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Analogues of GM; and GM, gangliosides were chemoenzymatically synthesized on a multifunctional
ceramide-type tether designed to facilitate diverse strategies for glycoconjugate synthesis. The truncated
ceramide aglycon maintains the stereogenic centres of natural ceramide while avoiding extensive
hydrophobicity that can hamper synthesis and purification of the glycolipids. Tetanus toxoid and BSA
glycoconjugates of these two gangliosides were prepared for immunization of mice, and for solid phase

assays to screen for ganglioside-specific antibodies. Inhibition experiments showed that antibodies
generated by tetanus toxoid conjugates of GM; and GM, exhibited specificity for the carbohydrate

epitope and the stereogenic centres of the ceramide.

Introduction

Oligosaccharides at the surface of mammalian cells act as key
elements in recognition processes occurring during embryogenesis,
metastasis, inflammation and pathogen recognition. Among other
glycoconjugates at the cell surface, gangliosides, a group of
complex sialylated glycosphingolipids, play a significant role in
a variety of cell functions. They have been proposed to control
growth and differentiation of cells, mediate cell-cell interactions,
regulate cell signalling by acting as receptors for growth factors,
and act as specific receptors for various microbial toxins.!
Furthermore, these glycolipids have found wide applications in
oligosaccharide microarrays,” investigations of sialic acid binding
proteins,® immunotherapy,* and in the study of cell membrane
events. Their importance in biological recognition requires
efficient methods for their preparation.

The synthesis of gangliosides is particularly challenging due
to their amphiphilic nature and the difficulties associated with
stereoselective coupling of N-acetyl neuraminic acid.® Enzymatic
methods have proved to be very useful in the synthesis of
sialylated structures,® avoiding many of the problems associated
with chemical approaches. Due to their hydrophobic lipid chain
and their hydrophilic head group, gangliosides exhibit surfactant-
like properties such as low solubility in organic solvents and
aqueous solutions, as well as aggregation, resulting in low reaction
yields and purification problems.” Several lines of evidence in
the literature relating to ganglioside recognition by proteins,
implicate the ceramide portion of glycolipids either directly or
via its influence on the orientation of the polar head group when
the ganglioside is located in the mammalian cell membrane.? In
order to build a capability to include tandem recognition of the
ceramide and the carbohydrate, we developed a truncated version
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of sphingosine.® This moiety confers increased aqueous solubility
and allows for the elaboration with different lipid chains at a late
stage of the synthesis, thereby facilitating manipulation of the
intermediates involved.

Gangliosides, in particular GM;, GM,, GD; and GD, (Fig. 1)
are highly overexpressed in melanoma and other tumors of neu-
roectodermal origin, making these structures interesting targets
for active cancer immunotherapy.*~<!* Unfortunately, gangliosides
are poorly immunogenic, making their use as immunogens im-
practical and the preparation of anti-ganglioside antibodies for
passive immunization difficult. Conjugation of an oligosaccharide
epitope to an immunogenic carrier protein has been widely
used as a strategy to enhance the immunogenicity of otherwise
T-cell independent carbohydrate antigens, and has been applied to
augment the immunogenicity of gangliosides." Thus far, vaccines
based on naturally occurring gangliosides or semi-synthetic gan-
gliosides conjugated to keyhole limpet hemocyanin (KLH) have
displayed only limited success in clinical trials.*='> These results
have motivated new strategies for the design of ganglioside-based
vaccines in order to improve their immunogenicity.*<*** In this
context, ganglioside analogues containing functional groups that
facilitate flexible conjugation strategies, constitute a valuable tool
for the design and development of cancer vaccines as well as for
the study and modulation of ganglioside functions at membrane
interfaces.
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Here we address some of these issues and report the chemoenzy-
matic synthesis of versatile GM; and GM, ganglioside analogues
designed for conjugation via their ceramide moiety. These com-
pounds contain a truncated ceramide aglycon® which enhances
water solubility of the molecule while conserving the important
stereochemical and structural features of naturally occurring
ceramides. The inherent flexibility to functionalize the ganglio-
side analogues with different linkers for covalent attachment to
proteins, surfaces, or fluorescent probes, is demonstrated by the
synthesis of tetanus toxoid (TT) and bovine serum albumin (BSA)
glycoconjugates of GM; and GM,. The immune response to both
conjugates shows a good IgG response in mice, directed against
the sialylated portion of the molecule and the ceramide moiety.

Results and discussion

Our chemoenzymatic approach was centred on a versatile lactosyl
ceramide analogue 6, which could be elaborated to gangliosides of
higher complexity or functionalized with different acyl chains at
the sphingosine amine. Intermediate 6 was synthesized as outlined
in Scheme 1. The azide 5 was reduced in the presence of hydrogen
sulfide in a mixture of pyridine, water and triethylamine.>** The use
of the free amine in the next enzymatic step has proven not to be
very practical in our hands. Therefore, we envisioned that protec-
tion of the amine group would ease purification of the compound
in the subsequent enzymatic reactions. Due to the acid lability of
the N-acetyl neuraminic acid residue,'® an amine protecting group
such as trifluoroacetamide, which could be removed under mild
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Scheme 1 Reagents and conditions: (a) H,S, pyridine-H,O-Et;N
(10 : 1 : 0.3), 87%; (b) methyl trifluoroacetate, MeOH, 75%; (c)
o-(2,3)-NeuSAc transferase, CMP-NeuSAc, 88%; (d) B-(1,4)-GalNAc
transferase, UDP-GIcNAc 4-epimerase, UDP-GIcNAc, 95%.

basic conditions, was preferred. The free amine was acylated by
reaction with methyl trifluoroacetate to yield 6.

Enzymatic synthesis of oligosaccharides obviates many of
the problems associated with chemical synthesis, including la-
borious protecting group manipulations and separation of nu-
merous diastereomeric glycosylation products. We envisioned
elaborating our ganglioside analogues from a lactose core us-
ing sialyltransferase- and N-acetyl-galactosaminyl transferase-
catalyzed reactions. A major drawback of glycosylation reactions
catalyzed by glycosyltransferases is their requirement for expensive
nucleotide sugar donors. However, we have employed recombinant
CMP-Neu5Ac synthetase and UDP-GIcNAc 4-epimerase in the
production of glycosyl donors. The crude product obtained was
subsequently used to effect sialylation of the acceptor 6 catalyzed
by a recombinant a-(2,3)-sialyltransferase from Campylobacter
Jejuni to obtain 7 in good yield.® The carbohydrate portion of
intermediate 7 was further elaborated via an enzymatic glycosyla-
tion yielding the GM, analogue 8 (Scheme 1). Using a recombinant
B-(1,4)-N-acetylgalactosaminyl transferase® and UDP-GIcNAc 4-
epimerase’” from Campylobacter jejuni, GM, analogue 8 was
produced from acceptor 7 in excellent yield.

The immobilization of oligosaccharides on solid surfaces and
particles as well as their conjugation to proteins, are important
tools in glycobiology for the study and modulation of carbohy-
drate functions. Oligosaccharide intermediates bearing a func-
tional group designed for conjugation are valuable compounds
for such undertakings. To this end, GM; and GM, analogues
containing a functionalized N-acyl chain were synthesized from
intermediates 7 and 8 (Scheme 2). Deprotection of the sphin-
gosine amine followed by reaction with a succinimide-activated
octadecanoate’® yielded compound 9. It can be envisioned that the
long acyl chain could be used to non-covalently coat microtiter
plates via hydrophobic interactions.” Furthermore, following
protection, the truncated ceramide could be extended to a natural
ceramide via olefin metathesis.?® Alternatively, the alkene portion
of the truncated ceramide could serve as a handle for protein
conjugation via radical addition of cysteamine to the terminal
olefin.**' In an analogous fashion, compounds 7 and 8 were
converted to GM; and GM, mimics 10 and 11, which contain
an azide group at the N-acyl chain terminus. These ganglioside
analogues could be covalently attached to alkyne-functionalized
surfaces via 1,4-dipolar cycloaddition or coupled to proteins or
functionalized surfaces upon reduction of the azide to an amine.
Similarly, compounds 7 and 8 were converted to 12 and 13, which
bear a terminal thioester. Upon deprotection of the thiol, these
molecules would be suitable for attachment to gold surfaces or
nanoparticles, and for conjugation to proteins.

The method described above for accessing GM; and GM,
analogues from a lactose core, was particularly useful for the
synthesis of compounds incorporating a long hydrophobic chain
at the sphingosine nitrogen. However, compounds functionalized
with a shorter acyl chain could be synthesized via an alternate
pathway as shown in Scheme 3. The azide group of 14 was
reduced under Staudinger conditions.” Acylation of the amine
with p-nitrophenyl 6-trifluoroacetamidohexanoate followed by
deprotection, afforded compound 15. Alternatively, the benzoy-
lated lactosyl azidosphingosine 14 could be deprotected and
reduced in the presence of H,S. Reaction of the amine with butyric
anhydride afforded 16. The lactosyl ceramides functionalized with
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Scheme 3 Reagents and conditions: (a) PPh;, pyridine—-H,0 (9: 1), 50 °C;
(b) p-nitrophenyl 6-trifluoroacetamidohexanoate, pyridine-H,O (9 : 1),
50 °C; (c¢) NaOMe, MeOH, 58%, three steps; (d) NaOMe, MeOH; (e)
H.,S, pyridine-H,O-Et;N (10 : 1 : 0.3); (f) butyric anhydride, MeOH,
40 °C, 71%, three steps; (g) 0-(2,3)-Neu5Ac transferase, CMP-Neu5Ac,
80% for 17, 79% for 18; (h) B-(1,4)-GalNAc transferase, UDP-GIcNAc
4-epimerase, UDP-GIcNAc, 79% for 19, 83% for 20.

shorter acyl chains were soluble in aqueous solutions and thus
could be used as acceptors in enzymatic glycosylation reactions.

Reaction in the presence of a-(2,3)-sialyltransferase yielded GM;
analogues 17 and 18, which could be further elaborated to
GM, analogues 19 and 20 using B-(1,4)-N-acetylgalactosaminyl
transferase.

Recent work from our group has focused on the incorporation of
thiooligosaccharides in anti-cancer vaccines as a means to increase
their immunogenicity.*> We hypothesized that the metabolic sta-
bility of the S-linked glycans® could increase the immunogenicity
of the conjugates, while producing antibodies cross-reactive with
the corresponding O-linked antigen. In order to compare the
immunogenicity, cross-reactivity, and metabolic stability of the
S-linked GM; and GM, antigens, their O-linked counterparts
were required. Evaluation of the response against the immunogen
by ELISA necessitates the synthesis of a set of glycoconjugates,
incorporating heterologous proteins and linkers as well as water-
soluble oligosaccharides. The methods described herein were used
to rapidly access GM; (25 and 26), and GM, (27) conjugates for
immunization and solid phase assays (ELISA).

The use of tetanus toxoid in commercial carbohydrate conjugate
vaccines and our recent successes in inducing high antibody
titers against tetanus toxin glycoconjugates, motivated the use
of this carrier protein for our studies.* Typical strategies for
the generation of a conjugate vaccine involve the coupling of
a carbohydrate antigen via a linker to reactive groups at the
surface of a carrier protein.”® Ideally, the coupling chemistry
should allow for appropriate levels of substitution, while using
a minimal amount of precious synthetic hapten. To this end, an
adipate-based linker®® was chosen to effect conjugation of haptens
17 and 19, without introducing a potentially immunogenic tether.
The generation of the GM; and GM, conjugates (Scheme 4) first
involved the introduction of an amine-terminated spacer unit.
Treatment of intermediates 7 and 8 with sodium methoxide in
methanol yielded the corresponding amines. N-Acylation with 6-
trifluoroacetamidohexanoic anhydride afforded intermediates 21
and 22. Following deprotection of the primary amine, compounds
17 and 19 were functionalized for conjugation to proteins.
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Scheme 4  Reagents and conditions: (a) NaOMe, MeOH, 40 °C; (b) 6-trifluoroacetamidohexanoic anhydride, MeOH, 78% for 21, 78% for 22, two steps;
(c) NaOMe, MeOH, 40 °C, 72% for 17, 73% for 19; (d) p-nitrophenyl adipate diester, DMF-Et;N; (e) tetanus toxoid, PBS, pH 7.2 (f) bovine serum

albumin, water.

Reaction of 17 and 19 with p-nitrophenyl adipate diester in a
mixture of N,N-dimethylformamide and triethylamine followed
by reverse phase HPLC purification in the presence of 1% acetic
acid afforded activated ganglioside analogues 23 and 24 for protein
coupling. Incubation of tetanus toxoid with approximately 30
equivalents of the activated sugars yielded glycoconjugates 25 and
27 with hapten incorporation levels of 6 and 7 respectively.

The tetanus toxoid glycoconjugates 25 and 27 were used to
immunize mice and their ability to raise an immune response
was evaluated by ELISA. Synthetic glycoconjugates possessing a
heterologous protein were required to detect carbohydrate-specific
antibodies by solid phase assays (ELISA). For this purpose,
ganglioside analogue 17 was coupled to bovine serum albumin
using a similar approach to the one used to generate tetanus
toxoid conjugates (Scheme 4). A hapten incorporation level of
S was obtained for the GM;-bovine serum albumin conjugate.
In order to perform a more stringent assay for carbohydrate-
specific antibodies and to exclude the possibility of tether-specific
antibodies, we sought a glycoconjugate consisting of the same
carbohydrate hapten conjugated to a heterologous protein via
a tether that was distinct from that of the immunizing agent.
Bovine serum albumin conjugates containing a squarate linker
were prepared from intermediates 17 and 19 to address this
requirement.*?

Preliminary experiments established that mice immunized with
either GM;-TT conjugate 25 or GM,-TT conjugate 27 had a
high titer of glycolipid-specific antibodies.** Mice immunized with
GM;-TT conjugate 25 responded with an IgG titer of 10*.>* In or-

der to establish that the antibodies recognize sialoside-containing
epitopes and not just the internal segment of the oligosaccharide
hapten, inhibition of antibody binding to glycoconjugate-coated
ELISA plates was performed with a panel of oligosaccharides
(Fig. 2). These results showed that antibody binding had a strict
requirement for the terminal sialic acid residue. GM; derivative
21 was at least 1000-fold more effective inhibitor than the lactosyl
derivative 31 (ICs, of 0.39 uM vs. >1000 uM, data not shown). The
ceramide portion of the molecule also has an effect on antibody
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Fig.2 Structure of immobilized glycoconjugates (33 and 35) and soluble
inhibitors (21, 22, 31, 32, 34 and 36) used for inhibition ELISA
experiments.
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binding, since substitution of the truncated sphingosine aglycon
by an S-octyl analogue resulted in a 100-fold decrease in the ICs,
(Fig. 3).
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Fig. 3 ELISA inhibition experiments with serum obtained from mice
immunized with GM;-TT conjugate 25. Synthetic oligosaccharides 21 and
34 were used to inhibit antibody binding to immobilized GM; conjugate
33.

Similar results were observed for mice immunized with GM,-TT
conjugate 27. Sera from immunized mice were titered against an
immobilized GM,-BSA conjugate (35). The mice responded to im-
munization with an IgG titer of ~10°.2* Further study of the bind-
ing epitope by ELISA inhibition experiments indicated that both
the terminal sialic acid residue and the N-acetylgalactosamine
residue were required for antibody binding (Fig. 4). Comparison
of ICs, values for compounds containing the truncated ceramide
and for compounds containing the S-octyl aglycon again indicated
that the ceramide portion of the molecule is also recognized by
antibodies. Substitutions at the ceramide end of the molecule affect
antibody binding to a smaller extent than either deletion of the
sialic acid or the N-acetylgalactosamine residues.
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Fig. 4 ELISA inhibition experiments with serum obtained from mice
immunized with GM,-TT conjugate 27. Synthetic oligosaccharides 21, 22,
31, 32, 34, and 36 were used to inhibit antibody binding to immobilized
GM, conjugate 35.

Conclusions

We have demonstrated a versatile approach for the chemoenzy-
matic synthesis of ganglioside analogues in a form suitable for

conjugation. The truncated ceramide aglycon allows coupling of
the molecule via a wide variety of conjugation strategies, while
maintaining the relevant stereochemical and structural features
of natural ceramide. Mice immunized with GM;-TT and GM,-
TT conjugates gave a high IgG hapten-specific response. The
preponderance of the IgG subtype is indicative of an antibody class
switch and activation of T} cells. Immunochemical data obtained
with the synthetic antigens created by this approach indicate
that ceramide elements are recognized by antibodies induced by
glycoconjugates 25 and 27. This suggests that it can be important
toinclude at least the stereogenic centres of the ceramide portion of
gangliosides in conjugate vaccine design. Although the main thrust
of the current work was directed toward ganglioside analogues in
the context of tumor immunotherapy, the design of the tether is
not limited to vaccine applications. Through the introduction of
different terminal functionalities, these ganglioside mimics may be
tailored for applications that present glycolipids in ordered arrays
and model membranes.

Experimental
General methods

All chemical reagents were of reagent grade and used as supplied
from Sigma-Aldrich, without further purification unless otherwise
indicated. Organic solvents used in reactions were distilled under
an inert atmosphere, except N,N-dimethylformamide, which was
stored over 3 A molecular sieves and subjected to reduced pressure
for several minutes (<0.5mm Hg) prior to use. Pyridine was dried
over solid KOH and used without further purification. Analytical
thin layer chromatography (TLC) was conducted on silica gel 60-
F,ss (Merck). Plates were visualized under UV light, and/or by
treatment with either acidic cerium ammonium molybdate or 5%
ethanolic sulfuric acid, followed by heating. HPLC purification
was conducted using a UV absorbance detector. Separations were
performed on Beckman C s-silica, Kromasil C s-silica or Hamilton
PRP-1 reverse-phase semi-preparative columns with combinations
of water and methanol as eluent (flow rate 1.5-2.0 mL min™").
Size exclusion chromatography purification was performed using
Biorad P-4 Biogel resin and 5% methanol-water as eluent (flow
rate 0.4 mL min™").

"H NMR spectra were recorded at 500 or 600 MHz and “C
NMR spectra were recorded at 125 MHz. Chemical shifts are
reported in 0 (ppm) units using “C and residual 'H signals
from deuterated solvents as references. '"H and C NMR spectra
were assigned with the assistance of COSY, HMQC, HMBC,
and TOCSY spectra. NMR data for compounds containing
sphingosine/ceramide and derivatives such as the aglycon were
labelled as follows. Hydrogen atoms of sphingosine are denoted
H—Xnine, Where numbering begins with H-1 at the glycosyl linkage.
The cis and trans olefinic hydrogen atoms of the truncated lipid
are denoted H-Xcpin, and H-Xt, i, respectively. Similarly, the
axial and equatorial protons at the 3-position of the neuraminic
acid unit are denoted H-3a and H-3e respectively. For some com-
pounds, the coupling pattern of the H-2 of the glucopyranosyl unit
is reported as a multiplet, due to high order coupling.

Electro-spray ionization (ESI) and MALDI mass spectra were
recorded by the mass spectrometry laboratory service at the
University of Alberta. For high resolution mass determination,
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spectra were obtained by voltage scan over a narrow range
at a resolution of approximately 10000. Optical rotations were
determined in a 10 cm cell at 22 £+ 2 °C. [a], values are given
in units of 107! deg cm? g~'.

Enzymatic synthesis

1. CMP-Neu5Ac synthetase from Neisseria meningitidis”.
The enzyme was expressed in Escherichia coli AD202. After a
24 h incubation, the cells were harvested by centrifugation at
8000 rpm, 4 °C for 20 min. The cells were resuspended in 20 mM
Tris, pH 8.0 and lysed using a French press. The enzyme was
isolated by centrifugation of the supernatant at 6000 rpm, 4 °C for
30 min followed by ultracentrifugation of the supernatant at 40 000
rpm, 4 °C for 60 min. The supernatant, containing CMP-Neu5Ac
synthetase, was used to produce the CMP-Neu5Ac needed for
enzymatic sialylation reactions.

2. 0-(2,3)-Sialyltransferase from Campylobacter jejuni OH43-
84", The enzyme was expressed in Escherichia coli AD202.
After a 24 h culture, the cells were harvested by centrifugation at
8000 rpm, 4 °C for 20 min. The cells were resuspended in 50 mM
HEPES, pH 7.5 containing 10% (v/v) glycerol. The enzyme was
isolated by centrifugation at 13 000 rpm at 4 °C for 30 min followed
by ultracentrifugation of the supernatant at 40000 rpm at 4 °C
for 60 min. The enzyme was recovered in the pellet, which was
resuspended in 50 mM HEPES, pH 7.5 containing 10% (v/v)
glycerol. The suspension was used without any further purification
in subsequent sialylation reactions.

3. B-(1,4)-N-Acetylgalactosaminyl transferase from Campy-
lobacter jejuni 0:36°. The enzyme was expressed in Escherichia
coli AD202. After a 24 h culture, the cells were harvested by
centrifugation at 8000 rpm, 4 °C for 20 min. The cells were
resuspended in 50 mM HEPES, pH 7.5 containing 10% (v/v)
glycerol and disrupted using a French press. The enzyme was
isolated by centrifugation of the supernatant at 6000 rpm, 4 °C for
30 min followed by ultracentrifugation of the supernatant at 40 000
rpm, 4 °C for 60 min. The supernatant, containing the enzyme,
was used in subsequent reactions without any further purification.

4. Bifunctional UDP-GIcNAc/Glc 4-epimerase from Campy-
lobacter jejuni NCTC 11168%. The enzyme was expressed in
Escherichia coli AD202. After a 24 h culture, the cells were
harvested by centrifugation at 8000 rpm, 4 °C for 20 min. The cells
were resuspended in a solution of 20 mM HEPES, pH 7.0, 200 mM
NaCl, 5 mM B-mercaptoethanol and 1 mM EDTA. Pop culture
reagent (Novagen) (200 pL) followed by lysonase (Novagen) (2 uL)
were added. The content was vortexed and subsequently incubated
for 15 min at room temperature. The mixture was centrifuged at
14000 rpm, 4 °C for 20 min. The supernatant, containing the
enzyme, was collected and used in subsequent reactions without
any further purification.

5. Radiochemical assays®. The activity of the a-(2,3)-sialyl-
transferase and the B-(1,4)-N-acetylgalactosaminyl transferase
was determined by radiochemical assays using 8-(methoxy-
carbonyl)octyl O-(B-D-galactopyranosyl)-(1 — 4)-O-B-D-gluco-
pyranoside and 8-(methoxycarbonyloctyl) O-(5-acetamido-3,5-
dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic acid)-

(2 — 3)-0-(B-p-galactopyranosyl)-(1 — 4)-O-B-D-glucopyrano-
side respectively as substrates.

The activity of the bifunctional UDP-GIcNAc/Glc 4-epimerase
was determined by a radiochemical assay in which the formation
of labeled UDP-GalNAc is monitored through a glycosyltrans-
ferase reaction using octyl O-(o-D-fucopyranosyl)-(1 — 2)-O-B-D-
galactopyranoside as an acceptor.

One unit of enzyme activity was defined as the amount that
catalyzes the formation of 1 pmol of product per minute at 37 °C
using the corresponding acceptor.

6. Synthesis of CMP-Neu5Ac”’. N-Acetyl neuraminic acid
(25.0 mg; 75.5 pmol) and cytidine triphosphate disodium salt
(4.77 mg; 90.6 pmol; 1.2 eq.) were suspended in 0.5 M MgCl,
(2.0 mL; 50 mM in reaction) and 0.04 M dithiothreitol (100 pL;
0.2 mM in reaction). The pH was adjusted to 8.0 with 1 M NaOH
solution and CMP-NeuSAc synthetase enzyme preparation
(17.9 mL) was added. The mixture was gently tumbled overnight
at room temperature. The reaction mixture was then centrifuged
at 14000 rpm for 20 min, the supernatant was then collected and
lyophilized. The crude solid obtained was used in sialylation reac-
tions without any further purification assuming 90% conversion
of starting material.

Immunization protocol

BALB/c mice were immunized by interperitoneal injection of
tetanus toxoid conjugates 25 and 27 (50 ug in 100 uLL PBS and
100 uL Freund’s complete adjuvant, homogenized). Subsequent
injections (50 pg in 100 pL PBS and 100 pL Freund’s incomplete
adjuvant, homogenized) were made subcutaneously on days 21
and 28. Mice were bled on day 38 and the sera were isolated by
centrifugation and stored at —20 °C.

Enzyme-linked immunosorbent assay (ELISA)

BSA-carbohydrate-protein conjugates (10 pg mL~" in PBS) were
used to coat 96-well microtiter plates (MaxiSorp, Nunc) overnight
at 4 °C. The plate was washed 5 times with PBST (PBS containing
0.05% (v/v) Tween 20). Sera were diluted with PBST containing
0.1% BSA. The solutions were distributed on the coated microtiter
plate and incubated at room temperature for 2 hours. The plate
was washed with PBST (5 times) and goat anti-mouse IgG
antibody conjugated to horseradish peroxidase (Kirkegaard &
Perry Laboratories; 1 : 2000 dilution in 0.1% BSA-PBST; 100 uL
per well) was added. The mixture was then incubated for 1 hour.
The plate was washed 5 times with PBST before addition ofa 1:1
mixture of 3,3',5,5-tetramethylbenzidine (0.4 g L") and 0.02%
H,0, solution (Kirkegaard & Perry Laboratories; 100 pL per
well). After 2 minutes, the reaction was stopped by addition of
1 M phosphoric acid (100 uL per well). Absorbance was read at
450 nm.

Oligosaccharide inhibition of enzyme-linked immunosorbent assay
(ELISA)

Carbohydrate-protein conjugates (10 pg mL~' in PBS) were used
to coat 96-well microtiter plates (MaxiSorp, Nunc) overnight at
4 °C. The plate was washed 5 times with PBST (PBS containing
0.05% (v/v) Tween 20). The serum solution (1 : 2000 dilution
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in 0.1% BSA-PBST) was mixed with inhibitor dissolved in
0.1% BSA-PBST at concentrations ranging from 0.001 uM to
1 mM. The resulting solutions were added to the coated microtiter
plate in triplicates, and incubated at room temperature for 2 hours.
The plate was washed with PBST (5 times) and goat anti-mouse
IgG antibody conjugated to horseradish peroxidase (Kirkegaard &
Perry Laboratories; 1 : 2000 dilution in 0.1% BSA-PBST; 100 uL.
per well) was added. The mixture was then incubated for 1 hour.
The plate was washed 5 times with PBST before addition ofa 1 : 1
mixture of 3,3,5,5-tetramethylbenzidine (0.4 g L") and 0.02%
H,O, solution (Kirkegaard & Perry Laboratories; 100 uL per
well). After 2 minutes, the reaction was stopped by addition of
1 M phosphoric acid (100 uL per well). Absorbance was read
at 450 nm and percent inhibition was calculated relative to wells
containing sera without inhibitor.

O-(p-p-Galactopyranosyl)-(1 —  4)-O-(B-pD-glucopyranosyl)-
(1 - 1)-(2S,3R)-2-(trifluoroacetamido)-pent-4-ene-1,3-diol (6).
The lactosyl azidosphingosine 5 (151.5 mg; 324 pmol) was
dissolved in a solution of pyridine-water—triethylamine (10 : 1 :
0.3; 11.3 mL). The solution was saturated with H,S by bubbling
the gas into the solution for 1 h at 0 °C, followed by stirring for
36 h. The solvent was evaporated and the residue was dissolved in
water. After addition of acetic acid (200 pL), the mixture was
applied to a Sep-Pak (C18; 5 g). The salt obtained was then
eluted through Amberlite IRA-400 (CI") resin preconditioned
with 2 M NaOH yielding the free amine (124.7 mg; 282 pL;
87%). A portion of the material (76.8 mg; 174 umol) was dissolved
in dry degassed methanol (5.0 mL) and methyl trifluoroacetate
(334.0 mg; 2.61 mmol; 15 eq.) was added. The reaction mixture
was stirred at room temperature overnight. The solution was then
concentrated. The residue was redissolved in water and applied to
a Sep-Pak (C18; 5 g). Gradient elution (MeOH-H,0) afforded 6.
A sample (110.0 mg; 249.0 pmol) was further purified by HPLC
(100.0 mg; 18.6 umol; 75%): [alp +9.1 (¢ 0.55, H,0). '"H NMR
(500 MHz, D,0): 04 5.85(ddd, 1H, J,5, = 17.3 Hz, J,5, = 10.4 Hz,
Ji3=7.0Hz, H-4,,), 5.34 (ddd, 1H, J5,,=17.3Hz, J5,;=1.1 Hz,
Jsise = 1.1 Hz, H-5t,), 5.29 (ddd, 1H, Js., = 10.4 Hz, J5.5 =
1.1Hz, J5.; = 1.1 Hz, H-5¢gine), 4.48 (d, 1H, J,, = 7.9 Hz, H-15,),
444 (d, 1H, J,, =79 Hz, H-14,), 4.31 (dd, 1H, J5, = 7.0 Hz, J5,
= 7.0 Hz, H-3,,.,,), 4.30 (dd, 1H, J,,,, = 7.0 Hz, J,,, = 7.0 Hz,
H-lag,), 4.22 (ddd, 1H, J,; = 7.0 Hz, J,,, = 7.0 Hz, H-2 ),
3.98 (dd, 1H, Jg 6 = 12.3 Hz, J4,5 = 2.1 Hz, H-6a,.), 3.92-3.89
(m, 2H, H-4.,, H-1bgie), 3.81-3.70 (m, 4H, H-6bg,., H-5.1, H-
6ac,, H-6bg,), 3.67-3.57 (m, 4H, H-3¢.;, H-3a., H-46., H-561),
3.53 (dd, 1H, J,; = 9.9 Hz, J,, = 7.9 Hz, H-2,), 3.32 (m, 1H,
H-25.). "C NMR (125 MHz, D,0): é. 160.0 (q, Jcr = 37 Hz),
136.4, 119.4, 116.7 (q, Jr = 286 Hz), 103.8, 103.0, 79.3, 76.2,
75.7,75.1, 73.6, 73.4, 72.4, 71.8, 69.4, 68.6, 61.9, 61.0, 54.8. ESI
HRMS calcd for C,yH; F;NO;Na: 560.15615. Found: 560.15593.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-trifluoroacetamido-pent-
4-ene-1,3-diol (7). The acceptor 6 (13.6 mg; 25.2 pmol; 5.04 mM
in reaction), crude CMP-Neu5Ac (~45.3 umol; ~9.06 mM in
reaction; ~1.8 eq.), MnCl, (100 pL of 0.5 M solution; 10 mM
in reaction), MgCl, (100 puL of 0.5 M solution; 10 mM in
reaction), dithiothreitol (125 uL of 0.1 M solution; 2.5 mM
in reaction), water (600 pL), o-(2,3)-sialyltransferase (4.5 mL;

~4.5 U), and alkaline phosphatase (Roche Bioscience) (2.5 pL;
~2.5U) in 0.05 M HEPES buffer, pH 7.5 containing 10% (v/v)
glycerol were combined in a 15 mL Falcon tube. The mixture
was tumbled gently at room temperature for 24 h after which
time TLC (CHCl;-MeOH-H,O-AcOH; 10 : 7 : 1 : 2) indicated
almost complete disappearance of the starting material 6. The
reaction mixture was centrifuged at 14000 rpm for 30 min and
the supernatant was applied to a Sep-Pak (C18; 10 g). Gradient
elution (MeOH-H,O) afforded 7. Further purification by size
exclusion chromatography (Biogel P-4 resin; 50 cm x 2 cm) using
5% MeOH-H,O0 as an eluent yielded 7 (18.9 mg; 22.2 umol; 88%):
[alp +5.1 (¢ 1.08, H,0). '"H NMR (500 MHz, D,0): 6y, 5.83 (ddd,
1H, J,5, = 17.2 Hz, J,5. = 10.4 Hz, J,; = 7.2 Hz, H-4,,,), 5.33
(m, 1H, H-5¢,), 5.28 (m, 1H, H-5¢.in), 4.51 (d, 1H, J,, =
7.8 Hz, H-lg.), 447 (d, IH, J,, = 8.0 Hz, H-15.), 4.30
(dd, 1H, J;, = 7.2 Hz, J;, = 7.2 Hz, H-3,), 4.22 (ddd,
IH, Jy; = 7.1 Hz, J,,, = 7.1 Hz, Jy,, = 3.6 Hz, H-2,.),
4.11-4.07 (m, 2H, H-lagu,,, H-3c.), 3.98 (dd, 1H, Jea =
12.2 Hz, J45s = 2.1 Hz, H-6ag,), 3.94 (d, 1H, J,; = 3.05 Hz,
H-464), 3.91-3.79 (m, 9H, H-1bgun,, H-8xeu, H-9ane, H-5ca,
H-9bxe, H-6news H-7new, H-264, H-6bgi), 3.75-3.56 (m, 6H,
H-4\.., H-6ag,, H-6bg,, H-5xi, H-361, H-4g., H-561), 3.32 (m,
1H, H-2g,.), 2.75 (dd, 1H, Js.3, = 12.2 Hz, J,., = 4.7 Hz, H-3ey..),
2.02 (s, 3H, C(O)CH;), 1.79 (dd, 1H, Js,3. = 12.2 Hz, J3,4 =
12.2 Hz, H-3ay,,). “C NMR (125 MHz, D,0): . 175.9, 174.7,
160.0, 136.4, 119.4, 116.7 (q, Jcr = 285 Hz), 103.6, 100.7, 79.2,
76.4,76.1,75.7,75.1, 73.8, 73.6, 72.7, 72.4, 70.2, 69.2, 69.0, 68.6,
68.4, 63.5, 61.9, 60.9, 54.8, 52.6, 49.8, 40.5, 22.9. ESI HRMS
calcd for C;)H,4N,O,, F5: 827.25448. Found: 827.25507.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic  acid)-(2 —  3)-|2-acetamido-2-deoxy-O-f-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-1 —  1)-(2S,3R)-2-trifluoroacetamido-
pent-4-ene-1,3-diol (8). The acceptor 7 (41.6 mg; 50.2 pumol)
and UDP-N-acetylglucosamine disodium salt (49.0 mg;
75.2 pmol; 1.5 eq.) were combined in a Falcon tube. UDP-N-
acetylglucosamine 4-epimerase (1.0 mL; ~1.0 U) in 0.2 M NacCl,
1.0mM EDTA, 20 mM HEPES, 5 mM B-mercaptoethanol, pH 7.0
and N-acetylgalactosaminyl transferase (2.94 mL; ~2.5 U) were
added to the mixture followed by 48 L of 0.5 M MgCl, (6.0 mM in
reaction) and alkaline phosphatase (10 uL; ~10 U). The reaction
was gently tumbled for 16 h until the reaction was completed
as observed by silica gel TLC (EtOAc-MeOH-H,0-AcOH; 6 :
3 : 3 : 2). The mixture was centrifuged for 20 min at 14000
rpm, the supernatant was collected and applied to a Sep-Pak
(C18; 5g). Elution with a gradient of water-methanol afforded
8. A portion (18.5 mg; 17.9 umol) was further purified by size
exclusion chromatography (Biogel P-4 resin; 50 cm x 2 cm) and
eluted with 5% MeOH-H,O to yield 8 (17.7 mg; 17.2 umol; 95%):
[alp +14.2 (¢ 0.32, H,0). '"H NMR (600 MHz, D,0): 5, 5.85 (ddd,
1H, J,5, = 17.2 Hz, J,5. = 10.4 Hz, J,; = 7.0 Hz, H-4,,,), 5.33
(m, 1H, H-5¢,in,), 5.30 (d, 1H, H-5¢ymine), 4.74 (d, overlapped
with HOD, 1H, H-1g,nac), 4.52 (d, 1H, J,, = 8.0 Hz, H-14,),
449 (d, 1H, J,, = 8.0 Hz, H-1¢,), 4.32 (dd, 1H, J5, = 7.0 Hz, J,
= 7.0 Hz, H-3,), 4.23 (ddd, 1H, J,; = 7.0 Hz, J,,, = 7.0 Hz,
Jow =3.9 Hz, H-2 i), 4.14 (dd, 1H, J;, = 9.8 Hz, J;, = 2.6 Hz,
H-364), 4.12-4.10 (m, 2H, H-1aging, H-464), 3.99 (d, 1H, Jo 6 =
12.1 Hz, H-6ag,.), 3.93-3.86 (m, 4H, H-4G,xac, H-26unac, H-1Dgning,
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H-%9ay..), 3.83-3.59 (m, 16H, H-5y., H-6bg., H-4ne, H-56u,
H-6ac., H-6bgy, H-5cunac, H-6aginac, H-6bgunac, H-8yew, H-
3Gamacs H-3G1es H-9bxews H-4gie, H-Tyews H-5a1), 3.49 (d, 1H, Jo5 =
10.1 Hz, H-6y..), 3.37-3.31 (m, 2H, H-2¢,, H-25.), 2.66 (dd, 1H,
Jseza = 12.3 Hz, J3.4 = 4.5 Hz, H-3en.,), 2.03,2.02 (2 x 5,2 x 3H,
2 x C(O)CH;), 1.92 (dd, 1H, J;,; = 12.3 Hz, J;,, = 11.8 Hz,
H-3ay.,). ®C NMR (125 MHz, D,O): 6. 1759, 175.7, 174.9,
159.8, 136.4, 119.4, 116.7 (q, Jcr = 285 Hz), 103.7, 103.5, 103.0,
102.5, 79.5, 78.0, 75.7, 75.6, 75.2, 75.1, 74.9, 74.0, 73.5, 73.1,
72.5,72.2,70.9, 69.6, 68.9, 65.1, 63.7, 62.1, 61.5, 61.0, 54.8, 53.2,
52.5,49.8, 37.9, 23.6, 22.9. ESI HRMS calcd for C;HsoN;O,F;:
1030.33444. Found: 1030.33555.

Procedure (A) for deprotection and acylation of sphingosine amine
using succinimide esters

Oligosaccharide 7 or 8 (5-40 umol) was dissolved in dry methanol
(2.0 mL). Sodium methoxide (~3.0 eq.) was added and the
mixture, stirred for 3 days at room temperature until completion
of the reaction. The pH of the reaction mixture was adjusted
to 9.0 using 0.5 M HCI and the methanol was evaporated. The
compound was purified by HPLC (Hamilton semi-preparative
PRP-1 column) using a MeOH-H,O gradient. A portion of
the amine (5-15 pmol), the acylating agent (2.0-5.0 eq.) and 4-
N,N-dimethylaminopyridine (1.0-3.0 eq.) were dissolved ina 9 :
1 pyridine-water mixture (1.0 mL). The reaction mixture was
stirred overnight at 40 °C and concentrated. The residue was
redissolved in a solution of 5% NaHCO;-H,O and applied to a
C18 Sep-Pak cartridge. Gradient elution (MeOH-H,O) afforded
the target compound which was further purified by size exclusion
chromatography (Biogel P-4 resin; 50 cm x 2 cm) using 5%
MeOH-H,O as an eluent.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-
O-(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-octadecanamido-pent-
4-ene-1,3-diol (9). Compound 9 was prepared using procedure
(A). Trisaccharide 7 (30.3 mg; 36.6 pmol) was deprotected and
a portion of the amine (6.37 mg; 8.44 pmol) was acylated with
N-(octadecanoyloxy)succinimide (7.43 mg; 19.4 umol; 2.3 eq.).
Standard work-up and purification as described in procedure (A)
afforded 9 (4.70 mg; 4.60 pmol; 55%): [a], +6.4 (¢ 0.34, H,0). 'H
NMR (600 MHz, CD;0D): dy4 5.86 (ddd, 1H, J,5, = 17.2 Hz,
Jus. = 10.4 Hz, J,; = 6.7 Hz, H-4,,), 5.26 (ddd, 1H, Js5,, =
17.2 Hz, Js,5. = 1.5 Hz, J5,; = 1.5 Hz, H-5¢,), 5.13 (ddd, 1H,
Jsea =104 Hz, Js., = 1.5 Hz, J5.5 = 1.5 Hz, H-5¢ ), 4.42 (d,
1H, J,, = 7.8 Hz, H-15,), 429 (d, 1H, J,, = 7.8 Hz, H-1g.),
4.17-4.13 (m, 2H, H-1a,,ping, H-34pming)> 4.04 (dd, 1H, J;, = 9.7 Hz,
J34 = 3.2 Hz, H-3g,), 4.01 (m, 1H, H-2,,,,.), 3.93-3.82 (m, 5H,
H-45., H-6a¢., H-6ac,, H-6bg,, H-6x.,), 3.76 (dd, 1H, Jo,0, =
11.7 Hz, Jo.s = 7.7 Hz, H-9ay,), 3.71-3.69 (m, 2H, H-4y.,
H-564), 3.65 (dd, 1H, Jo,e, = 11.7 Hz, Jo,5s = 4.2 Hz, H-9by..),
3.61-3.52 (m, 7H, H-5xey, H-561c; H-1bghing H-8xew> H-2621, H-3G1c,
H-4.), 3.47 (dd, 1H, Jge = 9.0 Hz, J4s = 1.8 Hz, H-6bg,),
3.42 (m, 1H, H-7x,), 3.27 (dd, 1H, J,; = 7.8 Hz, J,, = 7.8 Hz,
H-24.), 2.86 (m, 1H, H-3ex.), 2.18 (t, 2H, J = 7.5 Hz, CH,C(0)),
2.00 (s, 3H, C(O)CH,), 1.72 (m, 1H, H-3ay,,), 1.59-1.56 (m, 2H,
CH,CH,C(0)), 1.30-1.28 (m, 28H, alkane CH,), 0.89 (t, J =
7.0 Hz, CH;). ®C NMR (125 MHz, CD;OD): 6. 176.2, 175.5,
174.9, 139.6, 116.9, 116.1, 105.1, 104.5, 101.1, 80.9, 77.7, 77.1,

76.5, 76.3, 75.0, 74.8, 73.3, 73.0, 70.9, 70.2, 69.71, 69.70, 69.4,
69.0, 64.7, 64.2, 62.8, 61.88, 61.86, 54.7, 54.00, 53.98, 49.0, 48.8,
42.1, 37.2, 33.1, 30.49, 30.46, 30.4, 27.1, 22.6, 14.4. ESI HRMS
caled for C,Hg N,O, Na,: 1043.51272. Found: 1043.51243.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S,3R)-2-(11-azidoundecanamido)-
pent-4-ene-1,3-diol (10). Compound 10 was synthesized
according to procedure (A). Trisaccharide 7 (30.3 mg; 36.6 umol)
was deprotected and a portion of the amine (11.9 mg; 15.8 pmol)
was acylated with N-(11-azidoundecanoyloxy)succinimide (see
ESIT) (15.3 mg; 47.2 pmol; 3.0 eq.). Standard work-up and
purification as described in procedure (A) yielded 10 (8.4 mg;
8.8 umol; 78%): [a]lp +2.0 (¢ 0.45, H,0). '"H NMR (500 MHz,
D,0): 6y 5.83 (ddd, 1H, J,5, = 17.3 Hz, J,5. = 104 Hz, J,; =
6.9 Hz, H-4,,.,), 5.31 (ddd, 1H, Js,, = 17.3 Hz, J5,5, = 1.2 Hz,
Jsi3 = 1.2 Hz, H-5t ), 5.26 (ddd, 1H, Js., = 10.4 Hz, Js5.5, =
1.2 Hz, Js.; = 1.0 Hz, H-5bg,), 4.50 (d, 1H, J,, = 7.9 Hz,
H-164), 445 (d, 1H, J,, = 7.9 Hz, H-1g,), 4.20 (dd, 1H, J;, =
7.0 Hz, J;, = 6.9 Hz, H-31in,), 4.11-4.04 (m, 3H, H-36.1, H-24ning»
H-1a,hine), 4.00 (dd, 1H, J¢, 6 = 12.3 Hz, J4,5 = 2.2 Hz, H-6ag,),
3.95 (d, 1H, J,5 = 3.1 Hz, H-4¢,), 3.90-3.78 (m, 4H, H-8x..,
H-9%eu, H-6bgie, H-5xe,), 3.76 (m, 1H, H-1byy,), 3.73-3.66 (m,
2H, H-56., H-4xe), 3.65-3.61 (m, 5H, H-6ag,, H-6bg., H-36,
H-4¢,., H-9bye,), 3.60-3.55 (m, 4H, H-56., H-6xcus H-7neu> H-2641),
3.35-3.29 (m, 3H, H-2,., CH,N;3), 2.75 (dd, 1H, Js.;, = 12.3 Hz,
Jses = 4.7 Hz, H-3exa), 2.25 (t, 2H, J = 7.3 Hz, CH,C(0)),
2.03 (s, 3H, C(O)CH,), 1.79 (dd, 1H, Js,3. = 12.3 Hz, J3,4 =
12.3 Hz, H-3ay.,), 1.61-1.56 (m, 4H, CH,CH,C(0), CH,CH,N;),
1.38-1.29 (m, 12H, alkane CH,). *C NMR (125 MHz, D,0): d.
178.2, 175.9, 174.7, 137.2, 119.0, 103.6, 103.3, 100.7, 79.4, 76.4,
76.1,75.7,75.1,73.8, 73.7, 72.7, 72.6, 70.3, 69.6, 69.2, 69.0, 68.4,
63.5,61.9, 61.0, 53.9, 52.6, 52.2, 40.5, 36.8, 36.7, 29.4 (2C), 29.2,
29.1, 29.0, 28.8, 26.2, 22.9. ESI HRMS calcd for C;yH;N;O,Na:
964.42263. Found: 964.42227.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic  acid)-(2 —  3)-|2-acetamido-2-deoxy-O-p-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S,3R)-2-(11-azidoundecanamido)-
pent-4-ene-1,3-diol (11). Compound 11 was prepared using
procedure (A). Tetrasaccharide 8 was deprotected and a portion
of the amine (4.8 mg; 5.0 umol) was acylated with N-(11-
azidoundecanoyloxy)succinimide (see ESIT) (2.4 mg; 7.4 umol;
1.5 eq.). Work-up and purification as described above afforded
11 (4.5 mg; 3.8 umol; 76%): [a]p +6.4 (¢ 0.45, H,0). 'H NMR
(600 MHz, D,0O): dy4 5.85 (ddd, 1H, J,5, = 17.3 Hz, J,5 =
10.4 Hz, J,; = 7.0 Hz, H-4,,,), 5.33 (m, 1H, H-5¢,,,), 5.27
(m, 1H, H-5¢ ), 4.74 (d, 1H, J,, = 7.3 Hz, H-1Gunac), 4.51 (d,
1H, J,, = 8.0 Hz, H-154), 4.47 (d, 1H, J,, = 8.0 Hz, H-1g:.),
422 (dd, 1H, J;, = 7.0 Hz, J;, = 7.0 Hz, H-3,4,), 4.15-4.06
(m, 4H, H-36,, H-25e, H-1agnine, H-464), 3.99 (d, 1H, Je =
12.1 Hz, H-6a5.), 3.92-3.90 (m, 2H, H-4c.unac, H-26amac), 3-87
(dd, 1H, Jg,o» = 11.0 Hz, Jo,s = 1.1 Hz, H-9ay.,), 3.83-3.58 (m,
17H, H-5xeu, H-6bg, H'lbsphings H-4yeu, H-564, H-6ac,, H-6bg,,
H-56unac, H-6acanac, H-6bganac, H-8xews H-36amac, H-361c, H-9byeu,
H-46., H-7xews H-561), 3.48 (dd, 1H, J¢s = 9.9 Hz, J,; = 1.9 Hz,
H-6xe), 3.38-3.30 (m, 4H, H-2g,, H-26,., CH,N;), 2.66 (dd, 1H,
Jseza = 12.7 Hz, J3.4 = 4.5 Hz, H-3ex..), 2.25 (t, 2H, J = 7.3 Hz,
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CH,C(O)N), 2.03, 2.01 (2 x s, 2 x 3H, 2 x C(O)CH,), 1.92
(dd, 1H, Jy. = 12.7 Hz, J,, = 11.4 Hz, H-3aw.), 1.59-1.56
(m, 4H, CH,CH,N,, CH,CH,C(0)), 1.38-1.27 (m, 12H, alkene
CH,). C NMR (125 MHz, D,O): o 178.2, 175.9, 175.7, 174.9,
137.2,136.4, 119.0, 103.6, 103.3, 102.5, 79.6, 78.0, 75.6 (2C), 75.2,
75.1, 74.9, 74.0, 73.6, 73.1, 72.7, 72.2, 70.9, 69.6, 68.9, 68.7, 64.6,
63.7, 62.0, 61.4, 53.9, 53.2, 52.5, 52.1, 42.8, 37.8, 36.8, 29.4, 29.3,
29.2,29.1, 29.0, 28.8, 26.2, 26.1, 23.5, 22.9. EST HRMS calcd for
CHoyN4O5Na: 1167.50200. Found: 1167.50205.

O-(5-Acetamido-3,5-dideoxy-D-glycero-o-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-
O-(p-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(11-thioacetylundecan-
amido)-pent-4-ene-1,3-diol (12). Compound 12 was synthesized
according to procedure (A). Trisaccharide 7 (30.3 mg; 36.6 pmol)
was deprotected and a portion of the amine (4.0 mg; 5.3 umol) was
acylated with (11-thioacetylundecanoyloxy)succinimide™ (3.8 mg;
10.6 pmol; 2.0 eq.). Work-up and purification as described above
yielded 12 (4.2 mg; 4.2 umol; 80%): [a]p +2.3 (¢ 0.42, H,0). 'H
NMR (500 MHz, D,0): oy 5.84 (d, IH, J,5, = 17.3 Hz, J,5. =
10.5 Hz, J,5 = 7.0 Hz, H-4,,in,), 5.32 (m, 1H, H-5¢,,), 5.26 (m,
1H, H-5¢,hine), 4.51(d, 1H, J,, =7.9Hz, H-15,),4.46 (d, 1H, J,, =
8.0 Hz, H-1g.), 4.21 (dd, 1H, J;, = 7.0 Hz, J;, = 7.0 Hz, H-
3ophing)s 4.11-4.05 (m, 3H, H-36,, H-2 e, H-1agme), 3.99 (dd,
1H, Jeeo = 12.1 Hz, J4,5 = 1.8 Hz, H-6a5,.), 3.95 (d, 1H, J,; =
3.0 Hz, H-4,), 3.89-3.55 (m, 16H, H-8x..,, H-9ax.., H-6bg,
H-5xeus H-1bgpnings H-56u, H-4news H-6860, H-6bga, H-36., H-4g,
H-9byeu, H-561, H-65eus H-Txew, H-2641), 3.33 (m, 1H, H-25,), 2.89
(t,2H,J =7.2Hz, CH,SAc),2.76 (dd, I1H, J3.3, = 12.3Hz, J;.4 =
4.6 Hz, H-3ex.), 2.36 (s, 3H, SC(O)CH), 2,25 (t, 2H, J =
7.2 Hz, CH,C(O)N), 2.03 (s, 3H, C(O)CH;), 1.80 (dd, 1H,
Jyze = 12.3 Hz, J3,, = 12.3 Hz, H-3ay.,), 1.60-1.55 (m, 4H,
CH,CH,C(O)N, CH,CH,C(0)S), 1.37-1.28 (m, 12H, alkane
CH,), "C NMR (125 MHz, D,0): 6. 203.4, 178.2, 175.9, 174.7,
137.2, 119.0, 103.6, 103.4, 100.7, 79.4, 76.4, 76.1, 75.7, 75.1,
73.8,73.7,72.7, 72.6, 70.3, 69.6, 69.2, 69.0, 68.4, 63.5, 61.9, 61.0,
53.9, 52.6, 40.5, 36.8, 31.0, 29.9, 29.41, 29.36, 29.3, 29.2, 29.1,
29.0, 28.7, 26.2, 22.9. ESI HRMS caled for C, HguN,0,,NaS:
1019.38581. Found: 1019.38566.

0-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-[2-acetamido-2-deoxy-O-B-D-
galactopyranosyl-(1 — 4)]-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S5,3R)-2-(11-thioacetylundecan-
amido)-pent-4-ene-1,3-diol (13). Compound 13 was prepared
according to procedure (A). Tetrasaccharide 8 (14.7 mg;
14.0 umol) was deprotected and a portion of the amine (7.0 mg;
7.3 pmol) was acylated with (11-thioacetylundecanoyloxy)-
succinimide™ (5.20 mg; 14.6 pmol; 2.0 eq.). Standard work-up
and purification as described in procedure (A) afforded 13
(8.3 mg; 6.9 umol; 95%): [a]l, +15.4 (¢ 0.31, H,0). '"H NMR
(500 MHz, D,0): 04 5.83 (ddd, 1H, J,5, = 17.2 Hz, J,5, = 10.4 Hz,
Jiy = 7.0 Hz, H-4,), 531 (m, 1H, H-5¢,,), 5.25 (m, 1H,
H-5¢ming), 4.73 (d, 1H, J,, = 7.3 Hz, H-16.nac), 4.50 (d, 1H, J,,
= 8.0 Hz, H-15.), 4.46 (d, 1H, J,, = 8.0 Hz, H-14,.), 4.20 (dd, 1H,
Js4 = 7.0 Hz, J;, = 7.0 Hz, H-3,,,), 4.14-4.04 (m, 4H, H-3:,,
H-2hing> H-1a0ine, H-46a), 3.98 (dd, 1H, Jg, 6, = 11.7 Hz, J, 5 =
1.5 Hz, H-6ag,.), 3.93-3.86 (m, 3H, H-4G.nac» H-2Ganacs H-98Ne0)s
3.80-3.57 (m, 17H, H-5yc,, H-6bgi, H-1bgpine, H-4new, H-564, H-
6ag., H-6bg., H-5ganac, H-6acunac, H-6bganac, H-8xews H-3gamac,

H'3Glc’ H'9bNeu’ H'4Cvlca H_7Neu; H'SGIC)’ 3.47 (dd’ lH’ Jﬁ,s =
9.9 Hz, Js; = 1.9 Hz, H-6x..), 3.37-3.31 (m, 2H, H-25,, H-2¢,),
2.88 (t, 2H, J = 7.2 Hz, CH,SAc), 2.65 (dd, 1H, Js.., = 12.8 Hz,
Jss = 4.4 Hz, H-3ey.), 2.35 (s, 3H, SC(O)CH,), 2.24 (t, 2H, J =
7.3 Hz, CH,C(O)N), 2.03, 2.01 (2 x s, 2 x 3H, 2 x C(O)CH,),
1.92 (dd, 1H, J5, 5. = 12.8 Hz, J1,, = 11.5 Hz, H-3ay,,), 1.59-1.56
(m, 4H, CH,CH,SAc, CH,CH,C(0)), 1.30-1.28 (m, 12H, alkane
CH,). "C NMR (125 MHz, D,0): 6. 203.1, 178.2, 175.9, 175.7,
174.9,137.5,119.2,103.6, 103.5, 102.7, 79.6, 78.0, 75.6 (2C), 75.2,
75.1, 74.9, 73.9, 73.6, 73.1, 72.7, 72.2, 70.9, 69.5 (2C), 68.9, 68.6,
63.7, 62.1, 61.4, 61.0, 59.8, 53.9, 53.2, 52.5, 37.9, 36.8, 31.0, 29.9,
29.4, 29.3, 29.2, 29.0, 28.9, 28.6, 26.2, 23.5, 22.9. ESI HRMS
caled for C,uHg,N;3O,,SNa,: 1222.46522. Found: 1222.44480.

O-(p-p-Galactopyranosyl)-(1 —  4)-O-(B-pD-glucopyranosyl)-
(1 —» 1)-(2S,3R)-2-(6-aminohexanamido)-pent-4-ene-1,3-diol (15).
The benzoylated lactosyl azidosphingosine 14° (200 mg;
0.15 mmol) was dissolved in 90% aqueous pyridine (10.0 mL) and
triphenylphosphine (100 mg; 0.38 mmol; 2.5 eq.) was added. After
stirring for 8 h, p-nitrophenyl 6-trifluoroacetamidohexanoate
(10 eq.) was added, and stirring was continued overnight. The
mixture was concentrated, applied to a short plug of silica gel in
2 : 1 hexanes—ethyl acetate, and eluted with a gradient of the same
mixture (3 : 2 — 1 : 1). The material obtained was deprotected
by stirring with a catalytic amount of sodium methoxide in
methanol (5.0 mL) at 45 °C overnight. After cooling to room
temperature, the solution was neutralized by addition of acetic
acid, concentrated, suspended in water—-methanol (95 : 5) and
filtered. The solution was then applied to a Sep-Pak (C18; 5 g)
which had been preconditioned with methanol and water con-
taining ~2% ammonium hydroxide, and eluted with a gradient of
water and methanol containing the same. Concentration of the
eluent afforded 15 (49.8 mg; 90.0 pmol; 58%). A portion of the
material was purified further for analysis on a Hamilton PRP-1
semi-preparative HPLC column using a H,O-MeOH gradient:
[alp +4.9 (¢ 0.40, H,0). '"H NMR (600 MHz, D,0): 6, 5.85 (ddd,
1H,J,5,=17.2Hz,J,5,=10.4Hz, J,; = 7.0 Hz, H-4,n,), 5.32 (m,
1H, H-5¢4ine), 5.27 (m, 1H, H-5¢nine), 4.48 (d, 1H, J,, = 8.0 Hz,
H-1g.), 4.44 (d, IH, J,, = 7.8 Hz, H-1g,), 4.22 (dd, 1H, J,; =
7.0Hz, J,,,=7.0HHz, H-3,,,,,), 4.11(ddd, 1H, J,; =7.0Hz, J,,, =
6.4 Hz, J,,, = 3.6 Hz, H-21,,), 4.06 (dd, 1H, J,,,, = 10.6 Hz,
Ji2 = 6.4 Hz, H-1ag,,,), 3.98 (dd, 1H, J¢q = 12.3 Hz, J45 =
2.2 Hz, H-6as.), 3.93 (d, 1H, J,; = 3.4 Hz, H-4:,), 3.86-3.69 (m,
5H, H-6bgy., H-1bpine, H-6a6,, H-6b6.1, H-56,), 3.67-3.62 (m, 3H,
H-364, H-361, H-461), 3.60 (m, 1H, H-5¢.), 3.54 (dd, 1H, J,; =
9.9 Hz, J,, = 7.9 Hz, H-25,), 3.33 (m, 1H, H-2¢,), 2.98-2.95 (m,
2H, CH,NH,), 2.36-2.30 (m, 2H, J, CH,C(O)N), 1.68-1.58 (m,
4H, CH,CH,NH,, CH,CH,C(0)), 1.40-1.34 (m, 2H, CH,). “C
NMR (125 MHz, D,0): 6 177.6, 137.2, 119.0, 103.8, 103.2, 79.4,
76.3,75.7,75.1,73.7,73.4, 72.8, 71.8, 69.5, 61.9, 60.9, 53.8, 40.2,
36.4, 27.5, 26.0, 25.6, 24.2. ESI HRMS caled for C;H,;3N,O5:
555.27597. Found: 555.27626.

O-(p-p-Galactopyranosyl)-(1 —  4)-O-(B-pD-glucopyranosyl)-
(1 — 1)-(2S5,3R)-2-butanamidopent-4-ene-1,3-diol (16). The ben-
zoylated lactosyl azidosphingosine 14° (3.6 g; 2.8 mmol) was dis-
solved in anhydrous methanol (40 mL) and treated with a catalytic
amount of sodium methoxide. After stirring overnight, the mixture
was neutralized with a Rexyn 101 ion exchange resin. Removal
of the resin by filtration and evaporation of the solvent yielded
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a white solid. Purification of the compound by reverse-phase
column chromatography using water as an eluent afforded the
deprotected compound (1.1 g; 2.3 mmol; 83%). A portion of the
lactosyl azidosphingosine (151.5 mg; 324 pumol) was dissolved
in a solution of pyridine-water—triethylamine (10 : 1 : 0.3;
11.3 mL). The solution was saturated with H,S by bubbling
the gas in the solution for 1 h at 0 °C. The mixture was
stirred for 36 h before the reaction was completed. The solvent
was evaporated and the residue was dissolved in water. After
addition of 200 pL of acetic acid, the mixture was applied to
a Sep-Pak (C18; 5 g). The salt obtained was eluted through
Amberlite IRA-400 (C17) resin preconditioned with 2 M NaOH
to yield the free amine (124.7 mg; 282 pmol; 87%). A portion
of the material (20.0 mg; 45.0 umol) was dissolved in methanol
(2.0 mL) and butyric anhydride (19 pL; 113 pmol; 2.5 eq.) was
added. After stirring for 2.5 hours the solution was concentrated
and redissolved in water (1.5 mL). The mixture was applied to
a CI18 Sep-Pak cartridge and eluted with water to afford 16
(20.0 mg; 39.0 umol; 86%): [a]p +8.8 (¢ 0.15, H,0). '"H NMR
(600 MHz, D,0): 4 5.86 (ddd, 1H, J,5, = 17.2 Hz, J,5. =
10.5 Hz, J,5; = 7.0 Hz, H-4,,,,,), 5.33 (m, 1H, H-5¢,,,), 5.27
(m, 1H, H-5¢qine), 4.48 (d, 1H, J,, = 8.0 Hz, H-15,.), 4.45 (d, 1H,
Ji, =79 Hz, H-1g,), 4.23 (dd, 1H, J,5; = 7.1 Hz, J,,, = 7.1 Hz,
H-3hine), 4.11 (ddd, 1H, J,5 = 7.1 Hz, J,,, = 6.7 Hz, J,,, =
3.7 Hz, H-2), 4.06 (dd, 1H, J,,,, = 10.5 Hz, J,,, = 6.4 Hz,
H-lag,), 3.98 (dd, 1H, J¢ 6 = 12.3 Hz, J4,5s = 2.1 Hz, H-6ag,),
3.93 (d, 1H, J,; = 3.3 Hz, H-4¢.), 3.83-3.71 (m, 5H, H-6bg,, H-
1Bgphing> H-626.1, H-6bg., H-56.1), 3.68-3.62 (m, 3H, H-3,, H-36,
H-4¢.), 3.60 (m, 1H, H-5¢.), 3.54 (dd, 1H, J,; =99 Hz, J,, =
7.9 Hz, H-2,), 3.35 (m, 1H, H-2g,), 2.23 (t, 2H, J = 7.4 Hz,
CH,C(O)N), 1.62-1.58 (sextet, 2H, J = 7.4 Hz, CH,CHj;), 0.90 (t,
3H,J = 7.4 Hz, CH;). *"C NMR (from HMQC-HMBC spectra):
oc 178.2, 137.2, 119.0, 103.8, 103.2, 79.5, 79.4, 76.4, 75.4, 75.2,
73.5,73.3, 72.8, 71.8, 69.6, 69.4, 62.0, 53.9, 38.8, 19.9, 13.7. ESI
HRMS calcd for C,;H,NO;Na: 534.21571. Found: 534.21514.

0-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(B-p-galactopyranosyl)-(1 — 4)-
O-(p-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-aminohexanamido)-
pent-4-ene-1,3-diol (17). Compound 21 (15.3 mg, 15.9 pmol)
was dissolved in dry degassed methanol (3.0 mL) and sodium
methoxide (275 puL of 0.173 M solution; 47.6 pmol; 3.0 eq.) was
added. The reaction mixture was stirred at 40 °C for 36 h. The pH
of the reaction mixture was adjusted to 9.0 using 0.5 M HCI and
the methanol was evaporated. The compound was purified by
HPLC using a Hamilton PRP-1 semi-preparative column. Elution
with a MeOH-H,O gradient afforded 17 (10.0 mg; 11.5 pmol;
72%). Alternatively, the acceptor 15 (25 mg; 45 umol; 9.0 mM in
reaction) was combined with CMP-sialic acid (135 mg of crude
mixture, estimated 1.3 eq.), 0.5 M MnCl, (100 pL; 10 mM in
reaction), 0.5 M MgCl, (100 uL; 10 mM in reaction), 0.4 M
dithiothreitol (37.5 uL; 3 mM in reaction), a-(2,3)-sialyltransferase
(4.75 mL; ~4.75 U), and alkaline phosphatase (8 uL; 8 U). The
mixture was tumbled gently overnight and then centrifuged at
14000 rpm for 30 min to remove cellular debris. The supernatant
was applied directly to a size exclusion column (Biogel P-4; 50 x
2 cm). Elution with 5% aqueous methanol afforded 17 (31 mg;
36 umol; 80%): [a]p +2.7 (¢ 0.24, H,O). '"HNMR (500 MHz, D,0):
Oy 5.84 (ddd, 1H, J,5, = 17.2 Hz, J,5. = 10.4 Hz, J,; = 7.0 Hz,

H-4,,), 5.31 (ddd, 1H, Js, = 17.2 Hz, Js5, = 1.2 Hz, Jy,, =
1.2 Hz, H-5¢,,), 5.25 (ddd, 1H, Js., = 10.4 Hz, Js.5, = 1.2 Hz,
Jss = 1.2 Hz, H-5¢,,), 4.51 (d, 1H, J,, = 7.9 Hz, H-1¢,), 4.46
(d, 1H, J,» = 7.9 Hz, H-15,), 4.21 (dd, 1H, J5, = 7.0 Hz, J,, =
6.6 Hz, H-3,1n,), 4.12-4.08 (m, 2H, H-2,11n,, H-364), 4.04 (dd, 1H,
Jiuw = 10.5 Hz, J,,, = 6.4 Hz, H-lagy,,), 3.98 (dd, 1H, Joq =
12.3Hz, Jos = 2.2 Hz, H-6ag.), 3.94 (d, 1H, J,, = 3.1 Hz, H-4c,),
3.90-3.73 (m, 5H, H-8y.,, H-5y., H-9ay,, H-6bge, H-1byun,),
3.71-3.67 (m, 3H, H-4y.,, H-6a,, H-6bgy), 3.66-3.61 (m, SH,
H-56.1, H-36, H-dg, H-9by, H-6y), 3.59-3.55 (m, 3H, H-54.
H-7xen, H-264), 3.32 (m, 1H, H-2g.), 2.97 (t, 2H, J = 7.6 Hz,
CH,NH,), 2.75 (dd, 1H, J5s, = 12.2 Hz, Jy., = 4.6 Hz, H-3exo),
2.28 (t, 2H, J = 7.4 Hz, CH,C(0)), 2.03 (s, 3H, C(O)CH), 1.79
(dd, 1H, Jo = 12.2 Hz, Jo,, = 12.1 Hz, H-3ay.), 1.69-1.59
(m, 4H, CH,CH,NH,, CH,CH,C(0)), 1.41-1.34 (m, 2H, CH.).
13C NMR (125 MHz, D,O): dc 177.6, 175.9, 174.7, 137.2, 118.9,
103.6, 103.2, 100.7, 79.2, 76.4, 76.1, 75.6, 75.1, 73.8, 73.7, 72.8,
727, 70.2, 69.5, 69.2, 69.0, 68.4, 63.5, 61.9, 60.9, 53.8, 52.6,
40.6, 40.2, 36.4, 27.4, 26.0, 25.6, 22.9. ESI HRMS caled for
C..HyN,O,,: 846.37193. Found: 846.37177.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 —
4)-O-(p-p-glucopyranosyl)-(1 — 1)-(2.5,3R)-2-(butanamido)-pent-
4-ene-1,3-diol (18). Lactoside 16 (20.0 mg; 36.3 umol) and crude
CMP-Neu5Ac (~47.0 umol; ~11.1 mM in reaction; ~1.2 eq.)
were combined as solids. MnCl, (100 pL of a 0.5 M solution;
10 mM in reaction), MgCl, (100 uL of a 0.5 M solution; 10 mM
in reaction), dithiothreitol (32 uL of a 0.4 M solution; 2.5 mM in
reaction), a-(2,3)-sialyltransferase (4.0 mL; ~4.0 U) and alkaline
phosphatase (5 pL; ~5 U) were then added sequentially and the
mixture was tumbled gently overnight. When the starting material
had been consumed as judged by TLC (CHCl;-MeOH-H,0-
AcOH; 10 : 7 : 1 : 2), the mixture was centrifuged at 14000 rpm
for 30 min and the supernatant was applied to a Sep-Pak (C18; 5
g) which was eluted with water (30 mL), followed by a gradient
of water—methanol. The product obtained was further purified
by HPLC (Kromasil Cg-silica semi-preparative column) using a
gradient of water and methanol as eluents to afford 18 (24.9 mg;
31.0 umol; 79%): [a]p +2.4 (¢ 0.30, H,O). '"H NMR (600 MHz,
D,0): 6y 5.85 (dddd, 1H, J,5, = 17.3 Hz, J,5. = 10.5 Hz, J,5 =
7.1 Hz, J,, = 1.1 Hz, H-4.), 5.32 (m, 1H, H-5¢.), 5.27 (m,
1H, H-5¢pming), 4.52 (dd, 1H, J,, = 7.8 Hz, J,; = 0.9 Hz, H-15,),
447 (dd, 1H, J,, = 7.9 Hz, J,; = 0.9 Hz, H-15,), 4.22 (ddd, 1H,
Jss=7.1Hz,J;, =7.1Hz, J;; = 0.9 Hz, H-3,,), 4.12-4.05 (m,
3H, H-36., H-2gnine> H-1a4mine), 3.99 (d, 1H, Js, 6o = 11.4 Hz, J o, 5 =
1.8 Hz, H-6ag,.), 3.95 (d, 1H, J,; = 2.7 Hz, H-4¢,), 3.90-3.73
(m, 5H, H-8yey, H-5xeu, H-9aye, H-6bgi, H-1bgi), 3.71-3.62
(m, 8H, H-4y.,, H-6ac,, H-6bg,;, H-5c., H-3g., H-4c,, H-9byu,
H-6xc.), 3.60-3.55 (m, 3H, H-56, H-Txeu, H-264), 3.33 (m, 1H,
H-26.),2.75(dd, 1H, J;.3, = 12.3 Hz, J3., = 4.6 Hz, H-3ex..), 2.22
(t, 2H, J = 7.1 Hz, CH,C(0)), 2.03 (s, 3H, C(O)CH;), 1.79 (dd,
1H, J3.5. = 12.3 Hz, J;,, = 12.1 Hz, H-3ay,,), 1.62-1.56 (m, 4H,
CH,CH,C(0), CH,CH,CH,C(0)), 0.89 (t, 3H, J = 9.3 Hz, CH5).
BC NMR (125 MHz, D,0): 6. 178.1, 175.9, 174.8, 137.1, 119.0,
103.6, 103.3, 100.7, 79.2, 76.4, 76.1, 75.6, 75.1, 73.8, 73.7, 72.74,
72.66, 70.3, 69.5, 69.2, 69.0, 68.4, 63.5, 61.9, 61.0, 53.9, 52.6,
40.7, 38.7, 22.9, 19.9, 13.7. ESI HRMS calcd for C;,Hs;N,O,;:
801.31336. Found: 801.31463.
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O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-|2-acetamido-2-deoxy-O-f-D-
galactopyranosyl-(1 — 4)]-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-aminohexanamido)-
pent-4-ene-1,3-diol (19). Compound 22 (6.0 mg; 5.1 umol)
was dissolved in dry degassed methanol (1.5 mL) and sodium
methoxide (89 puL of 0.17 M solution; 15.4 pmol; 3.0 eq.) was
added. The reaction mixture was stirred at 35 °C for 36 h.
The methanol was evaporated, redissolved in water and the
pH of the mixture was adjusted to 9.0 with 1 N hydrochloric
acid. The compound was purified by HPLC using a Hamilton
PRP-1 semi-preparative column. Elution with a MeOH-H,O
gradient afforded 19 (4.0 mg; 3.7 umol; 73%). Alternatively,
UDP-N-acetylglucosamine disodium salt (15 mg; 34 umol;
1.2 eq.) was added to a Falcon tube containing 17 (23.4 mg;
28.0 umol; 1.0 eq.). N-Acetylgalactosaminyl transferase (1.5 mL,
~1.5 U) in 50 mM HEPES, pH 7.5 containing 10% glycerol
(v/v) and UDP-N-acetylglucosamine 4-epimerase (1.5 mL, ~1.5
U) in 0.2 M NaCl, 1.0 mM EDTA, 20 mM HEPES, 5 mM
B-mercaptoethanol, pH 7.0 were added to the mixture, followed
by 75 puL of 0.5 M MnCl, and alkaline phosphatase (Roche
Biosciences) (10 uL; 10 U). The mixture was tumbled overnight
and then centrifuged for 30 min at 14 000 rpm. The supernatant
was applied to a Sep-Pak (C18; 5 g), washed with water and eluted
with a water-methanol gradient. The residue thus obtained was
applied to a Biogel P-4 column (50 cm x 2 cm) and eluted with
5% MeOH-H,O to yield 19 (23 mg; 22 pmol; 79%): [a]p +27.1 (¢
0.24, H,0). '"H NMR (600 MHz, D,0): 6, 5.85 (ddd, 1H, J,5, =
17.2 Hz, J,5. = 10.4 Hz, J,; = 7.0 Hz, H-4,,,), 5.32 (m, 1H,
H-5¢hing), 5.27 (m, 1H, H-5¢gne), 4.73 (d, 1H, J,, = 7.3 Hz,
H-1ganac), 4.52 (d, 1H, J,, = 7.9 Hz, H-1g,), 448 (d, 1H, J,, =
8.0 Hz, H-16,), 4.23 (dd, 1H, J;,=7.0 Hz, J;, = 7.0 Hz, H-3,i0e)»
4.14 (dd, 1H, J;, = 9.8 Hz, J;, = 3.0 Hz, H-35,), 4.12-4.09 (m,
2H, H-46,, H-2e), 4.06 (dd, 1H, J,, , = 10.4 Hz, J,,, = 6.2 Hz,
H-1agne), 3.99 (dd, 1H, J, 6 = 12.2 Hz, Js,s = 1.9 Hz, H-6ag,),
3.93-3.90 (m, 2H, H-4g.nac, H-26unac), 3.87 (dd, 1H, Jo,0 =
12.0 Hz, Jo,s = 2.2 Hz, H-9ay,,), 3.83-3.58 (m, 17H, H-5y.,
H-6bg,, H_lbsphinga H-4xeu, H-564, H-6ac,, H-6bg,, H-Scinac
H-6acunac, H-6bganac, H-8xews H-36amac, H-361c, H-9bxew, H-46c,
H-7xews H-561), 3.49 (dd, 1H, J5s = 10.1 Hz, J4; = 2.1 Hz, H-6x.),
3.36 (dd, 1H, J,; = 9.5 Hz, J,, = 7.8 Hz, H-25,), 3.32 (dd, 1H,
J,5 = 9.2 Hz, J,, = 8.1 Hz, H-2¢,.), 2.98 (t, 2H, J = 7.6 Hz,
CH,NH,), 2.66 (dd, 1H, J;.3, = 12.3 Hz, J;., = 4.3 Hz, H-3ex.),
2.28 (t,2H, J = 7.3 Hz, CH,C(0)), 2.03,2.01 (2 x 5,2 x 3H, 2 x
C(O)CH>), 1.92(dd, 1H, J;,3. = 12.3 Hz, J3,, = 12.3 Hz, H-3ay.,),
1.69-1.60 (m, 4H, CH,CH,NH,, CH,CH,C(0)), 1.40-1.36 (m,
2H, CH,). "C NMR (125 MHz, D,O): d. 177.6, 175.9, 175.7,
174.9, 137.2, 118.9, 103.6, 103.5, 103.2, 102.5, 79.5, 78.0, 75.6
(2C), 75.2,75.1,74.9, 74.0, 73.6, 73.1, 72.7, 72.1, 70.9, 69.6, 69.5,
68.9, 68.7, 63.7, 62.0, 61.5, 61.0, 53.8, 53.2, 52.5, 40.2, 37.9, 36.4,
27.4, 26.0, 25.6, 23.5, 22.9. ESI HRMS calcd for C,,H;3N,Ox:
1049.45131. Found: 1049.45134.

O-(5-Acetamido-3,5-dideoxy-D-glycero-o-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-[2-acetamido-2-deoxy-O-(p-D-
galactopyranosyl)-(1 —  4)]-O-(B-p-galactopyranosyl)-(1 —
4)-O-(B-p-glucopyranosyl)-(1 — 1)-(2S,3R)-2-(butanamido)-pent-
4-ene-1,3-diol (20). UDP-N-acetylglucosamine disodium salt
(15 mg; 18 umol; 1.2 eq.) was added to a Falcon tube containing

18 (12 mg; 15 pumol; 1.0 eq.). Freshly prepared B-(1,4)-N-
acetylgalactosaminyl transferase (2.0 mL; ~1.6 U) in 50 mM
HEPES, pH 7.5 containing 10% glycerol (v/v) and UDP-N-
acetylglucosamine 4-epimerase (2.0 mL; ~2.0 U) in 0.2 M NaCl,
1.0mM EDTA, 20 mM HEPES, 5 mM B-mercaptoethanol, pH 7.0
were added to the mixture, followed by 4.0 uL of 0.5 M MnCl,
(0.5 mM in reaction) and 8 pL (~8 U) of alkaline phosphatase
(Roche Biosciences). The mixture was tumbled gently overnight
and then centrifuged for 20 min at 14000 rpm. The supernatant
was applied to a C18 Sep-Pak cartridge (C18; 5 g), washed with
water and eluted with a water-methanol gradient. The residue
thus obtained was applied to a Biogel P-4 column in 5% aqueous
methanol (50 cm x 2 ¢cm) to yield 20 (13 mg; 13 umol; 83%): [a]p
+14.8 (¢ 0.73, H,0). '"H NMR (600 MHz, D,0): 6, 5.85 (ddd,
1H, J,5, = 17.3 Hz, J,5. = 10.5 Hz, J,; = 7.0 Hz, H-4 ), 5.32
(m, 1H, H-5¢e), 5.26 (m, 1H, H-5¢gu,), 4.73 (d, overlapped
with HOD, 1H, H-1gunac), 4.51 (d, 1H, J,, = 8.0 Hz, H-1,), 4.47
(d, 1H, J,, = 8.0 Hz, H-14,), 4.22 (dd, 1H, J;, = 7.0 Hz, J;, =
7.0 Hz, H-3), 4.14 (dd, 1H, J;, = 9.8 Hz, J;, = 3.0 Hz, H-3g,)),
4.11-4.05 (m, 3H, H-4., H-2 hing, H-1agpmine), 3.99 (dd, 1H, J g, 0 =
12.2 Hz, Je,5s = 1.9 Hz, H-6ag,), 3.92-3.89 (m, 2H, H-45,nac»
H-26.nac), 3.87-3.58 (m, 18H, H-9ay,,, H-5xc, H-6bgic, H-1Dghing,
H-4xei, H-56a, H-6ac,, H-6bgy, H-5canac, H-6acunac, H-6bgamac
H-8xews H-36amacs H-36ie, H-9bnew, H-46e, H-Tnew, H-561), 3.48
(dd, 1H, J¢s = 10.1 Hz, Js; = 1.8 Hz, H-6y.,), 3.37-3.31 (m,
2H, H-2:,, H-26.), 2.65 (dd, 1H, Js.;, = 12.6 Hz, J;., = 4.5 Hz,
H-3enw), 2.22 (t, 2H, J = 7.3 Hz, CH,C(0)), 2.02,2.01 (2 x 5,2 %
3H, 2 x C(O)CH»), 1.91 (dd, 1H, J;,;. = 12.2 Hz, J;,, = 12.2 Hz,
H-3ay..), 1.61-1.55 (m, 4H, CH,CH,CH,C(0), CH,CH,C(0)),
0.89 (t, 3H, J = 7.3 Hz, CH;). "C NMR (125 MHz, D,0): J¢
178.0 (20), 175.9, 174.9, 137.1, 119.0, 103.6, 103.5, 103.2, 102.5,
79.5, 78.0, 75.60, 75.59, 75.2, 75.1, 74.9, 74.0, 73.6, 73.1, 72.7,
72.2,70.9, 69.6, 69.5, 68.9, 68.7, 63.7, 62.0, 61.4, 61.0, 53.9, 53.2,
52.5, 38.7, 37.9, 23.5, 22.9, 19.9, 13.7. ESI HRMS calcd for
CyHgN;0,: 1004.39404 Found: 1004.39400.

Procedure (B) for deprotection and acylation of sphingosine amine
using anhydride

Oligosaccharide 7 or 8 (17-40 pmol) was dissolved in dry methanol
(2.0 mL). Sodium methoxide (~2 eq.) was added and the mixture
was stirred for 3 days at room temperature until completion of
the reaction. The pH of the reaction mixture was adjusted to
9.0 using 0.5 M HCI and the methanol was evaporated. The
compound was purified by HPLC (Hamilton semi-preparative
PRP-1 column) using a MeOH-H,O gradient. A portion of
the amine (15-18 pmol), 6-trifluoroacetamidohexanoic anhydride
(~5.0 eq.), and triethylamine (2-4 eq.) were dissolved in dry
degassed methanol (3.0 mL). The solution was stirred overnight
at room temperature. The mixture was concentrated, redissolved
in water, and applied to a C18 Sep-Pak cartridge. Gradient elution
(MeOH-H,O0) afforded the target compound, which was further
purified by HPLC (Hamilton semi-preparative PRP-1 column)
using a MeOH-H,O gradient.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-trifluoroacetamido-
hexanamido)-pent-4-ene-1,3-diol  (21). Compound 21 was
prepared according to procedure (B). Trisaccharide 7 (33.5 mg;
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40.4 umol) was deprotected and a portion of the amine (14.0 mg;
18.6 umol) was acylated with 6-trifluoroacetamidohexanoic
anhydride (40.5 mg; 92.8 pmol; 5.0 eq.). Work-up and
purification as described in procedure (B) afforded 21
(13.9 mg; 14.4 pmol; 78%): [a]p +16.8 (¢ 0.23, H,0). 'H
NMR (500 MHz, D,0): dy 5.82 (ddd, 1H, J,5, = 17.2 Hz, J,5. =
10.5 Hz, J,; = 7.0 Hz, H-4,,,,,), 5.30 (ddd, 1H, J5,, = 17.2 Hz,
Jsise = 1.1 Hz, J5,5 = 1.1 Hz, H-5t,), 5.24 (ddd, 1H, Js5.4 =
10.5 Hz, Js.5, = 1.1 Hz, Js.; = 1.1 Hz, H-5¢n), 4.50 (d, 1H,
Ji, = 7.9 Hz, H-1g,), 445 (d, 1H, J,, = 8.0 Hz, H-1¢,.), 4.20
(dd, 1H, J;, = 7.0 Hz, J;, = 7.0 Hz, H-3,,,,), 4.10-4.03 (m, 3H,
H-2ine> H-36u, H-1agmine), 3.98 (dd, 1H, Jg, 6o = 12.2 Hz, Jo,5 =
2.2 Hz, H-6aq,.), 3.94 (d, 1H, J,; = 3.0 Hz, H-44,), 3.89-3.61 (m,
13H, H-8xeuw, H-5xews H-9anew, H-6bgi, H-1b e, H-4new, H-6a64,
H-6bg,, H-564, H-361c, H-461e, H-9bxey, H-65e0), 3.59-3.54 (m, 3H,
H-561, H-75ew, H-26a1), 3.32-3.29 (m, 3H, H-2,., CH,NHTFA),
2.75 (dd, 1H, Js3, = 12.3 Hz, Js, = 4.6 Hz, H-3ex..), 2.25 (t,
2H, J = 7.4 Hz, CH,C(0)), 2.02 (s, 3H, C(O)CH;), 1.79 (dd,
IH, J3.5. = 12.3 Hz, J3,, = 12.3 Hz, H-3ay,,), 1.62-1.55 (m, 4H,
CH,CH,NHTFA, CH,CH,C(0)), 1.35-1.30 (m, 2H, CH,). *C
NMR (125 MHz, D,0): o 177.8, 175.9, 174.7, 159.7 (q, Jcr =
37 Hz), 137.2, 119.0, 116.8 (q, Jr = 285 Hz), 103.6, 103.3, 100.7,
79.3,76.4,76.1,75.7,75.1, 73.8, 73.7, 72.8, 72.7, 70.3, 69.5, 69.2,
69.0, 68.4, 63.5, 61.9, 61.0, 60.5, 53.8, 52.6, 40.5, 36.6, 28.3,
26.3,25.8,22.9. ESI HRMS caled for C;Hs;N;0,,F;: 940.33913.
Found: 940.33845.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-|2-acetamido-2-deoxy-O-f-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-trifluoroacetamido-
hexanamido)-pent-4-ene-1,3-diol (22). Compound 22 was
prepared according to procedure (B). Tetrasaccharide 8 (18.8 mg;
17.8 pmol) was deprotected and a portion of the amine (14.7 mg,
15.3 pumol) was acylated with 6-trifluoroacetamidohexanoic
anhydride (30.4 mg; 69.7 umol; 5.0 eq.). Work-up and purification
as described in procedure (B) afforded 22 (13.9 mg; 11.9 umol;
78%): [alp +26.4 (¢ 0.14, H,0). 'H NMR (500 MHz, D,0):
Oy 5.82 (ddd, 1H, J,5, = 17.2 Hz, J,s. = 104 Hz, J,; =
7.0 Hz, H-4,u.,,), 5.28 (ddd, 1H, Js5, = 17.2 Hz, J5; =
1.0 Hz, J5,; = 1.0 Hz, H-5¢,), 5.27 (ddd, 1H, Js., = 10.4 Hz,
Jsess = 1.0 Hz, Js.5 = 1.0 Hz, H-5¢e), 4.72 (d, overlapped
with HOD, 1H, H-1ganae), 4.50 (d, 1H, J,, = 7.9 Hz, H-1g,),
445 (d, I1H, J,, = 8.0 Hz, H-14.), 4.20 (dd, 1H, J;, = 7.0 Hz,
Ji, = 7.0 Hz, H-3,,,,), 4.13 (dd, 1H, J;, = 9.8 Hz, J;, =
3.1 Hz, H-3g,), 4.10-4.04 (m, 3H, H-46,, H-2nine, H-1agmine),
3.97 (dd, 1H, Jg = 12.1 Hz, Jo,5s = 1.6 Hz, H-6a,.), 3.92-3.88
(m, 2H, H-46.nae, H-26anac), 3-85 (dd, 1H, Jo, 0, = 12.0 Hz, Jo, s =
2.2 Hz, H-9ay.,), 3.82-3.57 (m, 17H, H-5xe., H-6bgi, H-1bg5ping,
H-4xew, H-564, H-6ac,, H-6bgy, H-5canac, H-6acunac; H-6bgamacs
H-8xews H-36anacs H-36ie, H-9bxew, H-4Gie, H-Tnew, H-561), 3.47
(dd, 1H, Js5 = 10.1 Hz, J¢, = 2.1 Hz, H-6x.,), 3.36-3.29 (m, 4H,
H-26., H-26., CH,NHTFA), 2.65 (dd, 1H, J3.5, = 12.1 Hz, J54 =
4.3 Hz, H-3en.), 2.25 (t, 2H, J = 7.3 Hz, CH,C(0)), 2.02, 2.01
(2 x5, 2 x 3H, 2 x C(O)CH;), 1.91 (dd, 1H, J3,3 = 12.1 Hz,
Jas = 12.1 Hz, H-3ay.,), 1.63-1.55 (m, 4H, CH,CH,NHTFA,
CH,CH,C(0)), 1.35-1.29 (m, 2H, CH,). "C NMR (125 MHz,
D,0): . 177.8, 1759, 175.7, 174.9, 159.7 (q, Jcr = 37 Hz),
137.2, 118.7, 116.8 (q, Jcr = 286 Hz), 103.6, 103.5, 103.3, 102.5,

79.6, 78.0, 75.6 (2C), 75.2, 75.1, 74.9, 74.0, 73.6, 73.1, 72.7, 72.2,
70.9, 69.6, 69.5, 69.0, 68.7, 63.7, 62.0, 61.4, 61.0, 53.8, 53.2, 52.5,
40.5, 37.9, 36.5, 28.3, 26.3, 25.8, 23.5, 22.9. ESI HRMS calcd for
CyuH7N,OyF;Na,: 1189.39749. Found: 1189.39720.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-
O-(p-p-glucopyranosyl)-(1 — 1)~(2.5,3R)-2-{6~(5-p-nitrophenyloxy-
carbonylpentanamido)hexanamido]-pent-4-ene-1,3-diol (23). The
amine 17 (4.5 mg; 5.2 pmol) was dissolved in dimethylformamide
(1.5 mL), and triethylamine (2.2 pL; 15.6 pmol; 3.0 eq.) was
added. p-Nitrophenyl adipate diester®® (21.0 mg; 5.2 umol,;
10.0 eq.) was added. After 15 min, the reaction was complete as
observed by TLC (CH,Cl,-MeOH-H,0-AcOH; 4 :5:1:0.5).
The pH was adjusted to 5.0 with acetic acid and the reaction
mixture was co-evaporated with toluene (3x). The residue was
suspended in 1% acetic acid solution and filtered through cotton.
The filtrate was concentrated and the residue obtained was
purified by HPLC (Beckman Cs-silica semi-preparative column)
using a gradient of MeOH-H,O containing 1% acetic acid. The
'"H NMR spectrum was acquired in CD;OD. Although visible,
resonances were significantly broadened. ESI HRMS caled for
CysHgN,O: 1093.41946. Found: 1093.41886.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-|2-acetamido-2-deoxy-O-p-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S5,3R)-2-[6-(5-p-nitrophenyloxy-
carbonylpentanamido)hexanamido]-pent-4-ene-1,3-diol (24). The
amine 19 (3.4 mg; 3.2 pmol) was dissolved in dimethylformamide
(1.0 mL) and triethylamine (2.0 uL; 14.2 umol; 4.4 eq.) was added.
p-Nitrophenyl adipate diester® (12.5 mg; 32.2 umol; 10 eq.) was
added. After 15 min, the reaction was complete as observed by
TLC (CH,Cl,-MeOH-H,0-AcOH; 4 : 5: 1 :0.5). The pH was
adjusted to 5.0 with acetic acid and the reaction mixture was
co-evaporated with toluene (3x). The residue was suspended in
1% acetic acid solution and filtered through cotton. The filtrate
was concentrated and the residue obtained was purified by HPLC
(Beckman C;-silica semi-preparative column) using a gradient of
MeOH-H,O containing 1% acetic acid. The '"H NMR spectrum
was recorded in CD;OD. Although visible, the resonances were
significantly broadened. EST HRMS caled for C5,Hg,N5O; Na,:
1342.47892. Found: 1342.47920.

Preparation of tetanus toxoid conjugates 25 and 27

Purified monomeric tetanus toxoid (~6.6 mg mL~") in PBS, pH 7.2
(840 uL for 23, 1.07 mL for 24) was added to the activated sugars 23
or 24 (~30 eq.). The mixture was gently tumbled overnight before
being dialyzed against PBS (5 x 2 L) at 4 °C. The incorporation
level was determined by MALDI mass spectrometry. Results are
presented in Scheme 4.

Preparation of bovine serum albumin conjugate 26

The activated sugar 23 (~30 eq.) was dissolved in water and
bovine serum albumin (4.3 mg) was added. The mixture was gently
tumbled overnight before being dialyzed against water (5 x 2 L)
at 4 °C. The incorporation level was determined by MALDI mass
spectrometry. Results are presented in Scheme 4.
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