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RESULTS

hHGF in plasma and tissues. In the hindlimb receiving the
adenoviral vector (Ad.CAG-HGF), hHGF levels peaked at
435 = 0.03 ng/mg 3 days after injection; no hHGF was
detected in the hindlimbs of LacZ-treated mice (Fig. 14).
Plasma hHGF also peaked 3 days after injection of Ad.CAG-
HGF (3.25 * 0.85 ng/ml), and significant levels were sustained
for an additional 9 days thereafter (Fig. 1B). Myocardial hHGF
levels showed a similar pattern (Fig. 1C).

Effects of hHGF gene delivery on cardiac function and
pathalogy. All mice in each group remained alive 4 wk after
doxorubicin administration. Echocardiography and cardiac
catheterization showed that, compared with the saline-treated
controls, mice receiving doxorubicin had significant deteriora-
tion of left ventricular (LV) functionality characterized by an
enlargement of the LV cavity and decreased LV fractional
shortening and =dP/de (Fig. 2). The delivery of the hHGF gene
significantly attenuated the doxorubicin-induced impairment of
cardiac function.

No significant difference was observed in the heart weight-
to-body weight ratios among the groups (saline, 3.78 = 0.01;
doxorubicin with LacZ, 3.87 = 0.01; and doxorubicin with
hHGF, 3.71 = 0.01 mg/g). On the other hand, an examination
of transverse sections of hearts stained with hematoxylin-eosin
revealed that the sizes of cardiomyocytes (expressed as the
transverse diameters) from the group receiving doxorubicin
plus LacZ were significantly smaller than those in the saline
group (11.5 + 022 vs. 13.8 £ 0.37 pm, P < 0.05) and that
hHGF delivery exerted a significant protective effect against
such doxorubicin-induced cardiomyocyte atrophy (transverse
diameter, 13.4 * 0.18 pum) (Fig. 3). Similarly, when we
assessed myocardial fibrosis using Sirius red-stained sections,
we found significantly greater fibrosis in the group receiving
doxorubicin plus LacZ than in groups receiving saline (0.99 =
0.05% vs. 0.55 * 0.04%, P < 0.05) or doxorubicin plus hRHGF
(0.58 + 0.04%) (Fig. 3). Myocardial capillary density, which
we assessed based on Flk-1 immunostaining, was unaffected
by either doxorubicin or hHGF treatment (Fig. 3). Immunohis-
tochemical analysis also revealed that CD45-positive leukocyte
infiltration did not differ among the groups (Fig. 3).

Degenerative changes within cardiomyocytes caused by
doxorubicin were clearly evident under an electron micro-
scope, which confirmed previously described findings in doxo-
rubicin-induced cardiomyopathy (16, 30). These changes were
characterized by myofibrillar derangement and disruption and
by increases in the volume of subcellular organelles such as
mitochondria (Fig. 3). These degenerative changes were sig
nificantly mitigated by hHGF gene transfer. No apoptotic cells
were ever detected by electron microscopic observation of
cardiac tissue from any of the groups.

TUNEL-positive cardiomyocytes were detected, though
very rarely, and the incidence was not affected by either
doxorubicin administration or hHGF gene transfer (saline,
0.04 * 0.03%:; doxorubicin plus LacZ, 0.06 = 0.03%; and
doxorubicin plus hHGF, 0.05 = 0.04%). Consistent with that
finding, the active (cleaved) form of caspase-3 was not detecl-
able in hearts from any of the groups by Western blot analysis
(data not shown). The absence of apoptotic cells in the present
model confirms earlier studies (16, 17). In addition, prolifer-
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ating cardiomyocytes, as indicated by the presence of Ki-67,
were never detected (data not shown)

Expression of c-Met/HGF receptor. The HGF receptor has
been identified as c-Met, the product of the c-Met proto-
oncogene (5, 6). Western blot analysis revealed that the ex
pression of the c-Met/HGF receptor was significantly down
regulated in doxorubicin-treated hearts but was greatly en-
hanced by hHGF gene transfer (Fig. 4A). Consistent with this
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finding, immunohistochemical analysis showed c-Met to be
expressed on cardiomyocytes and to be more strongly ex-
pressed in hHGF-treated hearts (Fig. 48).

Expression of GATA-4 and MHC. GATA-4 is a key tran
scriptional factor-regulating expression of sarcomeric proteins
in the heart (22, 23). Myocardial levels of GATA-4 were
significantly reduced by doxorubicin, confirming earlier re-
ports (4). This reduction was significantly reversed by hHGF
gene transfer (Fig. 5A). Likewise, the level of MHC was
significantly reduced by doxorubicin, and this inhibitory
effect was also significantly reversed by hHGF gene therapy
(Fig. 5A).

Expression of TGF-B1 and cyclooxygenase-2. Doxorubicin
had no significant effect on the expression of TGF-B1 or
cyclooxygenase-2 in hearts 4 wk after administration, and
neither was affected by hHGF gene transfer (Fig. SB, data not
shown).

Fig. 7. A Western blot analysis of the effects of hHGF
gene transfer on myocardial expression of phosphorylated
(p)-Akt and p-ERK. Activity of Akt and ERK is expressed,
respectively, as the p-Akt-to-total Akt and p-ERK-to-total
ERK mtio. *P < 0.05 vs. sham group; #P < 0.05 vs. the
Dox + LacZ group. B: effect of the p42ipsd MAPK
inhibitor PD-98039 (PD) on Dox-induced cardiomyopathy
(protocol 2). Westemn blot and densitometric analyses of the
effect of PD on myocardial expression of GATA4, *P <
0.05 vs. control group; #P < 0.05 vs. Dox + HGF group
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In vitro effect of hHGF on cardiomyocytes. Doxorubicin
exerted a significant atrophic/degenerative effect on cultured
neonatal mouse cardiomyocytes, but this effect was largely
reversed by an application of recombinant hHGF (Fig. 6A).
hHGF affected the cardiomyocytes in a dose-dependent man-
ner. Western blot analysis revealed that doxorubicin signifi-
cantly reduced expression of MHC in cultured cardiomyocytes,
but the expression was restored by the addition of hRHGF 1o the
cultures (Fig. 68).

ERK activity. ERK/MAPK and phosphatidylinositol 3-ki-
nase (PI3K)/Akt are known to be components of major signal-
ing pathways downstream of c-Met/HGF receptor (9, 24).
Neither doxorubicin-induced cardiomyopathy nor the effects of
hHGF gene transfer was found to be related to the activation
(phosphorylation) of Akt in the heart 4 wk after doxorubicin
treatment (Fig. 7A). In contrast, ERK phosphorylation, and
thus its activation, was markedly diminished by doxorubicin,
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and that effect was significantly attenuated by hHGF treatment
(Fig. 7A).

To further examine the role played by ERK activation in
mediating the cardioprotective effects of hHGF, we next tested
the effect of inhibiting ERK activation using the MEK1-p42/
pd4 MAPK-specific inhibitor PD-98059 (protecol 2). When
administered to mice along the hHGF gene, PD-98059 sup-
pressed the hHGF-mediated reversal of doxorubicin's inhibi-
tion of GATA-4 expression (Fig. 7B). Moreover, PD-98059
significantly suppressed the HGF-mediated improvement in
cardiac function and histology, i.e., the increase in cardiomyo-
cyte size and the reduction in myocardial fibrosis (Table 1).
This suggests that the ERK pathway is critically involved in the
protective effect exerted by hHGF against doxorubicin-induced
cardiomyopathy.

DISCUSSION

The present study provides clear evidence of the beneficial
effects of HGF gene delivery on the cardiac dysfunction
associated with doxorubicin-induced cardiomyopathy, a non-
ischemic cardiomyopathy. The principal pathological findings
were that HGF prevented doxorubicin-induced atrophic degen-
eration of cardiomyocytes and myocardial fibrosis. The mech-
anism of action of HGF in this model differs from that seen in
cases of myocardial infarction, where HGF reportedly en-
hances the survival of ischemic cardiomyocytes (27, 36).
Notably, HGF exerted its therapeutic effects despite the fact
that the cardiomyopathy was well established.

Mechanisms underlying the cardioprotective effects of HGF.
Our findings suggest that several factors contribute to the
cardioprotective effects of HGF against doxorubicin-induced
cardiomyopathy. The first is that HGF mitigates the evoked
atrophic degeneration of cardiomyocytes. The sarcomeric pro-
tein MHC is important for the structural integrity and function
of cardiomyocytes, and its myocardial expression is reportedly
downregulated by doxorubicin (11), an effect we confirmed in
the present study. Our new finding is that HGF significantly
restored the expression of both MHC and GATA-4 in the
presence of doxorubicin, We suggest that GATA-4 is crucially
involved in the antiatrophic effect of HGF, since GATA-4 is
known to be a key regulator of heart development, to regulate
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myocardial expression of MHC and troponin 1 (22, 23) and 10
be depleted in doxorubicin-induced cardiotoxicity (4). Our
results not only confirm those earlier findings but also demon-
strate that HGF restores GATA-4 expression, even in the
presence of doxorubicin.

¢-Mel/HGF receptor signaling is known 10 activate ERK/
MAPK and PI3K/Akt signaling pathways (9, 24). both of
which are implicated in myocardial hypertrophy (2, 5). Our
findings suggest that altered signaling via ERK, but not Akt,
is involved in doxorubicin-induced cardiomyopathy, which is
consistent with a recent study showing that ERK activation is
significantly diminished during the chronic stage of doxorubi-
cin-induced cardiomyopathy (3 wk after doxorubicin adminis-
tration) (20). Given that another study, in which isolated rat
heart was subjected to excessive LV wall stress (induced by
balloon inflation), showed MAPK (p38 and ERKs) to be
involved in the activation of GATA-4 binding to DNA (35), we
suggest that HGF exerts its cardioprotective effects by restor-
ing activity in ERK/MAPK signaling pathway.

The HGF gene therapy significantly restored the doxorubi-
cin-induced decrease in c-MetVHGF receptor expression in the
heart, which is compatible with previous findings (18, 27): the
increase in c-Met may be related to the autoinduction of gene
expression triggered by HGF (27). However, immunohisto-
chemistry showed cytoplasmic staining although c-Met is a
membrane protein. One possible explanation for this discrep-
ancy is the thickness of the sections (4 pm) relative to myocyte
size (12 pm). A second possible explanation is the diffusion of
diaminobenzidine products during the staining procedure. It is
also possible that cytoplasmic staining is not an artifact but
rather represents an abnormal distribution of excessive protein.
Thus further studies are desirable in the future on the subcel-
lular localization of c-Met in cardiomyocytes at the electron
microscopic level.

Recent findings suggest that apoptosis among cardiomyo-
cytes is a leading cause of cardiac dysfunction in doxorubicin-
induced cardiomyopathy (13, 36). This hypothesis remains
controversial, however, because the cardiomyocytes in ques-
tion do not show the typical apoptotic morphology ( 16, 17, 30,
38). Seeking evidence of doxorubicin-induced apoptosis/cell
death, we previously conducted a series of TUNEL assays,

Table 1. Effects of inhibiting ERK activity with PD-98059 on LV function and histology 4 wk after administering saline or
doxorubicin followed by LacZ or human HGF gene therapy: protocol 2

Sham (protocol 1) Sham + PD-98059 Dox + HGF (protocel 1) Dox + HGF + PD-98059
n 1 7 9 iy
Function
LVDd, mm 378+0.12 3.79+0.03 377=0.10 3.93+0.09
LVFS, % 292+1.61 30.7x0.42 252+108 20.9%0.96*
+dP/dr, mmHg/s 7,708 = 845 6,596 1,075 8.27+936 5,012 +607*
~dP/dr, mmHg/s ~6,568 =364 -6,355£976 ~8.524+718 ~5,434£779*
LVSP, mmHg 80.5+2.21 73.5+5.40 03.9+436 70.4=585%
Heart rate, beats/min 512£37 523260 520=36 492=24
Histology
Myocyte size, jum 13.820.37 13.5+020 13.4+0.18 12.4%0.32%
Fibrosis, % 0.55+0.04 D48+0.04 0.58+0.04 069001
Flk-1* vessels/HPF 279379 IT2+232 306604 212+31.8
CD45* cells/HPF 0+0 0x0 0.02=0.04 0x0

Values are means = SE, n, number of animals/group. Dox. doxorubicin, HGF, hepatocyte growth factor; LVD, left ventnicular (LV) end-diastolic diameter,
LVFS, LV fractional shortening, *dP/dr, maximum and minimum first derivative of pressure; LVSP, LV peak systolic pressure; HPF, high-power field. *P <

0.05 vs. corresponding group with PD-98059
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electron microscopic examinations, and analyses of myocardial
caspase-3 activation in the same animal model, but we detected
no effect of doxorubicin on the incidence of apoptosis/cell
death (17). We have now confirmed those findings. In the
present study, mice received a single dose of doxorubicin, and
the survival rate was [00% in all groups. This suggests the
doxorubicin insult may have been too weak to induce cardiac
cell death and weaker than the insults induced in earlier
models. This may also hold true for our in vitro model.

HGF has been reported to be angiogenic (18, 28, 34), but we
detected no doxorubicin-induced reduction in capillary den-
sity, nor did HGF promote capillary outgrowth, indicating
that angiogenesis likely plays no mechanistic role in doxo-
rubicin-induced cardiomyopathy or the cardioprotective ef-
fects of HGF.

Limitations of the study. We observed that doxorubicin stim-
ulates the development of myocardial fibrosis and that HGF
suppresses this pathological process. Although TGF-B1 is a potent
stimulator of fibrosis in the failing heart, its involvement in
doxorubicin-induced cardiomyopathy was challenged in a recent
repori (19). Consistent with that report, we found no significant
doxorubicin-induced changes in the expression of TGF-Bl.
Therefore, although several studies suggest the mechanism
underlying the antifibrotic effect of HGF is related, at least in
part, to the inhibition of TGF-B1 secretion (28, 34), in the case
of doxorubicin-induced cardiomyopathy, HGF appears to di-
minish fibrosis via a different mechanism. It is also known that
doxorubicin induces cardiac expression of cyclooxygenase-2
(1), which occupies a central position in the biosynthesis of
proinflammatory prostaglandin E;, prostacyclin and thrombox-
ane Aj, and that inhibition of cyclooxygenase-2 improves
cardiac function in a model of doxorubicin-induced cardiomy-
opathy (10). Actually, we previously observed expression of
cyclooxygenase-2 1o be upregulated 2 wk after doxorubicin
injection, but that is a more acute stage than the one studied
here (16, 17). We did not see greater expression of cyclooxy-
genase-2 in the present 4-wk model, where significant infiltra-
tion of inflammatory cells also was not seen. Still, we cannot
exclude the possibility that cyclooxygenase-2 contributes to the
etiology of myocardial fibrosis in doxorubicin-induced cardio-
myopathy. Our results also indicate that ERK inhibition blocks
the antifibrotic effect of HGF in the present model; thus,
further investigation will be needed to precisely define the
mechanisms operating.

HGF reportedly exerts myocardial regeneration by mobiliz-
ing bone marrow-derived cells to the myocardium (15), and
cardiac stem cells reportedly express c-Met/HGF receptors (12,
37). Although we did not directly evaluate the contribution
made by cardiomyocyte regeneration (either from bone mar-
row cells or cardiac stem cells) to the beneficial effects of
HGF, our immunohistochemical analysis of Ki-67, which
showed an absence of cardiomyocyte proliferation, suggests
that it is unlikely that cardiomyocyte regeneration plays a role
in the present model. This result of ours seems to be in contrast
with the previous study by Iwasaki et al. (12), which reported
enhanced cardiomyocyte proliferation and increased Scal-
positive cardiac progenitor cells in doxorubicin-induced car-
diomyopathy by a specific delivering method of HGF (intra-
venous injection of HGF delivered by ultrasound-mediated
destruction of microbubbles). In addition, the peak plasma
HGF concentration should have been widely different between

HGF UENF TI’IERJ\P\' TU CARDIOM"!'OPATHY

the studies. Iwasaki et al. (12) intravenously gave 10 pg of
HGF per animal (—20 g body wt), whereas in our study the
plasma HGF concentration attained 3 days after gene delivery
was 3.25 = 0.85 ng/ml. These methodological differences
might have a strong bearing on the different observations
between the studies. Further studies are needed to focus spe-
cifically on the biological effect of HGF on stem cells.

Conclusion. The present study provides the first evidence of
the beneficial effects of HGF gene transfer in doxorubicin-
induced cardiomyopathy. These effects include the attenuation
of atrophic degeneration of cardiomyocytes and the reduction
of myocardial fibrosis, accompanied by the restoration of
myocardial expression of GATA-4 and sarcomeric proteins.
Ouwr findings also suggest that HGF-mediated ERK activation
is associated with these beneficial effects and may thus under-
lie the cardioprotection provided by HGF gene transfer.
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Ahtract—(‘m-hohydmt: chip technology has a great potential for the high- lhmushput evaluation of carbohydrate-protein interac-
tions. Herein, we report syntheses of novel sulfated oligosaccharides possessing heparin and heparan sulfate partial disaccharide
structures, their immobilization on gold-coated chips to prepare array-type Sugar Chips, and evaluation of binding potencies of pro-
teins by surface plasmon resonance (SPR) imaging technology. Sulfated oligosaccharides were efficiently synthesized from glucosa-
mine and uronic acid moieties. Synthesized sulfated oligosaccharides were then easily immobilized on gold-coated chips using
previously reported methods. The effectiveness of this analytical method was confirmed in binding experiments between the chips
and heparin binding proteins, fibronectin and recombinant human von Willebrand factor Al domain (rh-vWf-Al), where specific
partial structures of heparin or heparan sulfate responsible for binding were identified.

© 2008 Elsevier Ltd. All rights reserved

Carbohydrate chips and related array technologies' *
have attracted a great deal of attention as a powerful
tool for glycomics. Like DNA* and protein chips,® they
can rapidly and simply evaluate carbohydrate-protein
interactions in parallel, with a minimum amount of
sample. Our ongoing research involves this functional
analysis of sulfated polysaccharides such as heparin
(HP) and heparan sulfate (HS).* HP and HS are
highly sulfated polysaccharides and belong to the gly-
cosaminoglycan (GAG) superfamily. They are among
the most complex of carbohydrates, and play a signif-
icant role in biological processes through their binding
interactions with numerous proteins,® such as growth
factors, cytokines, viral proteins, and coagulation fac-
tors, among others. HP/HS have a basic structure com-
posed of a repeating = or B(l1,4)-linked disaccharide

Keywords: Sugar; Carbohydrate; Chip; Heparin; Heparan sulfate;

Carbohydrate-protein interaction; Surface plasmon resonance; SPR;

SPR-imaging.

* Syntheses of sulfated olig haride of heparin and heparan sulfate
partial structures and their application to Sugar Chips are described.
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moiety which is derived from uronic acid (either glucu-
ronic acid or iduronic acid) and N-acetyl-glucosamine
residues. In general, HP/HS chains are very heteroge-
neous and contain innumerable substitution patterns
due in part to some randomness in the multiple enzy-
matic modifications in their biosynthesis. This hetero-
geneity makes it difficult to elucidate the structure-
function relationships of HP/HS at the molecular level.
Therefore, structurally defined HP/HS sequences are
necessary for the precise elucidation of the mode of
HP/HS actions on their target molecules, So far, many
synthetic efforts have been dedicated to the synthesis of
HP/HS fragments.®® 47

Previously, we have reported that a specific disaccharide
unit in HP, O-(2-deoxy-2-sulfamido-6-0-sulfo-a-n-
glucopyranosyl)-(1-4)-2-0-sulfo-a-L-idopyranosyluronic
acid (abbreviated as GIcNS6S-1doA2S), is a key unit
for binding to human platelets® and von Willebrand
factor (vWI),'"” and that the clustering of these disac-
charides significantly enhanced the interaction.'"""? To
systematically investigate heparin’s binding propertics,
we have developed a method™ for the immobilization
the sulfated oligosaccharide onto a gold-coated chip,
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and have devised an analytical system using surface systems can be applied to the investigation of the bind-
plasmon resonance (SPR) technology, which permits ing interactions of a variety of structurally defined
their real-time study without further labeling. These oligosaccharides.

/ e (@\Hj\/\/\g‘z

HO

OH

HP/HS partial structure

1, GIcNS6S-1d0A2S: R'=SOy, R%=S0y, R*=S0y, X=H, Y=CO;
2, GIcNS-IdoA2S: R'=80y, R%=H, R*=80y, X=H, Y=CO’

3, GItNS6S-GleA: R'=80y, R?=S0;, R*=H, X=CO;, Y=H

4, GIcNS-GleA: R'=805, R%=H, R*H, X=COy, Y=H

Figore 1. Sulfaled disaccharide partial str of heparin/heparan sulfate,
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MeOH/THF (1:1), 70%: (¢) SO,Pyr in Pyr; (d) HFPyr in Pyr; (e) 10% PA-C, H, (1 kg/em®) in THE/MeOH (2:1); () SOsPyr in Hx0; (g) 10% Pd-C,
H (7 kglem®) in HyO/ACOH (5:1), 29% (5 steps); (h) NaBH;CN in DMAHOACOH (1:1:0.1), 82%.
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To better understand the HP/HS disaccharide structures
involved in specific protein interactions, we designed three
kinds of sulfated trisaccharide ligand conjugates 2-4 con-
taining the disaccharide units as shown in Figure I;
GIcNS-1doA2S (2): 0-(2-deoxy-2-sulfamido-a-p-gluco-
pyranosyl)-(1-4)-2-0-sulfo-2-1-idopyranosyluronic acid,
GleNS6S-GleA (3): 0-(2-deoxy-2-sulfamido-6-0-sulfo-
a-p-glucopyranosyl)-( 1-4)-a-p-glucopyranosyluronic
acid, GleNS-GIcA (4): 0-(2-deoxy-2-sulfamido-o-p-glu-
copyranosyl)-(1-4)-a-p-glucopranosyluronic acid. The
disaccharide units contained in ligand conjugates 1-4 of
Figure 1 are frequently found in HP/HS disaccharide unit.

For efficient synthesis, four monomeric building blocks
were prepared. 2-Azido glucose derivative 5. idose deriv-
ative 6, and 4,6-benzylidene glucose derivative 17 were
used for glucosamine, iduronic acid, and glucuronic acid

HO: o HO
OBn b OBn ol o] 0, CBn
Ph ogoct, + e | Ph OBn —— (.0Bn OBn
NH BnO BnO HO BnO
0Bz QBn OH OBn OBn OBn
17 Ohc 18
0,
ofch
NH

7

moieties, respectively. Selective sulfation onto glucosa-
mine and iduronic acid or glucuronic acid moieties can
be carried out by an appropriate functionalization.
The 6-OH glucose derivative 7 was used as the reducing
end for the conjugation to linker molecule 16 after
deprotection on the glucose, which works not only as
a reducing end donor for reductive amination but also
as the hydrophilic moiety in the molecule to minimize
any non-specific hydrophobic interactions between the
linker and target proteins or cells.

The synthesis of ligand conjugate 2 containing GlcNS-
IdoA2S unit was carried out as shown in Scheme 1. Tri-
saccharide 8, which was grupamd according to the meth-
od reported previously,'* was selectively protected by r-
butyldimethylsilyl (TBDMS) group. The methyl ester of
trisaccharide 9 was hydrolyzed and the remaining 2’-hy-
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ming GleN565-GleA and GlNS-GlcA, respectively. Reagents and conditions: (a) BF;OFi;,

MS4AP in CHyCly, —20°C; (b) 0.1 M NaOMe, 90% (2 steps); (¢) NaH, BnBr in DME, 0 °C — 11, 88%; (d)16% TFA, 8% MecOH in CHCls,
0 °C — rt, 93% () TEMPO, KBr, NaClO in CH2Cly; TMSCHN;, 83% (2 steps); (1) TBDMSOTS, MS$AP in toluene, -20 °C, 84%: (2) S M NaOH
in MeOH/THF (1:1), 8%%; (h) SOsPyr in Pyr; 10% Pd-C, Hy (1 kgfem®) in THF/H,O (2:1); SOsPyr in HsO (pH 29.5); 10% Pd-C, H; (7 kgem?) in
HyO/ACOH (5:1), 28% (4 steps); (i) 10% Pd-C, H; (1 kg/em®) in THF/H,O (2:1); SO3Pyr in MeOH/H;0 (3:2); 10% Pd-C, H; (7 kgfem®) in HsO/
MeOH/ACOH (5:5:2), 39% (3 steps); (j) NaBHsCN in DMAGHLO/ACOH (1:1:0.1), 62%; (k) NaBH;CN in DMAC/HsO/ACOH (1:1:0.1), 50%,
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droxy group was sulfated using sulfur trioxide-pyridine
complex at room temperature. After removing the
TBDMS group with HFpyridine complex, the azido
group was reduced using a catalytic amount of Pd-C un-
der hydrogen atmosphere and the resulting amino group
was N-sulfated. All benzyl protecting groups were
removed by hydrogenolysis using catalytic Pd-C to give
the desired (risaccharide 15. Finally, the reductive ami-
nation of trisaccharide 15 with linker compound 16
was performed using NaBH;CN to afford the desired li-
gand conjugate 2 in good yield, Compound 2 was puri-
fied by gel-filtration chromatography with Sephadex G-
25 fine and confirmed by 'H NMR and ESI-TOF/MS
analyses."?

The syntheses of ligand conjugates 3 and 4 were carried
out in the same fashion as the syntheses of 1 and 2
(Scheme 2). Glycosylation of 6-OH glucose 7 and imi-
date 17 with trimethylsilyl trifluoromethanesulfonate
(TMSOTT) as a promoter and treatment of the resultant
with NaOMe gave disaccharide 18 in a good yield. The
resulting hydroxy groups of 18 were then protected with
a benzyl group. After removal of the benzylidene group,
the primary 6'-OH group was selectively oxidized to car-
boxylic acid using 2,2.6,6-tetramethyl-1-piperidinyloxy
(TEMPO)."* The resulting carboxyl group was esterified
with (trimethylsilyl)diazomethane to afford the disac-
charide 20. The 2-azido imidate 5 was condensed with
disaccharide 20 using TBDMSOTY at —20°C to give
selectively an a-linked trisaccharide 21.'"'* Hydrolysis
of the acetyl group and methyl ester was then carried
out using aqueous NaOH to give the common interme-
diate 22 for trisaccharides 23 and 24. The sullated trisac-
charide 23 was obtained by O-sulfation of the 6"-
hydoxyl group and reduction and N-sulfation of 2'-azi-
do group was followed by hydrogenolysis. Conversely,
the sulfated trisaccharide 24 was prepared by the same
method as the synthesis of trisaccharide 23, omitting
the O-sulfation. The ligand-conjugates 3'® and 4'7 were
synthesized in satisfactory yields as similar to the de-
scribed procedure for compound 2.

Binding interactions were investigated by use of the SPR
imaging sensor.'® When fibronectin was tested (Fig. 2),
specific binding interactions were clearly observed with
compounds 1 (GleNS6S-1doA2S, Kp = 5.5 nM) and 3
(GIcNS6S-GleA, Kp = 6.5nM), but not with com-
pounds 2 (GIcNS-IdoA2S, Kp =30nM) and 4
(GIcNS-GleA. Kpy = 33 nM). These results indicate that
the N-sulfation and 6-O-sulfation of glucosamine in HP/
HS are important for fibronectin binding, while 2-0-sul-
fation of iduronic acid is less important. Recently,
Couchman and coworkers showed that N-sulfation of
glucosamine was essential for fibronectin binding and
2-O-sulfation of iduonic acid or 6-O-sulfation of gluco-
samine has marginal effects.'” Additionally, N-sulfation
and 6-O-sulfation of glucosamine were important for fo-
cal adhesion formation through syndecan-4, heparan
sulfate proteoglycan. Our results are in agreement with
those data.

In contrast, when recombinant human vWf Al do-
main (rh-vWf-A1)?? was injected over the chips, a dif-
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Figure 2. Binding study with fibronectin. (a) SPR difference imaging
on the chip immobilized with compounds 1, 2, 3, 4, and Glex(1-61Glc-
mono (Gle), Measurements were carried out with analyte in the range
between 0.98 and 125oM. (b) Bar graph profiles of different
concentrations of protein. The error bars represent +/— SEM.

ferent pattern of oligosaccharide binding preference
was noted (Fig. 3). A strong interaclion was observed
with compounds 1 (GleNS6S-1doA2S, Kp = 1.0 uM)
and 2 (GIcNS-TdoA2S, Ky, = 0.9 uM). Weaker interac-
tion was seen with compound 3 (GlcNS65-GleA,
Kp = 1.4 uM), while distinctly low binding was ob-
served with compound 4 (GIeNS-GleA, Kp = 4.3 uM).
Althongh the GlcNS6S-1doA2S (1) disaccharide struc-
ture was considered a key binding domain of vWF,"
the exact disaccharide structure responsible for vWI
binding is still unclear. We found previously that clus-
tered compounds containing three units of GleNS6S-
IdoA2S!2 possessed higher competitive binding activity
compared to compounds containing less than two
units of GIcNS68-IdoA2S (unpublished data). To-
gether with those data, the current results indicate
that the tri-sulfated disaccharide binds vWT best, that
loss of either the 6-sulfate of GleN or the 2-sulfate of
IdoA reduces vWT binding significantly, and that the
N-sulfate of GlcN alone is not sufficient for binding
vWI.
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Figare 3. Binding study with rh-vWI-Al. (a) SPR difference mmaging

S

on the chip d with ¢ is 1, 2, 3, 4, and Glea(]-6)Gle-
mono (Gic). Measurements were carried out with analyte in the range
between 0.23 and L80uM. (b) Bar graph profiles of different
concenirations. The error bars represent +/— SEM

In conclusion, we have designed new, precisely sulfated
oligosaccharides of HP/HS partial structures. These oli-
gosaccharides were efficiently synthesized using appro-
priate monosaccharide intermediates. Their application
in an array type Sugar Chip, using SPR imaging analysis
has been shown to be an efficient and specific technology
to elucidate the interactions between a protein and mul-
tiple sulfated disaccharides. on a real time scale. These
techniques can be used for high-throughput screening
of protein samples, as well as for solving the struc-
ture-function relations of an individual protein-glycos-
aminoglycan interaction at the molecular and nano-
scale.
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Abstract A series of ganglioside GM1-, GM2-, and GM3-
type probes, in which the ceramide portion is replaced with
a glucose residue, were systematically synthesized based on
a convergent synthetic method.
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Glycosylation - Carbohydrate probe

Introduction

Gangliosides, anionic glycosphingolipids with various

sugar chains containing one or more residues of sialic acid,
exist universally on cell surface. They participate in vital
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processes, such as immune or nervous systems, as
molecules responsible for cellcell and cell-ligand inter-
actions [1, 2]. In particular, a series of gangliosides, such as
GM1, GM2 and GM3, are important as regulatory factors
for the differentiation of the central nervous system and
serve as cell-attachment receptors for some viruses, bacteria
and bacterial toxins [3, 4]. Moreover, many profound
relationships between those gangliosides and a number of
cancers and diseases have been demonstrated [5, 6]
However, the biological functions of gangliosides are not
fully understood, due to their structural complexities and
the low affinities of interaction with ligands, despite
numerous studies conducted 1o date. To solve these issues,
a considerable number of efforts have gone into the
development of analytical techniques for sensitive detec-
tion of carbohydrate-ligand interactions. Consequently,
many carbohydrate microarray technologies have been
developed to facilitate glycomics research [7]. Coinciden-
tally, many carbohydrate probes that incorporate specific
functional groups such as azide [8], thiol [9] and
maleimide [10] have been chemically synthesized for the
fabrication of microarrays. Recently, oligosaccharide-
immaobilized chips (named Sugar Chips), which provide
real-time and high-throughput analysis of oligosaccha-
ride-protein interaction without any labeling of the
targeted protein, have been developed [11], in which
chemically synthesized oligosaccharides having p-glu-
cose, which provides a reactive aldehyde functionality, at
the reducing end were used. The p-glucose residue also
serves as a spacer between a targeted sugar chain and a
scaffold for immobilization, because of its appropriate
hydrophilicity and flexibility. Furthermore, it has been
demonstrated that a reducing sugar directly participates in
the noncovalent link to a scaffold (12, 13]. Accordingly, as
exemplified in Fig. |, the chemically synthesized oligo-
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I 9 Non-covalent conjugation on
mm;mmmh
Modified black polystyrene siide

Fig. 1 Two examples for carbohydrate microarray fabrication

saccharide probes are expected to be immobilized by the
direct and indirect attachment to scaffolds. We report here
the facile synthesis of glucose-ended probes of ganglio-
side GM1, GM2, and GM3 for carbohydrate microarrays

(Fig. 2).

Results and discussion

Taking a look at target molecules, we have hypothetically
disconnected them into two parts: common sequence
SAa(2—3)Galp(1—4)Glcp(1—6)Gle, and the other sugar
parts. The common sequence was further disconnected at
Galp(1—4)Gle linkage, providing SAx(2—3)Gal and
gentiobiose segments, based on the recently reported
efficient syntheses of GM2 analogs [14]. Considering the
difficulty to fashion a branch out from galactose residue,
the incorporation of GalN parts into Gal residue was
planned to be conducted earlier than that of gentiobiose as
depicted in Fig. 3.

According to our previous report [14], 2,6-O-dibenzylated
galactoside was efficiently sialylated at C-3 position with N-
Troc-protected sialyl donor [13, 16], producing a key sialyl

Fig. 2 Structure of synthetic

HO
ganglioside probes OH

HO&S;PV

0
Ad-lN : o
HO OH

1: GM1-type probe

HO,
HQ, 5

CO.H

“OH

:S;\,

galactoside 4, which can be obtained in a crystalline form
after rough chromatographic purification of the reaction
mixture (Fig. 4).

The disaccharide 4 was coupled with Galp{1—3)GalN 6
[17] or GaIN donor 5 in the presence of NIS and TfOH [1§]
to afford the GM2-core trisaccharide 7 in 97% yield and the
GM|-core tetrasaccharide 8 in 89% yield, respectively, as
depicted in Table 1.

A series of ganglioside-core frames 4, 7, and 8 were
converted into the comresponding glycosyl donors 13, 14,
and 15, respectively. The selective removal of the Troc
group of 4 by the action of zinc-copper couple [19, 20] in
acetic acid/1,2-dichloroethane at 40°C proceeded smoothly
to give a free amino derivative, which, on successive
treatment with acetic anhydride in pyridine afforded the
corresponding N-acetyl derivative 9. The use of 1,2-
dichloroethane (DCE) was critical for an efficient reduction
of Troc group; otherwise the reaction was sluggish.
Initially, we were afraid that DCE as solvent itself
consumes zinc-copper couple as reductant. Though it is
not clear whether DCE is advantageous for electron transfer
from zinc-copper couple, we were intriguingly able w0
observe smooth proceeding of the reaction in a single liquid

HO oH

(o}
Ho&(&Aao
AcHN i E

cozn-u

? ECiH
2: GM2-type probe

HO _on
o
OR

OH

3: GM3-type probe
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Fig. 3 Systematic reaction

scheme for preparstion of the
s at _rn flncti lized
ganglioside probes

== @@ =

SA:(2-3)Gal
(GM3-epitope)

phase within a short time. The cleavage of benzyl groups was
executed by hydrogenolysis and the following benzoylation of
the resulting hydroxyl groups gave 11. Libration of the
anomeric hydroxyl group of 11 was achieved by treatment
with ceric ammonium nitrate (CAN) in acetonitrile—toluene-
water (6:5:3) [21]. The obtined hemiacetal was then
converted into the P-trichloroacetimidate 13, which was
ready for the final glycosylation with the gentiobiose
acceptor 21 as mentioned hereinafter. Interestingly, the use
of less than a stoichiometric amount of DBU resulted in the
predominant formation of the PB-imidate derivative. The
conversion of 7 and 8 into the comresponding donor 14 and
15 were also achieved by similar procedure, respectively.
(Scheme 1)

Scheme 2 shows the preparation of the gentiobiose
acceptor 21 as the common synthetic block, which was
expected to have an enhanced reactivity at C-4 hydroxyl
due to the effect of electron-donating benzyl groups.
Coupling of the known glucose donor 16 [22] and acceptor
17 [23] was conducted in the presence of NIS and TfOH in
CH,Cl, at 0°C to give the disaccharide 18 in 90% yield.
The B-configuration of the newly formed intersaccharide
linkage between 16 and 17 is apparent from the relatively
large coupling constant (8.2 Hz) between H-1' and H-2' in
'H NMR spectra. Removal of the benzoyl groups under
conventional conditions and benzylation of the hydroxyl
groups gave 20 with a yield of 88% in two steps. Finally,
reductive opening of the benzylidene group was achieved

by a treatment with triethylisilane and BFs-OEt, in CH,Cl,
Ty 0N ow
O8n

[24] to afford 21 with a yield of 85%.
AcD _ohAc
TrocHN" aao\éga,sph
A0 pac  CO:Me oA

4 5

AcO AcO
oo &0 SCL e

OAc NHTroc

OAc HO _oBn

L]
Fig. 4 Structure of glycosyl acceptor (4) and donors (5, 6)

-

@ O
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R' = GalGalN: GM1-epitope R? = GM1-apitope’ 1
= GaiN: GM2-apitope = GMZ-epitope: 2
= GM3-epitope: 3

Scheme 3 incorporates final glycosylations of 21 with a
series of gangliosidecore donors, 13, 14, and 15 in the
presence of TMSOTT in CH,Cl; at 0°C. The [-imidate 13
was coupled with the gentiobiose acceptor 21 by treatment
with TMSOTY at 0°C to afford the desired p-glycoside 22 in
an excellent yield. The a-imidate 14 and 15 were subjected
to the plycosidation with 21 under essentially the same
conditions for 13 to give 23 and 24 in good yields,
respectively. Finally, global deprotection of the above-
mentioned glycans was conducted. After de-acylation under
Zemplén conditions and subsequent saponification of the
fully protected oligosaccharides, 24, 23, and 22, hydro-
genolysis for each resultant compound was performed in the
presence of PA(OH),/C under H, atmosphere to afford the
target carbohydrate probes 1, 2 and 3 in good to excellent
yields, respectively.

In conclusion, we have succeeded in the synthesis of
ganglioside GM1-, GM2-, and GM3-type probes for carbo-
hydrate microarray analyses. It was found that the convergent
synthetic strategy between the defined ganglioside-core frame
and the reducing end glucose can be used for the synthesis of
complex ganglioside probes. In addition, synthesized gangli-
oside probes are currently used as one of the oligosaccharide
probes on immobilized-chips by Suda’s group. We are
currently underway to expand the existing pool of functional
carbohydrate probes containing more complex gangliosides,

Experimental
General procedures

All reactions were carried out under a positive pressure of
argon, unless otherwise noted. All chemicals were pur-
chased from commercial suppliers and used without further
purification, unless otherwise noted. Molecular sieves were
purchased from Wako Chemicals Inc. and dred at 300°C
for 2 h in muffle fumace prior to use. '"H NMR and "*C
NMR spectra were recorded with a Varian Inova 400/500
spectrometer and a JEOL ECA 500/600 spectrometer.
Chermnical shifts are reported in parts per mullion (ppm)
downfield from tetramethyisilane. Data are presented as
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Table 1 Glycosylation ol 4
with glycosyl donors § and 6 AcO Oﬁc
Tl'od-lN
OAc OBn
Table 5
Glycosyl donors  + 4 TrocHN-
e AcO .bﬁc COMe
AcO  ~ne
7: R=Ac 8: R= o
AcO
OAc
Entry Donor Condition Temp['C] Product % Yield
1 5 NIS 0 7 97
TIOH
MS4A
2 B CH,Cl» -40 8 89

follows: Chemical shift, multiplicity (s=singlet, d=doublet,
t=triplet, dd=double of doublet, m=multiplet and/or
multiple resonances), integration, coupling constant in
Hertz (Hz). MALDLTOF MS spectra were recorded in
the positive ion mode on a Bruker Autoflex with the use of
«-cyano-4-hydroxy-cinnamic acid (CHCA) as a mainx.
Optical rotations were measured with a ‘Horiba SEPA-300°
polarimeter. Column chromatography was performed on
silica gel (Fuji Silysia Co., 80 and 300 mesh). Reactions
were monitored by TLC on silica gel 60F,54 (Merck, glass
plate) and the compounds were detected by examination
under UV light (2,536 A) and visualized by dipping the
plates in a 10% sulfuric acid-ethanol solution or 20%

phosphomolybdic acid-ethanol solution followed by heating.
Organic solutions were concentrated by rotary evaporation
below 45°C under reduced pressure. Solvent systems in
chromatography were specified in wv.

4-Methoxyphenyl {methyl 5-acetamido-4,7.8,9- rm-o-uce!_\i’-
3,5-dideoxy-p-glyveero-a-n-galacto-2 lopyranos, fe-
(2—+3) j-4-0-acetyl-2, 6-di-O-benzyl-3-p-galactopyranoside
(9) To a solution of compound 4 (500 mg, 465 umol) in
1,2-dichlorocthane (6.1 ml) were added acetic acid
(18.3 ml) and zinc-copper couple (2.50 g). The mixture
was stirred for 1.5 h at 40°C, as the proceeding of the
reaction was monitored by TLC (CHCly/MeOH=15:1). The

AQ _oR'

g

e COMeROR

9:R'=Bn R« OMP RO =H

AcO  OhAc
¥ e AcHN\'\ED.
B88%
b
10:R'
el =€ T
o
e, 78%

k&{i.o
Rel. 14 AcHN
1% g\_’;‘ 0
AcHN" 0-
sle
(5 steps) ~ B

A oac  COMe O -CCh

=H R'=OMP,R=H

Bz, R?=0MP,R*=H
12:R'=Bz, RL R = OH, H

13:R' = Bz. R? = OC(NH)CCly, R* = H

AcO (QAG AcO _oAc
o
AcO, L]
Ral 17 OAc AcHN o
T OAc 0
(5 steps) m;\
3 COyMe 0. CCly
AcO  DaAc
NH

15
Scheme 1 Conversion of ganglioside-care Emms to the correspanding glycosyl donors. Reagents and conditions: @ Zn-Cu, AcOH, 1.2- DCE, 40°C
then Acy0, Py; b PAIOH)/C, Hs, F1OI; e BzO, Py; d CAN, CHCN-PhMe-H;0 (6/53); e CCI;CN, DBU, CHyCl,, 0°C
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"R 4 » o Rgio s, Bt
8z0- sPh - 'X(I‘.\.om e RO o B -0
OBz Bﬁ?‘o OBn 0% Q OBn BE% OBn
08n
2

16 17

Scheme 2 Preparation of the gentiobiosyl acceptor 21. Reagents and conditions: a NIS, TAOH, MS4A, CH;Cly, 0°C; b NaOMe, MeOH-THF (2/1);

« BnBr, NaH, DMF; d TESH, BF;-OEL, CH,Cl,

reaction mixture was filtered through Celite. The combined
filtrate and washings was extracted with CHCls, and the
organic layer was washed with H.O, sat. Na,CO,, and
brine, dried over Na,SO, and concentrated. To a solution of
the residue in pyridine (5.0 ml) was added acetic anhydride
(2.5 ml). The mixture was stirred for 13 h at ambient
temperature, as the proceeding of the reaction was
monitored by TLC (CHCly/MeOH=15:1). The reaction
mixture was coevaporated with toluene and extracted with
CHCls. The organic layer was washed with 2 M HCI, H»0,
sat. NaHCO, and brine, dried over Na,SO, and concen-
trated. The residue was purified with column chromatogra-
phy on silica gel (EtOAc/hexane=3:1) to give 9 (406 mg,
89%).: [alp=—15.4° (¢ 0.9, CHCL); '"H-NMR (600 MHz,
CDCls): 6 7.45-6.77 (m, 14 H, 2 Ph and 1| MP), 5.53 (m, 1
H, H-8b), 5.33 (dd, 1 H, H-7h), 5.24 (d, | H, Js3s=8.9 Hz,
NH), 5.07 (m, 2 H, H-la, 4a), 496-4.88 (m, 3 H, H-4b, 2
CHZPh), 4.63 (dd, 1 H, H-3a), 4.53 (d, | H, CHHPh), 446
(d, | H, CHHPh) 4.36 (dd, | H, H-9'b), 4.13 (g, | H, Js =
8.9 Hz, H-5b), 3.96-3.94 (m, 2 H, H-6'a, 9b), 3.85 (s, 3 H,
OMe), 3.76-3.73 (m, 5 H, H-2a, 6b, OMe), 3.56-3.52 (m, 2
H, H-5a, 6a), 2.63 (dd, | H, H.]b,‘} 2.12-1.83 (m, 19 H,6
Ac, H-3by); *C-NMR (100 MHz, CDCly) § 170.9, 170.6,
1703, 1702, 1700, 168.1, 155.1, 1517, 1394, 1380,
1283, 128.1, 127.7, 127.6, 127.1, 118.2, 114.4, 102.4, 97.1,
78.1, 74.8, 73.5, 73.1, 723, 72.2, 69.5, 68.9, 68.7, 68.6,
67.2, 62.2, 55.6, 53.1, 49.2, 37.6, 23.2, 21.3, 20.8, 20.8,
20.5; MALDI MS: m/z: caled for CysHsoO20NNa: 1,004.35;
found: 1,004.35 [M + Na] ",

Ganglioside-core donors  + 21
(13, 14 and 15)

AW-300
O%

22,23and 24 5b

AcO OAc RO 0Bz
™SOTE *‘:}Mok&g\,
A ..b.ﬂ.c COMe

4-Methoxyphenyl {methyl 5-acetamido-4,7.8,9-tetra-O-acetyl-
3, 5-dideoxy-n-glycero-a-p-galacto-2-nonulopyranosylonare-
(2—3)}-4-O-acetyl-2,6-di-O-benzoyl-B-p-galactopyranoside
11) To a solution of compound 9 (385 mg, 392 pumol) in
EtOH (30 ml) was added palladium hydroxide [Pd(OH),]
(20 wt% Pd on carbon; 400 mg). The mixture was
vigorously stired for 4 h at ambient temperature under
hydrogen atmosphere, as the proceeding of the reaction was
monitored by TLC (CHCly/MeOH=15:1). The reaction
mixture was filtered through Celite. The combined filtrate
and washings was concentrated. To a solution of the residue
in pyridine (5.0 ml) was added benzoic anhydride (354 mg,
1.57 mmol). The mixture was stirred for 16 h at ambient
temperature, as the proceeding of the reaction was
monitored by TLC (CHCly/MeOH=15:1), The reaction
mixture was coevaporated with toluene and extracted with
CHCl,. The organic layer was washed with 2 M HCL, H,0,
sat. NaHCO; and brine, dried over Na,SO; and concentrated.
The residue was purified with column chromatography on
silica gel (EtOAc/hexane=3:1) to give 11 (380 mg, 95%);
[afo=+ 27.9° (¢ 4.2, CHCL); "H-NMR (600 MHz, CDCl:):
5 8.17-6.67 (m, 14 H, 2 Ph and 1 MP), 5.59 (m, | H, H-8b),
5.55 (1, 1 H, J;2=8.3 Hz, J,3=10.3 Hz, H-2a), 526 (d, 1 H,
J12=83 Hz, H-1a), 5.20 (dd, 1 H, J;7=2.8 Hz, H-7b), 5.16
(d, 1 H, /s s=3.4 Hz, H-4a), 5.14 (d, | H, NH), 4.87 (dd, | H,
Jy3=103 Hz, J +=3.4 Hz, H-3a), 4.85 (m, | H, H-db), 4.46
(t, | H, H-6'), 435 (dd, | H, H-6a), 427 (dd, | H, H-9'b),
4.19 (t, 1 H, H-5b), 3.91 (dd, | H, H-9b), 3.86-3.79 (m, 4 H,
H-5b, OMe) 3.71 (s, 3 H, OMe), 3.61 (dd, | H, Jz+=2.8 Hz,

oL e

22 (86%): R=Ac
23 (76%): R=GalN
24 (68%) R = Gal\(1-+3)GalN

3 (76%), 2 (98%) and 1 (96%)
Scheme 3 Coupling of the ganglioside-core donors (13, 14 and 15) and the gentiobioside acceptor (21), and sub

! ctions

Reagents und conditions: @ NaOMe, MeOH, 45°C or reflux, then H;0; (b) Pd(OH)y/C, H;, H10 or MeOH-H,0 (5/2), RT or 40"('2
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H-6b), 2.59 (dd, 1 H, H-3bs), 2.19-1.44 (m, 19 H, 6 Ac, H-
3b); PC-NMR (100 MHz, CDCly) 6 170.7, 170.6, 170.3,
170.2, 1700, 168.0, 165.7, 165.3, 155.4, 151.3, 133.2, 133.0,
130.1, 130.0, 129.7, 128.3, 128.3, 118.9, 114.2, 101.1, 96.7,
71.6,71.1, 70.8, 69.3, 67.6, 67.4, 66.4, 62.3, 62.0, 55.4, 53.0,
48.7,37.2,23.2, 21.3, 20.7, 20.1; MALDI MS: m/z: caled for
C4oHs502NNa: 1,032.31; found: 1,03238 [M + Na] ",

{Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-
gheero-a-p-galacto-2-nonulopyranosylonate-(2—3) J-4-0-
acetyl-2,6-di-O-benzoyl-f-n-galactopyranosyl Trichloroa-
cetimidate (13) To a solution of compound 11 (164 mg,
162 pmol) in mixed solvent (MeCN/PhMe/H,0=
3.5:2.9:1.7 ml) was added diammonium cerium(IV) nitrate
(CAN; 445 mg, 812 jumol). The mixture was stirred for 5 h
at ambient temperature, as the proceeding of the reaction
was monitored by TLC (CHClyMeOH=20:1). The reaction
mixture was extracted with CHCly, and the organic layer
was washed with H,0, sat. NaHCO; and brine, dried over
Na,80,; and concenirated. The residue was purified with
column chromatography on silica gel (CHCly/MeOH=
65:1) to give 12 (147 mg). To a solution of compound 12
in CH,Cl (5.0 ml) were added trichloroacetonitrile (410 pl,
407 pmol) and 1,8-diazabicyelo[5.4.0]-7-undecene (DBU:
4.9 wl, 33.0 pmol). The mixture was stirred for 2 h at 0°C,
as the proceeding of the reaction was monitored by TLC
(CHCly/MeOH=20:1). The reaction mixture was concen-
trated and the residue was purified with column chroma-
tography on silica gel (CHCly/MeOH=75:1) to give 13
(132 mg, 78%).; [aJp=+ 18.6° (c 0.8, CHCly); "H-NMR
(600 MHz, CDCly): 6 8.67 (s, | H, C=NH), 8.10-7.41 (m,
10 H, 2 Ph), 6.20 (d, | H, J,;=8.3 Hz, H-1a), 5.60-5.56
(m, 2 H, H-2a, H-8b), 5.22-5.20 (m, 2 H, H-4a, H-7b), 4.98
(d, | H, Jsnp=10.3 Hz, NH-b), 4.93 (dd, 1 H, H-3a), 4.87
(m, | H, H-4b), 4.49 (q, | H, H-6'a), 4.34-4.29 (m, 3 H, H-
5a, 6a, 9'b), 3.93 (dd, | H, H-9b), 3.85-3.77 (m, 4 H, H-5b,
OMe), 3.60 (dd, 1 H, H-6b), 2.58 (dd, | H, H-3by), 2.19-
1.43 (m, 19 H, 6 Ac, H-3by); ""C-NMR (100 MHz,
CDCl,y) & 170.8, 170.7, 170.6, 170.2, 170.2, 170.0, 168.0,
165.7, 165.1, 161.1, 133.2, 130.1, 129.9, 129.7, 129.7,
128.3, 128.3, 96.8, 96.4, 90.3, 77.2, 718, 71.5, 7L.1, 70.0,
69.4, 67.6, 67.4, 66.5, 62.4, 61.5, 53.1, 48.8, 37.3, 29.7,
23.1, 21.4, 20.8, 20.7, 20.2; MALDI MS: m/z: caled for
CysHioO2N>ClsNa: 1,069,18; found: 1,069.41 [M + Na] ",

Benzyl 2.3-<0i-0-benzoyl4.6-O-benzylidene-3-D-glicopyranosyl-
(1—+6)-2,3,4-tri-O-benzyl-3-D-glucopyranoside (18) To a
solution of compound 16 (970 mg, 1.70 mmol) and 17
(762 mg, 1.41 mmol) in CH,Cl; (31 ml) was added molecular
sieves 4 A (1.70 g). The suspension was stirred for 2 h and
cooled to 0°C. To the mixture were added N-iodosuccinimide
(NIS; 765 mg, 3.40 mmol) and trifluoromethanesulfonic acid
(TOH) (30 pl, 0.34 mmol) and stiming was continued for
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1.5 h. Completion of the reaction was confirmed by TLC
(EtOAc/hexane=1:3). The reaction mixture was filtered
through Celite. The combined filtrate and washings was
extracted with CHCls, and the organic layer was washed
with sat. Na,COs, sat. Na;S$;0: and brine, dried over
Na,S0, and concentrated. The residue was purified with
column chromatography on silica gel (EtOAc/hexane=1:5) to
give 18 (1.26 g, 90%).; [«]p=-9.3° (¢ 1.0, CHCl3): 'H-NMR
(600 MHz, CDCly): 6 7.95-7.13 (m, 35 H, 7 Ph), 5.75 (1, |
H, J25=8.8 Hz, J3,=8.6 Hz, H-3f), 5.5 (s, 1 H, >CHPh),
552(t, 1 H, J1'1“’8.2 Hz, JL;::S.S Hz, H-2f), 4.91-4.86 (m,
3 H, H-1f, 2 CHHPh), 4.77-4.65 (m, 4 H, 4 CHHPh), 4.49-
439 (m, 4 H, H-lg, 6f, 2 CHHPh), 4.14 (d, | H, Jyeu=
11.0 Hz, H-6¢), 3.99 (t, | H, J54=8.6 Hz, J;5=9.6 Hz, H-
4f), 3.89 (brt, | H, Jye=103 Hz, J56=9.3 Hz, H-6'f), 3.73-
3.63 (m, 2 H, H-6%¢, 5), 3.57 (t, 1 H, J,3=84 Hz, H-3¢),
345-340 (m, 3 H, H-2¢, de, Se); "C-NMR (150 MHz,
CDCl) § 165.7, 165.2, 138.6, 138.5, 138.1, 137.5, 137.0,
133.3, 1332, 129.9, 129.8, 1295, 1293, 129.1, 1285,
128.4, 1283, 128.1, 1280, 1279, 127.8, 1277, 1276,
126.3, 102.5, 101.6, 101.4, 84.7, 82.2, 78.8, 77.8, 75.7, 75.0,
74.9, 74.7, 72.7, 72.3, 71.1, 68.8, 684, 67.2, 66.6, 29.8,
MALDI MS: m/z; caled for CgyHsgOpaNa: 1,021.38; found:
1,021.49 [M + Na] *.

Benzvl 2,3-di-O-benzyl-4,6-O-benzylidene-3-D-glucopyranosyl-
(1—+6)-2,3,4-tri-O-benzyl-3-p-glucopyranoside (20) To a
solution of compound 18 (1.25 g, 1.25 mmol) in mixed
solvent (MeOH/THF=15:7.5 ml) was added sodium
methoxide (28% in MeOH; 24 mg). The mixture was
stirred for 7.5 h at ambient temperature, as the proceeding
of the reaction was monitored by TLC (CHCly/MeOH=
50:1). The reaction mixture was neutralized with Dowex
(H') and filtered through cotton. The combined filtrate
and washings was concentrated under diminished pres-
sure. To a solution of the residue in DMF (12.5 ml) were
added sodium hydride 60% (200 mg, 5.00 mmol) and
benzyl bromide (594 pl, 5.00 mmol). The mixture was
stirred for 3 h at ambient temperature, as the proceeding of
the reaction was monitored by TLC (toluene/EtOAc=
12;1). Triethylamine and ammonium chloride were added
to the reaction mixture. The reaction mixture was washed
with H,O and brine, dried over Na,SO; and concentrated.
The residue was purified with column chromatography on
silica gel (toluene/EtOAc=40:1) to give 20 (1.07 g, 88%).:
[«]p=-21.7° (¢ 1.1, CHCls): 'H-NMR (600 MHz,
CDClLy): § 7.49-7.21 (m, 35 H, 7 Ph), 556 (s, | H,
>CHPh), 4.96-4.69 (m, 10 H, 10 CHHPh), 4.59 (d, | H,
Jy2=8.2 Hz, H-1), 4.54-4.45 (m, 3 H, H-le, 2 CHHPh),
4,33 (dd, 1 H, Jyem=9.3 Hz, J5 4.8 Hz, H-6f), 4.16 (d, 1
H, Jgem=11.0 Hz, H-6¢), 3.79-3.72 (m, 2 H, H-6'¢, 6'f),
3.68-3.64 (m, 3 H, H-2f, 41, 5f), 3.57 (1, | H, J,3=8.5 Hz,
J3,4=9.0 Hz, H-3¢), 3.50-3.47 (m, 2 H, H-2¢, 2f), 3.44 (t,
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| H, /,4=9.6 Hz, J;5=9.6 Hz, H-4¢), 3.35 (m, | H, H-
5e); "'C-NMR (150 MHz, CDCl5) & 138.6, 138.6, 138.8,
138.1, 137.6, 137.5, 129.1, 128.7, 128.5, 128.4, 128.3,
1283, 1283, 128.2, 128.1, 1280, 128.0, 127.9, 127.8,
127.8, 127.7, 127.6, 126.1, 104.3, 102.7, 101.3, 84.8,
82.4, 82.1, 81.6, 81.0, 78.3, 77.3, 75.8, 754, 75.2, 75.1,
74.9, 71.3, 68.9, 66.1, 29.8; MALDI MS: m/z: caled for
Cq Hgz0y Na: 993.42; found: 993.50 [Af + Na) ~ .

Benzyl 2,3, 6-tri-O-benzyi-3-p-glucopyranosyl-(1—6)-2,3,4-
tri-O-benzyl-3-p-glucopyranoside (21) To a solution of
compound 20 (82 mg, 84.5 pmol) in CH,Cl; (845 ul)
were added triethylsilane (162 wl, 1.01 mmeol) and boron
trifluoride dicthyl etherate (BF3-OEt,; 21.4 pl, 169 pmol).
The mixture was stirred for 1.5 h at ambient temperature, as
the proceeding of the reaction was monitored by TLC
(toluene/FtOAc=12:1). The reaction mixture was diluted
with CHCl; and washed with sat, NaHCO,, H,0 and brine,
dried over Na;SO4 and concentrated. The residue was
purified with column chromatography on silica gel (tolu-
ene/E1OAc=20:1) to give 21 (70 mg, 85%).; [a]p=—-12.9"
(¢ L0, CHCLy); "H-NMR (600 MHz, CDCls): § 7.35-7.21
(m, 35 H, 7 Ph), 5.01-4.69 (m, 10 H, 10 CHHPh), 4.59-
451 (m, 3 H, H-1f, 2 CHHPh), 4.46 (d, 1 H, J, ;=9.6 Hz,
H-le), 4.19 (d, | H, Jyey=11.0 Hz, H-6¢), 3.74-3.58 (m, 6
H, H-6'¢, 3£, 4f, 51, 6f, 6'f), 3.50-3.39 (m, 5 H, H-2f, 2e,
3¢, de, Se), 2.54 (s, 1 H, -OH); "C-NMR (150 MHz,
CDCly) 6 1389, 138.7, 138.5, 138.5, 138.2, 138.0, 137.6,
128.6, 128.5, 128.5, 1284, 128.3, 128.2, 128.1, 128.0,
128.0, 127.9, 127.8, 127.7, 104.1, 102.7, 84.8, 84.2, 824,
81.6, 78.4, 77.3, 75.8, 75.4, 75.3, 75.1, 74.9, 74.8, 74.1,
73.8, T1.8, 71.3, 68.8, 29.8; MALDI MS: m/z: caled for
Cg1HssOyyNa: 995.43; found: 995.38 [M + Na] ~.

Benzyl (methvl 3-acetamido-4,7,8,9-tetra-O-acetyl-3,5-
dideoxy-D-glycero-a-p-galacto-2-nonulopyranosylonate-
(2—+3) }-4-0-acetyl-2,6-di-O-benzoyi- 3-p-galactopyrano-
syl-(1—4)-2.3,6-tri-O-benzyl-f-p-glucopyranosyl-(1—6)-
2.3.4-tri-0-benzyl-3-p-glucopyranoside (22) To a solution
of compound 13 (107 mg, 102 umol) and 21 (200 mg,
206 pmol) in CH2Cl; (5.0 ml) was added molecular sieves
4 A (1.00 g). The suspension was stirred for 1 h and
cooled to 0°C. To the mixture was added trimethylsilyl
trifluoromethanesulfonate (TMSOTS; 3.7 ul, 20 pmol)
and stirring was continued for 1 h. Completion of the
reaction was confirmed by TLC (CHClyMeOH=20:1),
The reaction mixture was filtered through Celite, The
combined filtrate and washings was extracted with CHCly,
and the organic layer was washed with sat. Na,CO; and
brine, dried over Na.80, and concentrated. The residue was
purified with column chromatography on silica gel (CHCL/
MeOH=75:1) to give 22 (170 mg, 86%).; [aJp=+ 2.0° (¢ 0.5,
CHCL); "H-NMR (500 MHz, CDCly): § 824-7.15 (m, 45 H,

9 Ph), 5.66 (m. | H, H-8b), 531 (1, | H, /;2=8.0 Hz, J,3=
9.7 Hz, H-2a), 5.18 (dd, 1 H, H-7b), 5.13 (d, | H,J, ;=8.0 Hz,
H-1a), 5.06 (d, 1 H, J;,5=3.4 Hz, H-4a), 4.99 (d, | H, CHHPh),
4.92-4.66 (m, 12 H, H-3a, 4b, NH, 9 CHHPh), 4.49-436 (m,
7H, H-6's, le, If, 4 CHHPh), 429 (d, 1 H, H-9), 4.13-388
(m, 6 H, H-5a, 6a, 5b, 9b, H-6' of Glc units), 3.77 (q, | H, H-
5b), 3.71 (s, | H, OMe), 3.67-335 (m, 10 H, H-6b, Glc units),
3.22 (m, | H, H-5 of Gic units), 2.52 (dd, | H, Jyen=12.6 Hz,
Jieqs=4.6 Hz H-3b,), 2.13-1.43 (m, 19 H, 6 Ac, H-3b,,) “C-
NMR (125 MHz, CDCL) § 170.8, 170.7, 1703, 1702, 170.1,
168.0, 1654, 165.1, 139.1, 138.6, 138.4, 1380, 1376, 1333,
133.0, 1303, 130.0, 129.8, 129.7, 128.6, 1284, 1283, 1283,
1282, 12811, 128.1, 127.9, 1279, 127.7, 12756, 1274, 1273,
1272, 127.1, 103.7, 102.7, 1004, 96.9, 84.7, 829, 82.3, 81.6,
782, 763, 75.7, 752, 75.1, 749, 748, 74.8, 744, 728, 717,
715, 71.2, 704, 69.4, 69.0, 685, 67.4, 67.0, 66.5, 62.5, 61.2,
530, 488, 373, 297, 232, 213, 208, 20.7, 207, 203;
MALDI MS: m/z: caled for CyosHyy,OyNNa: 1,880.70; found:
1,880.96 [M + Na] ".

Benzyl 2-acetamido-3,4,6-tri-O-acetyi-2-deoxy-3-b-galac-
topyranosyl-(1—4)-{methyl 3-acetamido-4,7,8,9-tetra-0-
acetyl-3,5-dideoxy-p-glycero-a-p-galacto-2-nonulopyrano-
sylonate-(2—3) }-2,6-di-O-benzoyl-G-p-galactopyranosyl-
(1—4)-2,3,6-tri-O-benzyl-3-p-glucopyranosyl-(1—6)-
2,3, 4-ri-0-benzyl-3-p-glucopyranoside (23) To a solution
of compound 14 (58 mg, 43 pmol) and 21 (84 mg,
86 umol) in CH;Cl; (2.0 ml) was added molecular sieves
4 A (165 mg). The suspension was stired for | h at ambient
temperature and cooled to 0°C. To the mixture was added
TMSOT (1.6 L, 8.6 pmol) and stirring was continued for
3.5 h. Completion of the reaction was confirmed by TLC
(CHCly/MeOH=15:1). Triethylamine was then added to
quench the reaction. The reaction mixture was fltered
through Celite. The combined filtrate and washings was
extracted with CHCls, and the organic layer was washed
with sat. NaHCO; and brine, dried over Na,SO; and
concentrated. The residue was purified with column chro-
matography on silica gel (CHClyMeOH=50:1) to give 23
(70 mg, 76%).; [alp=—11.0° (¢ 0.76, CHCl3); 'H-NMR
(600 MHz, CDCls): 4 8.01-7.15 (m, 45 H, 9 Ph), 5.97 (d, |
H, NH-c), 5.49 (dd, | H, /3 4=2.7 Hz, H-3c), 5.40 (m, | H,
H-8b), 5.37 (d, | H, J3,4=2.7 Hz, H4c), 534 (t, 1 H, J, .=
10.2 Hz, H-2a), 5.25 (d, 1 H, H-7b), 5.14 (brd, 1 H, NH-b),
506 (d, | H, J;3=8.9 Hz, H-lc), 5.00 (di, 1 H, Sreg 4=
4.8 Hz, H-4b), 4.95-4.88 (m, 4 H, 4 CHHPh), 4.82-4.80 (m,
3 H, 3 CHHPh),4.79 (d, | H,J;2=10.2 Hz, H-1a), 4.72 (1, 2
H, 2 CHHPh), 4.67 (d, | H, CHHPh), 4.62 (g, | H, H-6¢),
451 (d, 1 H, CHHPh), 4.47 (d, | H, CHHPh), 443 (d, | H,
CHHPh), 4.40 (d, 1 H, J; ;=8.2 Hz, H-1f), 437 (d, | H, J;=
8.2 Hz, H-le), 428 (d, 1 H, CHHPh), 4.19 (1, 1 H, H-5a),
4.15-3.96 (m, 10 H, H-3a, 4a, 6a, 6’a, 5b, 9b, 9'b, 2c, &'c,
Se), 3.95 (1, 1 H, H-4f), 3.83-3.81 (m, 4 H, OMe, H-6b), 3.64
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