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ABSTRACT: O-Mannosyl glycans are known to play an
important role in regulating the function of a-dystroglycan
(a-DG), as defective glycosylation is associated with
various phenotypes of congenital muscular dystrophy.
Despite the well-established biological significance of these
glycans, questions regarding their precise molecular
function remain unanswered. Further biological inves-
tigation will require synthetic methods for the generation
of pure samples of homogeneous glycopeptides with
diverse sequences. Here we describe the first total
syntheses of glycopeptides containing the tetrasaccharide
NeuNAca2-3Gal1-4GlcNAcf1-2Mana, which is reported
to be the most abundant O-mannosyl glycan on a-DG.
Our approach is based on biomimetic stepwise assembly
from the reducing end and also gives access to the
naturally occurring mono-, di-, and trisaccharide sub-
structures. In addition to the total synthesis, we have
developed a “one-pot” enzymatic cascade leading to the
rapid synthesis of the target tetrasaccharide. Finally, solid-
phase synthesis of the desired glycopeptides directly on a

gold microarray platform is described.
It is predicted that over 50% of proteins in the human body

are glycosylated." These complex glycans are known to play
a critical role in the regulation of a diverse range of biological
processes.” However, despite recent advances in the field of
glycomics, the precise function of these carbohydrates is poorly
understood, largely due to difficulties in obtaining pure samples
of homogeneous glycopeptides. Isolation of significant
quantities of these structures from natural sources is extremely
challenging. As a result, the development of new methodologies
for the efficient synthesis of well-defined glycopeptides is of
great interest. Several elegant strategies for the synthesis of
peptides containing both N- and O-linked glycans have been
reported.> O-Mannosyl peptides are an important class of
structures distinct from the usual O-glycans, but have thus far
only been identified on one human protein, a-dystroglycan (a-
DG), a heavily glycosylated protein found in muscle and brain
tissue. Here we report the first total synthesis of glycopeptides

containing an O-mannnosyl tetrasaccharide, which represents
the textbook example of this class of biomolecule.*
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a-DG is a cell surface glycoprotein which acts as a receptor
for both extracellular matrix proteins®® and a number of
arenaviruses, including Lymphocytic choriomeningitis virus
(LCMV) and Lassa fever virus (LEV).” In order to conserve its
biological functions, a-DG requires extensive post-translational
glycosylation. In addition to typical N-glycosylation and mucin-
type O-GalNAc glycans, a number of O-mannosyl glycans have
been detected and characterized.* '® This mode of post-
translational modification has rarely been described in
mammals, but has an important role in the function of a-DG,
since defects in O-mannosyl glycosylation lead to loss of
extracellular ligand binding activity, resulting in various
phenotypes of congenital muscular dystrophy (CMD)."" To
date, mutations in six genes which encode for actual or putative
glycosyltransferases have been identified in patients with
various forms of CMD."””"” The molecular functions of two
of these putative glycosyltransferases, fukutin and fukutin-
related protein (FKRP), remain unclear. It has recently been
reported that like-acetylglucosaminyltransferase (LARGE) is
responsible for a post-phosphoryl modification of a phosphory-
lated O-mannosyl glycan.'® An impressive total synthesis of this
structure has recently been achieved using a traditional
chemical approach.'” Protein O-mannosyl transferase 1
(POMT1), POMT2, and protein O-mannose f-1,2-N-acetyl-
glucosaminyltransferase 1 (POMGnT1) are known to catalyze
the first two steps in the biosynthesis of the O-linked
tetrasaccharide NeuNAca2-3Galfj1-4GlcNAcf1-2Mana (Fig-
ure 1).>%'* This tetrasaccharide has been reported to be the
most abundant O-mannosyl glycan on a-DG from a range of
different species and tissues, suggesting its relevance to the
basic functional role of this glycoprotein.”'%*"

The binding of glycopeptides to their epitopes is often highly
dependent upon peptide sequence as well as glycan structure.
As a result, biological studies to illucidate the role of the O-
mannosyl glycans found on a-DG will require the synthesis of
well-defined glycopeptides with diverse sequences. Although
two syntheses of the fully assembled tetrasaccharide linked to a
serine/threonine residue have been described previously,*>**
the synthesis of the biologically relevant glycopeptides has not
been reported. We envisioned an approach to the synthesis of
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Figure 1. @-DG has a mucin-like domain containing the
tetrasaccharide NeuNAca2-3Galf1-4GlcNAcf1-2Mana. The first
two glycosidic linkages are formed by a POMT1/POMT?2 complex
and POMGnT], respectively. The enzymes responsible for the final
two steps have yet to be defined. CFG nomenclature is used to
represent the glycan structures.

these structures which closely mimics their biosynthesis. Our
approach commences with the chemical synthesis of mannosyl
peptides (Figure 1). The installation of the a-linked mannose
prior to peptide synthesis is synthetically straightforward and
avoids the need for POMT1/POMT2 glycosyltransferase
catalysts and the expensive sugar donor mannosylphosphor-
yldolichol. Subsequent use of three consecutive, enzymatic
glycosylation reactions to synthesize the tetrasaccharide would
lead to a very short, flexible, and efficient synthetic route
mimicking the putative biosynthetic pathway.

The synthesis commenced with the known manno-threonine
building block 1 (Scheme 1).** This building block was
incorporated into standard Fmoc-based SPPS (Supporting
Information (SI)). After cleavage from the resin, deprotection
of the per-acetylated mannose moiety was achieved using
NaOMe/MeOH (pH 10) to yield manno-peptide 2, containing
a natural peptide sequence of @-DG (amino acid residues 317—
326). The GlcNAc moiety was then introduced with the

Scheme 1. Total Synthesis of Glycopeptide 5, Containing O-
Mannosyl Glycan NeuNAca2-3Galf1-4GlcNAcf1-2Mana
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desired 1,2 linkage using human POMGnT]I, the enzyme
naturally responsible for the attachment of a GlcNAc residue
onto O-mannosylated protein in the a-DG biosynthesis.
POMGnNTI1 was heterologously expressed in Pichia pastoris
using a protocol recently developed in our laboratory (SI). The
reaction was regularly monitored by HPLC and was shown to
be complete in 5 days on a 50 mg scale, providing the
disaccharide 3 in 85% vyield after HPLC purification. It is
important to note that the rate of this reaction can be greatly
enhanced on a smaller scale by increasing the concentration of
enzyme. The manno-threonine fragment 1 can be readily
incorporated into SPPS to produce a range of natural and non-
natural manno-peptide sequences. Interestingly, we have
recently observed that the activity of POMGnT1 toward a
particular substrate is highly dependent upon peptide
sequence.”® Further studies may reveal the minimum sequence
requirements to maintain enzyme activity.

The enzymes responsible for catalyzing the final two steps of
the biosynthesis of the tetrasaccharide have yet to be defined.
Instead, enzymes were recruited from alternative biosynthetic
pathways to complete the synthesis. Bovine /1,4-galactosyl-
transferase (f1,4-GalT, EC 2.4.1.38) is well characterized and
has been extensively used for chemoenzymatic synthesis of
glycoconjugates owing to its broad substrate specificity.”® Using
this enzyme, introduction of the galactose with the required
P1,4 linkage was achieved after 24 h of incubation at 37 °C,
yielding trisaccharide 4 in 87% yield. Finally, a trans-sialidase
from Trypanozoma cruzi (TcTS) was used for attachment of
the terminal sialic acid with the required a2,3 conﬁguration.27
Contrary to sialyltransferases, the TcTS does not require
expensive CMP-NeuNAc donor and is able to catalyze trans-
glycosylation from the sialoprotein fetuin. However, careful
monitoring of the reaction is required, as hydrolysis of the
newly formed sialosidic linkage can occur over prolonged
reaction times. As a result, these reactions are difficult to drive
to completion, and a mixture of starting material and product is
generally produced. Nevertheless, after 6 h incubation at 37 °C,
the target glycopeptide S was successfully formed in 47% yield,
along with 39% recovered trisaccharide.

The use of three sequential enzymatic elongation steps
allows rapid assembly of the tetrasaccharide unit in a manner
not possible using traditional chemical glycan synthesis, which
is plagued with protecting group manipulations and selectivity
issues. This synthesis has enabled production of the final
tetrasaccharide in milligram quantities, allowing us to
unambiguously characterize the position and stereochemistry
of the glycan linkages, as well as the peptide sequence, using
detailed NMR studies. The sequential addition of sugar
residues is evident from the anomeric region of the “C
NMR spectra (Figure 2). The complete 'H and *C NMR
assignments of 3—5 (SI) were facilitated by first predicting the
chemical shifts of the oligosaccharide-threonine structure by the
computer program CASPER and subsequently analyzing the
2D NMR spectra. For sequential information on the peptide
structure, a BS-CT-HMBC experirnent29 proved highly
informative as residues could be linked together via
heteronuclear alternating intra-residue two-bond and inter-
residue three-bond correlations. Further evidence of the
tetrasaccharide structure was provided by extensive mass
spectrometric analysis (SI). An additional advantage of our
synthetic strategy is that it provides simple access to the
corresponding mono-, di-, and trisaccharide-containing inter-
mediates, which are frequently detected on a-DG due to
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Figure 2. Anomeric region of *C NMR spectra of disaccharide-
peptide 3 (top), trisaccharide-peptide 4 (middle), and tetrasaccharide-
peptide 5 (bottom). Resonances are denoted by capital letters: (A)
aMan, (B) fGIcNAc, (C) fGal, and (D) NeuNAc.

heterogeneous glycosylation. Our synthesis has provided
samples of the final tetrasaccharide 5 as well as intermediates
2, 3, and 4 as standards for NMR and glycomic databases. This
may simplify the identification of O-mannosyl glycans on
mammalian proteins other than a-DG, for example, in the
gastrointestinal tract of mice. 30

The use of “one-pot”, multiple glycosylations represents an
attractive method for the synthesis of complex glycans.*!
Taking advantage of the highly selective nature of the enzymes
involved in our synthesis, we have developed a “one-pot”
approach to the assembly of glycopeptide 5. Manno-peptide 2
(1 mg) was added to a premixed solution containing the three
enzymes and the three sugar donors (UDP-GIcNAc, UDP-Gal,
and fetuin), and the reaction was monitored by HPLC (Figure
3). Following incubation at 37 °C for 24 h, peaks
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Figure 3. HPLC profiles monitoring the “one-pot” conversion of
manno-peptide 2 to tetrasaccharide S.

corresponding to glycopeptides 2—5 were observed. After 60
h, only traces of the mono- and disaccharide were detected, and
the anticipated tri- and tetrasaccharldes were formed with good
conversion as a 50:50 mixture.”> This * ‘one-pot” enzymatic
cascade significantly reduces the time required to produce the
desired tetrasaccharide and alleviates the need for the
intermediate purification steps. This methodology should now
enable the rapid assembly of this tetrasaccharide on a range of
natural peptide sequences of a-DG.

Having developed an efficient solution synthesis, we turned
our attention to preparation of these O-mannosyl glycopeptides
on a solid platform. In recent years, carbohydrate microarrays
have emerged as powerful tools to study glycoenzyme
specificity and investigate the interactions of carbohydrates
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with a wide range of binding partners, including proteins,
viruses, and whole cells, leading to significant advances in the
field of glycomics.*® Despite the numerous advantages of these
glycan microarrays, their production is severely hampered by
difficulties in obtaining pure samples of well-defined carbohy-
drates through either synthesis or isolation. Additionally,
isolated carbohydrates must be further modified with a linker
to allow attachment to the array surface. One approach to
overcome this problem involves solid-phase synthesis of the
required glycan directly on the microarray surface.** We now
report solid-phase synthesis of the O-glycan NeuNAca2-
3Galp1-4GlcNAcf1-2Mana, attached to a natural peptide
sequence of @-DG (amino acid residues 373—384), immobi-
lized on a gold platform. The first step was the formation of an
N-hydroxysuccinimide (NHS)-functionalized self-assembled
monolayer (SAM) (Figure 4). SAMs of alkanethiols on gold

OH
HOy Hooc

AcHNZ2F

HO OH

I..II_ o

Figure 4. Solid-phase synthesis of target glycopeptide on a gold
platform. Conditions: (a) RGAIIQT(Man)PTLGPOH, RT; (b)
POMGnT1, UDP-GlcNAc, MnCl,, MES buffer, pH 7, 37 °C; (c)
PGalT1, UDP-Gal, MnCl,, MES buffer, pH 7, 37 °C; (d) TcTs, fetuin,
phosphate buffer, pH 7, 37 °C.

surfaces provide well-established platforms for carbohydrate
microarrays.>> Attachment of the chemically synthesized
mannopeptide was achieved through the amine at the N-
terminus of the peptide by formation of an amide bond. The
three enzymatic elongation steps described previously (see
Scheme 1) were then successfully carried out on the
immobilized glycopeptide to produce the desired tetrasacchar-
ide attached to the gold surface. Each glycosylation step, as well
as the attachment of the mannopeptide to the surface, was
conveniently monitored using MALDI-TOF MS. 3 The first
two enzymatic steps proceeded to completion, providing access
to uniform monolayers of the di- and trisaccharide structures.
Incomplete conversion in the final step led to a mixture of
glycoforms on the gold surface, mimicking the biological
heterogeneity encountered on the surface of cells. The use of
POMGnT1 directly on a microarray platform is of particular
interest since this technology will allow the substrate specificity
of this important human enzyme to be probed. This solid-phase
synthesis has a number of advantages over solution-phase
synthesis: Only minute quantities of material are required,
minimizing the use of valuable enzymes and mannopeptides.
HPLC purification steps associated with solution-phase syn-
thesis are avoided since non-covalently bound reagents and
enzymes can be simply washed from the surface. This
technology, coupled with our recent studies describing “spot
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synthesis” of peptides directly on the array,®” has the potential
to provide rapid access to the tetrasaccharide and its truncated
intermediates attached to a diverse range of a-DG peptide
sequences. These structures can be produced in parallel on the
array in a high-throughput manner to facilitate biological
studies.

In summary, we have developed the first syntheses of
glycopeptides containing the O-mannosyl glycan NeuNAca2-
3Galf1-4GlcNAcf1-2Mana. The synthesis of the tetrasacchar-
ide fragment was achieved in a highly efficient manner using
three consecutive enzymatic glycosylations. We have demon-
strated these reactions both in a “one-pot” fashion in solution
and on solid phase, providing rapid access to the desired
structures and their intermediates. This technology is currently
being used to produce a library of glycopeptides to investigate
the role of this unusual glycan in the binding of a-DG to its
various receptors and to provide standards for NMR and
glycomic databases.
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