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/Abstract: Replacing the interglycosidic oxygen atom of oli-
gosaccharides with a nonhydrolyzable sulfur atom has at-
tracted significant interest because it provides opportunities
for developing new glycoconjugate vaccines. Herein, a ste-
reocontrolled and highly convergent method to synthesize
a non-reducing-end inter-S-glycosidic variant of the GD3 an-
tigen (S-linked a(2—8) GD3) that is resistant to enzymatic
hydrolysis is reported. The key steps in the synthesis are
a regio- and stereoselective a(2—3) sialylation of a lactoside
acceptor with a C8-iodide-derivatized sialyl donor and an
anomeric S-alkylation, which enable stereoselective construc-
tion of a terminal S-linked a(2—8) disialyl residue. The sulf-
hydryl-reactive maleimide group was used as the linker for

the well-defined conjugation of these antigens to the immu-
nogenic protein keyhole limpet hemocyanin (KLH). Groups
of mice were immunized with the GD3-KLH and S-linked
GD3-KLH glycoconjugates in the presence of complete
Freund's adjuvant. Microarray analysis of the sera showed
the promise of the S-linked GD3-KLH vaccine: it stimulated
a high immunoglobulin G response against S-linked GD3
and cross-reactivity with the O-linked GD3 antigen was low.
The activity of the S-linked GD3-KLH vaccine was compara-
ble to that of the O-linked GD3-KLH vaccine, which high-
lighted the effectiveness of generating glycoconjugate vac-
cines and immunotherapies by relatively simple means.

/

Introduction

Gangliosides are unique cell-surface acidic glycolipids com-
prised of one or more sialic acid (N-acetylneuraminic acid,
Neu5Ac) residues at the non-reducing terminus of oligosac-
charide chains.™ Primarily, these glycolipids are components of
the outer leaflet of the plasma membranes of vertebrate cells
and are essential mediators of diverse cellular functions.” Al-
though detectable in normal healthy tissues at low levels,
human tumors of neuroectodermal origin showed aberrant
cell-surface expression patterns of gangliosides. For example,
ganglioside GD3 (1; Figure 1), which is ubiquitous in all types
of tissues and cells in higher vertebrates (including humans), is
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the most-abundant ganglioside in human melanoma and
glioma cells—more abundant than GM2, GM3, GD2, and fuco-
syl-GM1 gangliosides.”! Furthermore, the high surface expres-
sion of 1 on many types of malignant cell often provokes the
immune system to recognize and target these tumor-associat-
ed carbohydrate antigens (TACAs).” Consequently, tumor-de-
rived gangliosides have been extensively considered as immu-
notargets for the treatment of cancer” However, 1 is known
to have low antigenicity because of its self-antigen nature. Fur-
ther studies of GD3-based conjugates showed that 1 can elicit
a T-cell-dependent immune response that is characterized by
immunoglobulin G (IgG) production when tethered to an im-
munocarrier protein such as keyhole limpet hemocyanin (KLH)
and co-administered with an immunological adjuvant such as
QS-21, a saponin natural product.”

Glycoconjugates composed of homogeneous synthetic and
structurally well-defined carbohydrate haptens can enable
better structure-function analysis for the design and optimiza-
tion of oligosaccharide-based vaccines. Unlike vaccine con-
structs of glycoconjugate-derived glycans from natural sources,
these glycotherapeutics possess well-defined and uniform
glycan structures and conjugation sites and, more importantly,
completely lack contaminating immunogens or residual mi-
crobes.”™

Structural modification of cell-surface glycans that mimic
native antigens can induce changes in the immunogenicity
and antigenicity of the original carbohydrate antigen in cancer
cells. One such class of mimics is primarily designed to mini-
mize chemical degradation and enhance metabolic stability to
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Figure 1. Structures of the ganglioside GD3 1, target GD3 antigens 2 and 3, and the corresponding KLH-GD3 glycan conjugates.

endogenous glycosyl hydrolases through the introduction of
hydrolysis-resistant glycosidic linkages such as C- or S-linked
(oligo)saccharides."®'? In solution the latter often show similar
conformations to the corresponding O-glycosides and similar
or even more potent biological activities when bound to a pro-
tein." The average O—C bond length in O-glycosides is typi-
cally 1.42 A, whereas the anomeric S—C bond length in thiogly-
cosides is relatively long at 1.78 A, and therefore thioglycosides
have significantly greater flexibility than natural O-glyco-
sides."™ Consequently, thioglycosides have been considered as
inhibitors for glycoside hydrolases that facilitate crystallograph-
ic characterization of these enzymes." Initial studies demon-
strated that S-linked a.(2—3) ganglioside GM3 trisaccharide an-
tigens conjugated to tetanus toxoid produce antigen-specific,
high-titer immunoglobulin M (IgM) and IgG antibodies in mice,
which exceeds the response from native O-linked antigens."®'”
These findings indicate the potential of S-linked a-sialosides as
therapeutic cancer vaccines.

The stereoselective formation of the a-S-glycosidic bond in
thioglycosides is a notoriously difficult task."® A survey of the
literature revealed that o-S-sialosides are most commonly pre-
pared by an Sy2 reaction of electrophilic glycosides (e.g., -
sialyl chloride) with either non-anomeric or anomeric metal thi-
olates."”?” Despite the almost universal use of B-sialyl chlo-
ride!"*2" for the synthesis of a-S-sialosides, use of this reagent
is often complicated by the competing elimination reaction.”?
Among other reported approaches, anomeric S-alkylation has
been investigated for the synthesis of a-S-sialosides via gener-
ation of a free sulfhydryl group at the anomeric position in
situ.?"?¥ It should be noted that the synthesis of 2-mercapto-
Neu5Ac derivatives suffers from unsatisfactory yields because
of competing reactions such as elimination and disulfide bond
formation under the experimental conditions,”? which further
complicates the formation of the desired thioglycosides. Re-
cently, a more-reactive cyclic N-acetyl-N5,04-oxazolidinone-pro-
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tected sialyl donor with a dibutyl phosphate anomeric leaving
group has been introduced for the synthesis of a-S-sialosides,
which eliminates some of these limitations.””

Previously, we reported the use of sialyl disulfides as nucleo-
philic donors for the exclusive formation of S-linked a(2—09)
disialyl linkages.”™ These unsymmetrical disulfide donors un-
dergo a-selective sialylation by nucleophilic substitution, and
a major advantage is that the tert-butyl disulfide protecting
groups can be readily reduced to thiol moieties, which enables
reactivity tuning at any stage of the Neu5Ac chain elongation.
Furthermore, we extended this novel anomeric S-alkylation
strategy to masked thiosialyl donors that exhibit similar reactiv-
ity in an Sy2 displacement reaction with C8-iodide-activated
electrophilic sialyl acceptors to construct S-linked (2 —8) dis-
ialyl linkages.” Notably, the anomeric configuration of the
active intermediate—a 2-mercapto Neu5Ac derivative, generat-
ed in situ by unmasking tert-butyl disulfide-protected sialosides
by treatment with sodium 2-mercaptoethanesulfonate
(MESNa)—is stable and mutarotation does not occur instanta-
neously, unlike Neu5Ac hemiacetals®” and other sugar hemia-
cetals, which are prone to mutarotation under most condi-
tions. This approach was successfully exemplified in the highly
stereoselective synthesis of S-linked a(2—9)- and a(2—8)-oli-
gosialic acids. However, this versatile strategy has not yet been
applied to the formation of a thioglycosidic bond in complex
gangliosides such as 3 (Figure 2). Synthetic access to the iso-
steric S-linked ganglioside antigen is a prerequisite to further
investigation of structure-function relationships and would be
of significant value to determine the T-cell epitopes of these
conjugates (Figure 1).

Here, we report the first stereoselective synthesis of S-linked
a(2—8) GD3 antigen 3 modified with an amine tether by the
anomeric S-alkylation strategy. We show that the terminal S-
linked (2 —8)-disialyl residue in 3 is completely resistant to
bacterial sialidase hydrolysis. Once synthesized, S-linked GD3
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Figure 2. Retrosynthetic analysis of S-linked GD3 antigen 3 and building blocks for its chemical synthesis.

was conjugated with KLH, and the resulting vaccine (S-linked
GD3-KLH) was used to immunize mice. A comparative microar-
ray analysis of the sera of the immunized mice revealed that S-
linked GD3-KLH induces antibody responses capable of recog-
nizing the original S-linked GD3 3 as well as the native O-
linked GD3 antigen 2.

Results and Discussion

Despite continuing advances in sialic acid-containing glycan
synthesis,?*>% access to a non-natural S-glycosidic linkage such
as that in S-linked GD3 3 (Figure 2) represents a considerable
synthetic challenge. Because the isosteric glycans, GD3 2 and
S-linked GD3 3 contain Neu5Aca(2—3)Gal and Neu5Aca(2—
8)Neu5Ac glycosidic linkages, respectively, the stereoselective
introduction of either molecule is difficult to achieve by chemi-
cal synthesis.®'% In addition, thioether formation by nucleo-
philic substitution at the C8 position in 3 is particularly chal-
lenging because of the low reactivities of the tertiary thiol nu-
cleophile and secondary leaving group. The reaction is also dis-
favored by the sterically crowded tertiary center of the anome-
ric Neu5Ac C2 thiolate moiety. Although chemoenzymatic
methods that use glycosyltransferases are suitable for the
large-scale production of GD3 and its derivatives,®=® this
strategy is not feasible for the analogous S-linked GD3 tetra-
saccharide. Previous studies of glycosyltransferase-catalyzed
glycosidic bond formation with thiol-based acceptors, such as
3'-thiolactosides, showed promising results for the synthesis of
thiooligosaccharides,*” but the generation of inter-S-glycosidic
linkages during S-linked GM3 synthesis was hampered” large-
ly because of substrate intolerance. Thus, chemical synthesis is
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the most-promising route to prepare large quantities of S-
linked carbohydrate antigens.

To probe and overcome this inefficiency, we considered two
synthetic approaches to construct the critical a(2—8)-S-glyco-
sidic linkage in 3 (Figure 2). In the first approach, we envi-
sioned a direct and highly convergent [2+2] assembly of S-
linked disialyl donor 4 and lactose-derived disaccharide accept-
or 6a reminiscent of an a(2—3) sialylation strategy. The S-
linked a(2—8) disialosides 4 and 5 could be prepared by
a highly stereoselective anomeric S-alkylation reaction® be-
tween a highly reactive thiol (generated in situ from 7 or 8)
and C8-iodide-activated acceptor 9 or 10. The second ap-
proach involved stepwise union of a C8-iodide-activated thio-
sialyl donor (11 or 12) with lactoside acceptor 6¢ to form tri-
saccharide 13. This strategy would permit us to exploit a similar
S-glycosidic bond-forming reaction with Neu5Ac 2-thioacetate
82" to form the (2 —8)-S-glycosidic bond by a [1+414-2] glyco-
sylation (Figure 2). To investigate stereoselective a-sialylation
we used building blocks 9-15 modified by a set of carefully
chosen N5-* and hydroxyl-protecting groups, such as trifluor-
oacetyl (TFA),2>*Y cyclic N5,04-oxazolidinone,*” and chloroace-
tyl (CIAQ)™ groups, along with traditional thiosialosides 8 and
16. In addition, we also investigated sialyl donors with a differ-
ent anomeric leaving group (e.g., phosphate 5),%**! as well as
the effect of the solvent on the o-selective sialylation reac-
tion."?*? Furthermore, different masked amines in the hydro-
phobic C6 spacer appended at the reducing terminus of 6
were installed for further conjugation to a carrier protein to
avoid undesired side reactions during the synthesis.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis of S-linked GD3 3 by a [2+2] strategy

The synthesis of S-linked a(2—8) disialosides 4 commenced
with preparation of the two key C8-iodide-activated sialosides
9 and 10, which were crucial electrophiles for the S\2-type dis-
placement reaction. Given the various regioselective methods
available for intramolecular migration of acetyl groups in C9-
OAc derivatives,” we developed an efficient synthesis to
access 21, 22, and related derivatives 23 and 24 from the cor-
responding C7-OAc compounds 17-20 (Scheme 1). Attempts
to transfer the acetate group in 17 from the C7 to C9 carbon
atom by using previously reported conditions (basic resin
Dowex 550 OH7)®” proved sluggish and provided C9-OAc
compound 21 in disappointing yields (< 10%; Table ST in the
Supporting Information). Additional reaction optimization—in-
cluding neutral (MeOH), basic (Et;N), acidic [(4)-10-camphorsul-
fonic acid (CSA)], or Lewis acid (VO(OTf),; Tf=triflyl) condi-

HO AcO

OH OH
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tions—in different solvents and at different temperatures, re-
vealed that this transformation could be accomplished in 62 %
yield in the presence of CSA in CH,Cl, at room temperature
(Scheme 1; Table S1 in the Supporting Information). When
these conditions were applied to 18,%" 19,8 and 20" the re-
gioselective intramolecular acetyl group migration efficiently
produced the C9-OAc derivatives 22-24 (78-86 %). The C8-OH
group in 21-24 was replaced by an iodide group (9-12, 53—
75%, Scheme 1) with inversion of configuration upon treat-
ment with dichlorodimethylsilane and sodium iodide in CH;CN,
by using our previously reported method.”®

The a(2—8)-S-linkage of key disialosides 4a-c (Scheme 2)
was constructed by base-promoted (Et,NH in DMF)®2
anomeric S-alkylation of masked thiols 7 and 8 with C8-iodide
electrophiles 9 and 10, respectively. Thus, thiol nucleophile 25
was formed by cleaving the tert-butyl disulfide 7 with MESNa
(see the Supporting Information for details), and the revealed

COZMe
R’ HN

CH4CN, 0 T ChoN0°C

AcO CH,Cl,, RT,12h ACO
17: R = OAIl, R = TFA 21: R = OAll, R' = TFA (62%) 9: R = OAll, R" = TFA (75%)
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19: R=STol, R' = Ac 23: R = STol, R! = Ac (82%) 11:R = STol, R" = Ac (53%)
20: R=SMe, R' = Ac 24: R = SMe, R = Ac (86%) 12: R = SMe, R = Ac (68%)
Scheme 1. Synthesis of C8-iodosialosides 9-12.
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Scheme 2. Synthesis of a(2—8) S-linked disialosides 4 by a-stereoselective anomeric S-alkylation and partially protected S-linked GD3 tetrasaccharide 29 by

a [2+2] strategy.
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thiol moiety reacted with 10 to yield S-linked a(2—8) disialo-
side 26 (65% yield over two steps) with inversion of the C8
chiral center.

Neu5Ac 2-thioacetate 8 was also a competent nucleophile
for reaction with 10 under basic conditions (Et,NH in DMF); S-
linked Neu5Aco(2—8)Neu5Ac 27 was obtained in 61% yield.
Reacting nucleophile 27 with 9 did not alter the outcome of
the S-alkylation reaction, and the corresponding allyl disialo-
side 28 was formed in good yield (79%). Subsequently, the C7-
OH group in disialosides 26-28 was acylated to provide the
fully protected S-linked a.(2—8) disialosides 4a-c. The S-linked
thiodisialosides 4a and 4b were suitable sialylation donors,
whereas 4b was transformed into highly activated donor 5
(see below). The newly formed a-glycosidic bond of 4a was
unambiguously confirmed by the coupling constants of the
two H3 axial protons (H3,,) with the two methyl ester carbonyl
carbon atoms (C1)***® (3J(C1,H3,,=7.2 and 7.5 Hz, determined
by selective proton-decoupled "*C NMR spectroscopy).?*°" Im-
portantly, no (-anomer was detected by NMR spectroscopy.
Thiosialoside 4b was further transformed into phosphate
donor 5 by treatment with dibutyl phosphate (HOP(O)(OBu),)
in the presence of N-iodosuccinimide (NIS), catalytic triflic acid
(TfOH), and 3 A molecular sieves (MS) at —78°C in a mixture of
CH,Cl, and CH;CN to give an inseparable o/f-mixture (1:0.86)
in 48 % yield.

Our initial efforts towards the direct [2+2] a.(2—3) sialylation
of dibutyl phosphate donor 5 were conducted in 1:1 CH;CN/
CH,Cl, with lactoside 6a" and trimethylsilyl trifluoromethane-
sulfonate (TMSOTf) as the promoter at —78°C, and afforded an
inseparable anomeric mixture of 29 (Table S2 in the Supporting
Information). A similar result was obtained when N5 mono-
TFA-protected 4-thiotolyl donor 4b was subjected to sialyla-
tion with 6a (activation with NIS in the presence of catalytic
TfOH in CH;CN at —35°C). Notably, when the same sialylation
was performed in 1:1 CH;CN/CH,Cl, at —78°C tetrasaccharide
29 was obtained in 40 % yield, with the a-anomer as the major
product (Scheme 2). Disappointingly, the more-reactive N5,N5'-
di-TFA-protected donor 4a was cleanly activated under the
NIS/TfOH conditions, but acceptor 6a remained unreacted and
hydrolysis of 4a was observed. However, an attempt to com-
pletely deprotect 29 in a five-step sequence (Scheme S1 in the
Supporting Information) gave complex product mixtures that
were difficult to purify, and therefore were not advanced fur-
ther. This result highlighted the need for an alternative
[14+1+2] strategy and possibly a more-effective glycosylation
approach (see below).

Synthesis of S-linked GD3 3 by a [1+1+42] strategy

The inability to obtain pure material from the direct assembly
of disaccharide building blocks prompted us to test a stepwise
glycosylation approach for the preparation of sialyllactose de-
rivatives. We focused first on a(2—3) sialylation (Scheme 3).
We anticipated that post-glycosylation modification was antici-
pated would lead to incorporation of a C8-iodide leaving
group on the Neu5Ac residue of GM3 derivatives 13. Treat-
ment of cyclic N5,04-oxazolidinone-protected donor 14" and
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6a with NIS and TfOH (cat.) in 1:1 CH;CN/CH,Cl, provided a-
sialoside 30 in moderate yield (43 %). However, sialylation of N-
TFA-protected thiosialyl donor 15" with 6b (see the Support-
ing Information for details) in acetonitrile at —35 °C significant-
ly increased the yield of trisaccharide 31 (79%). For compari-
son, traditional N-acetyl p-thiotolylsialyl donor 16" was also
coupled to acceptor 6c.*¥ To our delight, (2—3) sialylation
under the same reaction conditions proceeded very cleanly to
produce trisaccharide 32 in 76 % isolated yield with complete
anomeric stereoselectivity. The a-stereochemistry of the newly
formed glycosidic bonds was assigned based on the chemical
shift of the Neu5Ac H3 proton (31: 6 =2.48 ppm, dd, J=13.1,
4.8 Hz, 32: 0=2.52 ppm, dd, J=13.1, 4.7 Hz) and the coupling
constant between the H3 axial proton and the C1 carbonyl
carbon atom of the methyl ester group (d, *J(C1, H3,)=6.5
and 5.7 Hz for 31 and 32, respectively, determined by selective
{"H}"*C NMR spectroscopy).

Installing an iodide leaving group at the C8 position of the
sialic acid moiety in GM3 derivatives 30-32 requires selective
protection of the most-reactive primary hydroxyl group at CO.
Accordingly, removal of the O-ClIAc protecting groups in 30
under basic conditions (Et;N, MeOH) followed by a tempera-
ture-controlled regioselective O-acetylation (AcCl, collidine,
CH,Cl,, —40°C to RT) gave the C9 O-Ac derivative 33 in 60%
yield over two steps. De-O-acetylation of 31 under Zemplén
conditions (NaOMe, MeOH) produced building block 34 (50%),
as well as lactone 36 (25 %), which is a product of lactonization
between the CO,Me moiety of the non-reducing-end Neu5Ac
moiety and the neighboring C4 hydroxyl group of galactose.
By contrast, Zemplén deprotection of 32 produced a modest
yield (45%) of the desired trisaccharide 35 and showed a nota-
ble shift toward lactone 37 (50%). As a representative example
of the proposed C7-to-C9 acetyl group migration in trisacchar-
ide-based substrates, 8,9-O-isopropylidenation of 34 (2,2-dime-
thoxypropane (DMP), CSA, acetone) was performed, and was
followed by acetylation [Ac,O, pyridine, 4-(dimethylamino)pyri-
dine (DMAP) (cat.)] to provide fully protected trisaccharide 38
(89% over two steps). Finally, the 8,9-O-isopropylidene acetal
in 38 was cleaved by trifluoroacetic acid in wet CH,Cl,, and
the primary hydroxyl group of the resulting diol was selec-
tively acetate protected by a CSA-catalyzed acetyl group mi-
gration from C7 to the C9 in CH,Cl, to afford 39 (79% over
two steps).

At this point, the C8-hydroxyl group in these representative
sialosides (33 and 39) needed to be converted to the key C8-
iodide-activated GM3-based trisaccharide acceptors required
for the a(2—8) S-alkylation discussed above (Figure 2). We en-
visioned that this transformation could be accomplished by an
iodotrimethylsilane (generated in situ) catalyzed transposition.
However, treatment of the sterically encumbered C8 alcohols
33 and 39 with dichlorodimethylsilane and sodium iodide did
not form the desired iodide compounds and produced capri-
cious and intractable product mixtures.

Having demonstrated the effective regio- and stereoselective
assembly of GM3 trisaccharide 32, we next evaluated whether
C8-iodide-activated thiosialoside donors 11 and 12 displayed
similar reactivity in an analogous a(2—3) glycosylation
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b
RHN BnO

33: R, R' = N5,04-oxazolidinone, R? = Ac, X = N; (60%, 2-steps)
34: R=TFA, R'=R?=H, X = NHCbz (50%)
35: R = Ac, R" =RZ = H, X = NHTFA (45%)

OBn

Ms

MeOZC
OAC AcO OBn
4> TFAHN

38 (89%, 2-steps)

I
| : o,zﬂe%c ey
Nal, CLSi{CH3),
TFAHN BnO
CH3CN
40

a
. M &ym

OH
/%/ NHCb ef
BnO ‘M z — - TFAHN
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4 3
RO OR MeOzC HO _OBn

Ms

30: R, R' = N5,04-oxazolidinone,

R2=R3=R*=ClAc, X = N, (43%)
31:R=TFA R'=
32:R=R'=

R2 =R3=R* = Ac, X = NHCbz (79%)
R?=R®=R* = Ac, X = NHTFA (76%)

o)
o)
g
OBn

36: R = TFA, X = NHCbz (25%)
37: R = Ac, X = NHTFA (50%)

AcO  OH MeO,C ACO _OBn

&&/
BnO

39 (79%, 2-steps)

M NHCbz

MNHCbz

Scheme 3. Reagents and conditions: a) NIS, TFOH, CH,CN/CH,Cl, (1:1 v/v), 3 A MS, —78°C to —50°C for 30; NIS, TfOH, CH,CN, 3 A MS, —35°C for 31 and 32;

b) MeOH, Et;N; then AcCl, collidine, CH,Cl,,

—40°C to RT for 33; NaOMe, MeOH for 34 and 35; c) 2,2-dimethoxypropane, CSA, acetone; d) Ac,0, pyridine,

DMAP (cat.), RT, 12 h; e) trifluoroacetic acid, H,0/CH,Cl, 0°C, 10 min; f) CSA, CH,Cl,, RT, 12 h. Cbz = carbobenzyloxy, Bn =benzyl.

(Scheme 4). Use of an N5-acetyl protecting group in 11 and 12
eliminated the requirement for additional reinstallation steps,
which further simplified the final-stage modification. More im-
portantly, the C8-iodide leaving group on these donors makes
them competent electrophiles for post-glycosylation nucleo-
philic substitution with 2-mercapto Neu5Ac derivatives. Donors

11 and 12 were prepared in a similar manner to that outlined
above for the synthesis of 9 and 10 (Scheme 1). Gratifyingly,
both donors were reactive to acceptor 6 c under NIS/TfOH-pro-
moted conditions in CH;CN at —35°C, and 13 was obtained in
satisfactory yields (41% from 11; 56% from 12). Again, full
characterization confirmed the excellent regio-(2—3) and ste-

CO,Me AcO | MeO,C
LA éc, NIS, TfOH {_OH HO o8 o
- -
AcHN SR : AGHN Q7 ™o &5 Oy NHTFA
AcO CH4CN, 3 A MS, AcO BnO OBn 6
R -35°C,1h
: =10 o o
12:R = Me 13 (41% from 11, 56% from 12)
AcO OAc
pAC COzMe
AcHN Q
AcO  AcO MeO,C
8 OH 2Y HO _0Bn OBn
750 &&/O&éﬁ/o NHTFA
Et,NH, DMF, RT, 12 h AcHN o] BnO e
AcO BnO OBn
41 (55%)
Scheme 4. Synthesis of partially protected S-linked a.(2—8) GD3 41.
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reoselectivity (o anomer, d, *J(C1”,H3",,) =6.3 Hz) of the sialyla-
tion reaction. Because the iodide leaving group is positioned
at C8 of the non-reducing-end Neu5Ac residue in 13, subse-
quent nucleophilic attack by the thiol generated in situ from 8
proceeded stereoselectively to produce protected S-linked
0(2—8) GD3 tetrasaccharide 41 in moderate yield (55 %).

The final synthetic challenge was the deprotection of S-
linked a(2—8) GD3 tetrasaccharide 41. Birch reduction condi-
tions have previously been effective for benzyl ether deprotec-
tion in S-linked GM3 derivatives."” The deprotection of nine
base-sensitive protecting groups (acetyl esters, methyl esters,
and trifluoroacetamide) also further complicated the sequence.
Various conditions were tested for sequential and simultaneous
removal of the benzyl ethers and base-labile protecting groups
(Table 1). However, saponification (NaOH, MeOH) of 41 fol-
lowed by a dissolving-metal reduction of the resulting inter-
mediate was impractical and inferior for S-linked GD3-based
substrates. The desired S-linked GD3 glycan 3 was obtained in
only 48% yield over two steps (Table 1, entry 1). When catalytic
hydrogenation (H,, Pd/C) was performed instead of Birch re-
duction 8"-deoxy trisaccharide 42 (identified by HRMS (ESI); m/
z caled for CyHgN,0,5 [M+H]': 717.3293; found: 717.3293)
was the major product, obtained by hydrogenolytic cleavage
of the terminal S-linked Neu5Ac moiety (Table 1, entry 2). The
diminished yield of 3 reported in Table 1, entry 1 was probably
due to competition from this undesired side reaction. Gratify-
ingly, catalytic hydrogenation (H, Pd/C, EtOH) followed by
saponification afforded the target S-linked (2 —8) GD3 glycan
3 in good yield (77%, over two steps; Table 1, entry 3). Addi-
tionally, the linker was suitable for site-selective conjugation to
a carrier protein (see below).

Enzymatic synthesis of GD3 2

Chemical a-O-sialylations,”** particularly the formation of

Neu5Aca(2 —8)Neu5Ac disialyl linkages, often pose significant
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Table 1. Establishing the optimal sequential deprotection conditions for
41.
HO OH;OH coH
AcHN 2
HOHOQ S HOC o oy OH
A A oo
AcHN o HO oy NHz
HO OH OH 6
Conditions 3
HQ HPHHOQC HO Dg {Eg
AcHN 2 o-—%ﬁ/%gx—‘ﬁf‘jw””z
HO OH OH 6
a2
Entry Conditions 42 Yield of 3 [%]
1 i) NaOH (aq.), MeOH - 48
i) Na, NH; (I), —78°C
2 i) NaOH (aq.), MeOH major -
i) H,, Pd/C, MeOH, H,0/AcOH
3 i) H,, Pd/C, EtOH - 77
i) NaOH (aq.), MeOH

synthetic challenges. Therefore, enzymatic synthesis with bac-
terial sialyltransferase (SiaT) Cst-Il from Campylobacter jejuni
was applied to prepare amine-tethered GD3 tetrasaccharide 2.
C. jejuni Cst-ll is a bifunctional a(2—3/8) SiaT that transfers
Neu5Ac to both 3-O-Gal and 8-O-Neu5Ac residues.”® To simpli-
fy the synthesis, a sequential one-pot method was applied
(Scheme 5).

First, cytidine-5"-monophosphosialic acid (CMP-Neu5Ac) was
generated by using CMP-Neu5Ac synthetase (CSS, from Neisse-
ria meningitides), cytidine-5-triphosphate (CTP), and Neu5Ac
(5 equiv), followed by addition of lactoside 6d®” and C. jejuni
Cst-ll to produce GD3 derivative 43 (41%) and trisialylated
product 44 (30%). Traces of higher oligomers were detected
but not isolated. Catalytic hydrogenation (H,, Pd/C) of 43 in
methanol produced amine-tethered GD3 2 (in essentially quan-
titative yield), which was used for enzymatic stability studies

HO OR

pH “0,C
AcHN

HOC OH OH Neu5Ac, CMP-Neu5SAc,
0 0 Cst-1l, IP, CTP
HO%%&/O\M’GM
CH OH Tris buffer (pH 8.5),
6d Mg?*, 37 °C

HO OH

0
HO o
HO on 0:C HO _oH OH
0 0
o 2507 SR TR o
HO OH OH

43: R=H (41%)
44: R = a-Neu5Ac (30%)

H,, Pd/C
MeOH

oH OC
AcHN

Scheme 5. One-pot enzymatic synthesis of GD3 2.
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and converted to the sulfhydryl-selective maleimide derivative
45 (see below).

Stability of GD3 2 and S-linked GD3 3 against sialidase

With the key GD3 glycans 2 and 3 in hand, their stabilities
during enzymatic hydrolysis by sialidase were examined." Sia-
lidases are hydrolytic enzymes that cleave the Neu5Ac residues
on glycolipids or glycoproteins.®® Bacterial Vibrio cholerae siali-
dase was chosen due to its accessibility and greater substrate
promiscuity. The hydrolysis of compounds 2 and 3 (6 mm) was
performed with sialidase (10 pL, 0.106 U of activity), and the re-
action was monitored by following the equatorial H3 protons
(H3.,) of the Neu5Ac moieties of these glycans by 'HNMR
spectroscopy (Figure 3).

As expected, incubating GD3 glycan 2 with sialidase for
30 min led to a significant decrease of the H3,, proton signals
(0=2.78 and 2.68 ppm) and a new peak was observed cen-
tered at 6=2.21 ppm, which corresponds to the H3,, proton
of -Neu5Ac (Figure 3a versus b). As the enzymatic reaction
progressed, complete hydrolysis of both the a(2—8)- and in-
ternal a(2—3)-linkages occurred within 120 min of incubation
(Figure 3¢). Due to the exoglycosidase activity of used siali-
dase, the hydrolysis is assumed to occur at the non-reducing-
end Neu5Ac residues®™ to give o-Neu5Ac with concomitant
mutarotation to thermodynamically favored f-Neu5Ac in solu-
tion. In contrast, no evidence was observed (within the NMR
detection limit) for the cleavage of either the terminal S-linked
a(2—8) or internal a(2—3) Neu5Ac moiety in 3 after 72 h in-
cubation (Figure 3d versus f). These results indicate that S-
linked GD3 antigen 3 is metabolically stable, and support the
view that the inter-S-a(2—38) link is not enzymatically hydrolyz-

(c)
B-Neub5Ac
H-3eq H-3ax
,\;J’u“L'l MJL 4 _,M.NL J‘JJ IM_J‘LJU'" L)l'/ ,fm \L'
(b)
H-3eq l H-3ax
Ill A } | | ’U“JJ\
~--~J“'L-J““JU‘\._MM__,J“W LV
(a)
H-3ax
| H-3eq ‘ | |
";”lﬂ L l\ﬂ\_n.ﬂr.\wm__ _)\/‘Jll Ul i
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able, which prevents cleavage of the terminal Neu5Ac residue
by sialidase.

Preparation of KLH-GD3 glycan conjugates

Glycans are typically weakly immunogenic and are often T-cell-
independent antigens. However, a strong T-cell immune re-
sponse® can be stimulated by conjugating glycan antigens
with a highly immunogenic carrier protein. KLH was chosen as
the foreign carrier protein due to its low cost, accessibility, and
proven efficacy as a carrier protein for a clinical GD3 vaccine
against melanoma.® The strong Michael-type reaction be-
tween sulfhydryl groups and maleimides was selected for the
antigen—protein conjugation chemistry.*'"*® To obtain the con-
jugate, synthetic amine-tethered GD3 glycans 2 and 3 were re-
acted with a heterobifunctional cross-linker (6-maleimidocapro-
ic acid N-succinimidyl ester) to produce maleimide derivatives
45 (79%) and 46 (70%), respectively (Scheme 6). Next, the
lysine residues of KLH were derivatized by treatment with
Traut’s reagent (2-iminothiolane) to produce thiolated KLH.*”
On average, 2200 sulfhydryl groups were grafted onto KLH (es-
timated by using Ellman’s reagent [5,5-dithio-bis(2-nitrobenzoic
acid)]).

Subsequently, maleimide derivatives 45 and 46 were conju-
gated to iminothiolane-derivatized KLH in phosphate buffer
(0.1™m, pH 7.2) at ambient temperature for 24 h. After dialysis,
the glycan-KLH conjugates 2-KLH and 3-KLH were ready for
immunization. Approximately 1530 (for 2) and 1730 haptens
(for 3) were loaded per KLH molecule with a conjugation effi-
ciency of 17 and 20%, respectively (determined by Warren’s
assay and Ellman’s test). Compared with previous results for
ganglioside GD3 conjugation to KLH by reductive amination,®
the current protocol provides a higher degree of glycan load-

(f)

(e)

H-3
H- Seq ax

W

L)

(d)

H-3ax

Iy

31 30 29 28 2? 26 25 24 23 22 241 20 19 18 1?

32 31 30 29 28 2? ZB 25 24 23 22 21 20 19 ppm

Figure 3. Comparing the hydrolytic stability of O-linked (2) and S-linked GD3 (3) glycans toward V. cholerae sialidase. Partial 'H NMR (400 MHz, D,0) spectra of
2 and 3 at different incubation times. Compound 2: a) 0 min, b) 30 min, and ¢) upon complete hydrolysis. Compound 3: d) 0 min, €) 30 min, and f) 72 h.
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triethanolamine (50 mM), 0
NaCl (0.15 M), H Y asx —
EDTA (5 mM) Oy N N iX= 0]
=0 My 46: X = S (70%) o
o} e}
N 1~6
Phosphate buffer (0.1 M, pH 7.2) o)
(Thiolated KLH) RT, 24 h n
2-KLH (O-linked GD3-KLH): n = 1530
3-KLH (S-linked GD3-KLH): n = 1730
OH OH
e on HOZC W OHHOZC
AcHN AcHN
HO HO OHHOQ HO _OH HO HO OHHozc HO _OH
. 0 o]
Glycan = AcHN &/8&%’03 AcHN %ﬂ’é&/o:‘
O-linked GD3: 2 S-linked GD3: 3
Scheme 6. Preparation of KLH-glycan conjugates 2-KLH and 3-KLH.
ing to the carrier protein. The key to achieving a superior epi- 5009 o akiH Adsd
tope ratio is presumably the covalent attachment of the linkers 400{ a 3-KLH at
to the preactivated biomolecules by the efficient Michael-type 300
ey . 1 n
addition reaction. > -
& 2004
A
100
Immunogenicity of 2-KLH and 3-KLH - am
—h
. .. . . O - e B yyve s — |
The immunogenicity of both O-linked and S-linked GD3-KLH

vaccines was evaluated in vivo. The vaccine was formulated by
dissolving the immunogen in phosphate-buffered silane (PBS),
which was then mixed (1:1 v/v) with Freund’s complete adju-
vant. BALB/c mice were immunized by subcutaneous injection
of linker 47 (see Supporting Information, Figure S2), 2, 3, 2-
KLH, or 3-KLH vaccine (antigen: 20 ng, n=6 per group) into
the abdominal region on day 0, 14, and 28. Two weeks after
the last immunization, sera from the immunized mice were col-
lected to assess the level of antibody against O-linked GD3
glycan 2 and S-linked GD3 glycan 3 antigens by using a glycan
microarray printed with 2, 3, and linker 47. One-way analysis
of variance and Tukey's post-hoc test were used to determine
differences among the groups.

As shown in Figure 4, 3-KLH stimulates a higher titer of IgG
than 2-KLH against the corresponding self-antigens (454.3 +
24.88 versus 126.9+118.8, p<0.0001), which indicated that
the S-linked vaccine exhibited better immunogenicity than O-
linked 2-KLH for self-antigens. The relatively low antibody re-
sponse of 2-KLH relative to 3-KLH might be due to the flexi-
bility of the terminal S-glycosidic linkage in 3,'® as well as the
nature of S-linked GD3 as a foreign antigen, which is in con-
trast to the endogenous nature of O-linked GD3. Furthermore,
the results of the cross-reactivity test showed that the IgG
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Figure 4. Evaluation of the immunogenicity responses of the 2-KLH (m) and
3-KLH (a) vaccines in vivo. Sera were collected two weeks after the third im-
munization with linker-KLH, 2-KLH, and 3-KLH, and the binding of IgG to S-
linked GD3 3, O-linked GD3 2 and linker 47 was determined by glycan mi-
croarray. Each point represents the result from one mouse and the horizon-
tal black line (—) is the average of the indicated group.

titers to the modified antigen (2-KLH: 2 versus 3, p=0.042; 3—
KLH: 2 versus 3, p<0.0001) stimulated by both vaccines are
low. Notably, no statistical difference was observed for the
levels of IgG against the O-GD3 antigen between mice treated
with 2-KLH (126.9+118.8, and 3-KLH (35.03+62.91, p=0.09).
It should be noted that the immune response of a carbohy-
drate-based vaccine also depends on the carrier protein and
the adjuvant, which remains to be explored further.®™ In addi-
tion, no apparent binding of IgG to the linker was observed,
which suggests that the linker does not stimulate an immune
response.®® These results indicate that an S-linked carbohy-
drate antigen may serve as a stable mimic of its O-linked coun-
terpart.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@"* ChemPubSoc
etas Europe

Conclusions

A straightforward method was developed for the stereoselec-
tive synthesis of a non-natural S-linked GD3 antigen. This syn-
thetic strategy offers opportunities for the preparation of other
biologically relevant oligosaccharides that feature non-natural
inter-S-glycosidic linkages. The covalent attachment of malei-
mide-derivatized GD3 glycans to thiolated KLH permits the de-
velopment of more-precisely defined vaccine candidates. The
S-linked GD3-KLH conjugate elicited antibodies against not
only the S-linked GD3 antigen but also the O-linked GD3 anti-
gen. In addition to paving the way for the development of car-
bohydrate-based therapeutic vaccines, we anticipate that this
approach will prove valuable for accessing other complex sia-
loconjugates of medical interest.

Experimental Section
Amine-tethered GD3 2

Compound 43 (12 mg, 11 umol) was dissolved in methanol (4 mL)
then Pd/C (2 mg) was added. The mixture was stirred at RT under
an H, atmosphere for 6 h. The catalyst was removed by filtration,
and the filtrate was concentrated under vacuum. The amine prod-
uct 2 was used in the next step without further purification. [a]ézz
—0.2 (c=1.0 in H,0); 'HNMR (400 MHz, D,0): 6=4.52 (d, J=
8.0 Hz, 1H), 4.47 (d, J=8.0 Hz, 1H), 4.21-4.11 (m, 2H), 4.08 (dd, J=
9.6, 1.3 Hz, 1H), 4.01-3.86 (m, 7H), 3.81 (dd, J=10.0, 4.0 Hz, 2H),
3.76-3.53 (m, 16H), 3.35-3.27 (m, TH), 2.99 (t, J/=7.5 Hz, 1H), 2.78
(dd, J=12.3, 2.2 Hz, 1H), 2.68 (dd, J/=12.0, 2.0 Hz, 1H), 2.06 (s, 3H),
2.03 (s, 3H), 1.74 (t, J=123 Hz, 1H), 1.73 (t, J/=12.0 Hz, 1H), 1.69-
1.59 (m, 4H), 1.45-1.35 ppm (m, 4H); *C NMR (100 MHz, D,0): 6 =
174.89, 174.87, 173.4, 173.2, 102.6, 102.0, 100.5, 100.1, 78.1, 78.0,
75.4,75.2, 74.7, 743, 73.9, 72.8, 72.6, 71.7, 70.3, 69.19, 69.17, 684,
68.0, 67.8, 67.4, 62.5, 61.5, 61.0, 60.0, 52.2, 51.7, 40.4, 39.7, 39.3,
28.3, 26.5, 25.1, 24.4, 22.2, 22.0 ppm; HRMS (ESI-TOF): m/z calcd for
CaHeoN;0,,Na: 1046.4016 [M+Na]*; found: 1046.4009.

S-linked GD3 3

Compound 41 (30 mg, 16 umol) was dissolved in ethanol (5 mL)
then Pd/C (60 mg) was added. The mixture was stirred at RT under
an H, atmosphere for 18 h. The catalyst was removed by filtration,
and the filtrate was concentrated under vacuum. The resulting resi-
due was dissolved in MeOH (2.5 mL) then 1~ NaOH (aqg.) (2.5 mL)
was added. The reaction mixture was stirred for 4 h at RT then
neutralized with 1N HCl (ag.) and concentrated under reduced
pressure. The crude product was eluted through a BioGel P-2 gel
(packed in a BioRad column #737-1576, 1.5x75cm) with 5%
MeOH/H,0 to afford 3 (12.8 mg, 77% over two steps). [a]¥’= + 8.8
(c=0.4 in H,0); "H NMR (600 MHz, D,0): 6 =4.55 (d, J=7.9 Hz, 1H),
446 (d, J=8.0Hz, 1H), 4.06 (dd, J=9.9, 29 Hz, 1H), 4.0-3.95 (m,
2H), 3.93-3.89 (m, 2H), 3.87-3.78 (m, 5H), 3.73-3.54 (m, 14H),
3.53-3.48 (m, 1H), 3.28 (t, J=8.6 Hz, 1H), 3.15 (dd, /=12.9, 2.9 Hz,
1H), 2.99-2.94 (m, 2H), 2.88 (dd, J=13.1, 7.8 Hz, 1H), 2.79 (dd, J=
12.6, 4.6 Hz, 1H), 2.71 (dd, J=12.3, 44 Hz, 1H), 2.02 (t, J=10.9 Hz,
6H), 1.77 (t, J=12.6 Hz, 1H), 1.75 (t, J=12.3 Hz, 1H), 1.68-1.58 (m,
4H), 1.43-1.33 ppm (m, 4H); *CNMR (150 MHz, D,0): 6=175.9,
175.8, 175.4, 174.8, 103.4, 103.0, 100.7, 85.6, 79.1, 76.5, 76.1, 75.8,
75.6, 754, 73.8, 73.6, 72.8, 714, 71.3, 71.2, 70.5, 69.6, 69.5, 69.2,
68.3, 63.5, 62.0, 61.1, 52.7, 41.9, 40.7, 404 (2C), 33.1, 294, 275,

Chem. Eur. J. 2017, 23, 6876 — 6887 www.chemeurj.org

6885

CHEMISTRY

A European Journal

Full Paper

26.2, 25.5, 23.1, 23.0 ppm; HRMS (ESI-TOF): m/z calcd for
CuoHeoN;0,6NaS: 1062.3788 [M+Na]™; found: 1062.3739.

Compound 13

A representative procedure for the synthesis of 13: A mixture of
donor 12 (72 mg, 0.13 mmol), acceptor 6c (86.6 mg, 0.09 mmol),
and activated molecular sieves (4 A) in MeCN (2 mL) was stirred at
RT for 30 min under an argon atmosphere. The mixture was then
cooled to —35°C. NIS (59 mg, 0.26 mmol) and TfOH (3 uL, 26 umol)
were added to the reaction mixture at —35°C. When the reaction
was complete (determined by TLC analysis), the reaction mixture
was neutralized with NEt; then diluted with CH,Cl,. The solution
was filtered through a Celite pad, and the filtrate was washed with
a saturated aqueous solution of sodium thiosulfate then brine. The
organic layer was dried over anhydrous MgSO,, filtered, and con-
centrated under reduced pressure. The residue was purified by
silica gel column chromatography (1:1 EtOAc/hexane, R;=0.25) to
afford 13 (73.3 mg, 56%). [a]}’=+0.6 (c=1.0 in EtOAc); 'H NMR
(600 MHz, CDCl,): 6 =7.40-7.13 (m, 25H), 6.21 (s, 1H; NHTFA), 5.88
(d, J=8.0Hz, 1H; NHAc), 4.98 (d, J=10.7 Hz, 1H), 492 (ddd, J=
12.1, 10.7, 4.7 Hz, 1H; H-4"), 4.84 (d, J=11.1 Hz, 1H), 4.73-4.65 (m,
6H), 451 (d, J=7.8Hz, 1H), 448-4.41 (m, 3H), 434 (d, J=12.1 Hz,
1H), 432 (d, J=7.8 Hz, TH), 4.07 (dd, J=9.5, 3.3 Hz, 1H), 3.98 (ddd,
J=12.1, 104, 8.2 Hz, 1H; H-5"), 3.93-3.85 (m, 2H), 3.82 (brs, 1H),
3.73 (s, 3H), 3.71-3.67 (m, 2H), 3.66-3.60 (m, 3H), 3.58 (dd, J=10.5,
1.7 Hz, 1H), 3.55 (d, J=6.7 Hz, TH), 3.54-3.44 (m, 5H), 3.44-3.39
(m, 2H), 3.36 (dd, J=8.2, 6.9 Hz, TH), 3.33 (dd, /=44, 2.2 Hz, 1H),
3.23 (dt, J=13.3, 6.6 Hz, 2H), 2.62 (d, /=79 Hz, 1H), 2.46 (dd, J=
12.9, 46 Hz, 1H; H-3",), 2.07 (s, 3H), 2.05 (s, 3H), 1.99 (s, 3H), 1.97
(t, J=129Hz, 1H; H-3",), 1.62-1.56 (m, 2H), 1.50-1.43 (m, 2H),
1.42-134 (m, 2H), 1.32-1.26 ppm (m, 2H); *CNMR (150 MHz,
CDCly): 0=172.8, 172.1, 169.7, 168.5, 157.1 (q, J(C,F)=36.6 Hz),
139.1, 138.9, 138.8, 138.4, 138.3, 128.24 (4(C), 128.23, 128.19, 128.1
(40), 128.0 (20Q), 127.9 (20), 127.8 (4C), 127.5, 127.44 (3Q), 127.44,
127.35, 127.2, 115.8 (q, J(C,F) =287.6 Hz), 103.51, 102.5, 98.0, 82.9,
81.8, 78.3, 76.1, 754, 75.2, 75.1, 74.8, 74.1, 73.2, 73.1, 72.3, 70.1,
69.5, 69.2, 68.6 (2C), 68.3, 67.9, 53.0, 51.7, 39.8, 36.6, 29.7, 294,
28.8, 26.3, 25.6, 23.1, 21.2, 21.0, 9.8 ppm; HRMS (ESI-TOF): m/z
caled for C;;HgN,0,,F;Nal: 1509.4618 [M+Na]*: found: 1509.4625.

Compound 41

Diethylamine (12 puL, 0.11 mmol) was added to a solution of nucle-
ophile 8 (25 mg, 45.4 umol) and electrophile 7 (67.6 mg, 45 umol)
in DMF (1 mL). The mixture was stirred at RT for 12 h then the re-
action mixture was concentrated under vacuum. The residue was
dissolved in EtOAc then washed with water and brine. The organic
layer was dried over anhydrous MgSO, and concentrated under re-
duced pressure. The residue was purified by silica gel column chro-
matography (1:1 EtOAc/hexane + 10% MeOH, R;=0.25) to afford
41 (46 mg, 55%). [a]32=f1.7 (c=1.0, EtOAc); "H NMR (600 MHz,
CDCly): 6=7.40-7.15 (m, 25H), 6.28 (s, TH), 5.93 (d, /=8.8 Hz, 1H),
5.34-5.31 (m, 1H), 5.09 (d, J=10.2 Hz, 1H), 5.00 (d, /=10.8 Hz, TH),
491 (ddd, J=12.1, 10.8, 4.5 Hz, 1H), 4.83 (d, J/=11.1 Hz, 1H), 4.80-
4.75 (m, 1H), 4.72-4.66 (m, 4H), 449-4.43 (m, 4H), 4.35-4.30 (m,
3H), 4.18 (d, J=2.7 Hz, 1H), 4.08 (dd, /=9.6, 3.3 Hz, 1H), 4.06-4.00
(m, 2H), 3.92-3.85 (m, 3H), 3.78-3.66 (m, 14H), 3.57-3.44 (m, 6H),
3.36-3.32 (m, 2H), 3.25-3.20 (m, 2H), 3.05 (dd, J=13.7, 2.8 Hz, 1H),
2.84 (s, 1H), 2.80 (dd, J=13.7, 10.1 Hz, 1H), 2.59 (dd, J=127,
4.6 Hz, 1H), 2.42 (dd, J=12.8, 45 Hz, 1H), 2.13 (s, 3H), 2.09 (s, 3H),
2.07 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H), 1.97
(t, J=12.8Hz, 1H), 1.85 (t, J=12.7 Hz, 1H), 1.84 (s, 3H), 1.63-1.56
(m, 2H), 1.50-1.42 (m, 2H), 1.41-1.34 (m, 2H), 1.32-1.26 ppm (m,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2H); CNMR (150 MHz, CDCly): 6=172.6, 171.5, 1709, 170.7,
170.24, 170.16, 169.9 (2C), 168.7, 168.5, 157.1 (q, J(C,F)=37.9 Hz),
139.1, 138.89, 138.85, 138.7, 138.4, 128.22 (2C), 128.21, 128.19,
128.16 (4C), 128.11 (2C), 128.0 (2C), 127.81 (4Q), 127.8 (2C), 127.4
(4Q), 127.3, 127.2, 127.1, 115.8 (q, J(C,F)=288.6 Hz), 103.5, 102.43,
98.0, 82.9, 82.1, 81.8, 78.4, 76.6, 76.0, 75.4, 75.11, 75.07, 74.8, 74.0,
73.8, 73.2, 73.1, 72.8, 70.0, 69.7, 69.5, 69.0, 68.6, 68.5, 68.4, 68.0,
67.9, 67.6, 61.9, 53.0, 52.8, 50.9, 49.3, 39.8, 37.6, 36.5, 31.7, 29.4,
28.8, 26.3, 25.6, 23.2, 23.1, 21.3, 21.1, 20.9, 20.8, 20.78, 20.76 ppm;
HRMS (ESI-TOF): m/z caled for CgH,,,N;055F;NaS: 1888.6905
[M+Na]*; found: 1888.6904.

Compound 45

N,N-Diisopropylethylamine (3.2 uL, 23 pmol) was added to a solu-
tion of GD3 2 and commercially available 6-maleimidohexanoic
acid N-hydroxysuccinimide ester (7.2 mg, 23 pmol) in DMF (0.8 mL).
The reaction mixture was stirred at RT for 2 h then concentrated
under vacuum. The residue was eluted through a BioGel P-2 gel
(packed in a BioRad column #737-1576, 1.5%x 75 cm) with water to
afford 45 (9mg, 67%). [aly=-22 (c=0.89 in H,0); 'HNMR
(600 MHz, D,0): 6=6.79 (s, 2H), 4.48 (d, J=7.8 Hz, TH), 442 (d, /=
79 Hz, 1H), 418-4.08 (m, 2H), 4.04 (d, J/=10.0 Hz, TH), 3.97-3.81
(m, 7H), 3.77 (d, J=5.5Hz, 1H), 3.75 (d, J=5.7 Hz, 1H), 3.69-3.49
(m, 16H), 3.46 (t, J=6.6 Hz, 2H), 3.25 (t, J=8.6 Hz, 1H), 3.11 (t, J=
6.6 Hz, 1H), 2.73 (dd, J=12.1, 4.0 Hz, TH), 2.63 (dd, J=11.7, 3.1 Hz,
1H), 217 (t, J=7.4Hz, 2H), 2.02 (s, 3H), 1.98 (s, 3H), 1.69 (t, /=
12.1 Hz, 2H), 1.59-1.48 (m, 6H), 1.48-1.40 (m, 2H), 1.36-1.24 (m,
4H), 1.24-1.15 ppm (m, 2H); *CNMR (150 MHz, D,0): 6 =177.6,
175.9 (2C), 174.5, 174.35 (2Q), 174.32, 135.32, 135.26, 103.7, 103.0,
101.5, 101.2, 79.2, 79.0, 76.4, 76.2, 75.8, 75.4, 75.0, 73.8, 73.6, 72.7,
71.5, 70.3, 69.5, 69.1, 68.9, 68.4, 63.5, 62.5, 62.1, 61.0, 60.3, 53.2,
52.7, 415, 40.7, 40.1, 385, 36.6, 29.6, 29.2, 28.3, 26.7, 26.3, 25.9,
25.6, 23.3, 23.0 ppm; HRMS (ESI-TOF): m/z calcd for CsoH;oN,O50:
1215.4779 [M—H]"; found: 1215.4768.

Compound 46

Compound 46 (6 mg, 63%) was prepared from S-linked GD3 3
(8 mg, 77 umol) by following the same procedure described above
for the synthesis of 45. [a]¥=+10.8 (c=0.56 in H,0); 'H NMR
(600 MHz, D,0): 6 =6.80 (s, 2H), 4.55 (t, J=6.7 Hz, 1H), 444 (d, /=
8.0 Hz, 1H), 4.06 (dd, J=9.9, 3.1 Hz, 1H), 3.99 (dd, J=8.1, 3.1 Hz,
1H), 3.96 (dd, J=12.3, 2.3 Hz, 1H), 3.92-3.76 (m, 7H), 3.72-3.52 (m,
15H), 3.52-3.48 (m, TH), 3.47 (t, J=6.9 Hz, TH), 3.28-3.24 (m, TH),
3.15 (dd, J=13.2, 3.2 Hz, 1H), 3.12 (t, J=6.9 Hz, 2H), 2.87 (dd, J=
13.1, 79 Hz, 1H), 2.78 (dd, J=12.4, 48 Hz, 1H), 2.70 (dd, /=124,
4.6 Hz, 1H), 2.17 (t, J=7.2 Hz, 2H), 2.00 (s, 3H), 1.99 (s, 3H), 1.75 (t,
J=124Hz, 2H), 1.62-1.51 (m, 6H), 1.49-1.43 (m, 2H), 1.37-1.27
(m, 4H), 1.25-1.18 ppm (m, 2H); "CNMR (150 MHz, D,0): 6=
176.6, 174.9, 174.8, 174.4, 1739, 1733 (2Q), 1342 (2C), 1024,
102.0, 99.7, 84.5, 78.0, 75.4, 75.0, 74.7, 74.6, 74.4, 72.8, 72.6, 71.8,
70.5, 704, 70.2, 69.5, 68.6, 68.5, 68.2, 67.3, 62.5, 61.0, 60.1, 59.3,
51.6, 40.8, 39.6, 39.1, 37.4, 35.5, 32.1, 28.6, 28.1, 27.2, 25.7, 25.3,
249, 246, 221, 219ppm; HRMS (ESI-TOF): m/z caled for
CsoHyoN,0,05: 1231.4551 [M—H]~; found: 1231.4562.

The animal experiment protocol has been reviewed by the Institu-
tional Animal Care and Use Committee of Chang Gung University
and the Committee recognizes that the proposed animal experi-
ment follows the guideline as shown in the Guide for Laboratory
Animal Facilities and Care as promulgated by the Council of Agri-
culture.
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