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Synthesis and Conformational Analysis of a Conformationally Constrained
Trisaccharide, and Complexation Properties with Concanavalin A

Nathalie Navarre,'*! Nicolas Amiot,'™ ! Anita van Oijen,'*! Anne Imberty,” Ana Poveda,!
Jesus Jiménez-Barbero,[! Alan Cooper,'*! Margaret A. Nutley,'*! and Geert-Jan Boons*!* !

Abstract: The trisaccharide B-D-
GlcNAc(1 —2)a-p-Man(1 —3)D-Man is
a fragment of a biantennary glycan that
is recognized by a-pD-Man-specific lec-
tins such as concanavalin A (ConA),
Lathyrus ochrus lectin, lentil lectin, and
can adopt several conformations upon
binding. To probe the importance of loss
of flexibility of a saccharide during
binding with ConA this trisaccharide
has been synthesized in a conformation-

ally constrained compound has a more
favorable entropy term but this term is
offset by a smaller enthalpy term. NMR
spectroscopic studies have shown that
the cyclic compound is indeed consid-
erably less flexible than the linear com-
pound and both compounds adopt main-
ly one conformation. SYBYL software
together with energy parameters appro-
priate for carbohydrates was used for a
systematic conformational search. The

linear compound is very flexible. A
clustering method determined seven
main conformational families. Six possi-
ble conformational families were iden-
tified for the cyclic compound when
considering the orientations of the
BGIcNAc(1 —2)Man and  afMan-
(1 —»3)Man glycosidic bonds. The cen-
tral mannose residue was docked in the
binding site of ConA and the complex
was refined. The results are compared

ally constrained form where a methyl-
ene acetal bridge mimics a GIctNAc-O-
6"”---Man-0O-4 intramolecular hydro-
gen bond. Microcalorimetry measure-
ments revealed that the conformation-

Introduction

Protein - carbohydrate interactions are implicated in many
essential biological processes. Examples include embryogen-
esis, fertilization, neuronal development, hormonal activities,
and cell proliferation and organization into specific tissues.
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with crystal structures of legume lectin —
oligosaccharide complexes and with the
NMR and thermodynamic data.

These interactions are also important in health science, and
are involved in the invasion and attachment of pathogens,
inflammation, metastasis, blood group immunology, and
xenotransplantation. Among protein—carbohydrate com-
plexes those involving lectins are of considerable interest
because of the high specificities of their interactions.

The molecular basis of lectin—carbohydrate interactions
has been widely studied! but the thermodynamics of these
interactions are complex and not well understood.”! Conse-
quently, the prediction of binding constants is still a difficult
and unreliable process. While counterexamples exist, pro-
tein—carbohydrate association is typified by a favorable
enthalpy term, which is offset by an unfavorable entropy
contribution. It is widely accepted that the enthalpy term
arises from a large number of hydrogen bonds and extensive
van der Waals interactions. Furthermore, it has been pro-
posed that the dynamic rearrangement of water may also
contribute to the enthalpy of complexation. The entropy term
has been considered to arise either from solvation effectsP! or
from the loss of conformational flexibility of the carbohydrate
ligand.[

The majority of oligosaccharides are flexible and in many
cases a lectin binds a saccharide in a secondary rather than a
global minimum conformation. For example, the SGlcNAc-
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(1 —-2)aMan(1 —3)Man trisaccharide is known to adopt
different conformations when crystallized in different crystal
forms of Lathyrus ochrus lectin.’] Another different con-
formation is observed when it is complexed with animal
S-lectin.l®l Tt has been shown that many of these conforma-
tions do not correspond to the global lowest energy con-
formation of the uncomplexed trisaccharide but to secondary
minima.’l This trisaccharide has not been cocrystallized with
ConA but has been the subject of a systematic conformational
search when docked in the lectin-binding site.[®! It has been
predicted that several conformations can be complexed in the
lectin-binding site.

In order to study both conformational and thermodynamic
aspects of protein-carbohydrate interactions, two cyclic
trisaccharides have been designed (Figure 1). The design of

OH
OH
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H OH
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H
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GIcNAcB(1-2)Mana(1-+3)MancOMe -6)GIcNAcB(1-2)Mana(1—3)MancOMe(2-

1 I

Figure 1. Schematic representation of the linear trisaccharide and the cyclic analogues.

trisaccharide II”! is based on BnO

with loss of flexibility of the cyclic oligosaccharide was
expected to be smaller. Indeed, the measured thermodynamic
data revealed a more favorable entropy of binding of
compound III, which surprisingly was offset by a less
favorable enthalpy term.

Results and Discussion

Synthesis of the cyclic trisaccharide:

Macrocyclization is a very challenging aspect in the
preparation of the conformationally restricted trisaccharide
III. A successful approach is outlined in Scheme 1. The
cyclization was achieved by an intramolecular glycosylation
utilizing the precursor 10, which already possessed a methyl-
ene acetal linker. This approach was more fruitful than

macrocyclization by methylene
acetal formation.

oH The precursor 10 for the
oH macrocyclization was assem-

© o bled from the monomeric
g: building blocks 1, 2,1 and

-0 6.2 These compounds were

readily available by standard
carbohydrate protecting-group
interconversion strategies.
Thus, coupling of glycosyl do-
nor 1 with glycosyl acceptor 2 in
dichloromethane/ether in the
presence of N-iodosuccinimide

OMe

—6)GleNAcR(1-»2)Manc(1-3)ManaOMe(4—~

m

oAc Ph/v oBn
mimicking an intramolecular BnO o NISTMSOT! Fo
hydrogen bond 0O2---06” &ne * o

. . . OMe
which is present in the crystal- . 2 3R Fhé’

. . . . NaCNBH3(4R:B,R':H OMe
line lectin —oligosaccharide CH4SCH; { 5.R=Bn, R =MTM
complexP! by a methylene ace-
tal. The O2---06” hydrogen o Pw
bond is also present in a pre- BnO onp NISTIOH TMSOTY
dicted docking mode of the Bno BnO o8

. . ol s NPht 5 o oen—
trisaccharide to ConA."®l Trisac- 6 g 0
charide II has been recently °
synthesized® and its binding KoBuMeoH (g RZVp RN OMe

. CAN (9. R=R'=H

properties are currently under ClCON, DBU ( 10. R=OC(NH)CCI3, R = H
investigation.

Here, we present the synthe- Prw ACHN
sis of trisaccharide III, which /’O’B’n‘ 1 HANNH, ’

1 BnO \;0 2.Ac,0

contains a methylene acetal i \OD\/ 3 Hy PA(OA),

that mimics an O-4---O-6" in- 1
OMe OMe

tramolecular bond as was pre-
dicted to occur in another pos-
sible docking mode of SGIlcN-
Ac(1 —2)aMan(1 —3)Man with ConA.®l Molecular model-
ing and NMR studies have demonstrated that the introduction
of the methylene tether does not distort the conformation of
the cyclic compound, although its flexibility is significantly
reduced. On the basis of these results, it was anticipated that
the conformationally constrained trisaccharide III would lose
less conformational flexibility than the corresponding linear
trisaccharide and therefore the entropic barrier associated

2282 ——
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Scheme 1. Synthesis of trisaccharide III.

(NIS)/catalytic trimethylsilyl triflate (TMSOT)*? afforded
the a-linked disaccharide 3 in an excellent yield (96 % ). The
benzylidene group of 3 was selectively opened by treatment
with sodium cyanoborohydride, followed by HCl in ether[**l to
give compound 4 (93 %). The methylthiomethyl protecting
group was introduced™! with dimethyl sulfide and benzoyl
peroxide in acetonitrile to yield compound 5 (87%). The
methylene acetal functionality was introduced by coupling of
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the compounds 5 and 6 in the presence of NIS/triflic acid
(TfOH), and the required saccharide 7 was obtained in a yield
of 76%. Next, methylene-linked compound 7 had to be
converted into a glycosyl donor suitable for an intramolecular
glycosylation. To this end, the protecting group at the
anomeric center of the 2-deoxy-2-phthalimidoglycosyl moiety
of compound 7 had to be converted into a suitable leaving
group and the 2-OH had to be deprotected. We selected an
anomeric trichloroacetamido functionality as the anomeric
leaving group.l'®l Thus, cleavage of the acetyl group of 7 with
potassium fert-butoxide in methanol gave 8 and the p-
methoxyphenyl group (MP) of 8 was removed by reaction
with cerium ammonium nitrate (CAN)I' to afford 9. Treat-
ment of 9 with trichloroacetonitrile and DBU resulted in the
formation of the trichloroacetimidate 10. The regioselectivity
of the latter reaction was achieved by virtue of the higher
acidity of the anomeric hydroxyl group; however, care had to
be taken to avoid bis(trichloroacetimidate) formation. In the
following step, TMSOTf-mediated intramolecular glycosyla-
tion of 10 gave the macrocyclic

compound 11 in a very good 60 -

yield of 82%. Interestingly, a

similar cyclization for the prep- wos  * ; h
aration of II resulted in a low T~
yield of cyclic compound. Com- 240 Wk

pound 11 was deprotected as
follows: conversion of the  sfrim ;
phthalimido functionality into RS
an NHAc moiety was accom- mo- W=/ WA
plished by treatment with hy- [hs T g
drazine monohydratel'! fol- oo _
lowed by acetylation with acetic B
anhydride. The benzyl ether , ) :
protecting groups were re- &= i u
moved by catalytic hydrogena- b
tion over palladium acetate to
afford the requisite saccharide
IIL.

The structural integrity of
compound III was confirmed
by NMR spectroscopy and FAB
mass spectrometry (594,
[M+Na]*). The 'H and '*C NMR signals were unambiguously
assigned by two-dimensional homonuclear correlation spec-
troscopy (COSY, TOCSY). The assignments were aided by
heteronuclear, proton-carbon chemical shift correlation
experiments (6 (*C)=103.1 (J¢; iy =173.5 Hz, C-1), 102.0
(Jer,uy=173.3 Hz, C-1"), 99.6 (J¢yr, = 166.4 Hz, C-1).

& Limear il

# Capi/Linesr (1) L

Molecular modeling of the uncomplexed trisaccharides:

A four-dimensional systematic conformational search per-
formed on the @ and ¥ torsion angles of the SGIcNAc-
(1 —-2)aMan(1 —3)Man trisaccharide I yielded 26712 con-
formations in a 10 kcalmol™! energy window. A cluster
analysis®! gave seven families, and the lowest energy con-
formation of each of those families was fully optimized. The
resulting geometries are described in Table 1. All seven
conformations retained present very different geometries.
The @ and ¥ values of these conformers have been reported

Chem. Eur. J. 1999, 5, No. 8
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Table 1. Low-energy conformations of linear trisaccharide I and structural
characteristics (torsion angle values in ° and relative energy value in

kcalmol™).

Family D, v, D, v, AE
Linear_AA —50.7 —171.7 68.7 99.4 0.0
Linear_AB —51.8 —174.5 81.8 —44.6 0.8
Linear_BC 444 143.7 164.6 174.5 1.6
Linear_BA 44.1 146.7 68.9 104.3 2.0
Linear_BB 46.4 149.5 92.5 —39.9 2.5
Linear_BD 56.7 159.1 133.6 66.2 33
Linear_DC —104.0 71.4 152.9 160.1 3.6

on the energy maps of both linkages (Figure 2) which were
calculated recently™ with the MM3 program.?” For both
disaccharides, the main low-energy region has been labeled A,
whereas the second low-energy region has been given the
label B. Regions C and D correspond to remote parts of the
main low-energy region that could be considered as secondary
minima. The conformations in Table 1 have been identified by
the orientation of each linkage: Linear_AB corresponds to a

T =T .
OleMAci12Mean 2 8 - K ) Y |
T L ®
-y | e
i . . ¢
Jmd AL S
g ¥ .:-'..' F ,:-“
& , WA, (7
B o : [1] )] 0 i 240 o]

W Linld¥an m L pnh/ponias archarids cryslal slirucbare

# Irisaccharide | in severs L eligasaccharids ervwiml
sErwclures

Figure 2. Superimposition of the conformations predicted for the isolated and ConA-bond trisaccharide I and IIT
on the energy maps of each linkage, as calculated with the MM3 program.!"”) The conformations observed in some
crystal structures of lectin —oligosaccharide complexes are also depicted.

conformation with the SGIcNAc(1 —2)Man linkage in con-
formation A and the aMan(1 —3)Man linkage in conforma-
tion B of their respective energy map.

The lowest energy conformation, Linear_AA, corresponds
to the one predicted by NMR and molecular modeling
studies.?!! However, some of the other conformations are not
much higher in energy. More particularly, the conformations
Linear_BA and Linear_BB correspond to those observed in
N-glycan fragments when cocrystallized with Lathyrus ochrus
lectin.[> ¢ The occurrence of a conformation (B on each map)
that greatly differs from the absolute minimum is a character-
istic of oligosaccharide flexibility. The occurrence of a small
percentage of these anti conformers has also been demon-
strated by high-resolution nuclear magnetic resonance spec-
troscopy (NMR). For the a-linkage, the secondary minimum
corresponds to the gauche orientation of the ¥ angle, which
has been proven to exist in solution in mannobiose? and
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maltose.”’ For the S-linkages, the secondary minimum is the
gauche conformation about the i angle that has been referred
to as the gauche—-gauche or alternate exo-anomeric effect.
Independent NMR studies on the B(1 —3) linkage,? the
B(1 —2) linkage,™! and the C-analogue of the B(1—4)
linkage?’ in solution demonstrated the existence of the
alternate conformation in addition to the usual syn con-
former.

A systematic conformational search was run on nine of the
torsion angles of the 13-membered-ring cyclic trisaccharide
III. The @ and Y torsion angles of both glycosidic linkages as
well as five torsion angles of the methylene acetal bridge were
rotated, resulting in 1203 conformations. After partial opti-
mization and rejection of conformers with incorrect stereo-
chemistry or van der Waals conflicts, 792 conformations were
considered in an energy window of 10 kcalmol~.. As a result
of convergence during the last step of geometry optimization,
only 23 conformations presented different geometries in
terms of the 13-membered-ring shape and were stored. Since
the acetal bridge appears to be the most flexible part of this
macrocycle, the 23 conformations can be classified in six
families, based on the conformation of the two glycosidic
linkages (Table 2).

The conformations, grouped in six families, are displayed in
Figure 3. Despite the cyclization constraints, both linkages can
adopt several very different conformations in an energy
window of 10 kcalmol~!. For each family, the methylene
acetal bridge moves freely. In order to evaluate the influence
of cyclization on the conformational behavior of the glyco-
sidic linkages, the six conformations have been reported on
the energy maps of both linkages (Figure 2). From this
comparison it can be seen that the cyclization does not force
the linkages into high-energy regions: all the calculated
conformations are encountered by the most external iso-

Table 2. Low-energy conformations of cyclic trisaccharide III, and their classification in conformational families
based on the conformation at the two glycosidic linkages (torsion angle values in ° and relative energy value in

Oyprli_BA

Ly W)

Lyelie &

Uwehe LIE |

welie_SH

Figure 3. Graphical representation of the 23 low-energy conformers of
compound HI distributed in six families, based on the conformations of the
glycosidic linkages. The lowest energy conformation of each family is
represented by sticks. Color-coding is as follows: red for the SGIlcNAc,
green for the central aMan, and yellow for the aManOMe; the tether is
colored violet.

energy contour (8 kcalmol™!). The trisaccharide is still rather
flexible since many areas of the energy maps are spanned by
the calculated conformations. However, there is a significant
reduction of flexibility when compared with the linear
trisaccharide, and, for example, the AB conformation cannot
be adopted by the constrained
compound.

When comparing the confor-

kcalmol™!). ) . )
— > ” ” ” N mational behavior of the linear
amty 2 2 o b o @ @ @ @s and cyclic trisaccharides, the
Cyclic. AA —444 —1694 759 89.3 761  —745 128.6 1596 —1187 00  global minimum conformation
—433  —1688 629 84.5 56.9 807 —117.8 =859 958 13 e . ko charide appears
—494 —163.7 718 1175 423 69.1 —161.9 166.3 577 26 8Ost X bp
~384 —1707 775 1461 610 —945 —1626 —724 1225 39  to be almost identical. Howev-
—376 175.7 67.6 138.2 73.2 —44.1 —176.6 179.9 1549 4.0 er, the secondary minima do
-291 1721 971 863 —422 762 242 1550 1038 42  pot appear in the same order.
—477  -1633 1232 1018 473 -975 142.5 51.8 402 48
—387 —1661 1228 817 —42.6 1122 -503 1755 -371 82 tional vsis b
386 —156.6 1434 60.6 —445 1072 —885 1737 40.1 84 onformational  analysis by
Cyclic_BA 43.0 1504 740 953 —7L7 70.6 57.8 1560 —1200 03 NMR Slpect“’sc"l’y' N
475 1502 792 1134 —597 1070  —145.7 1777 565 2.2 The 'H NMR and “C NMR
663 —1723 576 757 =712 858 —1263 —168.5 644 34  spectra were completely as-
458 1421 701 1349  —60.6 682 1511 —176.9 1343 36  goned by a combination of
. 457 1478  68.0 939  —60.1 140 -786  —1252 —895 38 o clear COSY, TOCSY,
QeI eSS0 ee he om0 e MOC
yelic_ —59. — 86. . . . —131. . . . . B
~570  —830 528 464  —56.7 76.6 40.9 1657  —1027 44 HMB,C’ and HMQC-TOCSY
516 —772 519 637 —453 1203 —1328 166.7 57.7 64  techniques The latter two tech-
547  —845 520 480 —454 1395  —582 —1347 —-80.0 7.3  niques were crucial to resolve
Cyclic CB  —68.0  —962 740 15 49.3 754 —4528  —239 —981 56  the final ambiguities. The cor-
Cyclic_BB 69.0 —1670 874 163 —63.7 1129 —148.7 —23  -992 58 responding 'H and *C NMR
68.6 1792 1245 —308 —66.0 1015  —160.9 389 —1189 62  chemical shifts of compounds I
65.1 161.1 1415 —267 —585 101.1  —1537 324 —1078 64 04T are listed in Table 3
2284 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2284 $ 17.50+.50/0  Chem. Eur. J. 1999, 5, No. 8
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Table 3. 500 MHz 'H and *C NMR chemical shifts for trisaccharides I and
III at 303 K.

Proton Trisaccharide 1 Trisaccharide III
GIcNAc H-1 4.52/101.7 4.92/99.6
GIcNAc H-2 3.68/57.8 3.95/56.6
GIcNAc H-3 3.53/75.8 3.61/76.4
GIcNAc H-4 3.49/72.2 3.53/71.6
GIcNAc H-5 3.47/78.3 3.71/78.7
GIcNAc H-6A 3.92/63.0 4.10/70.4
GIcNAc H-6B 3.79/63.0 4.02/70.4
Mana(1 —3) H-1 5.12/100.3 5.68/102.0
Mana(1 —3) H-2 4.16/78.7 4.38/75.0
Mana(1 —3) H-3 3.89/71.9 4.01/71.8
Mana(1 —3) H-4 3.52/69.6 3.71/69.3
Mana(1 —3) H-5 3.69/76.0 3.72/75.7
Mana(1 —3) H-6A 3.91/63.6 3.97/63.4
Mana(1 —3) H-6B 3.64/63.6 3.86/63.4
ManaOMe H-1 4.72/102.2 4.82/103.1
ManaOMe H-2 4.06/72.0 4.10/72.5
ManaOMe H-3 3.85/80.5 4.11/77.7
ManaOMe H-4 3.75/68.2 3.84/76.9
ManaOMe H-5 3.65/75.0 3.77/74.4
ManaOMe H-6A 3.95/63.0 3.95/62.7
ManaOMe H-6B 3.78/63.0 3.84/62.7
pro-R CH, - 5.17/100.4
pro-S CH, - 5.03/100.4

The existence of molecular motion around the glycosidic
linkages of oligosaccharides has now been firmly establish-
ed.P-21 In addition, recent investigations have revealed that
the rates of overall and internal motions of small and medium-
size oligosaccharides may occur on similar time scales.[!
Since NMR parameters are es-
sentially time-averaged, the in-
formation that can be deduced
from NOE experiments corre-
sponds to a time-averaged con-
formation in solution.

For both trisaccharides, the

(two small consecutive Jy i, and Jy,3), although all cross-
peaks H-2 —H-6( ¢, can be deduced from H-2 Mana(1 —3),
and H-2 —H-5 connectivities from H-2 ManaOMe, as ex-
pected for the Man residues adopting the *C, conformation. In
addition, medium-strong H-1-H-2 cross-peaks are observed
for both Man anomeric protons. The NOESY and ROESY
experiments were used to estimate proton— proton interresi-
due distances qualitatively.?!] NOESY cross-peaks are pos-
itive at 299 K and 500 MHz. (Figures 4 and 5) 'H NMR cross-
relaxation ratesP! ¥ (0ropsy and Oyorsy) Were obtained from
the 2D-NOESY and 2D-ROESY experiments. Ogopsy/Onorsy
ratios®¥ are independent of interproton distances and allow us
to estimate specific correlation times and therefore interpro-
ton distances (see Experimental Section). For both com-
pounds, overall correlation times around 0.2-0.3 ns were
obtained. This fact indicates that both molecules tumble
almost isotropically in solution and that the isolated-spin-pair
approximation (ISPA) can be safely applied to deduce
proton —proton distances. In fact, the results for the distances
given in Tables 4 — 6 are very similar to those estimated by the
ISPA method. The corresponding H-1-H-2 intraresidue
signals were used as reference (2.4 A) for the a-linkages,
and the H-1-H-3 and H-1-H-5 intensities for the unique j-
linkage. The distances calculated by molecular mechanics are
also shown in Tables 4-6.

For the acyclic trisaccharide I, the experimentally deduced
NMR distances arise from different conformational isomers
(Table 4). Indeed, the observed NOEs for the Man-
a(l —3)Man linkage (weak NOE for Mana(l —3) H-1-

pyranoid rings can be described pem 8
as essentially monoconforma- '
tional *C;, as deduced from the 3.4 )
proton-proton coupling pat-

terns and intraresidue NOE 3.6+

data. Small couplings are ob-

served for both Man anomeric 38

protons (<2 Hz) and H-2 Man- 0

a(l—3) (<4Hz), while an 40

8.4Hz coupling is measured . )
for the GIcNAc analogue. In 42l @

fact, for the GlcNAc residue all .
proton chemical shifts (H- e
1—H-6(5 ) can be obtained s
through a TOCSY experiment 464

as expected for an all-axial

conformation of the ring pro- a8

tons. In addition, medium-

strong H-1-H-3 and H-1-H-5 504

cross-peaks support the usual

chair conformation. For both 5ot

- ——> ManaOMe H-2
- - —> Mana(1-3)H-2

GicNAc  GlcNAc  GicNAc
2 H-3 K

- - Q- -~ = GIoNAG H-1
OMe
—————————— ¢ - |- -> ManaOMe H-1
8
Man aOMe ‘
| H-3
Q -~ — @ o~ === —— = — = — — £ — — > Mana (1-3) H-1

Man residues, the TOCSY
transfer from H-1 stops at H-2

Chem. Eur. J. 1999, 5, No. 8
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Figure 4. NOE spectrum of compound L
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Mana H-2 NOE contacts are
fairly strong. Since no GlcNAcf
H-2-Mana H-2 NOE is ob-
served, conformer B is less than
5% present in solution at this

ppm linkage, within experimental er-
r'4 ror. In addition, no conformer
36+ g . can simultaneously satisfy the
0 corresponding two close distan-
387 P é ces, and therefore the presence
104 0 9 ° g | _ — _> GlcNAC H-6 pro-R of conformational averaging
g PR 4 e G- > GleNAC H-6 pro-S between conformers A and D
424 ¢ Yo i is firmly confirmed.
3 o Mag)nx(!-a) GicNAc
H5 The observed NOEs for cy-
sl 8 o - - i -~ -2 Mana (1-3)H-2 .
= i clic compound III (Tables 5 and
5 6) are fairly distinct for the
' @ l® i
Ao O ; o GIcNAcs(1 —»2)Map hnl.(age
45 H2 :' and now the interresidue
convae T - & |- - - = ManaOMe H-1 :
P Whpns,  MamooMe s - - > GloNAcH-s GlcNAcS H-1-Mana H-2 dis-
507 @~~~ =i~ = §—+ -~ —> CHp pro-§ tance is appreciably larger than
ol ° ~==> CH, pro-A the corresponding GlcNAcS
i Man oOMe H-1-Mana H-1, as can be de-
! GIcNAC H-6ab : i
5.4 Mano (-3  HEPOR duced from the relative inten-
H-2 .. .
Ot e Mansoms sities of the NOEs. Again, no
567 pro-R - H- e GIcNAcB H-2-Mana H-2 is
s —P---—-—-—---- g--—— @ -~ - —— — - -2 Mana (1-3) H-1 L
observed; this indicates that
5.8 T T T T T 7 T A ..
58 56 54 52 50 48 46 44 42 40 38 36 ppm conformer B does not partici-

Figure 5. NOE spectrum of compound III.

Table 4. Experimental and calculated proton—proton distances for trisacchar-
ide I. The experimental distances have been calculated from the NOE and ROE
cross-relaxation rates as described in the experimental part. The calculated
distances correspond to the representative structure for every local minimum.

Estimated errors in the experimental distances are smaller than 5%.

H-H Pair GlcNAcS(1 —2)Mana linkage

Mana(1 —3)ManaOMe linkage

Conformer Conformer

Exp A B C D Exp A B C D

1-1 2.4 21 3.6 4.1 ndl 60 47 45 59
1-2 2.6 33 36 2.3 33 43 35 21 42
1-3 nd 48 53 3.8 22 24 36 29 24
1-4 nd 39 42 38 35 37 23 43 35
2-1 ovltl 47 42 43 nd 7.1 60 53 62
2-2 nd 41 22 42 nd 52 39 33 50
5-2 nd 42 4.6 45 2.7 24 5.1 50 39

[a] nd =not determined. [b] ov = overlapping signal.

ManaOMe H-2, strong NOE for Mana(l—3) H-1-
ManaOMe H-3, and medium NOE for Mana(1 —3) H-5-
ManaOMe H-2) are basically identical to those observed for
the disaccharide indicating that the GlcNAc residue does not
have a significant effect on the conformational behavior of
this linkage. The conformation around this glycosidic linkage
may be described as a conformational equilibrium around
conformer A, with minor excursions towards the regions
defined by conformers C and D, and in all cases the values of
the @ and ¥ angles are positive. The NOE data obtained for
the GlcNAcB(1 —2)Man linkage unequivocally indicate that
the conformation of this linkage can be described by a
conformational equilibrium between conformers A and D,
since both GlcNAcf H-1-Mana H-1 and GIcNAcS H-1-
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pate in the conformational

Table 5. Experimental and calculated proton-—proton distances for trisac-
charide IIL.

H-H Pair GIlcNAcS(1 —2)Mana linkage

Mana(1 —3)Mana linkage

Conformer Conformer

Exp AA BA CA,CB Exp AA BB BD

1-1 2.2 2.1 3.6 33 nd® 6.0 4.7 5.9
1-2 32 33 36 3.6 ovltl 43 35 42
1-3 nd 48 53 3.6 22 24 3.6 24
1-4 nd 39 42 2.0 33 37 2.3 35
2-1 nd 47 42 4.6 nd 7.1 6.0 6.2
2-2 nd 4.1 2.2 4.5 nd 52 3.9 5.0
5-2 nd 42 4.6 5.4 ov 2.4 5.1 3.9

[a] nd =not determined. [b] ov = overlapping signal.

Table 6. Experimental and calculated proton—proton distances for the
bridge methylene protons of trisaccharide ITL.

Pair Exp AA BA BB BD CA CB
pro-R CH,—Mana(1 —3) H-1 28 26 26 42 34 42 42
pro-R CH,—Mana(1—=3)H-2 26 25 23 6.6 45 66 6.6
pro-R CH,—-GlcNAcp H-65 32 36 31 34 40 31 27
pro-R CH,—GIcNAcfS H-6R 29 25 38 28 33 27 37
pro-R CH,-ManaOMe H-4 27 27 28 39 36 38 32
pro-S CH,—-GlcNAcfS H-6S 27 38 37 34 35 39 26
pro-S CH,-GlcNAcS H-6R 29 31 41 22 22 36 36
pro-S CH,-ManaOMe H-6AB 33 26 3.0 38 41 34 37
pro-S CH,—ManaOMe H-4 28 23 21 33 39 36 35

equilibrium. According to these results, the cyclization
rigidifies the GIcNAcS(1 —2)Man linkage and conformer A
is basically the only one in solution. On the other hand, the
NOEs for the Mana(1l —3)Man linkage are identical to the
linear compound. Although there is overlapping between
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ManaOMe H-3 and H-2 protons, the NOE cross-peak
intensity between these resonances and Mana(l —3)Man
H-1 can be ascribed exclusively to the ManaOMe H-3-
Mana(1 —3)Man H-1 cross-peak. In fact, according to the
modeling results, and despite the extensive search performed
(see below), no conformer with a ManaOMe H-2-
Mana(1 —3)Man H-1 distance below 3.82 A could be detect-
ed. This is due to the fact that conformation C around this
glycosidic linkage cannot be attained because of the cycliza-
tion. Therefore, the presence of the cycle poses a major
constraint around the GIcNAcS(1 —2)Mana linkage and now
the experimental NOEs of this compound can be described by
conformer AA. In the absence of J coupling data, the
assignment of diastereotopic protons heavily relies on the
presence of a major conformation.!! Thus, by considering the
geometries (not the relative energies) deduced from the
modeling studies, the diastereotopic methylene bridge pro-
tons could also be assigned. As mentioned above, cyclization
of the trisaccharide highly restricts the GleNAcfB(1 —2)Mana
linkage. Several NOEs were observed for the methylene
bridge protons. Particularly important were those between the
low-field proton with both Mana(1 —3) H-1 and H-2. Again,
and according to the modeling results, for all the found
conformers, only the pro-R proton may show short distances
with these two protons at the Man residue, thus providing the
key for diastereotopic assignment. Additional NOEs are also
observed between both methylene bridge protons with
ManaOMe H-4, both GIcNAc and ManaOMe H-6s, and
ManaOMe H-5. The pattern of the observed NOEs between
both methylene bridge protons and the GIcNAc H-6s (strong
pro-R-high field, weak pro-R-low field, strong pro-S-low field,
weak pro-S-high field) seems to indicate that the low-field
GIcNAc H-6 proton is indeed the pro-S proton. This assign-
ment is also supported by observed intraresidue NOEs
between the methylene GIcNAc H-6s with H-4 and H-5, that
is medium/strong high field GlcNAc H-6-H-4, medium/
strong low-field GIcNAc H-6-H-5, medium/weak high field
GIcNAc H-6-H-5, weak low-field GIcNAc H-6 —H-4. This is
the expected NOE pattern for the usual gg/gt equilibrium
around the GleNAc C-5-C-6 bond.PY The Jys yes and Jus, ner
of this residue are 2.0 and 4.9 Hz and therefore the exper-
imental equilibrium is approximately gg:gt 60:40.534

The simultaneous existence of all the aforementioned
NOE:s can only be explained by the presence of mobility in
this region of the molecule. Therefore, a major conformer AA
may explain the conformational behavior of this trisaccharide,
with local flexibility around the C-6-O-CH,-O region of the
macrocycle. Although only qualitative, the geometry of this
conformer may explain the unusual chemical shift observed
for H-1 and H-2 of the Mana(1 —3) residue. These two atoms
are in close proximity to O-4 ManaOMe (2.3 A) and O-5
GlIcNAc (2.5 A). In addition, the relative deshielding of the
pro-R methylene bridge proton with respect to the pro-§
analogue could also be explained by its proximity to O-5
GlcNAc (2.4 A) in the AA conformation.

The modeling results of the uncomplexed molecules are in
good agreement with the experimental results, because the
calculations (see above) predict an equilibrium in which
conformer A is the major one for the GIctNAcS(1 —2)Man
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linkage, while an equilibrium between conformers A and D
was predicted. The calculations for compound I predict a
major conformer AA with variation around the angles
defining the methylene orientation. These predictions are
consistent with the experimental data, and the only discrep-
ancy is the absence of conformer BA, which according to the
calculations should be present to some extent.

Molecular modeling of the complexes between ConA and the
trisaccharides:

All conformational families determined for the linear
compound I were docked in the ConA binding site. All of
the seven tested conformations could be accommodated in the
binding site with no major changes in their geometries
(Table 7), except for the Linear BD conformation, which

Table 7. Low-energy conformations of linear trisaccharide I and cyclic trisac-
charide III when docked in the binding site of ConA. Hb indicates the number
of hydrogen bonds between the ligand and the protein. AE,, (kcalmol™) is the
difference between the energy of the complex and the energy of the
noninteracting protein and trisaccharide, whereas AE;, is the interaction
energy between protein and ligand.

Conformation D, Y., D5 Wi, Hb AE, AE,

ConA -Linear_BA 522 1517  71.0 1023 8 —-379 -—459
ConA -Linear_BC 51.5 1505 161.7 1661 11 —354 —43.7
ConA -Linear_BB 543 1465 1393 —-698 8 —350 -—432
ConA -Linear AA —-558 -166.6 89.9 872 6 —315 -382
ConA-Linear AB —-52.6 —1582 839 -686 6 —31.1 —392
ConA -Linear DC —82.8 99.5 1526 1457 11 —264 —423
ConA - Cyclic_BA 48.8 1489  70.7 89 9 -392 -456
ConA - Cyclic_ BD 52.9 149.1 1413 557 10 —-363 —423
ConA -Cyclic. AA —559 —154.7 100.5 90.1 7 —334 -—412
ConA - Cyclic_BB 57.3 1471 15%6.6 -202 10 —31.0 -—409
ConA-Cyclic. CA -621 —831 603 613 11 -275 -476
ConA-Cyclic CD —42.6 -156.8 1284 716 8 —242 -383

gave a much higher energy complex than the others. The
complex with the lowest energy is ConA —Linear_BA. The
preference of conformation B (the one that does not
correspond to the exo-anomeric effect) for the
BGIcNAc(1 —2)Man linkage is marked, since this orientation
is predicted to occur in the three lowest energy docking
modes. This result is in agreement with previous calculations
performed on the same complex by a different approach.[®

The conformation of this linkage also affects the orientation
of the central mannose in the binding site. When conforma-
tion B is adopted, the mannose is very deep in the binding site
and all the hydrogen bonds have the characteristics observed
in the ConA-aMan complex.’® When conformation A is
taken, the mannose is not so deeply docked, probably because
of steric interactions of the GlcNAc with the protein surface,
and some hydrogen bonds are weaker. The GIcNAc residue
also establishes hydrogen bonds with the peptide, but only if
linkage (1 —2) is not in conformation A. The third predicted
conformation for the SGIcNAc(1 —2)Man is termed D. In this
intermediate case, the mannose is not very deep in the binding
site, but many hydrogen bonds still exist, and furthermore, the
GIcNAc presents some additional hydrogen bonds with the
Thr?* side chain and Gly?** backbone. It has to be noted that
this peculiar conformation is the one observed for the
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PGIlcNAc(1 —2)Man disacchar-
ide in the crystal structure of
ConA —pentasaccharide com-
plex.B¢]

All of the 23 low-energy
conformations of the cyclic tri-
saccharide III were considered
for the docking study with
ConA. After the central man-
nose residue was fitted in the
binding site and the energy of
the complexes was optimized
with appropriate energy param-
eters,?1 20 different conformers
were stored in an energy win-
dow of 15 kcalmol~L. The other
conformers were rejected ei-
ther because of their high en-
ergy or because their geometry
converged close to one already
considered. The conformers
have been clustered in six fam-
ilies based on the conformation
at the fGIcNAc(1 —2)Man and
aMan(1 —3)Man linkages (Ta-
ble 7). All conformations are
displayed in Figure 6. When
docked in the ConA binding
site, the trisaccharide can in
principle still adopt several dif-
ferent conformations. Howev-
er, as for the linear saccharide,
the B conformation of the
BGIcNAc(1 —2)Man linkage is
energetically favored in the
ConA complex state.

Complexation studies of the
saccharides with ConA :
Thermodynamic data ob-
tained by isothermal microca-
lorimetry for complexation of
the disaccharide aMan-
(1 -3)aManOMe, the trisac-
charide I and III with ConA
are listed in Table 8 together
with literature data for related
compounds. Although the en-
tropy and enthalpy contribu-
tions of particular interactions
vary between reporting authors,
some clear tendencies can be
identified. First, there is a lim-

ited variation of free energy of binding between mono-, di-,
a phenomenon that is attributed to
compensation.
aMan(1 —3)Man-containing fragments has a more favorable
enthalpy but a less favorable entropy contribution than its
PGIcNAc(1 —2)Man counterpart. The linear trisaccharide I

and trisaccharides,
entropy/enthalpy

2288 —
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Figure 6. Graphical representation of the 20 conformers of cyclic trisaccharide III when interacting with ConA,
distributed in six docking modes, based on the glycosidic linkage conformation. The protein is depicted by a

ribbon-type representation.

Table 8. Thermodynamic data for the binding of trisaccharide I and III with ConA compared with literature data.

Compound AG AH TAS Ref.

[kecal mol ] [kecalmol ] [kcal mol™!]
Man —44 -57 -13 [45]
aManOMe -53 —6.6 -13 [46]

-53 —6.8 -1.6 [45]

-53 -82 -29 [47]

-53 - 68 15 [48]
BGIcNAc(1 —2)Man —-52 -53 -0.1 [46]
aMan(1 —3)Man -57 -10.2 —45 [47]
aMan(1 —3)aManOMe -57 -78 -20 [46]

—62 —-10.7 —45 [47]

—6.0 -74 —-14 [47]

-59 -95 -3.6 Present work
BGleNAc(1 —2)aMan(1 —3)aManOMe (I) —6.1 —4.6 1.5 Present work
4 —6, cyclic trisaccharide (III) -58 -2.7 3.1 Present work

Second, binding of

0947-6539/99/0508-2288 $ 17.50+.50/0

has a slightly more favorable energy of binding than both
disaccharide constituents do. Nevertheless, the thermody-
namic characteristics of the linear oligosaccharide are close to
those of the SGIcNAc(1 —2)Man disaccharide.

It was anticipated that the conformationally constrained
trisaccharide III can adopt a conformation required for
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binding with the lectin ConA but will lose less conformational
flexibility than the corresponding linear trisaccharide. There-
fore, the entropic barrier associated with loss of flexibility of
the cyclic oligosaccharide was expected to be smaller and
should thus result in more favored binding. Indeed, the
measured thermodynamic data revealed more favorable
entropy of binding of compound III, which surprisingly is
offset by a less favorable enthalpy term.

The conformational studies have shown that the introduc-
tion of the methylene acetal tether does not distort the
conformation of compound III, but only reduces its conforma-
tional space as intended. Furthermore, the docking studies
indicate that both compounds complex in similar secondary
minimum energy conformations (BA) and have similar
interactions with the protein surface (Figure 7).

Recently, Bundle et al.’®! reported complexation studies of
preorganized branched trisaccharides with a monoclonal

design high-affinity carbohydrate ligands.[*l The NMR studies
demonstrated that in solution both compounds populate the
BA binding conformer less than 5%. Thus, upon binding a
considerable unfavorable enthalpy term is introduced for this
conformational change and this term may well be larger for
the conformationally constrained compound explaining the
less favorable enthalpy of binding. We attempted to confirm
the predicted BA bound conformation of the saccharides by
measuring TR-NOE’s. However, despite major efforts, no
TR-NOE’s could be measured and the failure of these
experiments is probably due to the time scale of complex
dissociation and/or to the presence of a paramagnetic Mn**
ion close to the sugar-binding site.

It is important to note that the calculations do not take into
account enthalpy effects arising from water rearrangement
and the assumption was made that the bulk solvent should
have the same enthalpic effect on the complexes involving the

linear and cyclic trisaccharides.

Figure 7. Comparison of the lowest energy complexes of ConA and both the linear trisaccharide I and the cyclic
trisaccharide III. The solvent-accessible surface of the protein has been represented with the MOLCAD option in
the SYBYL package. The linear trisaccharide I is colored by atom type whereas the cyclic trisaccharide I is

colored by residue.

antibody. They found that the introduction of conformational
constraints had little effect on the thermodynamic parameters
of complexation and their data suggested that interresidue
flexibility is not a major contributor to the weak association
that characterizes oligosacharide — protein interactions. They
also proposed that the absence of large impacts on AH and AS
implies that oligosaccharides display a restricted range of
conformations.

The data presented in this paper show that loss of flexibility
contributes significantly to the entropy of binding. Recently,
Quiocho and co-workersP made a similar observation for the
binding of linear and cyclic oligosaccharides to the maltodex-
trin-binding protein of Escherichia coli.

It is important to speculate about the origin of loss of
enthalpy of binding since it may provide opportunities to

Chem. Eur. J. 1999, 5, No. 8
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However, we may speculate
that the desolvation enthalpy
of the cyclic compound is sig-
nificantly higher than for the
linear compound.

Conclusion

The synthesis of a cyclic con-
formationally constrained tri-
saccharide is desribed, the de-
sign of which is based on mim-
icking an internal hydrogen
bond which is present in a
docking mode of a ConA —sac-
charide complex.

NMR spectroscopic and mo-
lecular modeling studies have
shown that the cyclic compound
III is indeed considerably less
flexible than the linear com-
pound I; however, both com-
pounds adopt mainly the con-
formation AA. It was anticipat-
ed that the entropy barrier of
complexation of compound III
with ConA should be smaller because less conformational
flexibility is lost during binding. Indeed, the complexation has
a more favorable entropy term but surprisingly this term is
offset by a smaller enthalpy contribution, and the linear and
cyclic compounds have similar binding constants. Molecular
modeling studies have been performed to explain the loss of
enthalpy of binding, and it was predicted that both com-
pounds are complexed in the local minimum energy con-
formation BA. Figure 7 displays a comparison of the lowest
energy complexes of the two compounds; both have very
similar interactions with the protein, and thus the small
enthalpy term of complexation of the cyclic compound cannot
be explained by fewer interactions with the protein.

The NMR studies have shown that in solution the BA
conformation for both compounds is less than 5 % populated.
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Thus, a considerable amount of energy will be lost for this
conformational change and it may be possible that this energy
term is considerably more unfavorable for the cyclic com-
pound. On the other hand, the observed differences of
enthalpy for III and I may arise from differences in solvent
reorganization.

The data presented in this paper suggest that loss of
flexibility during complexation accounts for a significant
entropic penalty. Further thermodynamic measurements and
NMR experiments will be conducted to validate the models
proposed in the present study, and these results will be
important for the future design of putative high-affinity
carbohydrate ligands. Cocrystallization experiments with
ConA and the ligand are under way, and these experiments
will confirm whether the ligands are bound in the predicted
BA conformation. Other conformationally constrained sac-
charides that adopt the BA conformation will be prepared to
study the general applicability of the observed binding data.

Experimental Section

Nomenclature: Schematic representations of the cyclic trisaccharide I and
III are given in Figure 1. The three carbohydrate residues are labeled from
unprimed to primed and double-primed from the ManOMe residue, by
analogy to the linear compound. The relative orientation of a pair of
contiguous residues about each glycosidic linkage is described by a set of
two torsional angles: @, ; = O-5'-C-1"-O-1'-C-3 and ¥|_; = C-1"-O-1"-C-3-C-
4 for the aMan(1 —3)Man linkage and &, ,=0-5"-C-1"-O-1"-C-2" and
Y, ,=C-1"-0-1"-C-2'-C-3" for the SGIcNAc (1 —2)Man linkage. The
orientation of the methylene acetal bridge is given by a set of five torsion
angles: w,=0-5"-C-5"-C-6"-0-6", w,=C-5"-C-6"-0-6"-C-7", w;=C-6"-
0-6"-C-7"-0-4, w,= 0-6"-C-7"-0-4-C-4 and w;= C-7"-O-4-C-4-C-5 (Fig-
ure 3). The sign of the torsion angles is given as proposed by the
Commission on Nomenclature.!]

Equipment: 'H and *C NMR spectra were recorded on a Bruker AC300
spectrometer equipped with a B-ACS 60 autochanger, and an Aspect 3000
off-line editing computer. The 'H 2D-COSY*! spectra were recorded on a
Bruker AMX400 spectrometer and an Aspect station I off-line editing
computer. Chemical shifts (0) were measured with tetramethylsilane as
internal standard. Fast atom bombardment (FAB) mass spectra were
recorded by means of a VG Zabspec spectrometer with m-nitrobenzyl
alcohol as matrix.

All calculations were performed on Silicon Graphics workstations.

General methods and materials: All chemicals were purchased from
Aldrich, Fluka, and Lancaster. 4 A Molecular sieves were purchased from
Avocado, activated at 300°C for 5 h, and stored at 180°C. Hydrogen and
nitrogen (White Spot) were supplied by British Oxygen Company.

All reaction solvents were distilled prior to use: dichloromethane and 1,2-
dichloroethane were distilled from P,Os, acetonitrile, pyridine, and diethyl
ether from CaH,, tetrahydrofuran (THF) from LiAlH,, and methanol from
magnesium activated with iodine.

Chromatography was performed with Merck 7734 silica gel 60, and flash
chromatography with Crosfield ES70X microspheroidal silica gel. TLC
analyses were carried out on silica gel plates (Merck 1.05554 Kieselgel
60F,s,). Compounds on TLC were visualized by UV light and/or by dipping
in H,SO,/MeOH (1:10 v/v/v) followed by subsequent charring at 140°C.
Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-(1 —3)-2-O-
benzyl-4,6-di-O-benzylidene-a-D »pyranoside (3): A mixture of ethyl
2-0O-acetyl-3,4,6-tri-O-benzyl-1-thio-a-D-mannopyranoside (1) (6.06 g,
11.31 mmol), methyl 2-O-benzyl-4,6-di-O-benzylidene-a-pD-mannopyrano-
side (2) (3.66 g, 9.84 mmol), and 4 A powdered molecular sieves (10 g) was
stirred for 1h in CH,Cl, (120 mL). Subsequently, a solution of N-
iodosuccinimide (120 mL, 0.1m in ether/CH,Cl,, 1:1 v/v) and TMSOT{
(0.232 mL, 1.2 mmol) were added. The mixture was stirred at room
temperature for 1 h, and then neutralized with triethylamine. The solution
was filtered through Celite®, washed with MeOH/CH,Cl,, 5:95 v/v/v, and
the combined filtrates were concentrated to dryness. The residue was
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dissolved in CH,Cl, (100 mL), and the solution was washed with Na,S,0;
(Im, 2x100mL) and water (100 mL). The organic layer was dried
(MgSO,), filtered, and concentrated to dryness. Purification of the crude
product by column chromatography on silica gel (CH,Cl,/acetone, 99:1 v/v)
afforded the desired disaccharide (3) as a colorless oil (8.0 g, 96 % yield); Ry
(acetone/CH,Cl,, 3:97 v/v)=0.70; [a]Zpp(kap =+12.1 (CH,CL,, c=
1313 mgmL-); 'H NMR (300 MHz, CDCL): 6=752-7.15 (m, 25H,
arom H), 5.63 (s, 1H, PhCH-), 5.62 (m, 1H, H-2'), 532 (d, 1H, J, ,=
2.0 Hz, H-1), 4.89 (d, 1 H, J,.,, = 11.0 Hz, -CH,- benzyl), 4.67 (d, 1H, J, , =
1.5 Hz, H-1), 4.77-4.60 (4d, 4H, J,.,, = 12.0 Hz, -CH,- benzyl), 4.51-4.41
(3d, 3H, -CH,- benzyl), 425 (m, 2H, H-3, H-5), 3.98 (dd, 1H, J; ,=
3.5Hz, Jy ,=9.0 Hz, H-3), 3.92-3.65 (m, 8H, H-4, H-4', H-5, H-2, H-6,
H-6'), 3.30 (s, 3H, -OCHs), 2.10 (s, 3H, -CH, acetyl); *C NMR (75 MHz,
CDCL): §=170.1, (C=0), 138.7, 1384, 1379, 1374 (Cq benzyl + Cq
benzylidene), 128.6-126.1 (arom C), 101.1 (PhCH-), 100.6, 98.9 (C-1,
C-1"), 79.1, 78.0, 774, 74.3, 732, 72.2, 68.2, 63.9 (C-2, C-3, C-4, C-5, C-2/,
C-3, C-4, C-5'),75.1, 73.7, 73.5, 71.6 (-CH,- benzyl), 69.1, 68.8 (C-6, C-6'),
54.9 (-OCH,), 21.1 (-CH; acetyl); MS (FAB): m/z (%): 885 (4) [M+K]*,
869 (100) [M-+Na]*; HRMS (FAB): calcd CsHs,0,,Na [M-+Na]" 869.35;
found 869.35.

Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-(1 —3)-2,6-
di-O-benzyl-a-D-mannopyranoside (4): 4 A molecular sieves (7 g) and
sodium cyanoborohydride (4.8 g, 76.47 mmol) was added to a solution of
compound 3 (6.47 g, 7.65 mmol) in dry THF (100 mL). Subsequently, a
solution of HCl in ether (1M, 99 mL) was slowly added over a period of
20 min to the mixture, which was stirred for 3 h under argon. The reaction
mixture was neutralized by the addition of triethylamine, and washed with
saturated NaHCO; (2 x 100 mL) and water (100 mL). The organic layer
was dried (MgSO,), filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography with acetone/
CH,Cl, (3:97 v/v) as the eluent, and the desired disaccharide (4) was
isolated as a colorless oil (6.03 g, 93% yield); R; (acetone/CH,Cl,, 2:98
vIv)=0.10; [a]fpp(kap) = +27.5 (CH,Cl,, ¢=29.26 mgmL"'); 'H NMR
(300 MHz, CDCl,): 6 =740-7.12 (m, 25H, arom H), 5.50 (m, 1H, H-2'),
5.37 (s, 1H,H-1'), 4.89 (d, 1H, Jy,, = 11.0 Hz, -CH,- benzyl), 4.75 - 4.45 (m,
11H, J,o = 11.4 Hz, -CH,- benzyl, H-1), 411 (dd, 1H, J, ;=9.2 Hz, H-4),
3.98 (m, 3H, H-3', H-5, H-5'), 3.74 (m, 7H, H-2, H-3, H-6, H-4', H-6"), 3.33
(s,3H, -OCHs), 2.10 (s, 3H, -CHj acetyl); *C NMR (75 MHz, CDCl;): 6 =
170.4, (C=0), 138.6, 138.0, 137.9 (Cq benzyl), 128.4-127.6 (arom C), 98.8,
98.7(C-1,C-1"),779,715,74.5,71.9,71.0, 68.8, 68.6 (C-2, C-3, C-4, C-5, C-2/,
C-3', C-4, C-5),74.9, 73.7, 72.6, 71.8, 70.8, 69.4 (-CH,- benzyl, C-6, C-6'),
54.9 (-OCH,), 21.1 (-CHj; acetyl); MS (FAB): m/z (%): 887 (4) [M+K]*,
871 (100) [M+Na]*; HRMS (FAB): calcd Cs,HssO,Na [M+Na]* 871.37;
found 871.37.

Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-(1 —3)-2,6-
di-O-benzyl-4-O-methylthiomethyl-z-D-mannopyranoside (5): Dimethyl
sulfide (5.2 mL, 70.3 mmol) was added to a cooled solution (0°C) of 4
(5.96 g, 7.03 mmol) in dry acetonitrile (80 mL). Benzoyl peroxide (6.8 g,
28.12 mmol) was added in portions over a period of 45 min under the
exclusion of light, and the mixture was stirred for 18 h and gradually
allowed to reach room temperature. TLC analysis (acetone/CH,Cl,, 3:97
v/v) showed complete conversion of the starting material into the product.
The solution was diluted with ethyl acetate, and washed with NaOH (1w,
2 x 100 mL) and brine (100 mL). The organic layer was dried (MgSO,),
filtered, and concentrated in vacuo. Purification by column chromatog-
raphy on silica gel (petroleum ether 40-60/CH,Cl,, 1:1 v/v, followed by
CH,Cl, and acetone/CH,Cl,, 1:99 v/v) gave the compound 5 as a pale
yellow foam (5.55¢g, 87% yield); R; (acetone/CH,Cl,, 3:97 v/v)=0.62;
[a]Fpp(/kap) = +37.8 (CH,CL,, ¢=2573mgmL""); '"H NMR (300 MHz,
CDCly): 6=739-715 (m, 25H, arom H), 5.35 (dd, 1H, J, =18 Hz,
J» y=3.3Hz, H-2'), 5.10 (d, 1H, H-1"), 4.89 (d, 1H, Jyer, = 11.0 Hz, -CH>-
benzyl), 4.78 (d, 1H, Jy, =114 Hz, -CH,- benzyl), 472 (d, 1H, J, ,=
1.8 Hz, H-1), 4.67 (d, 1H, -CH,- benzyl), 4.64-4.43 (m, 9H, -CH,SCH;,
-CH,- benzyl), 4.06 (dd, 1H, J; ,=3.3 Hz, J; ,=9.2 Hz, H-3), 3.97 (dd, 1 H,
Jy y=9.2Hz, H-3'),3.88 (m, 2H, H-4, H-5"), 3.77 (m, 4H, H-2, H-4', H-6a,
H-6a’), 3.68 (m, 3H, H-5, H-6b, H-6b"), 3.30 (s, 3H, -OCH,), 2.22 (s, 3H,
-CHj acetyl), 2.02 (s, 3H, -SCH,); C NMR (75 MHz, CDCl,;): 6 =170.3,
(C=0), 138.7, 138.4, 138.1, 137.9 (Cq benzyl), 128.5-127.6 (arom C), 99.8,
99.3(C-1,C-1"),779,713,74.5,74.4,72.2,71.4,69.1 (C-2, C-3, C-4, C-5,C-2/,
C-3', C-4, C-5'), 75.0, 73.5, 73.4, 73.0, 72.1, 72.0, 69.5, 69.3 (-CH,- benzyl,
-CH,SCH;, C-6, C-6"), 54.9 (-OCH3;), 21.2 (-CHj; acetyl), 14.8 (-SCH,); MS
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(FAB): miz (%): 948 (8) [M+K]*, 932 (100) [M-+Na]*; HRMS(FAB): calcd
Cs,HgO,SNa [M+Na]* 931.37; found 931.37.

Methyl  2,6-di-O-benzyl-3-0-(2-O-acetyl-3,4,6-tri-O-benzyl-¢-D-manno-
pyranosyl)-a-D-mannopyranoside-p-methoxyphenyl 3",4”-di-O-benzyl-2"-
deoxy-2"-phthalimido-f-D-glucopyranoside-4,6”-methylidene acetal (7): A
mixture of 5 (5.1 g, 5.62 mmol), p-methoxyphenyl 3,4-di-O-benzyl-2-deoxy-
2-phthalimido-f-p-glucopyranoside (6) (2.90 g, 4.88 mmol) and powdered
molecular sieves (8 g) was stirred for 1h in a mixture of THF and 1,2-
dichloroethane (1:1 v/v, 100 mL) under argon. The solution was cooled to
0°C. N-iodosuccinimide (1.35 g, 6 mmol) was dissolved in a mixture of THF
and 1,2-dichloroethane (60 mL, 1:1 v/v). Trifluoromethanesulfonic acid
(54 uL, 0.6 mmol) was then added and the solution stirred for further 30 s.
The resulting mixture (0.1m, 58.7 mL) was added quickly to the initial
solution which was then stirred for 30 min at 0°C. TLC analysis indicated
the conversion of the starting material into a major product. The reaction
mixture was neutralized by the addition of triethylamine and filtered
through Celite. The resulting solution was diluted with CH,Cl,
(200 mL)and washed with Na,S,0; (2 x 100 mL), NaHCO; (100 mL) and
brine (100 mL). The organic layer was dried (MgSO,), filtered, and
concentrated to dryness. Purification of the crude product by column
chromatography on silica gel (CH,Cl,/acetone, 98:2 v/v) afforded the
trisaccharide 7 as a colorless oil (5.39 g, 76 % yield); R; (acetone/CH,Cl,,
4:96 v/v) = 0.66; [a]&opp(/kap) = +44.4 (CH,Cl,, c =26.8 mgmL'); 'HNMR
(300 MHz, CDCl;): 6 =7.65 (brs, 4H, arom H -Pht), 7.38-6.85 (m, 35H,
arom H), 6.80, 6.65 (2 m, 4H, arom H -MP), 5.59 (d, 1H, J,. ,,=8.1 Hz,
H-1"),5.56 (dd, 1H, J, =18 Hz, J, 3 =3.3 Hz, H-2"), 5.21 (d, 1H, H-1),
5.02 (d, 1H, Jye, = 6.3 Hz, -OCH,0-), 4.94-4.42 (m, 16H, H-1, -OCH,0-,
-CH,- benzyl), 4.40 (m, 1H, H-2"), 4.02 (dd, 1H, J; ,=2.6 Hz, J; ,= 9.6 Hz,
H-3), 4.38-3.53 (m, 15H, H-2, H-4, H-5, H-6, H-3', H-4', H-5', H-6', H-3",
H-4", H-5", H-6"), 3.62 (s, 3H, -OCH; -MP), 3.25 (s, 3H, -OCH,), 2.10 (s,
3H, -CH, acetyl); 3C NMR (75 MHz, CDCl,): 6 =170.0 (C=0), 151.0 (Cq
-MP), 138.0 (Cq benzyl), 133.7,123.3 (arom C -Pht), 131.6 (Cq -Pht), 128.5—
1274 (arom C), 118.6, 114.4 (arom C -MP), 100.1, 98.8, 97.7 (C-1, C-1’,
C-17), 97.8 (-OCH,0-), 79.6, 79.1, 77.8, 77.5, 74.3, 74.1, 72.2 (C-2, C-3, C-4,
C-5,C-2,C-3,C4,C-5,C-3",C-4",C-5"),74.8,73.4,73.0, 72.1, 71.9, 69.8,
69.2, 67.5 (-CH,- benzyl, C-6, C-6), 64.1 (C-6"), 55.9, 55.7, 54.8 (-OCHj; -MP,
-OCH;, C-2"), 21.1 (-CH; acetyl); MS (FAB): m/z (%): 1478 (100)
[M+Na]*; HRMS (FAB): calcd CgHgNO,Na [M+Na]* 1478.59; found
1478.59.

Methyl 2,6-di-O-benzyl-3-0-(3,4,6-tri-O-benzyl-¢-D-mannopyranosyl)-a-
D-mannopyranoside-3",4"-di-O-benzyl-2"-deoxy-2"-phthalimido-f-p-glu-

co-pyranose-4,6”-methylidene acetal (9): Potassium fert-butoxide (0.412 g,
3.67 mmol) was added to a solution of trisaccharide 7 (5.34 g, 3.67 mmol) in
methanol (50 mL). The resulting mixture was stirred at room temperature
under argon. After 4 h, TLC analysis (acetone/CH,Cl,, 3:97 v/v) showed
the complete conversion of the starting material. The reaction mixture was
neutralized with Dowex-50WX8-[H*] and filtered, and the filtrate con-
centrated to dryness in vacuo. The crude compound 8 was used without
further purification. Compound 8 was dissolved in a mixture of toluene/
acetonitrile/water (60 mL, 1:4:1 v/v/v), and cerium ammonium nitrate
(6.04 g, 11.01 mmol) was added. The mixture was stirred for 4 h at room
temperature under the exclusion of light, after which time the solution was
diluted with ethyl acetate. The organic layer was washed with saturated
NaHCO; (2 x 75 mL) and brine (75 mL), dried (MgSO,), and filtered, and
the filtrate concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel with acetone/CH,Cl, (4:96
v/v) as the eluent. The trisaccharide 9 was obtained as a pale yellow oil
(2.16 g, 45% yield); R; (acetone/CH,Cl,, 5:95 v/v)=0.20; [a]f =+29.8
(CH,Cl,, ¢=20.8 mgmL~"); '"H NMR (300 MHz, CDCL,): 6 =7.80-7.60
(4H, m, arom H -Pht), 7.41-6.88 (m, 35H, arom H), 532 (d, 1H, J,; , =
11Hz, H-1), 525 (d, 1H, J;» »=85Hz, H-1"), 485 (2d, 2H, Jyn=
11.0 Hz, -CH,- benzyl), 470 (d, 1H, J, ,=14 Hz, H-1), 4.81-4.39 (m,
15H, -OCH,0-, -CH,- benzyl, H-3"), 4.27 (brs, 1H, H-2'), 4.13 (dd, 1H,
Jy. 3»=10.7 Hz, H-2"), 4.09 (m, 1H, H-3), 4.01-3.54 (m, 14H, H-2, H-4,
H-5, H-6, H-3', H-4, H-5', H-6', H-4", H-5", H-6"), 3.31 (s, 3H, -OCH;);
3C NMR (75 MHz, CDCl;): 6 =168.2 (C=0), 138.7, 138.4, 138.3, 138.2,
138.0 (Cq benzyl), 133.7,123.2 (arom C -Pht), 131.8 (Cq -Pht), 128.5-126.6
(arom C), 100.7,98.6, 92.9 (C-1, C-1', C-1"), 97.6 (-OCH,0-), 79.7,79.3,79.2,
78.0,76.3,75.7,74.6,74.5,71.7,71.5, 68.3 (C-2, C-3, C-4, C-5, C-2', C-3', C-4,
C-5',C-3",C-4", C-5"),74.8, 74.6, 73.4, 71.9, 69.5, 69.3 (-CH,- benzyl, C-6,
C-6', C-6"), 577, 54.9 (-OCH,;, C-2"); MS (FAB): m/z (%): 1346 (3)
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[M+XK]*, 1330 (100) [M+Na]*; MS (FAB): calcd C;;Hg NO(Na [M+Na]*
1330.54; found 1330.53.

Methyl 2,6-di-O-benzyl-3-0-(3,4,6-tri-O-benzyl-a¢-D-mannopyranosyl)-a-
D-mannopyranoside-trichloroacetimidate 3”,4"-di-O-benzyl-2"-deoxy-2"-
phthalimido-#-D-glucopyranoside-4,6”-methylidene acetal (10): - Trichlor-
oacetonitrile (0.782 mL, 7.80 mmol) and 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(19.5 uL, 0.13 mmol) were added to a solution of 9 (1.7 g, 1.3 mmol) in
CH,Cl, (30 mL) and the reaction mixture was stirred under argon. After
20 min the TLC analysis (CH,Cly/acetone, 95:5 v/v) showed almost
complete conversion of the starting material into the product. The mixture
was concentrated in vacuo and the oily residue was applied onto a column
of silica gel and eluted with acetone/CH,Cl, (1:99 v/v). Concentration of the
appropriate fractions gave 10 as a white foam (1.22 g, 65% yield); R;
(acetone/CH,Cl,, 5:95 v/v)=050; [a]f=+533 (CH,CL, ¢ =1
9.6 mgmL~'); 'TH NMR (300 MHz, CDCl;): 6 =841 (s, 1H, C=NH), 7.65
(brs, 4H, arom H -Pht), 740-6.80 (m, 35H, arom H), 6.37 (d, 1H, J,. . =
8.5Hz, H-1"),5.15 (d, 1H, J; » =1.1 Hz, H-1"), 4.87 (d, 1H, J ., = 11.4 Hz,
-CH,- benzyl), 4.85 (d, 1H, Jy, =110 Hz, -CH,- benzyl), 4.82-4.35 (m,
17H, -OCH,0O-, -CH,- benzyl, H-1, H-2", H-3"), 4.15 (brs, 1H, H-2"), 4.03
(dd, 1H, J; ,=3.3 Hz, J; ,=9.2 Hz, H-3), 3.98-3.52 (m, 14H, H-2, H-4,
H-5, H-6, H-3', H-4', H-5', H-6', H-4", H-5", H-6"), 3.31 (s, 3H, -OCH,),
3.10 (brs, 1H, -OH); *C NMR (75 MHz, CDCl;): 6 =168.0 (C=0), 160.9
(Cq imidate), 138.7, 137.9 (Cq benzyl), 133.8, 123.3 (arom C -Pht), 131.5 (Cq
-Pht), 128.5-1274 (arom C), 102.1, 98.3, 94.0 (C-1, C-1’, C-1"), 97.6
(-OCH,0-), 80.2,79.5, 78.9, 77.6, 75.7, 74.8, 74.6, 71.3, 68.4 (C-2, C-3, C-4,
C-5,C-2,C-3, C-4,C-5,C-3", C-4", C-5"),74.9,74.7,73.5,73.2, 72.1, 69.7,
69.5, 67.1 (-CH,- benzyl, C-6, C-6', C-6"), 54.8 (-OCH;, C-2"); MS (FAB):
mlz (%) 1473 (73) [M+Na+3 x ¥Cl]*, 1476 (100), [M+Na+2 x 3Cl+1 x
ICI*, 1479 (32) [M+Na+1 x Cl+2 x ¥Cl]*; HRMS (FAB): calcd
CoHgN,O¢¥Cl:Na  [M+Na]* 1473.44; found 1473.44; calcd
CoHgN,O*CLCINa  [M+Na]* 1475.44; found 1475.44; calcd
CoHg N,O,*CICl,Na [M+Na]* 1477.44; found 1477.44.

Methyl (3,4-di-O-benzyl-2-deoxy-2-phthalimido-f-D-glucopyranosyl)-
(1 —2)-(3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-(1 —3)-2,6-di-O-benzyl-
a-D-mannopyranoside-4,6”-methylidene acetal (11): A mixture of 10
(1.22 g, 0.84 mmol) and 4 A powdered molecular sieves (1 g) was stirred
for 30 min in CH,Cl, (50 mL) under argon. The solution was cooled to
—20°C and trimethylsilyl trifluoromethanesulfonate (8 uL, 0.042 mmol)
was added and the reaction mixture was stirred for 10 min. The reaction
mixture was quenched by the addition of triethylamine and filtered through
Celite; the filtrate was diluted with CH,Cl,, and washed with NaHCO; (2 x
50 mL) and water (50 mL). The organic layer was dried (MgSO,), filtered,
and concentrated to dryness. Purification of the residue by column
chromatography on silica gel (CH,Cl,/acetone, 98:2 v/v) afforded the
cyclic trisaccharide 11 as a colorless oil (891.8 mg, 82 % yield); R; (CH,Cl/
acetone, 96:4 v/v)=0.78; [a]Z=+42.1 (CH,Cl,, ¢=20.53 mgmL');
'H NMR (300 MHz, CDCl;):  =7.52 (brs, 4H, arom H-Pht), 7.41-6.80
(m, 35H, arom H), 5.75 (2d, 2H, J,. ,,=7.7 Hz, H-1", H-1"), 5.06 (d, 1H,
Jyem=4.0 Hz, -OCH,0-), 4.88 (d, 1 H, J.,, = 11.0 Hz, -CH,- benzyl), 4.67 (d,
1H,J, ,=1.5Hz, H-1), 4.83-4.23 (m, 15H, -OCH,O-, -CH,- benzyl, H-2",
H-2'),4.15 (d, 1H, Jy,, = 10.7 Hz, -CH,- benzyl), 4.11 (dd, 1H, J; ,=2.9 Hz,
H-3), 3.99 (2dd, 2H, J, ;=9.9 Hz, H-4, H-4"), 3.82-3.44 (m, 13H, H-2,
H-5, H-6, H-3', H-4, H-5, H-6', H-3", H-5", H-6"), 3.25 (s, 3H, -OCH,);
BC NMR (75 MHz, CDCL): 6 =1679 (C=0), 139.1, 138.4, 138.1, 1379,
137.7 (Cq benzyl), 133.4,123.1 (arom C -Pht), 131.6 (Cq -Pht), 128.5-126.8
(arom C), 100.0, 99.0, 94.5 (C-1, C-1’, C-1"), 96.9 (-OCH,0-), 79.2, 78.9,
7172,76.8,76.0,75.3,74.5,72.0,71.8,71.3 (C-2, C-3, C-4, C-5, C-2', C-3', C-4,
C-5', C-3", C4", C-5"), 74.9, 74.3, 73.5, 73.2, 72.5, 72.3, 69.1, 68.8, 66.2
(-CH,- benzyl, C-6, C-6', C-6"), 54.7, 53.8 (C-2", (-OCH;); MS (FAB): m/z
(%): 1328 (8) [M+K]*, 1312 (100) [M+Na]*; HRMS (FAB): calcd
C;;H;4NO;Na [M+Na]* 1312.52; found 1312.52.

Methyl (3,4-di-O-benzyl-2-acetimido-2-deoxy-f-D-glucopyranosyl)-
(1—2)-(3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-(1 —3)-2,6-di-O-benzyl-

a-D-mannopyranoside-4,6”-methylidene acetal (12): Hydrazine monohy-
drate (1.78 mL, 36.69 mmol) was added to a solution of 11 (945.8 mg,
0.733 mmol) in EtOH (10 mL) and the reaction mixture was heated under
reflux for 18 h. TLC analysis with ninhydrin showed complete conversion
of the starting material into an amino-containing intermediate (R;
(acetone/CH,Cl,, 4:96 v/v)=0.10). The solvent was removed in vacuo
and the residue coevaporated with toluene. The amine thus obtained was
subsequently dissolved in a mixture of pyridine (10 mL) and acetic
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anhydride (10 mL) and the solution was stirred at room temperature for
4 h. The mixture was then concentrated and coevaporated with toluene
(3 x 20 mL), ethanol (2 x 20 mL) and CH,CI, (2 x 20 mL). Purification of
the crude product by column chromatography on silica gel (CH,Cly/
acetone, 97:3 v/v) gave the title compound 12 (563.4 mg, 64 % yield) as a
colorless oil; R; (acetone/CH,Cl,, 4:96 v/v) =0.23; [a]¥ =+31.2 (CH,Cl,,
¢=16.93 mgmL-'); '"H NMR (300 MHz, CDCl;):  =7.45-7.11 (m, 35H,
arom H), 5.43 (d, 1 H, Jyy » =6.3 Hz, NH), 5.39 (s, 1 H, H-1), 5.22 (d, 1 H,
Ji =88 Hz,H-1"),4.91,4.90,4.85 (3d, 3H, J,.,, = 11.0 Hz, -CH,- benzyl),
4.79-4.48 (m, 15H, -OCH,0-, -CH,- benzyl, H-1, H-3"), 4.22 (s, 1 H, H-2'),
4.08-3.97 (m,2H, H-3, H-4), 3.88-3.48 (m, 13H, H-2, H-5, H-6, H-3', H-4',
H-5, H-6', H-4", H-5", H-6"), 3.27 (s, 3H, -OCH,), 2.91-2.80 (m, 1H,
H-2"); 3C NMR (75 MHz, CDCl;): 6 =171.0 (C=0), 139.3, 138.5, 138.3,
138.1, 137.8 (Cq benzyl), 129.0-127.5 (arom C), 102.9, 98.6, 96.3 (C-1, C-1’,
C-17),972 (-OCH,0-), 79.0, 78.2, 78.0, 77.5, 76.8, 76.3, 75.9, 74.3, 72.6, 72.1,
70.5 (C-2, C-3, C-4, C-5, C-2/, C-3, C-4, C-5, C-3", C-4", C-5"),75.1, 74.8,
74.5,73.6,72.6,69.3,69.1, 66.1 (-CH,- benzyl, C-6, C-6', C-6"), 56.2, 54.8 (C-
2", -OCH,), 23.5 (-CHj; acetyl); MS (FAB): m/z (%): 1240 (5) [M+K]*,
1224 (100) [M+Na]*; HRMS (FAB): caled C,H;NO;Na [M+Na]*
1224.53; found 1224.53.

Methyl  (2-acetimido-2-deoxy-f-D-glucopyranosyl)-(1 —2)-(«-D-manno-
pyranosyl)-(1 —3)-a-D-mannopyranoside-4,6”-methylidene acetal (III):
Compound 12 (536.6 mg, 0.447 mmol) in ethanol (10 mL) was hydro-
genated (H,, 54 mg Pd(OAc),) for 18 h. The mixture was filtered though
Celite and concentrated. The cyclic trisaccharide III was obtained as a
white solid (230 mg, 90 %yield); R; (MeOH/CH,CI,, 20:80 v/v)=0.05;
[a] =+34.7 (MeOH, ¢=3.4 mgmL~'); 'H NMR (400 MHz, D,0O): § =
5.68(d,1H,J; =13 Hz, H-1'),5.15,5.02 (2d,2H, J,,, = 5.1 Hz, -OCH,0-
), 495 (d, 1H, J;» »»=8.4 Hz, H-1"), 483 (d, 1H, J, ,=1.5 Hz, H-1), 4.37
(dd, 1H, J, y=3.9Hz, H-2'), 420-3.92 (m, 8H, H-2, H-3, H-6a, H-3',
H-6a’, H-2", H-6a", H-6b"), 3.90-3.56 (m, 9H, H-4, H-5, H-6b, H-4', H-5',
H-6b', H-3", H-4", H-5"), 3.49 (s, 3H, -OCH,), 2.13 (s, 3H, -CH, acetyl);
3C NMR (100 MHz, D,0): 6 =177.5 (C=0), 103.1 (J¢;, iy = 173.5 Hz, C-1),
102.0 (Jey, 1y =173.3 Hz, C-1'), 100.4 (-OCH,0-), 99.6 (J¢y, - = 166.4 Hz,
C-17), 78.7, 777, 76.9, 76.4, 75.7, 75.0, 74.4, 72.5, 71.8, 71.6, 69.3 (C-2, C-3,
C-4,C-5,C-2,C-3,C4,C-5,C-3",C-4",C-5"),70.4 (C-6"), 63.4,62.7 (C-6,
C-6'), 57.3 (-OCHj), 56.6 (C-2"), 24.8 (-CHj; acetyl); MS (FAB): m/z (%):
616 (7) [M+2 x Na]*, 594 (100) [M+Na]*; MS (FAB): calcd C,,H;;NO,;Na
[M+Na]* 594.20; found 594.20.

Microcalorimetry: Isothermal titration calorimetry (ITC) experiments to
measure the binding of saccharides to concanavalin A were done at 25°C
by means of a Microcal MCS titration microcalorimeter following standard
instrumental procedures!* with a 250 pL injection syringe and 400 rpm
stirring. Concanavalin A (Sigma) was used without further purification and
was dissolved in a buffer (0.1m Tris, 0.5M NaCl, 1 mm MnCl,, 1 mm CaCl,,
pH 7.0) and degassed gently immediately before use. Saccharide ligands
were dissolved in the same buffer. Protein concentrations in the ITC cell
were determined from UV absorbance measurements at 280 nm with the
molar extinction coefficient &, = 33000 (ConA). A typical binding experi-
ment involved 25 x 10 uL injections of ligand solution (typically around
10mMm concentration) into the ITC cell (ca. 1.3mL active volume)
containing protein (0.1-0.5mwm). Control experiments were performed
under identical conditions by injection of ligand into buffer alone (to
correct for heats of ligand dilution) and injection of buffer into the protein
mix (to correct for heats of dilution of the protein). Integrated heat effects,
after correction for heats of dilution, were analyzed by nonlinear regression
in terms of a simple single-site binding model using the standard Microcal
ORIGIN software package. For each thermal titration curve this yields
estimates of the apparent number of binding sites (V) on the protein, the
binding constant (K, M~') and the enthalpy of binding (AH, kcalmol~'). In
cases of weak ligand binding the titration curve is too gradual to allow
unambiguous estimation of N, and in such cases the stoichiometry was fixed
at N=1 for regression fits. Other thermodynamic quantities were
calculated with the standard expression AG°=—RTInK =AH* — TAS".

Molecular modeling:

Starting models for the oligosaccharides and for ConA: The trisaccharide
BGIcNAc(1 —2)aMan(1 —3)Man was constructed with the monosacchar-
ides obtained from a database of three-dimensional structures.*¥ All
subsequent calculations were performed by SYBYL software. Cyclization
was performed through a systematic search around the four torsion angles
of the glycosidic linkage, while a short distance was imposed between the
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atom O-4 and O-6". The solution with the best energy was taken as a
starting point for the cyclic compound. The coordinates of concanavalin A
were taken from the 2.0 A resolution crystal structure of the ConA —
mannose complex.*s Four conserved water molecules, which are involved
in the coordination of the structural cations, were incorporated into the
model. All hydrogen atoms were added and their position optimized with
the Tripos force field.!*!

Systematic conformational search for the trisaccharides: For the linear
trisaccharide, a four-dimensional systematic search was performed by
rotating the @ and ¥ angles of the two glycosidic linkages by 10° steps. The
SEARCH procedure of the SYBYL software was used for this purpose
together with energy parameters appropriate for carbohydrates.’’l In order
to avoid limitation of conformational space due to steric conflicts in the
rigid-residue approach, the hydroxyl hydrogens were omitted and the
hydroxymethyl groups at C-6 were replaced by methyl groups. In order to
limit the computation time needed, all conformations with penetration of
van der Waals spheres larger than 40 % were rejected prior to any energy
calculations.

A systematic search of the possible conformations of the 13-membered ring
has been performed on the cyclic trisaccharide. In the 13-membered ring of
this cyclic trisaccharide, nine torsion angles could be rotated, one of which
was used as a ring-closure bond. An eight-dimensional systematic
conformational search was performed by rotating the @ and ¥ torsion
angles of the two glycosidic linkages as well as the torsion angles of the
methylene acetal bridge by 10° steps, except for ws;, which corresponds to
the ring-closure bond.

In order to establish the correct stereochemistry at the ring-closure point
and to relieve small steric conflicts, each of the resulting conformations of
the cyclic trisaccharide was submitted to several steps of energy minimi-
zation. The hydroxyl atoms were restored, and the charges and atom types
specially defined for carbohydrate parameterization®” were used. The first
cycles included constraints on the torsion angles. The final optimization was
run with a termination gradient of 0.05rms with no constraints. The
structures obtained after the systematic search were checked for the
puckering of the pyranose rings and chirality of carbon atoms.

A family analysis method!® was used to identify groups of conformations. In
this approach, a family algorithm was used which concludes that an object
belongs to a group if there is only a single-step change to at least one of the
objects in the group. For this purpose, the torsion angles of both the
BGlcNAc(1 —2)Man and the aMan(l —3)Man glycosidic linkage were
used as selection criteria and the step limit was fixed at 30°.

Docking in the binding site of ConA: The lowest energy conformation of
each family of compound I and each of the low-energy conformations of
compound IIL in an energy window of 10 kcalmol~!, were used as starting
structures to be docked in the binding site of ConA. This was performed by
superimposing the central mannose unit of the cyclic trisaccharide onto the
sugar ring in the ConA —mannose complex.® The hydroxyl groups were
oriented in order to create the appropriate hydrogen network between the
mannose residue and the amino acids of the binding site. Each of these
ConA —trisaccharide complexes was optimized by means of the appro-
priate energy parameters.’”? Two shells of amino acids were considered for
the optimization cycle. A 10 A shell around the binding site (33 amino acids
as well as the water molecules and cations) was taken into account for the
energy calculations. A 4 A shell containing the 15 amino acids closest to the
carbohydrate (Tyr'2, Asn', Thr”, Gly*, Leu®”, Tyr'®, Ser'®, Ala?", Asp?®,
Gly?, Ser?®, Thr?®, Gly?”, Arg?®, and Leu?”) was defined as the hot region
to be optimized. In the first optimization cycles, only the cyclic trisacchar-
ide and the side chains of these 15 amino acids were allowed to optimize. In
the second step, the backbone of these amino acids was also optimized.

Conformational analysis by NMR spectroscopy: NMR experiments were
recorded on a Bruker DRXS500 spectrometer, with an approximately
5 mgmL~! solution of the trisaccharides in D,0O at 299 K. Chemical shifts
are reported in ppm, with the residual HDO signal (6 =4.72) and external
TMS (0 =0) as references. The double quantum filtered COSY spectrum
was recorded with a data matrix of 256 x 1 k to digitize a spectral width of
2000 Hz. 16 scans were used with a relaxation delay of 1 s. The 2D-TOCSY
experiment was performed with a data matrix of 256 x 2 k to digitize a
spectral width of 2000 Hz; 16 scans were used per increment with a
relaxation delay of 2's, and MLEV 17 with 100 ms isotropic mixing time.
The one-bond proton-carbon correlation experiment was collected by
means of the gradient-enhanced HMQC sequence. A data matrix of 256 x
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1 k was used to digitize a spectral width of 2000 Hz in F2 and 10000 Hz in
F1. 4 scans were used per increment with a relaxation delay of 1s and a
delay corresponding to a J value of 145 Hz. °C decoupling was achieved by
the WALTZ scheme.

The 2D-HMQC-TOCSY experiment was conducted with 80 ms mixing
time (MLEV 17). The same conditions as for the HMQC were employed.
HMBC experiments were performed with the gradient-enhanced sequence
with a data matrix of 256 x 2k to digitize a spectral width of 2000 x
15000 Hz. Eight scans were acquired per increment with a delay of 65 ms
for evolution of long-range couplings. NOESY experiments were recorded
with mixing times of 100, 200, 300, and 400 ms. ROESY experiments used
mixing times of 100, 200, 300, and 400 ms. The rf carrier frequency was set
at 0=6.0, and the spin locking field was 3.0 kHz. Good linearity of the
build-up curves was observed up to 250 ms (NOESY) and 300 ms
(ROESY). Estimated errors are smaller than 10%. Assuming that the
motion of two interacting protons can be described by a monoexponential
autocorrelation function, the corresponding cross-relaxation rates are
given in Equations (1) and (2).

Onoesy = (k:/107°) [6J(2w) — J(0)] @
Oroesy = (k2/10r°) [2J(0) +3J(w)] (@)

Cross-relaxation rates were estimated from the build-up courses by
extrapolation at zero mixing time.’" 32 Effective correlation times and,
thus, interproton distances, for selected proton pairs may be obtained from
Onoesy/Orogsy Tatios, since they only depend on z.. Developing the spectral
density functions, J(nw), as a function of the correlation time, 7., and of the
spectrometer frequency, w,, we obtain Equation (3), which is a quartic

Oroesy/Onoesy = (5 +22w5 72 4 8wi t)/(5 + wf 12 — dwiTl) 3

equation in 7., which can be easily solved. It should be stressed that the
assumption made here does not require equal mobility between different
proton pairs, as in a rigid molecule. Therefore, it is possible to obtain
internuclear distances r (geometrical parameter) and local correlation
times (dynamic parameter) for any pair of protons.*l This approach
reduces the intrinsic error resulting from the use of an internal reference (as
in the isolated-spin-pair approximation).
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