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Abstract:

Chlorella viruses produce N-linked glycoproteins  with
carbohydrate moieties that differ in structure from all other N-
linked glycans. In addition, unlike most viruses, these organisms
do not hijack the biosynthetic machinery of the host to make
glycocoproteins; instead, they produce their own carbohydrate-
processing enzymes. A better understanding of the function and
assembly of these fascinating and structurally-unprecedented
glycans requires access to probe molecules. We describe here
the first synthesis of a chlorella virus N-linked glycan, a highly
branched hexasaccharide that contains the pentasaccharide
present in all of the >15 structures reported to date. The target
molecule includes a glucosyl-asparagine linkage and a
‘hyperbranched’ fucose residue in which all of the hydroxyl
groups are glycosylated. Both convergent and linear approaches
were investigated with the latter being successful in providing
the target in 16 steps and 13% overall yield.

N-Glycosylation of proteins is a ubiquitous post-
translational modification found in bacteria, viruses, plants,
archaea and mammals.[' The presence of N-linked glycans
influences the folding, stability and bioactivity of proteins and, as
such, tremendous efforts have focused on understanding, at the
molecular-level, these roles. This, in turn, has led to the
development of many chemical and enzymatic approaches for
synthesizing N-linked glycan probes, either as the carbohydrate
moieties themselves or as part of intact glycoproteins.?! To date,
the focus of these studies has been primarily on mammalian N-
linked glycans, which all contain an N-acetyl-glucosamine as the
sugar attached the protein asparagine residue.””) Because most
viruses use host biosynthetic machinery to make their N-linked
glycans, such structures are also present in viral glycoproteins.
Methods to synthesize N-linked glycans from bacteria and
archaea, which also contain a 2-acetamidosugar (bacillosamine)
linked to asparagine, have also been developed.®!

Recent reports have detailed the structures of N-linked
glycans from chlorella viruses.”) These viruses normally infect
algae, but a recent investigation has shown that humans can
also harbor these organisms.®l In the same study, a link
between chlorella virus infection and reduced cognitive function
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in mice was reported. Chlorella N-linked glycans and their
biosynthesis are remarkable, in that: 1) they the bear no
structural resemblance to other N-linked glycans reported
previously and 2) chlorella viruses encode their own
carbohydrate-processing enzymes and hence do not rely on
host biosynthetic pathways for their assembly. Understanding
the function and biosynthesis of these species requires access
to appropriate probe molecules. However, to date, there have
been no reports of their synthesis by either chemical or
enzymatic means.

The structure of chlorella virus N-linked glycans is species
specific, but they all share a common pentasaccharide
consisting of D-glucose (as the monosaccharide linking the
glycan to the protein), L-fucose, D-galactose and two D-xylose
moieties (1, Figure 1).# This motif is further elaborated with
either a p-rhamnose or L-rhamnose forming a semi-conserved
hexasaccharide core structure. The simplest of the structures
reported to date, from Acanthocystis turfacea chlorella virus 1
(ATCV-1, 2), consists of a hexasaccharide (with L-rhamnose)
further elaborated with three methyl groups. We describe here
the first synthesis of chlorella virus N-linked glycans, using 2 as
a target.
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Figure 1. Conserved pentasaccharide of chlorella virus N-glycans and the
semi-conserved p- or L-rhamnose moiety (1) and chlorovirus N-glycan from
strain ATCV-1 (2) used as a synthetic target.

In developing a route to 2, we envisioned that the primary
challenge would be preparation of the ‘hyperbranched’ fucose
residue in which every hydroxyl group is glycosylated. Such
heavily branched carbohydrate residues are rare in nature and
have thus not been the subject of significant synthetic



investigations.®® The first approach we studied was a convergent
4+2 strategy (Scheme 1), in which tetrasaccharide donor 3
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Scheme 1. Retrosynthetic analysis of hexasaccharide 2 via a convergent
strategy.

would be coupled with disaccharide acceptor 4. If successful,
this would provide a hexasaccharide that could be elaborated,
via azide reduction, coupling with amino acid 5 and deprotection
to the glycosyl amino acid 2. As outlined in the Supporting
Information (Scheme S6), it was possible to prepare 3 using four
monosaccharides (6-9).
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Scheme 2. Attempted synthesis of hexasaccharide moiety of 2 using a
convergent 4+2 approach.
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With tetrasaccharide 3 in hand, we proceeded to
synthesize disaccharide 4 as illustrated in Scheme 2. An
NIS/AgOTf- promoted glycosylation of glycosyl acceptor 10
(Scheme S4) with thioglycoside 9 (Scheme S3) led to the
expected disaccharide 11, which was then subjected to
cleavage of the allyl ether affording 4 in 61% yield over two
steps. Our first attempt to couple 3 and 4 relied on activation of
the N-phenyl-trifluoroacetimidate with TBSOTf at —78 °C. Under
these conditions, none of the desired hexasaccharide was
observed. Instead, anhydride 12 was obtained in 61% yield,
together with 15% of the hydrolyzed imidate. We postulated that
the failure of the 4+2 glycosylation was due to steric congestion
near the alcohol moiety in 3. Thus, upon activation of the imidate,
0O-2 of the galactose residue acts as a nucleophile, forming an
oxonium ion intermediate, that affords 12 upon loss of a benzyl
group." We also explored a 4+1 glycosylation between 3 and a
suitably protected glucose derivative (Scheme S7), but was
unsuccessful in obtaining the desired glycoside product; instead,
12 was formed as the major product. An inverse glycosylationt®!
between 3 and 4 was also attempted, but 12 was again the
dominant product.

The failure of a convergent approach prompted us to
investigate a linear synthetic strategy to access this highly
substituted glycan. To avoid the formation of 12, we
hypothesized that trisaccharide 13, containing a fucose residue
with  three orthogonal protecting groups should be first
synthesized from 9, 10 and 14. From 13, the elaboration to the
target could be achieved by sequential addition of
monosaccharide residues 7-9 (Scheme 3). Azide reduction,
coupling with 5, and deprotection would provide the target.
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Scheme 3. Retrosynthetic analysis of hexasaccharide 2 via a linear strategy.
With this plan in mind, the synthesis of 2 (Scheme 4)

started with the glycosylation of glycosyl acceptor 10 with donor
9. Subsequent Zemplén deacetylation and benzylation, followed
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Scheme 4. Synthesis of 2 through a linear approach.

by deprotection of allyl group using [Ir(COD)(CH3Ph2P)]PF¢!
and hydrolytic cleavage of the resulting vinyl ether generated the
desired disaccharide acceptor 16 in 55% yield over four steps.
The purpose of converting the acetyl groups on the xylose
moiety to benzyl groups was to allow selective deacylation of the
acetate group on the fucose moiety in 13 (see below). It should
be noted that we initially tried to avoid this functional group
exchange through the use of a levulinate ester to protect O-4 of
the fucose residue; however, that approach was unsuccessful.
Conversion of 16 into trisaccharide 13 was achieved by a
MeOTf-promoted glycosylation with 14. This reaction proceeded

86% over three steps

in 83% yield and with excellent a-selectivity. On the other hand,
the use of NIS/AgOTf to promote this reaction led to the rapid
formation of an N-glycosyl succinimide byproduct'™ S$20 again
pointing to the low reactivity of the C-3 hydroxyl group in the
glucose residue in this disaccharide. The acetyl group on O-4 in
14 may help provide a-selectivity during the glycosylation via
remote participation as proposed previously.['!]

Having a robust route to trisaccharide 13 in place, we
turned our attention to investigating the appropriate sequence
for glycosylating the fucose moiety. In a series of model studies
(not shown) we investigated an approach in which the rhamnose



residue was added to O-3 of the fucose, followed by the
introduction of xylose on 0O-4. Although this approach had
worked in the synthesis of tetrasaccharide 3 (Scheme S6), it
was unsuccessful using 13 as a precursor. This indicated the
need to install the xylose before the rhamnose. Thus, the acetyl
group in 13 was removed under Zemplén conditions and the
resulting alcohol was glycosylated by an NIS/AgOTf-promoted
reaction with 9 to give tetrasaccharide 18 in 70% yield over two
steps. Moving on from 18, the allyl ether was first converted into
the corresponding vinyl ether using [Ir(COD)(CHsPh2P)]PFe,
then subsequent hydrolysis using HgO and HgCl2 in wet acetone
provided the desired tetrasaccharide acceptor 19 in 92% yield.
This compound was further glycosylated with 7 under
NIS/AgOTf-promoted conditions at -30 °C to generate
pentasaccharide 20 in 69% yield. Treatment of 20 with 1% TFA
in dichloromethane resulted in the removal of the PMB group in
88% vyield generating 21. Glycosylation of 21 with 8'? gave the
desired hexasaccharide 22 with exclusive a-selectivity'"® in 89%
yield. The success of this ‘counter-clockwise’ approach to
introducing the substituents onto the fucose residue can be
rationalized by the need to glycosylate the least reactive (axial)
alcohol first, followed by OH-3 and finally OH-2. Adding the last
two carbohydrate residues onto 18 in the opposite order could
be expected to fail in that glycosylation of OH-2 and deprotection
of the allyl group would provide an alcohol that would be very
sterically-hindered by two flanking carbohydrate residues.

The final key step in the synthesis was introduction of the
amino acid. Palladium-catalyzed hydrogenation of 22 was
carried out in the presence of a stoichiometric amount of
triethylamine. The addition of this quantity of triethylamine was
found to be crucial in preventing debenzylation and minimizing
anomerization of the product. The resulting glycosyl amine was
then coupled with protected amino acid 5 to afford the fully
protected hexasaccharide 23 in 81% yield (two steps).

To accomplish the deprotection of 23, the di-tert-
butylsilylene group was first cleaved using HF-pyridine at 0 °C.
Debenzylation was carried out using 20% palladium hydroxide
on carbon in THF—=H20 (1:1). The use of methanol instead of
water resulted in methylation of the amino group through
reductive amination of trace amounts of formaldehye present in
solution.[' Finally, the acetyl groups were removed, and the
methyl ester saponified, with 5% aqueous NaOH to generate the
desired glycan 2 in 86% yield over three steps. Overall, 2 was
synthesized using this linear synthesis in 16 steps and in 13%
overall yield from 10. A comparison between the NMR data of 2,
with that previously reported for the natural product, confirmed
the structure (Figure S1).

In summary, we describe here the first synthesis of
chlorella virus N-linked glycans, which are characterized by an
unprecedented structure containing a glucosyl-asparagine
residue and a fucose residue in which all three of the hydroxyl
groups are glycosylated. Attempts to obtain the hexasaccharide
using a convergent 4+2 strategy failed, but a linear approach
was successful. A key feature of this route was the
‘counterclockwise’ introduction of the carbohydrate residues
onto the fucose moiety. This is likely to be a general approach
required to access any molecules of this type. In that regard, the
synthesis of additional, more complex, derivatives of these
structurally intriguing molecules is on-going. In addition, the use
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of 2 and related fragments in biosynthetic and immunological
studies is in progress.
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COMMUNICATION

A linear approach yields the first total
synthesis of an N-linked glycan from
chlorella virus glycoproteins. Probes

of this type will be indispensable tools

in understanding the function and
biosynthesis of these structurally
fascinating molecules.
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