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Streamlining the chemoenzymatic synthesis of
complex N-glycans by a stop and go strategy
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Contemporary chemoenzymatic approaches can provide highly complex multi-antennary N-linked glycans. These procedures
are, however, very demanding and typically involve as many as 100 chemical steps to prepare advanced intermediates that can
be diversified by glycosyltransferases in a branch-selective manner to give asymmetrical structures commonly found in nature.
Only highly specialized laboratories can perform such syntheses, which greatly hampers progress in glycoscience. Here we
describe a biomimetic approach in which a readily available bi-antennary glycopeptide can be converted in ten or fewer chemi-
cal and enzymatic steps into multi-antennary N-glycans that at each arm can be uniquely extended by glycosyltransferases to
give access to highly complex asymmetrically branched N-glycans. A key feature of our approach is the installation of additional
branching points using recombinant MGAT4 and MGATS5 in combination with unnatural sugar donors. At an appropriate point
in the enzymatic synthesis, the unnatural monosaccharides can be converted into their natural counterpart, allowing each arm

to be elaborated into a unique appendage.

diverse post-translational modifications and can influence

a multitude of biological processes, such as signal transduc-
tion, embryogenesis, neuronal development, fertilization, hormone
activity, immune regulation and the proliferation of cells and their
organization into specific tissues'. It has been implicated in the aeti-
ology of many human diseases, including pathogen recognition,
inflammation, immune responses, the development of autoimmune
diseases and cancer™’. Although it is widely accepted that N-glycans
contain high information content, the limited accessibility of well-
defined structures makes it difficult to uncover the molecular
basis by which they regulate biological and disease processes’.
Consequently, diverse collections of well-defined N-glycans are
needed as standards for glycan structure determination of hetero-
geneous biological samples, as ligands to study interactions with
glycan-binding proteins, as probes to examine the molecular basis
of glycoconjugate biosynthesis and as starting materials for glyco-
protein synthesis’"’.

To address this demand, chemoenzymatic methodologies are
emerging that can provide multi-antennary N-glycans with highly
complex branched architectures''-'*. However, these approaches
require demanding organic synthetic procedures to provide
advanced intermediates suitable for enzymatic diversification. For
instance, one advanced intermediate that can give entry into tetra-
antennary structures with unique appendages at each arm required
the preparation of 12 properly protected monosaccharide building
blocks and a further 30 steps for assembly and deprotection, total-
ling well over 100 chemical manipulations'. Only highly specialized
laboratories can perform such syntheses, and, even in the hands of
specialists, it is very challenging to obtain sufficient quantities of the
precursors required for the preparation of large numbers of targets.

Here, we present a synthetic strategy inspired by the biosynthe-
sis of N-glycans that can provide highly complex, asymmetrically

/\/—glycosylation of proteins is one of the most complex and

branched bi-, tri- and tetra-antennary N-glycans from a readily
available bi-antennary glycopeptide. Only 10 facile chemical and
enzymatic steps are needed to convert the starting material into a
tetra-antennary intermediate that at each branching point can be
uniquely extended by a panel of easy to express glycosyltransfer-
ases to give access to highly complex structures. Even fewer steps
are needed to prepare complex bi- and tri-antennary glycans for
enzymatic diversification, thereby opening the possibility to pre-
pare diverse libraries of N-glycans without the need to chemically
synthesize highly complex synthetic intermediates.

The biosynthesis of glycans is a non-template-mediated process
that occurs in the secretory pathway where glycosyltransferases
catalyse the transfer of monosaccharides from activated sugar nucle-
otides to specific hydroxyls of a growing oligosaccharide chain'®. The
complexity of N-glycans arises from the modification of a common
corepentasaccharidebyafamily of N-acetylglucosaminyltransferases
(termed mannosyl-glycoprotein N-acetylglucosaminyltransferases
or MGATSs)", resulting in oligosaccharides having various numbers
and patterns of branching N-acetylglucosamine (GlcNAc) moieties
(Fig. la). Galactosyltransferases (GalT) can convert these GIcNAc
residues into N-acetyllactosamine (LacNAc, Gal B(1,4)GlcNAc),
which can then be elaborated by an array of glycosyltransferases
into appendages with enormous structural diversity (Fig. 1b)'".
Mature N-glycans usually have architectures in which each branch-
ing point is extended by a unique epitope'' and may also contain a
core-fucose modification where an al,6-fucoside is present on the
reducing chitobiose residue’.

Our biomimetic approach employs symmetric bi-anten-
nary glycosyl asparagine derivative 1 as the key intermediate
(Fig. 1d), which can be prepared from a glycopeptide isolated
from egg yolk powder”” in six robust chemical and enzy-
matic steps. Next, we use recombinant MGAT4, MGAT5 and
unnatural uridine 5’-diphospho-N-trifluoroacetyl glucosamine
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Fig. 1| Structure of N-glycans and a bio-inspired strategy for their preparation. a, MGAT enzymes responsible for installing GIcNAc at different branching
points. b, Enzyme classes involved in the biosynthesis of complex N-glycans. ¢, Structure of unnatural UDP-GIcCNTFA (4). d, Bio-inspired strategy for the
synthesis of asymmetric N-glycans. Symmetrical bi-antennary glycan 1, which can easily be obtained from a glycopeptide isolated from egg yolk, can be
further branched by recombinant MGAT4 and MGAT5. The use of unnatural UDP-GICNTFA makes it possible to prepare 2 bearing GIcNAc, GlcN; and
GlcNH, branching moieties. Compound 2 is the key intermediate for preparing complex targets such as 3. e, Transformation of GIcNTFA, installed by
MGAT4 and MGATS5, into GlcNH, or GIcN; ‘stops’ further enzymatic extension of these moieties until they are converted into natural GIcNAc (‘go’), which

can then be elaborated by glycosyltransferases into complex appendages.

(UDP-GIcNTFA (4), Fig. 1c) to transform 1 into tetra-antennary
glycosyl asparagine 2 in five steps. The latter compound can be
selectively extended at each antenna by a panel of mammalian
glycosyltransferases to provide glycosyl asparagines, such as 3,
endowed with unique epitopes at each antenna. A key strategic
principle of our approach is the conversion of the newly installed
GIcNTFA moieties at the MGAT4 and MGAT5 arms into glu-
cosamine (GIcNH,) and 2-deoxy-2-azido-glucose (GIcNj),
respectively, which are inert to modifications by our panel of
mammalian glycosyltransferases (Fig. le). Subsequent elabora-
tion of the GlcNAc residues at the MGAT1 or MGAT2 arm is
then possible by exploiting inherent branch selectivities of gly-
cosyltransferases and hydrolases. At the next stage of synthesis,
the GIcNH, and GIcN; can be sequentially ‘unmasked’ to give
natural GIcNAc termini for further enzymatic elaboration into
complex appendages.

162

Results
Universal starting material and differentiating the MGAT1 and
MGAT?2 arms. Sialoglycopeptide 5 (SGP, Fig. 2), which was previ-
ously used for the preparation of simple symmetrical N-glycans®'~>,
can be routinely isolated from egg yolk powder in multi-gram quan-
tities'>*. This compound was converted into bi-antennary glycosyl
asparagine 1 by subsequent pronase treatment to remove the pep-
tide, protection of the a-amine of the remaining asparagine (Asn)
with a benzyloxycarbamate (Cbz) (—6), hydrolysis of the sialosides
and galactosides by treatment with neuraminidase from Clostridium
perfringens and galactosidase from Aspergillus niger, and finally core
fucosylation using recombinant a-fucosyltransferases 8 (FUT8) and
guanosine 5’-diphospho-B-L-fucose (GDP-fucose).

Removal of the sialosides and galactosides of 5 was essential
because FUTS8 acts early in the biosynthetic pathway and requires
a terminal GIcNAc at the MGAT1 arm®. Furthermore, we opted
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Fig. 2 | Two strategies for desymmetrizing N-glycans using the branch selectivity of the sialyltransferase ST6Gal1 and the galactosidase from

E. coli, and subsequent preparation of asymmetric branched bi-antennary glycans such as 13. The a2,6-sialoside of 8 blocks further modification of the
MGAT1 antenna allowing selective elaboration of the MGAT2 arm. The MGAT1 and MGAT2 arms of asymmetrically branched glycan 9 can selectively
be extended by exploiting that many glycosyltransferases modify LacNAc but not terminal GIcNAc moieties making it was possible to first elaborate

the MGAT2 arm without affecting the MGAT1 arm. The peptide sequence of SGP is NH,-Lys-Val-Ala-Asn-Lys-Thr-COOH with the glycan connected to
Asn. Each intermediate was purified by HPLC on an XBridge HILIC column. The transformation of 10 into 13 was also performed without intermediate
compound purification and by only subjecting 13 to P2 size exclusion column chromatograph, an improved yield of 79% over three steps

was accomplished.

to maintain the asparagine aglycone because it locks the reducing
anomeric centre in the B-configuration, which is another require-
ment for FUTS activity”. In addition, it simplifies HPLC purifica-
tion because the synthetic intermediates exist as only one anomer.
At the final stage of synthesis, the Cbz group on the asparagine
can be removed by hydrogenation to reveal a free amine that can
be exploited for the installation of a tag of interest such as biotin
or a fluorophore, or can be used for immobilization on carboxy-
activated glass slides for creating glycan microarrays.

Next, we explored two strategies for the selective modification of
the MGAT1 and MGAT?2 arm by exploiting inherent branch selec-
tivities of glycosyltransferases and glycosidases to prepare asym-
metrically branched bi-antennary glycosyl asparagines (Fig. 2).
The terminal GIcNAc residues of 1 were galactosylated with
f-1,4-galactosyltransferase-1 (B4GALT1) and uridine 5’-diphos-
phogalactose (UDP-Gal) to install two LacNAc moieties yielding
symmetrically branched derivative 7. First, we exploited the ST6
B-galactoside a-2,6-sialyltransferase 1 (ST6GALL), which prefers
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the MGAT1 arm*, to desymmetrize 7 into mono-sialoside 8. It is
known that an a2,6-sialoside blocks further modification of the
resulting antenna by mammalian glycosyltransferases, so it was
possible to selectively elaborate the MGAT2 arm into a complex
structure bearing an extended sialyl Lewis*-Lewis* (SLe*-Le*) epit-
ope (Supplementary Fig. 1).

A second orthogonal strategy for branch-specific modification
involved the selective removal of the galactoside at the MGAT1
arm of 7. This was achieved using a galactosidase from Escherichia
coli®® to give 9, which has a terminal GlcNAc and LacNAc moiety
at the MGAT1 and MGAT2 antennas, respectively. Many glyco-
syltransferases modify LacNAc but not terminal GlcNAc, so it
was possible to first elaborate the MGAT2 arm without affecting
the MGAT1 arm. For instance, compound 9 was fucosylated with
a-fucosyltransferases 5 (FUT5) to give 10 bearing a Le* function-
ality, which is not recognized by most mammalian glycosyltrans-
ferases. Inactivation of the MGAT2 branch allowed for selective
extension of the terminal GlcNAc at the MGAT1 arm of 10 into a
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di-LacNAc moiety by subsequent addition of galactose (Gal), GIcNAc
and Gal units using p-1,4-galactosyltransferase 1 (B4GALT1) (—
11), B-1,3-N-acetylglucosaminyltransferase 2 (B3GNT2) (—12)
and B4GALT1 to ultimately provide complex glycosyl asparagine
13. Compounds 11, 12 and 13 are biologically relevant and have
been observed on ovarian cancer cell lines™.

The formation of compounds 8 and 9 was accompanied by a
small amount of starting material or byproduct that could readily
be removed by semi-preparative HPLC using an XBridge hydro-
philic interaction liquid chromatography (HILIC) column’ using
electrospray ionization mass spectrometry (ESI MS) for compound
detection (Supplementary Figs. 7 and 8). While the other enzymatic
reactions proceeded to completion, each compound was purified by
HILIC-HPLC, and it was found that this type of column chromatog-
raphy provided baseline separation for all targets. Mass spectrom-
etry and multidimensional NMR confirmed the homogeneity of the
compounds. It is well known that purification of glycans by HILIC
column chromatography results in loss of material®, providing a
rationale for isolated yields ranging from 60 to 70%. Substantially
higher overall yields were achieved by performing several enzymatic
transformations without intermediate compound purification. For
example, the conversion of 10 to 13 proceeded with an overall yield
of 79% when only the final product was purified by size exclusion
column chromatography over Bio-Gel P2.

The Cbz protecting group of the asparagine moiety of com-
pounds such as 13 could be removed readily by hydrogenation over
Pd(OH),/C to give derivatives with a free amine (Supplementary
Section 6b). To demonstrate that the resulting compounds can be
used for glycan microarray development, a number of symmetri-
cal and asymmetrical glycosyl asparagine amines were printed
on N-hydroxysuccinimide (NHS) activated glass slides, and then
examined for binding to the plant lectins Aleuria aurantia lectin
(AAL) and Sambucus nigra agglutinin (SNA), the immune regu-
latory proteins Galectin-3 and -9 (Gal-3 and Gal-9), and several
H7N2 flu viruses (Supplementary Fig. 13). The plant lectins gave
an expected binding pattern demonstrating the compounds had
been properly printed. Interestingly, although Gal-9 preferen-
tially binds extended LacNAc epitopes, it did not show affinity to
an asymmetrically branched compound having such an epitope
on the MGAT1 arm. Strong binding was only observed for sym-
metrically branched glycans endowed with extended LacNAc units
on both arms. Furthermore, it was observed that Gal-3 prefers a
2,3-linked sialosides whereas Gal-9 showed strong responsiveness
to «2,6-linked sialosides.

Synthesis of asymmetrical branched tri-antennary glycosyl
asparagines. Next, the focus was on the preparation of complex
tri-antennary compounds (for example, 22, Fig. 3) starting from 1
and employing an MGAT enzyme to install an additional branch-
ing point. These enzymes require terminal GIcNAc moieties at the
MGAT1 or MGAT?2 arms’, so the third branching GIcNAc must be
installed before these positions are diversified. For the successful
installation of a GIcNAc branch that can be uniquely extended, our
strategy required a modified UDP-GIcNAc donor that is readily
accepted as a substrate by MGAT4 and MGATS5, but gives a prod-
uct in which the newly introduced antenna is not recognized by
glycosyltransferases. The latter feature would make it possible to
selectively extend GIcNAc moieties at the MGAT1 and MGAT2
arms by exploiting inherent branch specificities of glycosyltrans-
ferases or glycosidases (as for bi-antennary 7). Next, it should be
possible to convert the modified GIcNAc at the MGAT4 or MGAT5
arms into natural GIcNAc, which can then be extended into a com-
plex appendage.

To demonstrate the feasibility of this strategy, we employed
MGATS5 and the unnatural sugar nucleotide UDP-GIcNTFA (4)*.
This donor was readily transferred by MGATS5 to give tri-antennary

glycosyl asparagine 14 (Fig. 3). Unfortunately, the terminal
GIcNTFA was recognized as an acceptor for BAGALT1, and treat-
ment with this enzyme resulted in all three antennas being galac-
tosylated. Gratifyingly, galactosylation of the MGAT5 branch could
be blocked by a GIcNH, residue (15), which was obtained by clean
removal of the TFA group in 14 with NaOH (pH 10). Therefore,
it was possible to selectively galactosylate the GIcNAc residues at
the MGAT1 and MGAT?2 arms of 15 to provide 16. The LacNAc
moiety at the MGAT1 branch of 16 could be sialylated selectively
with ST6GALL, providing 17 (Supplementary Fig. 9), and the
remaining LacNAc on the MGAT2 arm was capped with an a2,3
sialyloside (—18) using ST3 B-galactoside a-2,3-sialyltransferase 4
(ST3GAL4). Next, the MGATS5 arm was ‘unmasked’ by acetylation
of the amine of GIcNH, with N-acetylsuccinimide (AcOSu) to give
19 having a natural GIcNAc moiety. This arm was then galactosyl-
ated by B4GALT1, and the resulting LacNAc moiety was extended
by subsequent glycosylation with BAGNT?2 followed by B4GALT1
to give asymmetrically branched tri-antennary structure 22. It was
also possible to selectively remove the galactoside at the MGAT1
antenna of 16, providing an asymmetrically branched precur-
sor that could be transformed into another series of compounds
(Supplementary Fig. 2).

Synthesis of asymmetrical branched tetra-antennary glycosyl
asparagines. The final challenge was to adapt the synthetic approach
to tetra-antennary glycosyl asparagines with unique glyco-epitopes
on each appendage, and our focus was on the preparation of 3,
which is a putative glycan structure observed on human cytolytic
T lymphocytes*. Building on our bi- and tri-antennary findings,
a strategy was envisaged in which MGAT4 and MGAT5 would
install modified glucosamine moieties that could be sequentially
‘unmasked’ to natural GIcNAc for subsequent selective enzymatic
extension (Fig. 4). For this purpose, we selected 2-azido-glucose
(GleN,) and GlcNH,, which can both be derived from GIcNTFA,
and in turn can be installed by MGAT4 and MGATS5 using UDP-
GIcNTFA. Thus, compound 15, which was obtained by glycosylation
of 1 using UDP-GIcNTFA with MGATS5, could be converted into
GIcN; by a two-step procedure. Compound 15 was first reacted with
NaOH to remove the TFA protecting group, and then imidazole-
1-sulfonyl azide (ImSO,N; in Fig. 4)** was used to convert the free
amine into the desired azide 23. Gratifyingly, the latter modification
was tolerated by MGAT4 and, after transfer of UDP-GIcNTFA and
treatment with NaOH, the key intermediate tetra-antennary glyco-
syl asparagine 2 was obtained. As expected, only the natural ter-
minal GlcNAc moieties at the MGAT1 and MGAT?2 antennas were
galactosylated with BAGALT1 to give 24, which was subsequently
a2,6-sialylated at the MGAT1 arm with ST6GAL1 and ar2,3-sialylated
at the MGAT?2 arm with ST3GAL4 to provide 25. Next, the GIcNH,
at the MGAT4 arm was acetylated, providing a GIcNAc residue that
was converted to LacNAc by B4GALT1. Subsequent fucosylation
with FUTS5 resulted in the simultaneous installation of Le* and sLe*
epitopes at the MGAT4 and MGAT?2 arms, respectively. Finally, the
MGATS5 branch was activated for enzymatic extension by reduction
of the azide with 1,3-dithiolpropane®, followed by acetylation of
the resulting amine with AcOSu, furnishing 28. This antenna was
then extended to a di-LacNAc motif by subsequent treatment with
B4GALT1, B3GNT2 then B4GALT1 to provide tetra-antennary
20-mer 3 bearing unique glyco-epitopes at each antenna.

Initially, we attempted to install GIcNH, and GIcN; via a one-
step procedure using UDP-GIcNH, and UDP-GIcN, as sugar
nucleotide donors, respectively. It was found that these modifica-
tions were not tolerated by MGAT4 and MGATS5, and it is likely that
the N-acetyl functionality of UDP-GIcNAc makes key interactions
with the MGAT enzymes, thus limiting tolerable modifications. A
trifluoro-N-acetamido is, however, sufficiently isosteric, and thus
UDP-GIcNTFA is readily employed as a substrate by these enzymes.
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Fig. 3 | Synthesis of asymmetric branched tri-antennary glycosyl asparagines using MGAT5 and UDP-GIcNTFA. MGATS5 readily accepts UDP-GICNTFA
to give a tri-antennary glycan that, following base treatment, provides a compound with a GIcNH, at the p6 arm (15). The latter residue is not a substrate
for the galactosyl transferase B4GalT1 and therefore it is possible to selectively elaborate the MGAT1and MGAT2 arms by exploiting the inherent branch
selectivities of glycosidases and glycosyltransferases. Once the MGAT1 and MGAT2 arms were capped with Neu5Ac, preventing these positions from
further elongation, the GIcNH, could be acetylated to give natural GIcNAc capable of being extended by a series of glycosyltransferases. Compounds
16-19 were purified by HPLC using a HILIC column. Compound 19 was subjected to three enzymatic transformations to yield 22, which was purified by P2

size-exclusion chromatography.

The TFA can be selectively removed to give an amine, which can
be modified by an azido transfer reaction. Acceptors bearing an
amine or azide are substantially altered so that they are not recog-
nized by B4GALT1. In this respect, kinetic analysis of mutants of
the latter enzyme has demonstrated that Tyr284, Tyr309 and Trp310
make essential binding interactions with the GIcNAc acceptor”.
Furthermore, Tyr309 also appears to be involved in UDP-Gal bind-
ing, suggesting a strictly organized microenvironment necessary
for glycosylation. Thus, the two-step procedure makes it possible
to deal with the limited tolerability of MGAT enzymes to modified
UDP-GIcNAc donors, yet provides acceptors that can be altered in
such a way that they are not recognized by the subsequent galactosyl
transferase catalysed reaction.

Discussion

Although N-glycans often have different appendages at their anten-
nas'’, efforts to prepare this class of compounds have almost exclu-
sively focused on simpler derivatives with symmetrically branched
architectures™*. This stems from the difficulties of controlling
diversification at the various sites of branching, especially when
several different complex terminal structures need to be appended.

Asymmetrically branched N-glycans have been prepared by
chemo-enzymatic methods in which an advanced precursor
is chemically synthesized in such a way that it can uniquely be
extended at each branching point by glycosyltransferase catalysed
transformations''>'*">. The synthesis of such precursors is very
cumbersome, requiring as many as 100 chemical steps, hindering
the preparation of large collections of compounds.

N-glycans can be prepared by fewer steps starting from an
N-glycan precursor obtained from natural sources such as a gly-
copeptide from egg yolk*~**, an invertase glycoprotein from wild-
type Saccharomyces cerevisiae”, a lipid-linked oligosaccharide
from glyco-engineered E. coli**, or bovine fetuin®*. After deglyco-
sylation of these natural products, glycan cores are obtained that
can be modified by a series of glycosidase and glycosyltransfer-
ase catalysed transformations to give more complex structures.
Unfortunately, these methods provide precursors that have sev-
eral terminal GIcNAc or Gal moieties and therefore cannot be
elaborated in a branch-selective manner to yield compounds
with unique appendages at each antenna. Ingenuous protecting
group manipulations have been employed to convert a naturally
derived oligosaccharide into glycosyl acceptors that can then be
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Fig. 4 | Synthesis of asymmetric branched tetra-antennary N-glycans using MGAT4 and MGAT5 in combination with UDP-GIcNTFA and subsequent
conversion of the transferred GIcNTFA into GIcN; or GIcNH,. The latter moieties are temporarily disabled from modification by glycosyltransferases,
making it possible to selectively elaborate the MGAT1and MGAT2 arms. At an appropriate point in the synthesis, the unnatural GIcN; or GIcNH, moieties
can be converted into natural GIcNAc, allowing each arm to be uniquely extended. Compounds 26, 28 and 3 were purified by HPLC using a HILIC column,
and derivatives 23, 2 and 24 were purified by P2 size-exclusion chromatography.

diversified by chemical glycosylation***’. However, this approach
involves several low yielding steps and has limited capability
to prepare compounds with complex branching patterns. We
recently described an enzymatic strategy for accessing complex
human milk oligosaccharides by strategically installing a branch-
ing GlcNAc moiety on a linear precursor to give a compound
with an asymmetrical architecture that at each arm could be
uniquely extended by glycosyltransferases®. Such a strategy can-
not be adapted to the preparation of N-glycans because MGAT4
and MGATS5 require terminal GIcNAc moieties at the MGAT1
and MGAT2 arms'. Thus, the modification of an appropriate bi-
antennary glycan (for example, compound 1) by these enzymes
provides multi-antennary glycans with several terminal GIcNAc
moieties that cannot be extended selectively.

166

The chemoenzymatic methodology presented here makes it pos-
sible to prepare, using a relatively small number of easy to imple-
ment steps, N-glycan precursors that at each arm can be uniquely
extended to provide complex bi-, tri- and tetra-antennary glycans.
The cornerstone of the approach is the use of unnatural sugar-nucle-
otide donors that can be utilized by MGAT4 and MGATS5 and pro-
vide products that are temporarily ‘stopped’ from further enzymatic
extension. At an appropriate point in the synthesis, the unnatural
sugars can be converted into their natural counterparts (‘go’) for
subsequent elaboration into complex appendages. Further control
of selective antenna modification can be achieved by exploiting the
inherent selectivities of glycosidases and glycosyltransferases. The
so-called stop and go strategy makes it possible to create consider-
able structural diversity starting from a common precursor. It can
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provide positional isomers (for example, 2,4,2- and 2,2,6-branched
tri-antennary glycans by using either MGAT4 or MGATS5) and
offers substantial flexibility to selectively modify the various arms
with different forms of sialylation and fucosylation.

We envisage that the ‘stop and go’ strategy can be extended to
other glycosyltransferases and sugar nucleotide donors, providing
an additional level of regioselective control. For example, this strat-
egy may find use for the selective modification of oligo-LacNAc res-
idues. Termini of such compounds can readily be transformed into
important glyco-epitopes via selective fucosylation and sialylation;
however, difficulties remain in the selective modification of internal
LacNAc residues (for example, Le* moieties).

In this study, glycosyl asparagine 1 was used as the starting mate-
rial for the preparation of bi-, tri- and tetra-antennary structures.
After completion of a specific target, the Cbz protecting group on
the asparagine moiety can be removed by hydrogenation to reveal an
amine that can, for example, be used for glycan array development.
The asparagine aglycone locks the reducing GlcNAc moiety in the
B-configuration, which is a prerequisite for enzyme FUTS activity”’
(for example, conversion of 6 into 1, Fig. 2), and simplifies HILIC-
HPLC purification. The use of well-defined glycans as analytical
standards may require compounds lacking the anomeric asparagine
moiety. The methodology described can also furnish free-reduc-
ing glycans by performing all transformations on glycopeptide 5
(Fig. 2). Once a target has been synthesized, the peptide can be
released by N-glycosidase F (PNGase F) treatment. We have already
established that a series of enzymatic transformations can be per-
formed on SGP and that acetylation of the lysine residues, which
will occur during activation of a GIcNH, residue (for example, con-
version of 18 into 19, Fig. 3), does not interfere with the activity of
PGNase F (Supplementary Figs. 11 and 12).

In addition to well-defined glycans, there is a need for glycan-
defined glycoproteins for detailed structure-function relationship
studies or for the development of therapeutics. Recent advances in
host glyco-engineering and in vitro enzymatic remodelling makes
it possible to prepare specific glycoforms of glycoproteins®. The
methodologies described here cannot directly be employed for the
remodelling of glycans covalently attached to proteins, because
the acetylation or azido transfer step would result in derivatiza-
tion of lysine residues. However, the strategy can be combined with
a powerful approach for glycoprotein synthesis in which a preas-
sembled oligosaccharide is enzymatically transferred en bloc to
a protein with a GIcNAc moiety®. The combined approaches will
make it possible to prepare glycoproteins with complex branched
glycan architectures.

The target compounds described here are prepared in quantities
sufficient for glycan microarray development or to serve as analytical
standards (0.1-0.5 mg). The technology also has the potential to pro-
vide larger quantities of materials that would be required for glyco-
protein synthesis. The starting glycosyl asparagine 1 can be prepared
routinely in multi-gram quantities, and sugar nucleotide donors can
conveniently and inexpensively be enzymatically prepared in situ®.
Furthermore, the recent generation of a library of expression con-
structs encoding all human glycosylation enzymes for production
in mammalian or insect cells provides easy access to recombinant
glycosyltransferases. The glycosyltransferases employed in the
present study include GlcNAc transferases (MGAT4 and MGATS5,
and B3GNT?2), Gal transferases (B4GALT1), Neu5Ac transferases
(ST6GALI1 and ST3GAL4) and Fuc transferases (FUT5 and FUTS)
were readily generated as soluble secreted catalytic domain forms
in purified quantities ranging from 11 to 140 mgl™" with high spe-
cific activities (Supplementary Table 1). Enzymes with other donor
and acceptor specificities are also available for further elaboration
of asymmetric glycan branches through expression from this library
source. In addition, many microbial glycosyltransferases have been
described that can be employed for the preparation of specific
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epitopes of N-glycans’*%. An impediment for the large-scale syn-
thesis of the complex glycans is the loss of material during HILIC-
HPLC purification”?. Most enzymatic reactions proceeded to
completion, as determined by liquid chromatography-mass spec-
trometry, and Bio-Gel P2 size-exclusion column chromatography
provided an attractive alternative for compound purification that
did not lead to substantial loss of material. This technique is still
time-consuming, and future efforts should focus on the develop-
ment of tagging methods that will facilitate rapid target purification.

In conclusion, the ‘stop and go’ strategy described here makes it
possible to prepare complex, multi-antennary glycosyl asparagine
targets without a need for highly specialized synthetic skills. It is
expected that this strategy will permit greater access to this class of
biologically important compounds, which are urgently needed in
many areas of glycoscience.

Methods

General procedure for the installation of $1,6-GIcNTFA using MGATS5.
Glycosyl asparagine acceptor 1 (17.6 mg, 10.2 pmol) and UDP-GIcNTFA (13.5mg,
20.4 pmol) were dissolved at a final acceptor concentration of 10mM in a sodium
cacodylate buffered solution (100 mM, pH 6.5) containing MnCl, (10 mM)

and BSA (1% total volume, stock solution =10 mgml~!). Calf intestine alkaline
phosphatase (CIAP, 1% total volume, stock solution =1kUml™') and MGAT5

(40 pg pmol~" acceptor) were added, and the reaction mixture was incubated
overnight at 37 °C with gentle shaking. Reaction progress was monitored by
matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) and if starting material remained after 18 h another portion
of MGATS5 was added until no starting material could be detected. The reaction
mixture was centrifuged over a Nanosep Omega ultrafiltration device (10kDa
molecular weight cutoff, MWCO) to remove reaction proteins, and the filtrate was
lyophilized. Purification by HPLC using a HILIC column (Supplementary Section
2f) provided desired product 14 as a white fluffy solid (18.6 mg, 92%).

General procedure for the installation of $1,4-GIcNTFA using MGAT4B.
Glycosyl asparagine acceptor 2 (4.0 mg, 2.1 pmol) and UDP-GIcNTFA (2.75mg,
4.2 pmol) were dissolved at a final acceptor concentration of 5mM in a Tris
buffered solution (100 mM, pH 7.5) containing MnCl, (5mM) and BSA (1% total
volume). CIAP (1% total volume) and MGAT4B (400 pg pmol~' acceptor) were
added, and the reaction mixture was incubated overnight at 37 °C with gentle
shaking. Reaction progress was monitored by ESI-TOF MS, and if starting material
remained after 18 h another portion of MGAT4B was added until no starting
material could be detected. The reaction mixture was centrifuged over a Nanosep
Omega ultrafiltration device (10kDa MWCO) to remove reaction proteins,

and the filtrate was lyophilized. Purification by HPLC using a HILIC column
(Supplementary Section 2f) provided the desired product $6 as a white fluffy solid
(3.8mg, 85%).

General procedure for removal of the TFA protecting group of an N-glycan.
The GIcNTFA moiety of $6 was converted to GIcNH, by dissolving the substrate
(3.8mg, 1.8 pM) in H,O to a final concentration of 10 mM. The pH of the
solution was adjusted to 10 using pl aliquots 1 M NaOH. The reaction mixture
was incubated overnight at 37 °C with gentle shaking. Progress of the reaction
was monitored by MALDI-TOF MS and once complete the solvent was removed
by lyophilization. The reaction was neutralized by pl aliquots of 1 M acetic

acid and purified by P2 size-exclusion chromatography eluting with 50 mM
ammonium bicarbonate to yield the desired target 2 as a white fluffy solid
(3.5mg, 92%).

General procedure for the conversion of GIcNH, to GIcN;,. Substrate 15 (9.3 mg,
5 pmol, 1equiv.) was dissolved in water (1.6 ml) and to this solution was added
imidazole-1-sulfonyl azide hydrogen sulfate (13.4 mg, 50 pmol), K,CO, (6.8 mg,

50 pmol) and catalytic CuSO,-5H,0. The reaction mixture was incubated overnight
at 37 °C with gentle shaking. Reaction progress was monitored by MALDI-TOF
MS and if starting material remained, an additional half portion of the imidazole-
1-sulfonyl azide hydrogen sulfate, K,CO, and CuSO, was added until no starting
material could be observed. The reaction solvent was removed by lyophilization
and the salts were removed by P2 size-exclusion chromatography eluting with

50 mM ammonium bicarbonate to yield 23 as a white fluffy solid (7.2 mg, 76%).

General procedure for reduction of GIcN;. Intermediate 27 (2.3 mg,

0.66 pmol, 1 equiv.) was dissolved in a solution of 9:1 pyridine/triethylamine to
give a final concentration of 5mM. The mixture was vortexed until all solids
dissolved and 10 equiv. 1,3-dithiolpropane (0.7 mg, 6.6 pmol) was added as

one portion. The reaction mixture was kept at 37 °C until no azide could be
detected by ESI-TOF MS. The reaction was carried forward to acetylate the
amine without further purification.
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General procedure for amine acetylation. Compound 18 (1.3 mg, 0.5 pmol,

1 equiv.) was dissolved in water to a final concentration of 2mM. The pH was
adjusted to 8 using pl aliquots of 1 M NaOH. To this solution was added solid
AcOSu (0.7mg, 5pumol, 10 equiv.) in one portion. The reaction mixture was vortexed
vigorously until all solids were dissolved. The reaction was kept at 37 °C until full
acetylation was observed by ESI-TOF MS. In the event starting amine was detected,
additional AcOSu (5 equiv.) was added until complete conversion was observed.

The reaction was lyophilized and purified by HPLC using a HILIC column
(Supplementary Section 2f) to afford 19 as a white fluffy solid (0.9 mg, 67%).

Data availability
All data related with this study are included in this article and the Supplementary
Information, and also available from the authors upon request.
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