reported. For example, Lansbury and co-
workers applied glycosylamine coupling with carboxylates
to a prescient convergent strategy for glycopeptide synthesis.
HBTU-mediated coupling of GIcNAc glucosamine®®® or
more complex glycans, e.g., Mans(GIcNAC),,*"° with the
aspartate carboxylate side chain in a pentapeptide allowed
formation of an Asn-linked N-acetylglucosaminyl-containing
glycopeptide. As part of their investigation into preparation
of the prostate-specific antigen (PSA) glycopeptides, Dan-
ishefsky and co-workers developed a ‘ universal’ strategy for
preparation of complex N-linked glycopeptides from a
common glyca precursor (Scheme 9).2%172 |t was found
that a sequence consisting of Kochetkov amination”® of an
oligosaccharide bearing a free reducing terminus followed
by application of Lansbury aspartylation'’® and then native
chemical ligation (NCL) provided a route to complex
N-linked polypeptides. Evaluation of conditions for optimal
glycosyl asparagine formation revealed use of 2 equiv of
peptide and 5 equiv of HATU, giving 58—70% yield with
concomitant aspartimide and nonglycosylated asparagine
formation.>”™ This method was applied initially to incorpora-
tion of an epimer of the core pentasaccharide into glyco-
peptides using a glycosylated peptide (CANAS) cassette’’
and then to the core pentasaccharide itself in a subsequent
similar study”? with the same peptide coupling partner. It
should also be noted that Kotchetkov amination can be
acclerated using microwave irradiation.*”*

2.2.3. Elaborative and Mixed Assembly Strategies

A mixed strategy which combines both linear assembly
coupled with convergent elaboration may a so be successful.
For example, combination of convergent synthesis and
polycondensation has been used to make mucin-like glyco-
protein mimics of antifreeze glycoprotein (AFGP).Z-17®
AFGP are glycopeptides consisting of a glycosylated trip-
eptide (Ala-Thr-Ala) repeat. They depress the freezing point
of water and are critical to survival of polar and deep sea
fish. A variety of glycosyl fluorides, including an O-6-
sulfated GalNAc, were coupled to a protected Ala-Thr-Ala
tripeptide using Cp,ZrCl, activation (Scheme 10).2"® Poly-



140 Chemical Reviews, 2009, Vol. 109, No. 1

Scheme 8. Synthesis of a CD-52 Glycopeptide by Guo et al.*%®
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merizations of these units were conducted with 1-isobutoxy-
carbonyl-2-isobuthoxy-1,2-dihydroquinoline (11DQ) or 4-(4,6-
dimethoxy-1,3,5-trianzin-2-yl)-4-methylmorpholinium chloride
(DMT-MM), thereby resulting in 10- to 12-mer repeats
(Scheme 10). Impressively, it was demonstrated that such
synthetic AFGPs were able to prevent ice nucleation and
inhibit cryoinjury in islets cells following cryopreservation
and thawing.”®

2.2.4. Native Ligation Assembly

Chemical synthesis of glycopeptides has been heavily
investigated, and the wide range of techniques employed to
ingtall the peptide—glycan link has been comprehensively
reviewed.M Routine SPPS is typicaly limited to peptides
containing <50 amino acid residues; in terms of glycoprotein
synthesis this technology is insufficient. However, the linear
coupling of such glycopeptide fragments allows chain lengths
approaching or even matching those of naturally occurring
glycoproteins to be achieved; native chemical ligation (NCL)
provides a powerful tool for such glycopeptide coupling.’’~ 18
Thisprocess, whichhasbeenexcellently reviewed el sawhere, %218
involves chemoselective reaction of the N-terminal cysteine
residue on one peptide with the C-termind thioester of another
(Scheme 11). Ligation essentially proceeds via transthioester-
fication followed by a spontaneous and irreversible S— N acyl
shift to give a native peptide bond. This methodology was first
introduced for protein synthesis by Kent and co-workersin the
1990s'"® based on observations by Wieland'®® in the 1950s
and has since been variously refined to enhance its utility.*®°
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Scheme 10. Nishimura’s Synthetic Antifreeze Glycoprotein Mimic
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The fact that NCL can be carried out in aqueous mediain
the absence of protecting groups has seen its growing
application to glycoprotein synthesis, and some impressive
examples have been reported (Schemes 12—14). For ex-
ample, Danishefsky and co-workers described incorporation
of the core pentasaacchride and an epimer*™ into the same
20-residue glycopeptide (see section 2.2.2) and synthesis of
a highly mannosylated 20-residue fragment of the HIV viral
protein gp120 (Figure 4).187188

More recently, Hojo and co-workers described the syn-
thesis of a MUC2 domain composed of 141 amino acids
with 42 GalNAc residues (Scheme 12).28° A smaller MUC2
thioester unit was prepared and sequentially condensed
through activation of the thioester with silver chloride. This
represents one the largest glycoproteins so far constructed
solely employing chemical synthesis. Kajihara and co-
workers described the synthesis of the sialylglycopeptide
CTLA-4 (113—150) which incorporates two siayloligosac-
charides (Figure 5). This impressive synthesis represented
the first application of NCL to construction of complex
glycopeptides containing fully unprotected sialyloligsaccha
rides.*®® More recently, in collaboration with Dawson, they
incorporated this glycan into a 76-residue protein, MCP-3.2%°

Despite the advances and refinements of NCL technology,
certain limiting factors still prohibit its widespread applica-
tion. One obvious limitation of NCL is the requirement for
an N-terminal cysteine residue. Cysteine residues are not
commonly found in natural peptide sequences and often have
to be artificially introduced. This problem has in part been
addressed with noncysteine-containing peptides through
selective desulfurization of cysteine to aanine™®* % or
B-(SSEt)-Phe derivatives to phenylalanine™* after ligation.
Danishefsky and co-workers also employed athiol auxiliary
(the 4,5,6-trimethoxy-2-mercaptobenzoyl (Tmb) thiol aux-
iliary, originally developed by Dawson and co-workers'®)

Chemical Reviews, 2009, Vol. 109, No. 1 141

176

HO OH
o g:ro
AcHN
o..

-{-AIa-Thr-AIa-]-n

Z-Ala-Thr-Ala-OBn
n=10-12

as part of their preparation of a‘trifunctional’ (three different
glycosylation types) glycopeptide (Scheme 13).*%° Three
glycopeptide fragments were coupled sequentially to furnish
the desired tripeptide. It was demonstrated that the auxiliary
used in the first ligation could be selectively removed
chemically or retained during the final ligation (which
involved an unmasked cysteine) without affecting the yield.
This synthesis of a trifunctional glycopeptide and prior
synthesis of a bifunctional glycopeptide'®” also made use
of ortho-disulfide phenolic peptide esters as latent or
‘masked’ acyl donors for the NCL coupling.

A glycosylated fragment of RNase has been successfully
prepared by Unverzagt and co-workers using SPPS and NCL
methodology, thus demonstrating the first example of the
synthesis of a complex-type N-linked glycopeptide using
NCL.*®® An Fmoc-protected asparagine, glycosylated with
a complex unprotected biantennary heptasaccharide, was
introduced using PyBOP in the presence of DIPEA onto a
pentapeptide attached to solid support via a Rink-amide-
‘safety catch’ linker.>®® Activation of the glycosyl asparagine
in situ gave the highest coupling yields, and free hydroxyls
could be capped without activating the safety catch linker.
The resulting glycopeptide was further extended by SPPS
and released from the safety catch linker by sodium thiophe-
nolate (Scheme 14). The resulting thioester was coupled to
protein fragment RNase41—68 through NCL. This novel
linker construct facilitated rapid analysis by L C-MS through
acidic cleavage of the Rink-amide linker, thereby avoiding
the standard two-step cleavage reaction often necessitated
by SPPS.

Most auxiliaries used in NCL proceed through five- or
six-membered ring transition states. However, Wong and co-
workers recently reported a sugar-assisted glycopeptide
ligation which proceeds via a surprising 14-membered ring
transition state (Scheme 15).2°°?°* The sugar moiety of a
glycopeptide, modified with a thiol functionality at the C-2
position, was used to mimic the cysteine function at the
ligation site. The authors proposed that the sugar moiety
controls the proximity of the N-terminal amine to the
thioester, and this allows S— N acyl transfer to occur despite
the larger ring size. When coupled with desulfurization using
Dawson’ s conditions this methodol ogy represents a traceless
ligation.?®2 A disadvantage of this methodology is the
necessity to desulfurize the thiol handlein order to regenerate
the native carbohydrate N-acetyl group as this is not
compatible with any side-chain thiols of cysteine residues
that may be present in the target peptide sequence. Recently,
this disadvantage has recently been circumvented through a
second-generation approach that utilizes a thiol side chain
in a base-labile O-3-thioacetate in the sugar that mediates
ligation.?*

It has been demonstrated by Boons and co-workers that
incorporating the glycopeptidic reactants of NCL reactions
into liposomes can allow assembly of peptide segments that
are normally poorly soluble in aqueous solution.?** These
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Scheme 12. Hojo’s Synthesis of a MUC2 Repeat Peptide Composed of 141 Amino Acids with 42 GalNAc Residues®®®
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Scheme 14. Unverzagt and Co-Workers Demonstrated the First Example of the Synthesis of a Complex-Type N-Linked
Glycopeptide Using SPPS and NCL8

Standard SPPS Methodology
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H-Met-Leu-Ser-Arg-Asn-Val-Thr-Lys-As p-Arg-Cys{RNase 41-68

liposome-mediated NCL reactions were found to deliver
higher reaction rates and improved yields over existing
methods, and the methodol O%X was applied to the synthesis
of lipophilic glycopeptides.?®42%°

Interestingly, Danishefksy and co-workers®®® and Wong
and co-workers®®” have both demonstrated that native ligation
may not even require a cysteinyl or auxiliary thiol nucleo-
phile in the acyl acceptor moiety; direct aminolysis of
thioestersin 4:1 N-methyl-pyrrolidinone:buffer®” or disulfide
phenolic esters activated by Ag™ 2% or phosphine?® can
also yield glycopeptides. This raises the question as to
whether prior ligations thought to be proceeding via NCL
may, in fact, have aso been accomplished without the
intermediacy of a thioester and subsequent S— N intramo-
lecular acylation. Indeed, unusually large cyclic transition
states have been proposed in some prior studies to accom-
modate continued concepts of intramolecular transfer.?9%2%8

3. Chemical Glycoprotein Synthesis

Typicaly syntheses of glycoproteins adopt one of two
strategies. Thefirgt isformation of the putative glycan—protein

O HO
0] H
&/&V&&N 0

AcNH
Ho H (20 d AcNH

HO L 0 |
HO~/ oH o A-F-V-T-|-G-K--G-N-N-R-Q-A-H-C-N-I-5-R-NH,

Figure 4. HIV vira protein g ngO fragment synthesized by
Danishefsky and co-workers.*87158

link early to form glycopeptide building blocks that may then
be assembled (linear assembly Scheme 1, mode B). The
second is construction of the link late on in a synthesis once
the protein scaffold for its presentation isin place (convergent
assembly Scheme 1, mode C). Given the requirements for
protection that need to be considered in the use of glycosy-
lated building blocks and the instability that may be
associated with the link, 28 it is clear why the latter approach
is an attractive option. However, although the convergent
glycosylation of oligopeptides may be successful, it islimited
by alack of chemo- and/or regioselectivity when applied to
proteins, and this remains a key challenge.®® Convergent
protein glycosylation methods (Scheme 1, mode C) have
been subdivided here into the categories of chemoselective,
site specific, and site selective. Thisdistinction is subjectively
based on the overall glycosylation strategy and does not
necessarily reflect the inherent specificity or selectivity of a
given ligation. For example, use of the same chemoselective
(e.g., thiol reactive) reaction will give rise to (i) indiscrimi-
nate glycosylation with avariety of available cysteine thiols,
(ii) site specificity when used to glycosylate a single,
naturally occurring, cysteine thiol, and (iii) site selectivity
when used to modify asingle cysteine thiol that is artificially
introduced to a preselected position.

3.1. Indiscriminate Convergent Glycosylation

Although first introduced some 30 years ago, indiscrimi-
nate protein glycosylation is still dominated by two meth-
odologies: 2-iminomethoxymethy! thioglycosides (IME)*
and reductive amination, both of which rely upon the high
abundance of surface lysine residues (Scheme 16a). IME
methodology, pioneered by Lee in 1976, involves conversion
of the nitrile in cyanomethyl thioglycosides into a methyl
imidate group following exposure to sodium methoxide or
methanolic HCI. These IME—thioglycosides can be readily
reacted with simple amines or protein scaffolds. A recent
example highlighting the mild nature of IME reagents
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Figure 5. Sialylglycopeptide CTLA-4 (113—150).

Scheme 15. Strategy for Sugar-Assisted Chemical Synthesis of Glycopeptides
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involved incorporation of ~20 000 glycans onto the surface
of adenovirus.?® Use of two different IME’s allowed for
galactosylation or mannosylation, and careful control of
conditions allowed three different levels of modification.
Other recent applications of this methodology include
LEAPT, an in vivo bipartite drug delivery strategy,** which
required use of IME reagents to galactosylate the surface of
arhamnosidase enzyme. Reductive amination has been used
to modify albumin with the reducing terminus of lactose
(Scheme 16b) and has been applied to aldehyde functionality
generated by ozonolysis of unsaturated spacer arms.?'° For
example, reduction of glycosyl azides and coupling to
4-pentenoic acid followed by subsequent ozonolysis and
reductive amination to KLH produced glycoconjugates
capable of causing an immunological response in C57BL/6
mice.?1?12 Generally, reductive amination is normally
limited by low protein loading levels due to steric factors
that are a consequence of short spacer arms. This can be
improved by use of a second spacer arm, for example, a

(o]

hydrazide spacer; the result was a 5-fold increase in the
loading of sialyl-GalNAc to KLH,?*® for example.

Squaric acid diesters can also be used as coupling reagents
for low molecular weight amines. The first step involves
formation of a monoamide link between the squarate and
the ligand with subsequent attachment of a second amine
via formation of the 1,2-bisamide (Scheme 16c).242%5
Saksena et al. conjugated the terminal hexasaccharide of the
O-specific polysaccharide of V. cholerae O:1 serotype via
three variable alkyl chain linkers to BSA through squaric
acid.?*® The authors report a9:11 molar ratio of carbohydrate
to protein after 14 days of reaction. The effect of linker length
in this strategy has also been investigated in production of
vibriocidal and protective antibodies.”” A similar carbohy-
drate has also been ligated to BSA in this fashion.?*® More
recently, this approach has been used to create multiply
modified human serum albumin carrying up to 19 sialL acNAc
residues.>* These conjugates showed effective inhibition in
the binding of adenovirus Ad37 to human corneal epithelia



Glycoprotein Synthesis: An Update

Scheme 16. Indiscriminate Convergent Protein Glycosylation
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(HCE) cdls; it should also be noted that the levels of
inhibition were dependent upon the average copy number
of glycans in the glycoconjugates used. Squarate has also
been used to conjugate thio-oligosaccharides to either BSA
or tetanus toxoid (TT).?'® The resulting glycoconjugates
demonstrated that carbohydrate epitopes of conjugate vac-
cines could be altered to contain Slinked residues that
produce similar results to the native O-linked epitope. Bundle
suggested the use of an adipic acid-based linker system
derived from the corresponding p-nitrophenyl diester; reac-
tion of aminoakyl glycosides in dry DMF gave the corre-
sponding amide half-esters in good yields, and these were
then used to modify BSA at pH 7.5.°%°

Pozsgay and co-workers recently described the use of
Diels—Alder chemistry under mild conditions to glycosylate
human serum albumin (HSA) with a series of glycosides,
modified to incorporate a conjugated diene (Scheme
16d).2%1?22 This methodol ogy involved a sequential process
of ligating electron-deficient double bonds, installed through
3-sulfosuccinimidyl-4-maleimidobutyrate linkers, to the pro-
tein prior to cycloaddition. The average incorporation after
8 h was 13 hexasaccharides per HSA molecule. The
uncoupled saccharide could be removed and recycled by
didfiltration in pure form. More recently, this approach has
be used to conjugate capsular polysaccharide fragments of
the Gram-negative bacterium Neisseria meningitidis to
human serum albumin with up to 26 saccharide units per
albumin.?®® Pozsgay and co-workers also reported indis-
criminate glycosylation through an aminooxy-thiol hetero-
bifunctional linker based upon observations of Bertozzi
(Scheme 16€).2%® Initialy the protein is bromoacetylated
through 3-(bromoacetamido)propionate. The bromide is then
displaced by the thiol of the heterofunctional linker to aleave
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an aminooxy handle on the protein. The final step involved
chemoselective coupling of the modified protein to keto-
derivatized carbohydrates, exemplified through ligation of
mono- and tetrasaccharides and a negatively charged ribitol-
phosphate to BSA. Sequential acylation (using NHS esters)
of lysines with alkyne- and azide-containing modifications
followed by Cu(l)-catalyzed [3 + 2] reaction with carbohy-
drate azides and acetylenes, respectively, has also been used
to indiscriminately conjugate the surface of cowpea mosaic
virus.#*

Other linkers have been employed by Seeberger and co-
workers in construction of potential vaccines with the aim
of generating antibodies against synthetic glycosylphosphati-
dylinositol (GPI) anchors (see also section 1.4):° synthetic
GPls were treated with Traut’s reagent®®® to convert primary
amine into thiol, which was subsequently conjugated to
maleimide-activated KLH or OVA (Scheme 16).

3.2. Chemoselective and Site-Specific
Glycosylation

In order to increase the selectivity and predictability of
protein glycosylation various approaches have been de-
veloped, all of which exploit the chemoselectivities of
various enzymatic and chemical methods. Bertozzi and
co-workers introduced an aldehyde tag selectively onto
the C-6 of a GalNAc residue in the antimicrobial 19-
residue peptide drosocin following the specific action of
gal actose oxidase (Scheme 17a).2%° This adehyde was next
chemoselectivity conjugated with aminooxy glycosides to
introduce further oligosaccharides viaformation of an oxime
in an analogous manner to the use of other spacer-arm
hydrazides in reactions with cell surface aldehydes.?*” This
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Scheme 17. Site-Specific Protein Glycosylation Methods
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use of galactose oxidase and aminooxy chemistry has also
been adopted by Shimaoka et al.>?® In a similar approach,
Dumy and co-workers employed aminooxy-derivatized Tp-
antigens in so-called regioselectively addressable function-
aized templates (RAFTS).??° These cyclic peptide motifs
were used to present both T, antigens and a CD4" helper
T-cell peptide motif (KLFVWKITYKDT) from type-1 polio
virus. Both modifications were attached to the template in a
sequential manner with the aldehyde tag being introduced
to the RAFT platform via the action of NalO,. It should be
noted that in vitro and in vivo studies clearly demonstrated
recognition of the carbohydrate by T,-specific monoclonal
antibodies and the nonimmunogenic nature of the template
itself, thereby highlighting such RAFTs as potential synthetic
vaccine scaffolds. Nal O, has been used to treat recombinant

human acid a-glucosidase with the aim of oxidizing siaic
acid diols to adehydes** These aldehydes were then
condensed with glycosyl hydrazines to remodel the glycan
to contain mannose 6-phosphate motifs. The resulting
constructs were intended for use in enzyme replacement
therapy to treat Pompe's disease (see section 1.4). Similar
chemoselective C=N ligations have also been previously
applied to various glycopeptide syntheses 143~145:230.231 ¢
should be noted that these strategies can offer the potential
for site-selective glycosylation when coupled with other
methods for introduction of a ketone tag (see below and
section 3.3).

Adoption of Flitsch’s iodoacetamide methodol ogy>*? (see
below and Scheme 17b) by Bertozzi and co-workers enabled
chemoselective ligation of Glc- and Gal-iodoacetamides to



Glycoprotein Synthesis: An Update

aC-3thiol in aGalNAco-Thr peptide.?** The required thiol-
protected glycopeptide was constructed via SPPS to give a
glycosylated 17-aa sequence corresponding to the N-terminal
region of P-selectin glycoprotein (PSGL-1). Subsequent thiol
deprotection and exposure to Glc- and Gal-iodoacetamides
alowed the synthesis of a Glc/GalB(1,3)GaNAco-Thr
mimetic. It should be noted that no selectivity was observed
if a cysteine residue was present in the peptide backbone.
In a similar fashion, alkylation of C-2-modified terminal
mannoses of the N-linked core pentasaccharide with bro-
moacetamido trisaccharides allowed preparation of a bian-
tennary N-linked glycopeptide of CD52.%34

Although chemoselective, some of the above approaches
have circumvented the heart of glycoprotein/peptide synthe-
sis, formation of the putative carbohydrate—protein link,
through the requirement for a pre-existing glycan marker in
the peptide/protein structure. Similarly, many enzymatic
methods also necessitate that a protein—N-glycan link be
present from the start (described in section 4.2).164235-241
Asthese latter methods alter one glycan structure for another
they are therefore better termed glycoprotein remodeling
(GPR) and offer the glycoscientist no choice over the site
of glycosylation. Several methods have been proposed that
tackle this central issue through exploitation of specific
functionality present in the protein or peptide sequence. The
increased nucleophilicity and comparative rarity of thiols,
found in cysteine residues, make them good nucleophiles to
react with soft, thiol-specific electrophiles. Among the first
approaches was that of Flitsch and co-workers, who reacted
the a-iodoacetamide of N-acetyl-p-glucosamine with bovine
serum albumin (BSA) to modify the single free cysteine
present (Scheme 17b).2*? The technique is also compatible
with SPPS, as shown by the in situ glycosylation of a 12-aa
peptide sequence, which was further extended via SPPS to
produce a glycosylated 29-residue section of EPO.?*? The
resulting glycopeptide o-thioesters also offer possible access
to NCL strategies. A more vigorous test of the use of
carbohydrate haloacetamides, beyond simple monosaccha-
rides, saw introduction of chitotriose and a heptasaccharide,
stripped from the surface of horseradish peroxidase, to
BSA.?* Furthermore, a siaylated biantennary complex
N-glycan has been introduced to an 11-mer peptide,®** and
a glucosylated MangGIcNACc, motif has been conjugated to
Cysl152 of dihydrofolate reductase (DHFR) or Cys212 of
carbonic anhydrase using this method.?*> Macmillan and co-
workers recently used copper-catalyzed Huisgen coupling
reactions"*’ to link GIcNAc via a triazole linkage to
iodoacetamide reagents.™® These were then used to akylate
the Cys in a 12-aa peptide. The resulting peptide was then
coupled to a human EPO fragment (1—19) via NCL.
Impressively, 1to and co-workers employed iodoacetamides
to act as covalent irreversible inhibitors of yeast Pngl, a
deglycosylating enzyme that releases N-linked glycans and
relies upon a catalytic triad of Cys191, His, and Asp for its
mode of action.?*® In this study, using a chitobiose iodoac-
etamide, only Cys191 was found to be modified among the
14 available Cys residues in the protein (as determined by
tryptic digest), suggesting that the high affinity of Pngl
toward the chitobiose core of the iodoacetamide allowed for
this unusual specificity. This result was also confirmed by
the observation that BSA, proteins from E. coli extract, and
EPO were al inefficiently glycosylated unless a very high
concentration of the carbohydrate was used.
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Cysteine modification has also be exploited by Boons and
co-workers using either dithiopyridyl methodology to make
disulfide-linked BSA-N-acetyl-p-glucosamine constructs
(Scheme 17c)®*’ or aeria oxidation (see section 3.3) with
disulfide exchange to form avariety of glycopeptides/proteins
(Scheme 17d).5>2%8 |t should be noted that development of
a disulfide exchange approach was required due to the
incompatibility of glycans beyond the size of monosaccha
rides with dithiopyridyl methodology. Cysteine modification
can also be achieved with glycosylmaleimides; recent direct
functionalization of a cysteinyl-containing 11aa peptide and
BSA (Scheme 17€)**° is similar in concept to earlier spacer-
arm maleimide-terminated reagents.**® In a more stringent
test of this chemistry Wang and co-workers synthesized an
array of mono- and oligosaccharides, which included
MangGIcNAC,, containing maleimide-bearing spacer arms.>>°
Ligation of maleimide-activated mannose and high mannose
to T20, a 36-mer of HIV-1 gp4l, proceeded smoothly in
good yields. More recently, thiolated KLH or a universa
T-helper epitope cysteine-containing peptide has been modi-
fied with a spacer-linked malemide functionalized with a
novel dendritic display of oligomannose.?>* These carbohy-
drate clusters have been shown to bind to the HIV-
neutralizing antibody 2G12,%°? and the conjugates were used
in an attempt to raise antiglycan neutralizing antibodies.
However, rabbit immunization studies revealed that only a
small fraction of raised antibodies were directed instead
toward the glycan antigen with the majority being directed
to the conjugate linker; as a result, the antisera showed
minimal cross reactivity to HIV-1 gp120.

In an unusual strategy Ito and co-workers created nonco-
valently bound glycoproteins through use of dehydrofolate
reductase (DHFR) and alinker moiety, methotrexate (M TX),
its high-affinity ligand (Kp < 1 nM) (Scheme 17h).2%32%°
A library of MTX —carbohydrate conjugates, prepared from
combination of glycosyl amine, aglycine spacer, and MTX,
all formed 1:1 complexes with DHFR. The tight binding in
these complexes also facilitated facile isolation and purifica-
tion of the conjugates through lectin affinity chromatography.

The Cu(l)-catalyzed [3 + 2] addition between organic
azides and acetylenes has aso been used to ligate GICNAC
to mannose binding protein (MBP) through a PEG spacer
(Scheme 17i).%°® MBP was expressed as an intein fusion
protein in E. coli using the IMPACT system (see section
5.4), and an akyne tag was incorporated with alkynated
cysteine via NCL into the C terminus of MBP. Treatment
of alkynated MBP with azide-containing glycoconjugates in
the presence of Cu(l) and a tri(triazolyl)amine ligand
produced the desired glycoprotein in 6 h.

3.3. Site-Selective Glycosylation

To determine precise structure—activity relationships
complete control of glycan and the site of glycosylation
are needed. This problem was first addressed through a
combination of site-directed mutagenesis and chemical
modification.13132:257:2%8 Thjs dual -step strategy provides
the chemist with a flexible method that allows for both
regio- and glycan-specific glycosylation of proteins (Scheme
18). The procedure involves introduction of, for example,
cysteine, via site-directed mutagenesis, as a chemosel ec-
tive thiol tag to preselected positions within a given
protein. The free thiol is subsequently modified with thiol-
specific carbohydrate reagents (Scheme 17f_/), such as
glycosyl methanethiosulfonates, GlycoMTS,%*"?>9 or sec-
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Scheme 18. Example of ‘Tag—Modify’ Approach:
Site-Directed Mutagenesis in Combination with
Chemoselective Ligation Allows for Site-Selective Protein
Modification
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ond-generation glycosyl phenylthiosulfonates, GlycoP-
TS.%%° The latter have recently been employed in *8F labeling
of glycopeptides.®*

Initial work employing this strategy chose four representa-
tive sites on the serine protease subtilisin Bacillus lentus
(SBL), which does not naturally contain cysteine, in order
to probe varying thiol environmental characteristics and
thereby provide a broad test of the methodology. Wide
applicability with respect to the sugar moiety was eval uated
using a representative library of protected or deprotected,
tethered or untethered, mono- and disaccharide methaneth-
iosulfonates. The homogeneous glycoproteins formed al-
lowed the first systematic determinations of the properties
of synthetic glycoforms, thus providing detailed glycan
structure—hydrolytic activity relationships for a library of
48 glycosylated forms of SBL to be determined.®? Further-
more, these glycosylated enzymes displayed an enhanced
catalytic activity in peptide synthesis and, impressively,
syntheses of D-amino acids dipeptides that were not possible
using the native protein.?63~2%°

Following on from these promising results, MTS reagents
have been employed to tether avariety of biological ligands,
including carbohydrates, onto proteins. These ligands can
be used to successfully target given proteins to receptor
proteins, demonstrating increased selectivity in some cases
by over 350-fold.?®® When the targeted protein is a protease
this tactic can be used for targeted receptor protein degrada-
tion. Thus, initialy the appropriate ligand acts as a targeting
mechanism to bind the receptor protein, which is then
catalytically degraded by the attached serine protease. More
recently, the glycoMTS method has aso alowed the
synthesis of the first examples of a homogeneous protein
bearing symmetrically branched multivalent glycansin which
both the site of glycosylation and the structure of the glycan
introduced have been predetermined (Scheme 19).%°” This
new class of glycoconjugate, the glycodendriprotein, allowed
for increased protease localization, demonstrated by a high
level of coaggregation inhibition between the pathogen A.
naeslundii and copathogen Streptococcus oralis.?®®

A new generation of cysteine site-selective protein gly-
cosylation strategies relies upon seleneng/lsulfidemediated
conjugation (GlycoSeS; Scheme 17g).%%° In this approach
site-selective glycoconjugation of cysteine-containing pro-
teins and glycosyl thiols through phenyl selenenylsulfide
intermediates is possible. Preactivation of either cysteine
mutant protein or glycosyl thiol occurs following exposure
to PhSeBr (Scheme 20). This procedure was demonstrated
on simple cysteine-containing peptides and also shown to
be successful on avariety of different proteins using aslittle
as 1 equiv of glycosyl thiol in some cases, thereby highlight-
ing the compatibility of selenenylsulfide-mediated glycosy-
lation with avariety of protein thiol environments. This high-
yielding procedure aso allowed the first example of multi-
site-selective glycosylation, coupling of a heptasaccharide
(the largest to date), and first enzymatic extension of a

Gamblin et al.

disulfide-linked glycoprotein. More recently, a novel direct
thionation reaction of both protected and unprotected reduc-
ing sugars readily yields glycosyl thiols,?” the products of
which, when combined with Glyco-SeS, allow for a direct
one-pot protein glycosylation method.?®® These disulfide-
linked glycoproteins may aso be desulfurized to yield
thioether-linked analogues.?”*

An extension by Hitsch and co-workers of the ‘tag—maodify’
mutagenesis-modification approach has allowed the glyco-
sylation of erythropoietin (EPO) using glycosyl iodoaceta-
mides (Scheme 17b).?"? Several cysteine mutations were
introduced at natural N-glycan glycosylation sites (N24C,
N38C, and N83C) in EPO, where it is known that carbohy-
drate motifs are critical to the function of the mammalian
hormone. Although requiring forcing conditions, 500 equiv
of sugar reagent, to obtain partial glycosylation (>60% on
N38C, 30% on N24C and N83C as determined by proteolytic
digest), the glycosylated EPO was purified using lectin
affinity column chromatography to give single, homogeneous
glycoprotein. Under these forcing conditions additional
nonspecific glycosylation of histidine residues, probably in
the Hiso-tag, was also observed, thereby indicating that such
glycosyliodoacetamides may not be absolutely selective; this
lack of selectivity was circumvented by carrying out the
modification in the presence of excess imidazole. It was
possible to confirm glycosylation of N83C unambiguously
by proteolytic digest, and it should be noted that, as in the
case of BSA, the three disulfide bonds in these EPO mutants
were untouched by glycosylation of the single free cysteine.
Glycosy! iodoacetamides have aso been applied to dihydo-
folate reductase (DHFR), where monoglycosylated forms of
DHFR showed increased thermolytic stability.?”® Again, here,
use of glycosyl iodoacetamides at pH 9 resulted in uncon-
trolled glycosylation of lysine residues in addition to the
desired cysteines. Fortunately, this problem could be mini-
mized at pH 7, giving a mixture of monoglycosylated and
unmodified protein. Purification of this mixture was ac-
complished using biotinylated thiosulfonates*”* to scavenge
the unmodified DHFR cysteine mutant followed by avidin-
based affinity chromatography to yield pure glycoproteins
using a procedure similar to that employed previously.?®
More recently, Withers and co-workers employed glycosyl
iodoacetamides in the site-selective modification of an
endoxylanase from Bacillus circulans (Bcx). Ingeniously,
when a protected thiol in the conjugated sugar was chemi-
cally exposed it could be enzymatically extended using
Withers ‘thioglycoligase’ strategy catalyzed by mutant
enzyme Abg E170G.%"®

Boons and coauthors obtained homogeneous disulfide-
linked glycoproteins by introducing a cysteine mutation into
the Fc region of immunoglobulin G (IgG1). Distinct glyco-
forms of 1gG1-Fc were prepared through disulfide exchange
between thiol-containing sugars and oxidized protein in
yields of up to 60% (Scheme 21).%° Unfortunately, Boons
previous dithiopyridyl methodology (Scheme 17c) was not
compatible with disaccharides and larger carbohydrates.>”®
It should be noted that the procedure did not disrupt internal
cystine disulfide bridges. These glycosylated antibodies were
subsequently screened for their ability to inhibit the JY cell
superoxide burst achieved when FcyRI receptors, found on
U937 leukocytes, interact with Fc receptors on JY cells. As
expected, the natural fully glycosylated Fc fragment com-
pletely inhibited this process, while the aglycosylated frag-
ment showed minimal activity, reiterating the importance of
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Scheme 19. Construction of a Glycodendriprotein Allowed Targeted Destruction of Pathogen Surface Proteins and Inhibition of
Pathogen Binding?®®
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Scheme 21. Boons’ Disulfide Exchange Methodology Produces Well-Defined 1gG Glycoproteins®®
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the carbohydrate motif. Pleasingly, the artificia glycocon- subsequently extended with galactosyl- and sialyl-transferase
jugates synthesized in this study displayed partial superoxide to form sialylLacNAc, showing that the unnatural oxime
inhibition, indicating that protein activity can be restored or linkage tolerated enzymatic extension conditions.
more importantly generated by the in vitro attachment of It has recently been demonstrated that a second mutually
oligosaccharides. compatible chemical protein group, a second chemical “tag”,
While the above strategies focused on the site-selective can alow for dual and differential modification.?>?%° This
glycosylation of naturally occurring amino acids, Schultz and allowed construction of a synthetic protein probe capable of
co-workers employed amber triplet codon suppression meth- detecting mammalian brain inflammation and disease (Scheme
odology to introduce unnatural ketone “handles’ (p-acetyl- 23). In this second-generation approach three tags were
L-phenylalanine) into the Z domain of staphylococcal protein incorporated: thiols in natural cysteine residues and azides
A.Z"278 gyccessful in vivo incorporation of the ketone and alkynes in the unnatural amino acids azidohomoal anine
handle required development of a tRNA synthetase—tRNA (Aha) and homopropargylglycine (Hpg). These chemical tags
pair from Methanococcus jannaschii, capable of inserting for site-selective conjugation allowed variable modification
unnatural amino acids at suppressed amber codon sites. This at multiple predetermined sites in the protein backbone. The
site-selectively incorporated unnnatural el ectrophilic amino first modification was based on cysteine modification using
acid was then reacted with an N-acetyl glucosamine ami- the well-established M TS reagents.?®? The second chemose-
nooxy saccharide?”® for modification using the method lective ligation was accomplished usm the copper(l)-

developed by Bertozzi and co-workers (Scheme 22, see catalyzed Huisgen cycloaddition (CCHC).***’ This reaction
section 3.2).2%® Furthermore, the resulting glycoconjugate was has been demonstrated in a variety of aqueous peptide
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Scheme 22. Unnatural Amino Acid Incorporation Using Amber Codon Suppression and Chemoselective Ligation Allows for

Site-Selective Protein Glycoconjugation®”®
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aThis approach was used here to synthesize a functional mimic of the glycoprotein ligand of P-selectin, PSGL-1.2%

systems (see section 2.1.3), but these were the first examples
of quantitative site-selective protein modification. Initial
optimization studies of CCHC reactions were conducted on
afully competent enzyme substrate S§5G-Ahad3, a 10-point
mutant of the galactosidase SSBG ((Met)10(Cys): —
(Met43)4(ll1e)o(Ser)1) expressed in the Met(—) auxotrophic
strain E. coli B834(DE3) with Met analogue Aha?8:282
Coupling between avariety of akyne glycosides as reagents
and the azide in Ss6G-Aha43 highlighted a requirement for
highly pure (99.999%) Cu(l) in order to achieve >95%
protein glycosylation. The CCHC reaction was aso shown
to be possible (in the ‘reverse sense’) with alkyne-containing
proteins such as S§5G-Hpgl using azido-derivatized sugars
as reagents. Interestingly, Ss5G-Hpgl is a product of the
retention of Hpg at N-terminal Met site, thereby allowing
N-terminal modification; avery similar observation has also
been made in more recent studies.?®

Using these two ligations together, first examples of
multisite differential modification were demonstrated on
SspG-Ahad3-Cys439 using first a glucose MTS reagent to
modify thiol and then a galactosyl akyne to modify azide.>*°
Thisprotocol wasal so successfully appliedtoaTamm—Horsfall
glycoprotein fragment (Thpgs—306 Aha298Cys303). In all
cases the native functions of proteins were maintained after
modification, and in addition, all modified proteins demon-
strated additional sugar-specific binding to lectins. Further-
more, this differential chemical, post-translational modifi-
cation (PTM) of proteins was used to mimic biological
processes that are dependent upon PTMs to mediate
protein—protein interfaces. Investigations into the P-selectin-
glycoprotein ligand-1 (PSGL-1) identified two critical PTMs
required for binding to P-selectin in the primary rolling/
adhesion phases of the inflammatory response; a sulfate
attached to Tyr48 and either of the O-glycans siaLacNAc
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or sLe" attached to Thr57.2842%° As a more vigorous test of
the chemical differential ligation strategy, a novel sulfoty-
rosine mimic (Tys) was installed onto position 439 of the
lacZ-type reporter enzyme SsBG and a siaLacNAc-alkyne
or sLef-alkyne mimic at 43, thereby reconstructing the
structural parameters of the natural interaction between
PSGL-1 and P-selectin (Scheme 23).

It should be noted that the convergent nature of this
approach allowed for incorporation and systematic analysis
of truncated and altered glycans. Excitingly, synergistic
binding was noted between SsfG(Tys)(siaLacNAc) and
P-selectin, which was further enhanced upon fucosylation
to SBG(Tys)(sL€), highlighting the fundamental importance
of both glycan and sulfation motifs in binding. As a
conseguence, the resulting differentially modified protein,
when used in combination with its galactosidase activity in
the presence of X-Gal (a LacZ-type reporter substrate),?®®
was used to detect in vivo inflammatory brain lesions
resulting from acute®®” and chronic®®® interleukin-1 (IL-
153)-adenovirus-induced inflammation. The LacZ-type re-
porter mimic was also successfully used to detect cerebral
malaria. One of the pathological hallmarks of cerebral
malaria is P-selectin-mediated platelet aggregation,?®® and
pleasingly, a a 6 day time point the same reporter protein
also was able to readily detect infection in a Plasmodium
disease model.

Dehydroalanine (Dha) has been used for a number of years
as atag in peptidic systems for modification via conjugate
addition (Scheme 5b and section 2.1.3) but until recently
has not been used for protein modification due to a lack of
ready methods for its incorporation. Szostak*® and
Schultz*** have proposed the use of selenocysteine deriva-
tives that can be installed through reconstituted translation
systems or amber-codon suppression methodology, respec-
tively, and then converted to Dha through oxidative sele-
noxide elimination (along with concomitant Met sulfoxida-
tion). Dha may also be formed directly from Cys without
oxidation of Met or alteration of any other amino acids using
anovel sulfonylhydroxylamine-induced sulfilimine/sulfena-
mide elimination.*?® Incorporation of Dha in these proteins
dlowsfurther proteinconjugationsind udingglycoconjugation. 212
The sulfilimine/sulfenamide elimination strategy also allows
subsequent re-elimination back to Dha, in essence providin
a form of reversible, chemically switched conjugation.*?
This latter system has also recently been used to introduce
Sallyl cysteine into proteins; the allyl sulfide motif turns
out to be a privileged motif for agueous olefin cross
metathesis, thereby allowing the first examples of olefin cross
metathesis on proteins, including in glycoconjugation.'®

3.4. Native Ligation Assembly

Expansion in the methods that are available for accessing
and linking glycopeptide through NCL-type strategies (see
section 2.2.4) has recently seen purely chemical construction
of small intact glycoproteins viaMode B NCL assembly for
the first time. Examples include incorporation of a complete
human Complex-type siayloligosaccharide into the 76-
residue glycoprotein MCP-3 based on conventional coupling
of thioesters and Cys-terminated peptides and the 82-residue
glycoprotein/peptide diptericin ¢ using so-caled sugar-
assisted ligation methods.®* It should be noted that these
sequences are still somewhat short of typical glycoproteins
(and the description of protein versus peptide perhaps
somewhat a question of semantics) and still in length regions
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potentially accessible by standard SPPS; indeed, glycosylated
diptericins have been synthesized previously using SPPS.2*°
Nonetheless, these impressive assemblies highlight the
growing power and potential of these strategiesin even larger
and more complex glycoproteins. The complementary use
of expressed fragments al so offers a powerful approach (see
section 5.4).

4. Enzymatic Glycoprotein and Glycopeptide
Synthesis

The strategic approaches outlined in the previous sections
are equally applicable to enzyme-catalyzed techniques. mode
D methods that manipulate glycans include glycan extension
(section 4.1) and remodeling (section 4.2), mode C methods
for convergent modification (section 4.3), and mode A/B
methods for peptide assembly (section 4.4).

4.1. Glycan Extension

Enzymatic methods to develop existing carbohydrate
displays on peptide/protein scaffolds have proved particularly
successful. In early examples, Paulson and co-workers
employed a sidyltransferase and CM P-N-Ac-neuraminic acid
to restore 95% of the siaic acids to a fully desialylalted
protein.?** More recently, Ito and co-workers employed and
explored the function of UDP-GIc:glycoprotein glucosyl-
transferase (UGGT) in the monoglucosylation of a synthetic
ManyGIcNACc, MTX complex (see section 3.2), an enzyme/
substrate system that plays a critical role in the calnexin/
calreticulin (CNX/CRT) protein folding “quality control”
cycle.® Glycosyltransferases, due to their inherent specific-
ity, are often used to elaborate glycopeptide structures either
prior to or after linear assembly (see section 2.2.1). An
impressive example from Nishimura and co-workers dem-
onstrated the combination of A1,3-N-acetylglucosaminyl-
transferase (LgtA) and f$-1,4-galactosyltransferase in the
formation of a library of O-linked lactosaminoglycans.?*?
Furthermore, this work was extended to include two different
o-2,3-sidyltransferases, which when used in combination
with 51,4-GalT incorporated up to five sialylated hexasac-
charides into a MUCL1 glycopeptide (Scheme 24).2°* Much
of this work has strong resonance with the use of glycowl-
transferases in oligosaccharide synthesis,8:66:69:295-29%

Glycosyltransferase-mediated elaboration is a chemose-
lective technique which is particularly powerful for assembly
of challenging structures rich in functionality such as
sulfopeptides,®® athough strategic considerations may be
important with regard to their frequently stringent substrate
specificity. It should also be noted that enzyme availability
is sometimes a stumbling block in such techniques; in
particular, the number of readily available branching GIcCNAc-
transferasesis particularly limited, and commercial supplies
of glycosyltransferases continue to be variable. In an
excellent display of the power of glycosyltransferases in
glycopeptide elaboration, a short sulfated N-terminal domain
of PSGL-1 has been synthesized on a small scale and
characterized by HPL C and MS.3® Enzymatic methods are
also fully applicable on the solid phase with an early example
involving the synthesis of dipeptide sLe*-Asn-Phe on a
glycine-linked aminopropyl silica support.3®* Enzymatic
extensions have also been performed on water-soluble
polymer producing sle*-modified 12- and 11-aa peptides. 3>
Here, the glycopeptide was constructed through standard
SPPS to include a keto-containing “transporter” group viaa
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Scheme 24. Use of Glycosyltransferases in the Synthesis of a Glycosylated Fragment of MUC1%%*
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modified C-terminus proline residue. The glycopeptide was
then released from the SPPS resin and trapped onto a water-
soluble polyacrylamide derivative through chemoselective
ligation. Subsequent enzymatic extension followed by pho-
tolytic cleavage of the transporter moiety furnished the
glycopeptide in 12% overall yield requiring minimal
purification.

4.2. Glycoprotein Remodeling (GPR)

The combined trimming (typically enzymatic) of existing
glycan structures followed by elaboration to alternative ones
has been termed “glycoprotein remodeling” (GPR). Funda-
mental to this technique, due to the difficulty in making the
natural glycan—protein link, at least one glycan must remain
on the protein to act as a handle for elaboration. A useful
“tag” of this kind can be obtained through the use of
enzymes, such as endoglycosidase-H (Endo-H), to degrade
heterogeneous glycoprotein glycans to a single N-linked

%NMHAC
o
el
0o

GIcNACc residue. This can then be enzymatically extended
by transglycosylation using either Endo-M, (from Mucor
hiemalis) or Endo-A (from Arthrobacter protophormiae).
This chemoenzymatic approach is capable of transferring
large carbohydrate motifs onto glycosylated peptides and
proteins in a single convergent step, unlike the more
commonly used glycosyltransferase-based systems. The first
example of such endoglycosidase-catalyzed transglycosyla-
tion was first demonstrated by Takegawa and co-workersin
1986 in the synthesis of a MansGIcNAc,-modified glyco-
protein.>®* Since then, Endo-A and Endo-M transglycosy-
lation has allowed for addition of high-mannose structures
(Endo-A) and complex N-glycans (Endo-M) onto a variety
of peptide backbones,30%:237:235164,238,240.306.307 f narticular
significance is the synthesis of a 34-mer by Wang and co-
workers,?** representing a section of the HIV-1 envelope of
gp4l and a recent example by Takegawa and co-workers
which demonstrated the combined use of Endo-M and
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Scheme 25. Use of Oxazoline Donors and Endo-A to Glycosylated a 34aa Peptide
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Scheme 26. Oxazoline Donors in Endoglycosidase-Catalyzed Glycoprotein Synthesis
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Endo-A in the successful transglycosylation of eel calcitonin,
a 32-mer peptide,>*® where N-transglycosylation was dem-
onstrated at up to two sites with both high-mannose and
complex glycans. In addition, the monoglycosylated peptides,
following exposure to Endo-M, could be separated and
subsequently exposed to Endo-A, the result being the first
examples of differential multiple glycosylation of a glyco-
peptide using endoglycosidases. This procedure relied upon
the efficiency (yields up to 38%) of Endo-M to transglyco-
sylate complex glycans and the specificity of Endo-A toward
high-mannose moieties, which prevented hydrolysis of the
initially installed, complex N-glycan motif.

One potentia limitation of endoglycosidase-mediated
transglycosylation isthat it suffers from low yields, typically
5—30%. Post-transglycosylation hydrolysis of glycopeptide
product isakey factor in determining overal yield; efficiency
can be improved through the use of part organic solvent
systems, such as 35% ag. acetone.***3° However, more
recently, Wang and co-workers largely overcame this
potentia limitation and synthesized 34-residue and 47-residue
glycopeptides through an Endo-A-catalyzed glycosylationin
yields of up to an impressive 86% (Scheme 25) using novel
oligosaccharide donor substrates.**'%*The key to this suc-
cess has been the ingenious use of oxazolines, which act as
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good substrates for glycosylation; yet the resulting fully
incorporated glycopeptide is a poor substrate for hydrolysis,
thus minimizing the degradation observed with transglyco-
sylation. A similar method has aso been reported by
Fairbanks and co-workers,3'

This strategy has impressively been extended to glycosy-
lation of the protein RNase following the action of Endo-H,
alowing synthesis of homogeneous Man;GIcNACc,-RNase
and Gal,MansGlcNAc,-RNase (Scheme 26).3™® Evauation
of the substrate specificity of Endo-A and Endo-M has shown
that the minimum requirement for glycosylation is an
oxazoline of disaccharide ManS(1—4)GIcNAc. Substitution
patterns are tolerated at both the 3' and the 6’ portions of
the central mannose moiety,** but glycosylation yields
decrease with increased glycan size due to increased recogni-
tion of the product by Endo-A with respect to hydrolysis.
The field of endoglycosidase-catalyzed transglycosylation has
recently been reviewed.3™

4.3. Enzymatic Formation of the Glycan—Protein/
Peptide Link

An attractive approach to enzymatic glycoprotein synthesis
isto directly exploit the enzymes responsible for formation
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Scheme 27. TGase-Catalyzed Glycosylation of Insulin®®
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of the sugar—protein link. In N-linked glycoprotein biosyn-
thesis®'® the enzyme responsible, oligosaccharyltransferase
(OST), cotrandationally transfers a high-mannose core
oligosaccharide from a fatty acid pyrophosphate carrier to
the side-chain amide of an asparagine (Asn) residue in the
consensus sequence Asn-X-Thr/Ser of the nascent glyco-
protein, although other sequences are aso rarely glycosylated
(e.g., Asn-Ala-Cys).3'” Use of this enzyme in isolated form
inin vitro glycoprotein synthesis has however met with only
modest success. While transfer of carbohydrates to a 17-
residue peptide containing an unusual Asn-Asn-Thr-Ser
seguence was possible, direct glycan transfer to RNase-A
failed.®*® In addition, transfer to sequences in which X =
Pro is not possible and those in which X = Trp, Asp, Glu,
and Leu are inefficient.®!°

More success has been achieved following the identifica-
tion and isolation of an N-linked glycosylation system in the
bacterium Campylobacter jejuni; Imperiali and co-workers
obtained glycopeptides using the PglB from C. jejuni.>® This
enzyme was able to transfer bacterial disaccharides from
prenylated donors (GalNAc-o1,3-bacillosamine-pyrophos-
phate undecaprenyl) onto heptapeptide KDFNVSK and an
octapeptide (both are portions from known glycoproteins of
C. jgluni). Furthermore, Aebi and co-workers demonstrated
that PgIB is capable of in vitro glycosylation of RNaseA
containing a bacterial consensus site, again with unusual
bacterial glycans.®** Interestingly, it was found that fully
folded RNaseA was inefficiently glycosylated, but partial or
full denaturing of RNaseA greatly enhanced its activity as a
substrate. This led to the conclusion that specific substrate
conformations are required during the enzyme-catalyzed
glycosylation and that glycosylation sites in bacterial gly-
coproteins will therefore need to be located in localy flexible
sites. Investigations into the peptide specificity of prokaryotic
PglB highlight the requirement of amino acid determinants
beyond the eukaryotic sequon of N-X-S/T. The oligosac-

charide component shows a partially relaxed specificity,
although recently it has been demonstrated that a C-2
acetamido group in the reducing sugar terminus is a critical
requirement for recognition and/or catalysis.>??

Use of a microbial transglutaminase (TGase) to transa
midate the side-chain y-carboxamide group in the dipeptide
Z-GIn-Gly with —O(CH,)3S(CH,)NHz-linked glycosides
(shorter spacers were unsuccessful) to form an unnaturally
N-linked glycopeptide has also been described.®>332* Fur-
thermore, in an attempt to find a universal enzymatic method
for the synthesis of homogeneous glycoprotein acombination
of site-directed mutagenesis and TGase-catalyzed enzymatic
modification has been used to synthesize insulin bearing siaic
acid residues (Scheme 27).*® Nishimura and co-workers
replaced the N-terminal phenylalanine with glutaminein the
B chain of insulin and performed transamidation at this site.
In contrast, TGase-catalyzed transamidation of naturally
occurring glutamines in wild-type insulin was found to be
highly inefficient. Interestingly, the F19 mutant protein
successfully underwent TGase transamidation with lactose
derivative onto not only mutation site Q1 but also naturally
occurring Q4; it was reasoned that mutation at Q1 altered
the environment of Q4. Purified Q1 glycoprotein was
subsequently sialylated using CMP—sidic acid in the pres-
ence of an 02,6 sialyltransferase, giving ready access to
Sian2,6Lac-insulin. More recently, this work has been
developed to include dendritic displays of sialic acid using
asimilar procedure.?*® Thein vitro biological testing of these
glycoproteins showed decreasing binding of insulin to its
natural receptor as the proportion of sialic acid increased
but an increased in vivo blood glucose lowering activity of
the glycoproteins in STZ-mice. A similar chemoenzymatic
approach has also allowed for preparation of glycopeptides
as potential influenza inhibitors. 3%
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4.4. Glycopeptide Ligation

Use of proteasesto catalyze ligation of peptide fragments
under kinetic control is well documented.®?® The procedure
is highly dependent upon the relative rates of hydrolysis vs
aminolysis caused by the competition between water and the
peptidic amine acceptor; hydrolysis can be reduced by
increasing the percentage of an organic cosolvent. To this
end, subtilisin peptidases have been used to catalyze the
synthesis of glycopeptides®”3?8 in spite of the fact that
the natural specificity of these enzymes has hampered these
peptide ligations. It was found through careful substrate
tolerance studies that the $4, S3, S2', S3', and S4' pockets
of the subtilisin active site would accept glycosylated amino
acid residues, while pockets proximal to the amide bond
being formed/cleaved (S1, S1') would not. Thus, ligation of
Z-Gly-OBz with H-Gly-Ser(AcsGIcNACcS)-NH, was suc-
cessful, but no yield of product was obtained with H-
Ser(AcsGIcNACcS)-NH,. A more substantial example in-
volved a subtilisin-catalyzed peptide condensation to form
a 15-residue glycopeptide from two smaller synthetic pep-
tides.3° This required the synthesis of a 12-residue peptide
ester through SPPS using a PAM-modified Rink amideresin,
giving a peptide ester. The 12-aa acyl donor peptide ester
was then ligated to a 3-residue acyl acceptor glycopeptide
using subtilisin in a buffered mixture of water and DMF.
Use of this ligation method coupled with other enzyme-
mediated strategies culminated in a truly elegant synthesis
of a single unnatural glycoform of ribonuclease B (RNase-
B) using a protease-catalyzed ligation of fragments of the
protein backbone, including a fragment bearing a single
GlcNAcS-Asn followed by glycosyltransferase-catalyzed
elaboration reactions of that glycan.** More recently, some
of the limitations of the natural specificity of the subtilisins
have been overcome through engineering of the enzyme
ligation catalyst using a combination of site-directed mu-
tagenesis and chemical modification with polar prosthetic
groups. A triamino substituent in the S1 pocket of subtilisin
led to the greatest substrate broadening, and the resulting
biocatalyst was used in the synthesis of a variety of
glycopeptides and analogues of compounds showing anti-
HIV activity in yields of up to 90%.%%°

5. Molecular and Cell Biological Techniques

In vivo methods that amend the natural machinery of
glycosylation present exciting opportunities in the preparation
of homogeneous glycoproteins.**~333 Although prokaryotes
do not typically glycosylate proteins, use of eukaryotic
systems can circumvent this problem. This approach is made
difficult, however, by the large range of potential biosynthetic
glycosylation products and thus the corresponding array of
pathways that need to be controlled and/or adapted.*** The
conseguence of each pathway will differ between cell type,
species, and protein. Thus, expression of a particular gly-
coprotein in one organism will potentially produce different
glycosylation patterns than those found by expression of the
same protein in another. In this way glycosylation patterns
may be channelled and regulated in a particular direction.
Thus, expression in, e.g., plants®*® or mice®*® may alow
production of patterns similar but subtly altered compared
to those in mammalian systems. The research on the N-linked
biosynthetic pathway in yeast and associated congenital
diseases has been comprehensively reviewed, 34337340
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5.1. Biosynthesis Augmentation

Regulation of glycosyltransferases involved in the post-
translational processing of protein-linked glycans, so-
called “glycosylation engineering”, can produce dramatic
changes in glycosylation patterns. This can be achieved
in cell lines or cultures where extra glycosyltransferase-
expressing genes have been introduced to augment the
presence of particular sugars in glycan structures. This
idea has been tested in an attempt to avoid the immuno-
genicity associated with xenotransplants and therapeutic
retroviruses, much of which is caused by the response of
circulating human anti-Gal antibodies toward the oGal
epitope (Galo1,3Gal41,4GIcNAC).>* Wirth and co-workers
reduced the expression of aGal on retroviral coat proteins
through expression of other glycosyltransferases that compete
for the Gala.1,4GIcNAc epitope.3* In order to bias substrate
competition, replacement of the localization domain of a2,3-
siayltransferase (ST3), a late-Golgi enzyme, was required
with that of FucT1 or a2,6-siayltransferase, enzymes that
both reside in the earlier Golgi cisternae. As a result, the
chimeric ST3 intercepted the Gal a.1,4GIcNA ¢ epitope before
it encountered the al,3-galactosyltransferase (GGTAL) in
the Golgi assembly line. Stable expression of this chimeric
ST3in murine cellsresulted in significant reduction of aGal
levels (34% to 8%), rendering the engineered cells as more
suitable hosts for retrovirus production. Glycosylation of
secreted glycoproteins has also has been regulated by
glycosyltransferase engineering. The biological responses to
IgG antibodies are strongly dependent upon the glycan linked
to the Fc region of the protein. For example, the tetracycline-
regulated expression of the GIcNAc-transferase (GnT-I11)
involved in “bisecting” (i.e., glycosylation of OH-4 of the
B-Man residue in N-linked glycans) the core of N-linked
glycans, thereby blocking elaboration of the branching
mannose residues by other transferases (o1,6FucT, Manll,
and GnT-I1), resulted in an increase in bisected glycoforms
from 25% to 50%. This, in turn, increased the antibody-
dependent cellular cytotoxicity of the 1gG.>** Recently,
Ferrara and co-workers offered further improvement via
exchange of the localization domain of GnT-I11 with that of
other Golgi resident enzymes.*** Depending on the domain
employed, expression of the chimera efficiently blocked
further elaboration of N-linked glycans with the optimal
chimera comprised of the localization domain of a-man-
nosidase I1.

The re-engineering of the glycosylation pathway in the
yeast Pichia pastoris,®® to mirror the processing of human
N-glycans, resulted in secretion of glycoproteins with
complex N-glycosylation,339340:395=347 Eor example, Wildt
and co-workers re-engineered strains of P. pastoristo mimic

the early processing of N-glycans in humans to synthesize
complex glycans bearing GIcNAcMansGIcNACc,.> Further-

more, elimination of the “natural” glycosylation pathway and
introduction and correct localization of mannosidase | and
[1, N-acetylglucosaminyl transferases | and Il, and uridine
5'-diphosphate (UDP)—N-acetylglucosamine transporter pro-
duced essentially homogeneous glycoproteins bearing the
complex human N-glycan GIcNAc,MansGIcNAC,.**° More
recently, galactosylation was also obtained in this system
when a fusion protein containing the catalytic domain of
GaT, UDP-galactose-4-epimerase and a yeast leader se-
guence, was anchored into the Golgi compartment of a host
that was capable of producing biantennary structures that
terminate in GICNAc. This synthetic fusion protein was able
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to mediate epimerization of UDP-glucose to UDP-galactose
and catalyze transfer of the resulting donor to terminal
GlcNACc residues, thereby producing a biantennary galacto-
syl-tipped glycan.*® The final step in obtaining terminally
sialylated glycoproteins has recently been reported by
Gerngross and co-workers.®*® This procedure required
knockout of four yeast-specific glycosylation genes and total
introduction and localization of 14 heterologous genes. A
total of five additional enzymes and proteins were added to
the above re-engineered yeast strain: UDP-N-acetylglu-
cosamine-2-epimerase/N-acetyl mannosamine kinase (GNE),
CMP—sidlic acid synthase, CMP—sidlic acid transporter,
N-acetylneuraminate-9-phosphate synthase (SPS), and a
library of chimeric sialyltransferases (STs) bound to trans-
membrane anchoring peptide sequences. The best levels of
sialylation with the ST library involved fusion of the catalytic
domain of mouse a-2,6-siayltransferase with the targeting
peptide signal of mannosyltransferase 1 (MnT1). Yeast
containing the above re-engineered expression vectors were
cultivated to secrete recombinant EPO, which displayed
glycans containing the motif of SiaGal,GIcNAc,Man;-
GIcNAC; in greater than 90%, with minor contributions from
SiaGal,GIctNAc,MansGIcNAC, (7.9%). As expected, the
recombinant EPO displayed a dose-dependent response
consistent with a biologically active form of the protein. A
similar strategy has also been employed in P. pastoris to
provide a general platform for production of recombinant
monoclonal antibodies with human N-glycosylation patterns
with high homogeneity.>*” Further engineered glycosylation
pathway's have been comprehensively reviewed elsewhere 3
An example of engineering E. coli to produce glycoproteins
has been accomplished by combining protein N-glycosylation
with lipopolysaccharide biosynthesis at the point were PglB,
the oligosaccharyltransferase (OST) found in C. jeguni,
transfers O-polysaccharides from their lipid carrier to as-
paragine side chains in acceptor proteins. The relaxed
specificity of PglB OST (see section 4.3) enabled a diverse
range of these glycans to be attached beyond the standard
C. jgjuni glycan.>*®

Glycosylation of larger biomolecular structures may also
be accomplished by taking advantage of the often-relaxed
specificities of biosynthetic pathways. For example, use of
an unnatural N-levulinoylmannosamine (Man-Lev) as a
precursor in preference to the natural precursor N-acetyl
mannosamine (ManAc), required in sialic acid biosynthesis,
can be achieved simply by feeding it to cells, thereby
allowing introduction of a unique ketone tag into sialic acid
residues found on the cellular surface.>**%° This strategy
allowed chemoselective introduction of further glycans
through reaction with aminooxy and hydrazide-functionalized
carbohydrates to form imines and hydrazones (see sections
2 and 3 and Scheme 17a).%%* This strategy is similar to one
previously applied following chemical introduction of alde-
hydes to cell surfaces.?” The powerful Man—Lev technique
was also used to display biotin on cell surfaces.®? This“cell
surface engineering” utilized a biotinylated hydrazide to give
cells that were far more readily transfected by adenovirus
when pretreated with an antiadenovirus antibody that had
been conjugated to avidin. Salvage pathways in CHO cells
have aso alowed incorporation of a 2-keto analogue of
GaNAc into cell surface glycoproteins but not a 2-keto
analogue of GIcNAc.>*® Neural cell surfaces have also been
engineered by introducing an unnatura N-propanoy|neuramin-
ic acid precursor.®** In asimilar fashion, use of peracetylated
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N-azidoacetylmannosamine (AcsManNAz) as a precursor
alowed the cell surface display of azido-sialic acids.>® It
should be noted that use of acetyl protection is required in
all examples to facilitate cell transport, once internalized
intracellular deacetylation is thought to occur spontaneously
or metabolically. Exposure of the resulting azide-modified
cell surface to a biotinylated phosphine-ester resulted in an
intramolecular amide formation via so-called Staudinger
coupling and hence allowed biotinylation of the cell surface.
The advantage of this method is that azides and phosphines
are extraneous to nature and therefore unlikely to react in
the absence of one another (although phosphine oxidation
might compete); therefore, this method can also be used to
execute intracellular ligation, an accomplishment recently
demonstrated by Bertozzi and co-workers within C57BLI1/6
mice.**® Only mice treated with both the AcsManNAz- and
FL A G-peptide-containing reagent phos-FLAG displayed any
significant fluorescence when incubated with anti-FLAG
modified by a fluorescein isothiocyanate, suggesting that
Staudinger ligation occurred in vivo (Scheme 28).>°° A
similar approach has also been reported by Harding and co-
workers in which the GM3 antigen was altered on tumor
cells.®7 Furthermore, a traceless variant of ligation which
extrudes the phosphine oxide formed has a so been published
to alow for “clean” amide formation.>*®

As an alternative reaction of azide, chemoselective 1,3-
dipolar cycloaddition with alkynes**” has also been success-
fully used in a chemica reporter strategy to evaluate
glycoprotein fucosylation.®® In this strategy, azide-contain-
ing fucose was displayed on the surface of Jurkat cells
following uptake of modified peracetylated 6-azido-fucose
through natural salvage pathways. However, it was noted
that the 6-azido fucose analogue in concentrations > 100
uM resulted in cell death (2- and 4-azido fucosyl derivatives
studied showed no cellular uptake). More recently, use of a
ring-strain-promoted [3 + 2] coupling, 3¢ thereby remov-
ing the constraint of standard Cu(l) catalysis, has been
proposed.®! An essentially similar strategy has also been
reported by Wong and co-workers.**? This strategy has been
applied to live cells by both Bertozzi®*** and Boons®** and
to map development in zebrafish by Bertozzi.>®° The relative
merits and compatibilities of the Staudinger ligation, Cu(l)-
catalyzed addition and strain-promoted [3 + 2] cycloaddition
as azide-reactive strategies have recently been reviewed.3®

Salvage pathways have also been exploited to identify
O-GIcNAc-modified proteins from either living cells or
proteins in vitro.**’ It was shown that the UDP-GIcNAC:
polypeptidtyltransferase and O-GIcNAcase, the enzymes
responsible for GIcNAcylation, were able to tolerate GICNAc
residues modified with an azide on the N-acyl side chain
(GIcNAZ). Treatment of Jurkat cells with AcsGIcNAZz
resulted in incorporation of the azido analogue into both
nuclear and cytoplasmic proteins, which could be chemically
highlighted via Staudinger ligation with FLAG phosphine.
Detection of the FLAG phosphine-modified proteins was
achieved by Western blot with mouse anti-FLAG-mAB
conjugated to HRP. This method was further validated in
the labeling of nuclear pore protein p62.

5.2. Biosynthesis Regulation

Regulation of the enzymes involved in the biosynthesis®®
of glycoproteins offers an alternative way of controlling
glycan structure with the advantages that small molecule
inhibition offers dynamic and tuneable control. For example,
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Scheme 28. Cell Surface Modification via Salvage Pathways Allowed in Vivo Ligation
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Kohler et a. have employed the chemical inducer dimer-
ization (CID) principle to modulate fucosylation through the
noncovalent heterodimerization of protein subcomponents.®
This technique relies upon the ability of the natural product
rapamycin to heterodimerize the proteins FKBP and FRB,3°
which themselves can be fused to virtually any protein. The
localization domain and catalytic domain of fucosyltrans-
ferase VIl (FucT7) were fused to FKBP and FRB, respec-
tively. Localization of the catalytic domain of FucT7 in the
Golgi and therefore fucosylation of its cellular substrate was
only observed in the presence of rapamycin. Thus, rapamycin
was used to regulate production of sLe* in living cells. In
addition, CID has aso been used to regulate a1,2-fucosyl-
transferase and therefore control competition between it and
a 1,3-galactosyltransferase.*™° Use of CID has also been
applied to carbohydrate sulfotransferases.™*

5.3. Codon Suppression Technology

Normal recombinant DNA-based expression is limited to
the standard 20 amino acids; however, the ready use of
nonsense codon suppression technology has allowed incor-
poration of novel building blocks through the natural
mechanism of protein biosynthesis. Both Hecht*"2="* and
Schmidt”® proposed adoption of the in vitro use of misa-
cylated tRNASs in nonsense codon suppression read-through
techniques.?’® Unlike natural protein glycosylation, which
occurs co- and post-translationally, this method can utilize,
for example, “U“tRNA acylated with glycosylated amino
acids (Scheme 29). A synthesis by Hecht and co-workers of
tRNAs acylated with Gal,Glc,Man,GIcNAc-Ser has been
reported, albeit in very low overall yields due to difficulties
in achieving efficient acylation and deprotection steps.3’®
These synthetic problems have recently been solved by
Schmidt and co-workers in efficient syntheses of dinucle-
otides aminoacylated with protected glycosyl amino acids.>"”
Such misacylated tRNAs have enabled incorporation of

HO :
NH

(iv) Fluorescein isothiocyanate
labelled anti-flag AB

GlcBSer in place of Ser?®® of firefly luciferase®%3" and

allowed Schmidt and co-workers to exchange Lys with
GlcNAC(AC)s-a-Ser in hARF-protein.3> More recently,
Hecht and co-workers extended the use of misacylated
tRNAS to incorporate mono- and disaccharides via serine
and tyrosine residues into firefly luciferase and DHFR.37®
The effects of glycosylation at position 284 in firefly
luciferase on the wavelengths of light emitted are also
reported, where red shifts were only observed when the
carbohydrate was fully deprotected. Although they have low
suppression efficiency (9—48%), these glycosylated amino
acids, including the Tq-antigen, have been incorporated into
human granulocyte-colony stimulating factor through non-
coded read-through techniques. Impressively, this approach
has been taken a step further by Schultz in the devel opment
of in vivo suppressor technology that works in an intact
bacterial system. Here evolution of an orthogonal Metha-
naococcus jannachii Tyr-tRNA synthetase and Tyr-tRNA
pair alowed for incorporation, in vivo, of the key glycosy-
l[amino aci ds, -GIcNAC serine and a-GalNAc threonine, into
myoglobin.3>38 Although these procedures are still in their
infancy and suppression levels are still low, they offer the
scientific community a potentially universal tool for synthesis
of homogeneous glycoproteins. Once a common method, it
will be interesting to see if glycoproteins made via such
‘pretranglational glycosylation’ will vary from natural gly-
coproteins, which are co/post-tranglationally glycosylated,
especially given the apparent role of glycosylation in correct
protein folding. These read-through techniques have also
allowed introduction of unnatural amino acids as tags for

subsequent site-selective glycosylation (see section 3.3).27°

5.4. Expressed Protein Ligation (EPL)

Expressed protein ligation has been used to incorporate
variously modified cysteines at the C- or N-terminus of
bacterially expressed peptides.’®381:382 This can allow access
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Scheme 29. Codon Suppression Strategy for Protein Glycosylation
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to the peptide thioester components needed for NCL (sections
2.2.4 and 3.4) through expression hosts. In this way, EPL
can allow ready access, for example, to larger protein
scaffolds in a more economic manner than standard SPPS
methods. For example, mannan-binding protein (MBP) was
expressed in E. coli asafusion to the N-terminus of awidely
used intein from the mutated Saccharomyces cerevisiae
VMA gene; a chitin-binding domain was aso incorporated
at the C-terminus for ready purification. Once expressed, this
portion self-spliced the binding domain, and the resulting
peptidothioester was used in NCL (see section 2.2.4) with
glycosylated peptides such as Cys-Asn(GIcNAcB).3* Im-
perali and co-workers have reported a semisynthetic route
toward the immunity protein Im7. Initialy, a glycopeptide

bearing an N-terminal Cys, obtained from standard SPPS,
was coupled to a thioester-containing fragment via NCL,
obtained from recombinant methods using the IMPACT
system, a technique based on a pH-dependent intein cleav-
age_384

The acyl acceptor components for NCL can aso be
accessed via expression: Wong and co-workers employed
tobacco etch virus Nla protease (TEV protease), a highly
selective cysteine protease, which recognizes and cleaves six
residues from the N-termina cysteine®® This protease
system was successfully used in the ligation of a truncated
section of human interlukin-2, a T-cell growth factor that is
used in the treatment of renal cell carcinoma, and a peptide
segment of gp41 (C37—H6). Fusion constructs that contained
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TEV cleavable linkers were constructed for both a truncated
form of interleukin-2 and the gp4l segment and readily
expressed in E. coli. TEV protease cleavage of both fusion
proteins resulted in an N-terminal cysteine peptides that were
subsequently coupled to synthetic thioester glycopeptides via
NCL. N-Terminal cysteine-containing peptides have also
been cleanly produced through cyanogen bromide-mediated
cleavage at methionine sites.®®® Production of N-terminal
cysteinesis also possible using factor Xa, which also exploits
a protease-catalyzed cleavage via recognition of a lle-Glu-
Gly-Arg (IEGR) cleavage site.®”

Macmillan and co-workers have used EPL to construct
three well-defined model GlyCAM-1 glycoproteins in the
first reported modular syntheses of biologically relevant
glycoproteins.®® The mucin-like GlyCAM-1 glycoprotein
serves as aligand during leukocyte homing and is comprised
of two mucin domains separated by a central unglycosylated
core domain. Semisynthetic variants of GlyCAM-1 were
obtained displaying the glycosylated N-terminal domain only
(1), the glycosylated C-terminal domain only (2), and
glycosylation in both domains (3). The N-termina glycosy-
lated-only variant (1) was obtained via NCL between a
glycosylated thioester peptide and GlyCAM-1 41—132,
bearing an N-terminal cysteine expressed as an intein-chitin
binding domain fusion protein. The latter was purified on
chitin beads and was subsequently cleaved from its C-
terminal intein-chitin binding domain using the factor Xa
protease. The C-terminal variant (2) required an inverse
procedure to (1) with a bacterially derived thioester (Gly-
CAM-1 1—77)* and a synthetic N-termina cysteine gly-
copeptide (78—132), bearing an N-termina cysteine con-
structed from both SPPS and NCL. The fina N- and
C-glycosylated variant (3) was constructed from the same
glycopeptide 78—132 and ligated to a bacterially expressed
central core unit (C41—S77) using 2% MESNA. The
resulting intermediate was subsequently ligated in a similar
fashion to that of variant (1) to produce variant (3) with an
impressive presentation of 13 N-acetylglucosamines in
predetermined positions (Scheme 30).38"
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