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A new anomeric linker has been developed that facilitates the
purification of glycans prepared by
approaches and can give readily compounds that are
appropriately modified for microarray development or
glycan derivatives with a free reducing end that are needed as
standards for the development of analytical protocols.

chemoenzymatic

Almost all cell surface and secreted proteins are modified by
covalently-linked glycans which are essential mediators of biological
processes such as protein folding, cell signaling, fertilization,
embryogenesis, cell proliferation and tissue morphogenesis.'
Overwhelming data supports the relevance of glycosylation in
pathogen recognition, inflammation, innate immune responses and
the development of autoimmune diseases and cancer.” The ability of
cells to generate information rich glycans has created a new field of
research termed "glycomics", which seeks to identify and understand
the processes involved in the formation of cell type and
developmental stage specific oligosaccharide patterns.”* Advances
in the robustness and sensitivity of glycan analytics over the past ten
years, especially in mass spectrometry-based glycomics,” have
produced new opportunities for characterizing tissue and cell-
specific glycan profiles. Glycan arrays are another key glycomic
technology for profiling glycan-protein interactions.®”

Well-defined complex oligosaccharides are critical for the
development of contemporary glycomic technologies.'®'? Such
compounds are required for the fabrication of next generation
carbohydrate microarrays to examine glycan-protein recognition and
to design probes for elucidating pathways of glycoconjugate
biosynthesis. Furthermore, well-defined carbohydrates are needed as
standards to develop protocols for more accurate identification of
glycans in complex mixtures by mass spectrometry, HPLC, capillary
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electrophoreses or a combination of these methodologies.*"* Some
glycomic technologies, such as the use of the synthetic glycans as
standards for mass spectrometry, require glycans having an
unmodified anomeric center. Other uses, such as the development of
glycan microarrays, require compounds that have a reactive linker at
the anomeric center for immobilization to a surface. A number of
attractive approaches have been explored to install an anomeric
linker for glycan microarray development using hydrazides,'> '
hydrazines,'” hydroxylamines,'®*° thiosemicarbazides,”' reductive
amination” and oxime ligation strategies.>** These approaches take
advantage of the free reducing terminus of a glycan and typically
these modifications are performed at the end of a synthetic sequence,
or to a heterogeneous mixture of glycans extracted from a natural
source.

Here, we describe a linker (compound 1, Scheme 1) that can be
installed prior to the enzymatic extensions to facilitate purification of
intermediates. Compound 1 contains a N-methyl hydroxylamine
moiety that is known to react with the anomeric center of reducing
sugars to give exclusively B-linked cyclic structures.'™ 2* 26 The
fluorenylmethyloxycarbonate (Fmoc) group provides a chromophore
for UV detection and will endow the compound with sufficient
lipophilic character to allow purification by HPLC using a reverse
phase column. At the completion of the enzymatic transformations,
the Fmoc protecting group can be removed under basic conditions to
provide a free amine that can be used for glycan immobilization,
aiding in array development. The linker can also be hydrolyzed
under mild acidic conditions to give glycans having a free reducing
end and such compounds are expected to find use as standards for
the development of analytical protocols. Thus, it was anticipated that
linker 1 would make it possible to prepare targets for multiple
purposes.
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Scheme 1 Synthesis of bifunctional linker and lactose conjugation.

Linker 1 was readily prepared by reacting ethanolamine with
Fmoc chloride in DCM in the presence of K,COj; followed by
with
under Mitsunobu conditions to provide, after purification by silica

treatment N-t-butyloxycarbamate-N'-methylhydroxylamine
gel column chromatography, compound 3. The butyloxycarbamate
(Boc) of 3 was cleaved by treatment with 4 M HCI in dioxane to
give 1 in high yield.

To establish the methodology, lactose was modified with the
new linker and the resulting compound was converted into derivative
8 (Scheme 2), which contains a sialyl Lewis® (SLe*) moiety, a
structural motif that is overexpressed by a number of human
cancers.”” Thus, treatment of lactose with 1 (3.5 eq) in a sodium
acetate buffer (0.1 M, pH 4.2) at 40 °C for 48 h gave, after
purification by preparative reverse phase column chromatography
using a mixture of acetonitrile and water as the eluent, compound 4
in a yield of 33%. The equilibrium constants of reactions of N-

1?° and

methyl hydroxylamines with carbohydrates are relatively smal
therefore these conjugations only proceed to completion when a high
concentration of reagents is employed. Due to the relatively low
water solubility of 1 such conditions could not be established
explaining the modest yield of formation of 4. In an alternative
procedure, we treated lactose with 2-((methylamino)oxy)ethanamine
dihydrochloride'® and the amine of the resulting derivative was
protected by Fmoc using a standard procedure to give compound 4
in an overall yield of 87%. In this case, the excellent water solubility
of the linker made it possible to use a large excess of the linkering
reagent, making it possible to drive the reaction to completion.
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Scheme 2 Enzymatic extension of linkered lactose and linker hydrolysis and

modification. Reagents and conditions: a) B3GlcNAcT, UDP-GlcNAc; b)
GalT-I, UDP-Gal; ¢) ST3Gal-IV, CMP-Neu5SAc; d) HPal-3FucT, GDP-Fuc;
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e) TFA 0.25% v/v; ) piperidine 20%/H,0; g) sulfo-NHS-LC-biotin, PBS
buffer, 0.1M, pH 8.0. Glycan symbols: N-acetyl-D-glucosamine (GlcNAc,
W); N-acetyl neuraminic acid (NeuSAc, #); L-fucose (Fuc, A); D-galactose
(Gal, ); and D-glucose (Glu, @).

Treatment of 4 (Scheme 2) with p1,3-N-
acetylglucosaminyltransferase (B1,3GIcNAcT),”® UDP-GlcNAc and
Calf Intestine Alkaline Phosphatase (CIAP) resulted in the addition
of a B(1,3)-linked GlcNAc moiety to provide trisaccharide 5. The
GlcNAc moiety of 5 was converted into LacNAc by employing
B1,4-galactosyltransferase (GalT-I), UDP-Gal and CIAP to give
tetrasaccharide 6. The latter compound was sialylated by ST3Gal-1V,
CMP-Neu5Ac and CIAP to give the expected pentasaccharide 7.
Finally, fucosylation of 7 with al,3-fucosyltransferase (03FucT)*
resulted in the modification of the lactose and sialyl-LacNAc
moieties to give the target bis-fucosylated derivative 8. Importantly,
after each step, the product could easily be purified by reverse phase
column chromatography and characterization of the compounds by
NMR and mass spectrometry established structural integrity and
homogeneity. The successful preparation of heptasaccharide 8 also
demonstrates that the linker is sufficiently stable to undergo multiple
enzymatic transformations.

Next, attention was focused on the removal of the linker to give a
reducing anomeric center or removal of the Fmoc protecting group
to provide a reactive amine, which can be employed for further
functionalization. It is well known that anomeric hydroxylamines
hydrolyze under acidic conditions,”>?® however, the challenge was to
establish conditions to cleave the hydrophobic linker of the
heptasaccharide 8 without affecting the acid labile fucosides and
sialoside. Fortunately, treatment of 8 with 0.25% v/v TFA in water
gave, after an incubation time of 2 h, compound 9 in almost
quantitative yield. Alternatively, the Fmoc group of 8 could be
removed by treatment with 20% piperidine in water to yield
heptasaccharide 10 having an amino-containing anomeric linker. The
free amine of 10 was functionalized by reaction with sulfo-NHS-LC-
biotin in PBS buffer (0.1 M, pH 8.0) for 3 h to give, after
purification by P-2 size exclusion column chromatography, the
biotin-modified derivative 11. Compounds 12-15 (Fig. 1) were
prepared in a similar manner and the collection of biotin containing
glycans
NeutrAvidin. The resulting glycan array was probed with galectin-3,

was immobilized on microtiter plates coated with
which is a member of an evolutionarily preserved class of protein
that has a carbohydrate-recognition domain (CRD) attached to a long
N-terminal proline- and glycine-rich domain.*® Galectin-3 has been
implicated in a wide range of biological processes including cell
adhesion, cell activation and chemo-attraction, cell growth and
differentiation and apoptosis. It is also involved in a number of
diseases such as cancer, inflammation, fibrosis, heart disease and
stroke. Galectin-3 recognizes f3-galactosides such as N-
acetyllactosamine (LacNAc, Galf1,4GlcNAc), however, it has an
extended CRD and can accommodate larger oligosaccharides such as
poly-LacNAc and terminal sialyl LacNAc moieties.’! The interaction
of recombinant human galectin-3 with the immobilized glycans was
visualized using a rabbit anti-human galectin-3 antibody and
secondary detection anti-rabbit IgG antibody labeled with Alexa

Fluor 488. Fig. 2 shows significant binding of galectin-3 to
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compounds 13 and 14 that have a terminal LacNAc or sialyl-
LacNAc moiety, respectively. Compounds 11 and 12, which contain
a terminal Le* or SLe™ moiety, did not exhibit significant binding,
which is in agreement with the ligand requirements of galectin-3.%'-*2
These results demonstrate that the novel linkering approach can

provide glycans useful for glycomic applications.
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Fig. 1 Library of LC-biotin modified oligosaccharide standards.
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Fig. 2 Galectin-3 binding with target glycans. Biotin-conjugated heparin
oligosaccharides 11-15 (10 pM) were allowed to bind for 2 h on
NeutrAvidin-coated plates. After washing and incubating with recombinant
human Galectin-3 (5 pg/mL; 1 h), rabbit anti-human Galectin-3 antibody (5
pg/mL; 1 h) and Alexa Fluor 488 labeled anti-rabbit IgG (20 pg/mL; 1 h)
respectively, fluorescence was read. Data are reported as the means = SD

(n=3).

Recently, we reported a chemoenzymatic strategy for the
preparation of libraries of highly complex asymmetrically branched
N-glycans.”® Although this methodology can provide the most
complex multi-antennary N-glycans ever reported, monitoring of the
reaction progress and purification of the synthetic intermediates
proved to be a stumbling block. To address these difficulties, we
examined whether the new linkering methodology could be extended
to these types of highly complex glycans. Thus, the previously
described decasaccharide 16% was dissolved in a sodium acetate
buffer (0.1 M, pH 6.0) and treated with an excess of 2-
((methylamino)oxy)ethanamine dihydrochloride salt at 35 °C for 48
h (Scheme 3). The resulting linkered decasaccharide 17 was purified
using Sephadex®G-25 superfine size exclusion chromatography.
The terminal amine of 17 was protected with an Fmoc functionality
using standard procedures, and gratifyingly, the resulting compound
18 could easily be purified by C8 reverse phase column
chromatography. The terminal LacNAc moieties of 18 were
extended by 2,6-sialosides using ST6Gal-I, CMP-sialic acid and
CIAP.* 1t has been reported that ST6Gal-I preferentially modifies
the o(1,3)-Man antenna of N-linked glycans,*® and therefore it was
not surprising that after a reaction time of 18 h, analysis of the
reaction mixture by HPLC using a C8 column, showed a mixture of
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mono- and bis-sialylated structures (Fig. S2, ESI{). The compound
was re-exposed to ST6Gal-I to drive the reaction to completion to
give, after purification by C8 reverse phase column chromatography
(Fig. S3, ESI¥), pure dodecasaccharide 19 in a high yield of 79%. It
is important to note that monitoring the progress of enzymatic
transformations involving sialic acid by mass spectrometry is
challenging due to cleavage of sialic acid residues during the
ionization process, and thus, the HPLC-based approach described
here provides an attractive alternative.

‘ H

[ H
18,R = /No’\/N

|
s 19,R= Ng~N

“Fmoc “Fmoc

Scheme 3 Dodecasaccharide linkering and enzymatic extension. Reagents
and conditions: a) 2-((methylamino)oxy)ethanamine dihydrochloride, sodium
acetate buffer 0.1M, pH 6.0; b) Fmoc-Cl H,O/ACN; c¢) ST6Gal-I, CMP-
Neu5Ac. Glycan symbols: N-acetyl-D-glucosamine (GlcNAc, ®); N-acetyl
neuraminic acid (Neu5Ac, ®); D-galactose (Gal, ); D-glucose (Glu, @);
and D-mannose (Man, @).

In conclusion, we herein describe a novel multi-functional linker
that can readily be attached to the reducing end of unprotected
glycans. The lipophilicity of the Fmoc group makes it possible to
conveniently purify reaction products by reverse phase column
chromatography and monitor reaction progress of enzymatic
glycosylations by HPLC. It is to be expected that the use of HILIC
column chromatography,***” which exhibits
than reverse phase based

a much higher
resolution for glycans separation
approaches, will make it possible to monitor and purify closely
related highly complex glycans. The linker of the final products can
be cleaved using mild acidic conditions without affecting acid
sensitive fucosides or sialic acid residues, to give reducing glycans
that can be employed as standards for various analytical purposes.
Alternatively, the Fmoc group of the linker can be removed under
mild basic conditions to yield a primary amine that can be exploited
for glycan array formation. It is the expectation, complex free
reducing oligosaccharides isolated from natural sources can also be
functionalized by the new linker and therefore it may provide
opportunities to fractionate such compounds while preserving the
cyclic reducing pyranose structure. N-methyl hydroxylamines are
stable under glycosidase-catalyzed hydrolysis of glycosides, and
therefore it is anticipated that the new linker can also be employed
for remodeling of complex carbohydrates using these enzymes.™®
The new linkering approach makes it possible to conveniently
prepare complex glycans by chemoenzymatic approaches39 that can
be employed for multiple purposes.

Previously reported linkers do not offer such flexibility for target
utilization. In this respect, reductive amination approaches do not
allow clean removal of the linker and the resulting linked glycan is
relegated to an unnatural open form.”> *° Hydrazide-based linkers
can form isomeric products,”*'® *' which complicate HPLC and
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NMR analysis and thus are less attractive for chemo-enzymatic
synthesis. Furthermore, such linkers having a pre-installed biotin
moiety do not offer the possibility to examine a range of
immobilization approaches for microarray development. Previously,
we employed 2-((methylamino)oxy)ethanamine to install a linker for
glycan microarray development,* however the resulting compounds
were insufficiently lipophilic and did not contain a chromophore for
convenient purification purposes.
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