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The solution conformational behavior of the Tumor-Associated Carbohydrate Antigen Le Le central frag-
ment: methyl a-L-fucopyranosyl-(1?4)-2-acetamido-2-deoxy-b-D-glucopyranosyl-(1?3)-b-D-galacto-
pyranoside was studied using three computational methods: a rigid systematic search as implemented
in Sybyl, a stochastic search as implemented in MOE2004, and dynamics simulations using the SANDER
module of AMBER9. Our results illustrate the complementarity of these methods to identify energetically
relevant conformations and flexible linkages. In particular, the b-GlcNAc-(1?3)-Gal linkage was shown
to be extremely flexible adopting a wide range of orientations around two energy minima. The modeling
results were validated by comparison of theoretical distances, derived from the simulations, with exper-
imental measurements obtained from 1D selective ROESY buildup curves on the synthetic fragment.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Tumor-Associated Carbohydrate Antigens (TACAs) are inter-
esting targets for the development of anti-cancer vaccines. One
such TACA, the LeaLex hexasaccharide 1, has been shown to be
over-expressed at the surface of squamous lung carcinoma
cells.1–3 However, to date, this hexasaccharide has not been
extensively investigated for efficacy in anti-cancer vaccines be-
cause its terminal non-reducing Lea trisaccharide is also com-
monly expressed on normal non-tumor cells.4 Thus, polyclonal
antibodies generated from a vaccine based on the hexasaccha-
ride will likely cross-react with Lea leading to autoimmune reac-
tions. However, a monoclonal antibody 43-9F that was raised
against LeaLex, has shown high selectivity toward internal epi-
topes of the hexasaccharide, while it did not bind efficiently to
the terminal trisaccharide residue.5–7 With the ultimate goal to
develop a selective anti-tumor vaccine, we have embarked on
the identification of such internal Tumor-Associated Carbohy-
drate Epitopes (TACE) and have undertaken detailed studies of
internal fragments of the hexasaccharide 1. Here we describe
an improved synthesis of the central LeaLex trisaccharide
ll rights reserved.

: +1 519 766 1499.
fr (A. Imberty), fauzan-
fragment: methyl a-L-fucopyranosyl-(1?4)-2-acetamido-2-deoxy-
b-D-glucopyranosyl-(1?3)-b-D-galactopyranoside 2 than that
previously reported.8 The conformational properties of the trisac-
charide were investigated by both rigid systematic and relaxed
stochastic molecular mechanics searches and by molecular
dynamics simulations in explicit solvent. The modeling results
were validated by comparison of theoretical distances derived
from the simulations with experimental measurements obtained
from ROESY spectra at several mixing times.

O
OH

OH

HO

O
O

HO

O OH
HO

OH

OH
O

HO O

HO OH

OH

OO
OH

NHAc
O

O OO
OH

NHAc

OH

O
OH

OH

HO

O
O

HO OH

OH
HO

OO
OH

NHAc
OMe

1

2

mailto:Anne.Imberty@cermav.cnrs.fr
mailto:fauzanne@uouelph.ca
mailto:fauzanne@uouelph.ca
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


T. A. Jackson et al. / Bioorg. Med. Chem. 17 (2009) 1514–1526 1515
2. Results and discussion
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2.1. Synthesis of trisaccharide 2

For the synthesis of the trisaccharide fragment, we envisaged a
‘1 + 1 + 1’ linear addition of the monosaccharide precursors. We
first attempted the regioselective glycosylation of the known9 diol
4 (Scheme 1) with the known10 donor 3. The reaction was carried
out in CH2Cl2 at �78 �C, using an excess of acceptor 4 (1.5 equiv)
and under promotion by TMSOTf (0.16 equiv). However under
these conditions, neither the desired 3-O-glycosylated disaccha-
ride nor its regioisomer glycosylated at O-4 were observed and
the only product isolated in 76% yield was the di-O-glycosylated
trisaccharide 5. Thus, in contrast to previous reports of such selec-
tive glycosylation at O-3 of galactosyl residues in lactoside accep-
tors,11 there was no significant difference in reactivities between
O-3 and O-4 in the monosaccharide diol acceptor 4 that would al-
low its selective glycosylation. Abandoning this regioselective
strategy, we prepared acceptor 6 selectively free at O-3 in 81%
yield by treating diol 4 with trimethyl orthobenzoate under acid
catalysis and opening the resulting orthoester by treatment with
aq AcOH (Scheme 2).

This constitutes an alternative synthesis of tribenzoate 6, which
had previously been obtained12 via the palladium catalyzed deben-
zylation of methyl 2,4,6-tri-O-benzoyl-3-O-benzyl-b-D-galactopy-
ranoside. Coupling of the alcohol 6 with the donor 3 starting at
�78 �C, adding up to 0.5 equiv of TMSOTf, and allowing the reac-
tion to reach room temperature over 18 h resulted only in the sily-
lation of the acceptor. In contrast, carrying out the glycosylation at
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Scheme 2. Reagents and conditions: (i) (a) PhC(OMe)3, TsOH, DMF; (b) 80% AcOH; 81%. (i
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�30 �C with up to 2.0 equiv of TMSOTf and continuous stirring
overnight at �30 �C successfully afforded the desired disaccharide
7 in 88% yield. Disaccharide 7 was subsequently converted to the
acceptor 11 in four synthetic steps (Scheme 2). Selective deacety-
lation (2% HCl in MeOH) gave the triol 8 in 77% yield and that
was converted to the benzylidene acetal 9 [PhCH(OMe)2/TsOH].
Acetylation of the crude alcohol 9 gave disaccharide 10 (94%)
which was reductively opened yielding the desired acceptor 11
(86%). The regioselectivity of the benzylidene ring opening was
confirmed by acetylation of an analytical sample of acceptor 11
yielding acetate 12. Indeed, 1H NMR showed that signal H-40 ap-
peared at 4.84–4.95 ppm in compound 12, while this signal was
found upfield at 3.66 ppm in acceptor 11, supporting that O-40

was indeed acetylated in 12 and free in acceptor 11. The disaccha-
ride acceptor 11 was then glycosylated with the known13 b- or a-
fucose thioethyl donors 13 or 14 under promotion with MeOTf to
yield trisaccharide 15 in 85% and 77% yield, respectively (Scheme
3). The trisaccharide 15 was deprotected in three steps (72% overall
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Figure 2. (a) 1H NMR spectrum (600 MHz, 300 K) of trisaccharide 2; (b) 1H, 1H
ROESY spectrum (mixing time 100 ms) upon selective excitation of proton H-100; (c)
1H, 1H ROESY spectrum (mixing time 100 ms) upon selective excitation of proton H-
10 .

Figure 3. 1H, 1H ROESY cross-relaxation build up curves for proton pairs H-10/H-3
(s), H-10/H-4 (.), H-10/H-30 (D), H-100/H-40 (d).
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yield): treatment with Zn dust in acetic anhydride gave the N-ace-
tate 16 which was submitted to Zemplén deacylation followed by
catalytic hydrogenation. From the protected monosaccharides, the
overall yield of our synthesis was 34% a considerable improvement
over the previously reported synthesis of 2 in which the trisaccha-
ride was obtained in 11% yield from protected monosaccharides.8

Having this fragment of LeaLex in hand we proceeded to study its
conformational behavior using a combination of NMR experiments
and computational methods.

2.2. NMR measurements

The 1H and 13C chemical shift assignments and 3JH,H coupling
constants for trisaccharide 2 were determined by a combination
of 1D and 2D NMR experiments. The 13C chemical shift values
are in close agreement with values reported previously.8 The vici-
nal coupling constants measured for the three sugar units sup-
ported an average 4C1 conformation for the galactose and N-
acetylglucosamine rings and a 1C4 conformation of the fucose ring.
Interresidue NOE interactions were evaluated using 2D NOESY
experiments at 300 and 310 K as well as 1D selective ROESY exper-
iments at 300 K. At 300 K, the molecular tumbling rate of trisaccha-
ride 2 was such that at 600 MHz NOESY signals were not of
sufficient intensity for quantification even when increasing the
number of scans eight fold or increasing sample concentration.
Dilution of the NMR sample and increasing of the temperature to
310 K to reduce sample viscosity and decrease sc allowed the col-
lection of usable NOE data. Figure 1 shows the significant region of
the NOESY spectrum obtained in these conditions at 800 ms mix-
ing time. The molecular tumbling rate of the trisaccharide was suf-
ficiently fast such that xsc was less than 1.12, and cross-peaks in
the NOESY spectra were positive when the diagonal was phased
as negative. All expected intra-residue cross-peaks were evident:
medium to strong cross-peaks were observed for the glycosidic
protons H-100/H-40 and H-10/H-3, weak to medium cross-peaks
were observed for H-100/H-60a and H-100/H-60b as well as H-10/H-4
(Fig. 1). However, the %NOEs were still low (�1.2%), and the sig-
nal-to-noise ratio at this temperature required that the buildup
curves be fitted only to points at high mixing times (400 ms–1 s,
see Supplementary data). Thus, we acquired 1D ROESY experi-
ments at 300 K, selectively irradiating H-10 and H-100. As can be
seen in Figure 2, these experiments gave significantly better signal
intensities and cross relaxation buildup curves could be obtained
over mixing times ranging from 20 ms to 400 ms. Distances were
evaluated using the initial slopes of the normalized cross relaxa-
tion buildup curves (Fig. 3) fitted to a double exponential equation.
The R2 values for these fits were at least 0.999 in every instance.
These results are compared below to the outcome of our computa-
tional studies of the conformational behavior of trisaccharide 2.
Figure 1. 600 MHz NOESY spectrum recorded at 310 K (800 ms mixing time).
2.3. Computational studies

The different orientations around the glycosidic linkages of oli-
gosaccharides have the most substantial impact on the overall
molecular shape,14 and are therefore often the main underlying
determinant of binding properties to receptors such as antibod-
ies.15 We therefore focused our attention on the conformational
features associated with these linkages in the trisaccharide. The
orientations adopted around the glycosidic linkages are described
by two dihedral angles: U = O5–C1–O1–Cx and W = C1–O1–Cx–
Cx + 1. The signs of the torsions are in agreement with the recom-
mendations of the IUPAC-IUB Commission of Biochemical
Nomenclature.16

2.3.1. Rigid search: potential energy surface of trisaccharide 2
Rigid-residue searches provide computationally efficient means

of studying potential energy surfaces and identifying key minima
of molecules.14 Rigid isoenergy contour maps were calculated for
trisaccharide 2 using the Tripos17 force field with the inclusion of
the PIM18 parameters for carbohydrates. For each trisaccharide
linkage the resulting U–W map has been superimposed over the
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previously reported relaxed energy maps of the corresponding
constituent disaccharide (Fig. 4a and b).19 As can be seen in Figure
4a and b, the overall conformational space as well as the locations
of minima agree closely with those obtained for the disaccharides.
For the b-GlcNAc-(1?3)-Gal linkage (Fig. 4a), the low-energy areas
identified for the rigid search (colored surfaces) are almost identi-
cal to those obtained for the disaccharide MM3 grid search19 (black
contours).

The potential energy surface displays four principal minima A–
D. The global minimum A, as well as local minima B and C adopt
linkage conformations corresponding to the preferred exo-ano-
meric U1 orientations20 while the local minimum D adopts a syn
U1 orientations. For the W1 linkage, minima A and D correspond
to (+) gauche orientation whereas minimum B fits an anti orienta-
tion and C a (�) gauche orientation. This potential energy map
(Fig. 4a) suggests that the conformationally accessible region sur-
rounding the D minimum is more extended for the trisaccharide
than for the corresponding disaccharide.

In contrast to the b-GlcNAc-(1?3)-Gal linkage ( Fig. 4a), the
diameters of the energy plateaus surrounding the minima for the
a-Fuc-(1?4)-GlcNAc linkage of the trisaccharide (colored surface
Fig. 4b) are marginally more restricted than for the MM3 grid
Figure 4. Potential energy maps of the glycosidic linkages of trisaccharide 2 superim
corresponding disaccharide linkages (black contours).19 (a) b-GlcNAc-(1?3)-Gal linkage
GlcNAc-(1?3)-Gal linkage and (d) a-Fuc-(1?4)-GlcNAc linkage: MOE stochastic search
searches of corresponding disaccharide19 (black contours Fig. 4b).
However, it is difficult to say whether this indicates any reduced
flexibility of this linkage in the trisaccharide relative to the disac-
charide since this discrepancy can also be explained by the various
approximations inherent to the rigid-residue approach.14 For this
linkage, the potential energy map shows two main minima A0

and B0 (Fig. 4b). The U2 torsions of these minima both correspond
to the preferred orientation directed by the exo-anomeric effect.20

Minimum A0, which is the global minimum for the disaccharide,
corresponds to a (�) gauche orientation of the W2 linkage, whereas
minimum B0 corresponds to a (+) gauche orientation. Overall, the
fewer minima found for the a-Fuc-(1?4)-GlcNAc linkage suggests
less potential flexibility for this linkage than for the b-GlcNAc-
(1?3)-Gal linkage.

2.3.2. Stochastic search: conformational families of
trisaccharide 2

Mapping the potential energy surface of the trisaccharide, and
identifying the main accessible low-energy plateaus, provides a
good starting point for predicting its solution conformational
behavior. However, it is possible that subtle structural variations
around the main minima significantly impact the overall shape
posed on the energy maps obtained from previous MM3 grid searches for the
and (b) a-Fuc-(1?4)-GlcNAc linkage: PIM rigid systematic search (colored); (c) b-
(colored).



Table 1
Calculated torsion anglesa

Entry U1 W1 U2 W2

Molecular dynamics simulationsb

T (K)
1 300 �90 94 �85 �130

±22c ±24c ±16c ±24c

2 310 �74 101 �94 �132
±52c ±30c ±26c ±23c

Rigid search conformationsd

3 AA0 �79 58 �76 �147
4 BA0 �73 148 �76 �146
5 DA0 62 104 �76 �142

a U1, W1 = b-GlcNAc-(1?3)-Gal; U2, W2 = a-Fuc-(1?4)-GlcNAc.
b Average torsions calculated for the MD simulations.
c Standard deviation.
d Selected from the rigid search and minimized with the Tripos-PIM force field.
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of the molecule. In addition, the energetically accessible combina-
tions of torsions around the glycosidic linkages are not readily
apparent from the energy maps of each linkage considered in iso-
lation. Thus, we proceeded to attempt the identification of such
combination via stochastic searches using the AMBER94 force
field21 as it is implemented in the Molecular Operating Environ-
ment (MOE2004) software package.22 In these stochastic searches,
minima in the potential energy surface are randomly sampled
through the rotation of all bonds (including ring bonds) to random
dihedral angles as well as through a random 0.4 Å Cartesian pertur-
bation of atom positions. Two searches of 150,000 iterations were
carried out to generate new conformers that were each minimized
with implicit solvation by the Generalized Born/Surface Area (GB/
SA) continuum solvation model.23 In the first search an RMS toler-
ance of 0.01 Å on heavy atoms was used to determine whether
generated conformations were considered as new. In the second
search an RMS tolerance of 0.1 Å was applied on all atoms includ-
ing all hydrogen atoms to account for possible hydrogen bonding.
The databases were combined and only those conformations found
within 10 kcal/mol from the global minimum were retained,
resulting in 1450 conformers. The potential energy maps obtained
for the two glycosidic linkages are shown as colored surfaces in
Figure 4c and d superimposed over the maps of the constituent
disaccharides shown as black contours. The minima located for
the individual linkages are in good agreement with the low-energy
areas previously identified for the corresponding disaccharides as
well as those obtained for the trisaccharide from the Tripos PIM ri-
gid systematic search. However, as can been seen when comparing
Figure 4a and c for the b-GlcNAc-(1?3)-Gal linkage as well as Fig-
ure 4b and d for the a-Fuc-(1?4)-GlcNAc linkage, the low energy
areas identified in the stochastic search appear to be much more
restricted than in those found by the PIM rigid search. This results
from the fact that such stochastic searches are unlikely sampling
the entire conformational space. In fact, our searches did not meet
the ‘number of failures to find new conformations’ termination cri-
teria (10,000 iterations in a row), and terminated at the end on the
150,000 iterations. The conformations obtained within 3 kcal/mol
of the global minimum were clustered into families based upon
orientations around the two sets of U and W linkages. A conforma-
tion was considered as belonging to a different family if at least one
of its glycosidic torsions differed by more than 30� from another
conformation. Ten different conformational families (I–X) were
identified and the lowest energy representative conformations of
each family are identified in Figure 4c and d.

For the b-GlcNAc-(1?3)-Gal linkage, 7 out of the 10 families
adopt orientations that belong to the same energy plateau as min-
ima A and B identified in the systematic searches, of which 3 fam-
ilies correspond to minimum A and 3 to minimum B. Two families
were found to belong to the plateau in which the rigid search ori-
entation D was found and one conformational family was identi-
fied in the energy plateau that contained orientation C found by
the rigid search. For the a-Fuc-(1?4)-GlcNAc linkage, the energy
plateau that includes the minimum orientation A0 identified by
the systematic search dominates the trisaccharide families, and
conformations close to this minimum are adopted in 8 of the 10
families identified. The plateau represented by the orientation B0

found in the systematic search is identified in the remaining two
families.

When comparing the global minimum found by the stochastic
search (I, Fig. 4c and d) to that found by the rigid search (AA0,
Fig. 4a and b), we noticed that the U2 torsions of the a-Fuc-
(1?4)-GlcNAc linkage differed by 70� (compare Fig. 4b and d)
while the remaining torsions were found to be in excellent agree-
ment with one another. This difference is likely resulting from the
different parameterizations of the force fields involved. Indeed, for
both the MOE AMBER94 and TRIPOS PIM global minima, further
optimization using AM1 semi-empirical calculations with implicit
COSMO solvation led to an identical conformation with an inter-
mediate U2 torsion of �110�. Thus, the orientations obtained from
the two force fields are both likely to be close in energy and closely
associated with the true global minimum orientation. Globally,
three conformational families (I, V, IX) were found to present ori-
entations for the two glycosidic bonds belonging to the energy pla-
teaus surrounding a combined AA0 global minimum identified by
the systematic search. Similarly, two conformational families (II,
III) corresponded to orientations close to a combined BA0 local
minimum and two families (IV, VI) were found that corresponded
to a DA0 combined local minimum. The remaining families of high-
er energy (VII, VIII, X) corresponded, respectively to combined lo-
cal minima AB0, BB0 and CA0. Overall, the stochastic search and the
rigid search gave conformational profiles that were in good agree-
ment and the stochastic search complemented well the rigid
search by showing three combinations of glycosidic torsions that
seem to be energetically favored: the global minimum AA0 and
two local minima BA0 and DA0 (Fig. 4). As shown below these early
conclusions were in full agreement with the molecular dynamics
simulations and NMR experiments.

2.3.3. Molecular dynamics simulations: flexibility of
trisaccharide 2

Molecular dynamics simulations at 300 and 310 K were carried
out using AMBER924 with the inclusion of Glycam04 parameters
for carbohydrates.25 We ran trajectories of 8 ns in explicit water
starting from the global minimum (AA0) obtained in the Tripos-
PIM systematic search. The average values of the U and W dihedral
angles for both glycosidic linkages as well as the associated calcu-
lated standard deviations are given in Table 1, entries 1 and 2.

The superimposition of the U–W trajectories for each linkage
over the adiabatic maps for the corresponding disaccharides19

are shown in Figure 5 and the variations of the individual
glycosidic torsions for the length of the simulation are shown in
Figure 6.

The data obtained when running the dynamic simulation at
300 K and seen in Figures 5a, b and 6a, b show that at this temper-
ature both the b-GlcNAc-(1?3)-Gal and a-Fuc-(1?4)-GlcNAc link-
ages remained in the same energy plateau. With respect to the b-
GlcNAc-(1?3)-Gal linkage, the trisaccharide remained in the
low-energy region surrounding the global minimum A, and local
minimum B throughout most of the simulation. Standard devia-
tions values of 22o and 24o, for the U1 and W1 torsions, respectively
(Table 1, entry 1) showed that there were significant fluctuations
around these torsions such that the entire low-energy region was
explored and the multiple distinct conformational families associ-
ated with the minima A and B energy wells were visited.



Figure 5. Trajectories of the glycosidic torsion angles U, W during the 8 ns dynamics simulations at 300 K (a and b) and 310 K (c and d) superimposed on the MM3 grid search
energy maps obtained for the disaccharide linkages (contours).19 The main minima identified in the PIM rigid systematic search are labeled A–D and A0 , B0 . (a) and (c) U1, W1

for the b-GlcNAc-(1?3)-Gal linkage; (b) and (d) U2, W2 for the a-Fuc-(1?4)-GlcNAc linkage.
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The a-Fuc-(1?4)-GlcNAc linkage appeared to be less flexible
than the b-GlcNAc-(1?3)-Gal linkage. It remained in the energy
well surrounding the A0 global minimum identified by the TRIPOS
PIM force field throughout the entire simulation with standard
deviations of 16o and 24o for U2 and W2, respectively. The results
of the 8 ns simulation at 310 K are shown in Figures 5c, d and 6c,
d and support an expected increased flexibility of both glycosidic
bonds at this higher temperature. Indeed at 310 K a marked in-
creased flexibility of the b-GlcNAc-(1?3)-Gal linkage was ob-
served. While the average values and standard deviations
calculated for W1 were similar to that obtained at 300 K, the U1

torsion and its associated standard deviation were significantly dif-
ferent from that obtained at 300 K (Table 1, entry 2). Indeed the
significantly increased flexibility around that torsion was further
seen when looking at the U1–W1 trajectories for this linkage (Fig-
ure 5c) and the variations of the individual U1 torsion (Fig. 6c).
While the trisaccharide remained in the low-energy region sur-
rounding the A and B minima throughout most of the simulation,
transitions occurred to the region surrounding the D orientation
(Fig. 5c) corresponding to U1 orientations between 0� and 60�.

Careful examination of the trajectory followed by the U1 torsion
at 310 K (Fig. 6c), showed that once the conformation had reached
the local minimum D with a U1 value of �60� (Table 1, entry 5), it
remained in that energy well for some time before returning to the
energy well surrounding the minima A and B. In contrast to the
drastic conformational change around the GlcNAc-(1?3)-Gal link-
age, the a-Fuc-(1?4)-GlcNAc linkage remained in the energy well
surrounding the A0 minimum throughout the entire simulation
(Fig. 5d). The average U2 and W2 values calculated for the 310 K
simulation were similar to that calculated at 300 K and only a
small increase in flexibility around U2 was shown by the greater
standard deviation obtained for this torsion. While for both the
U2 and W2 torsions significant fluctuations in the torsions adopted
were observed such that the entire low-energy region associated
with the minimum A0 energy well was explored, no transitions
were observed to the B0 minimum of this linkage. However, this
linkage in trisaccharide 2 still shows considerable flexibility when
compared to branched trisaccharides containing the same linkage
as well as to the corresponding disaccharide.26

Overall, the trisaccharide displays significant flexibility in solu-
tion. As could be anticipated from the results of the combined rigid
and stochastic searches, it readily adopts conformations around
the AA0 and BA0 minima at 300 K but also visits the second local
minimum DA0 at 310 K. Indeed, 8 ns molecular dynamics simula-
tions at 300 and 310 K starting from this local minimum (DA0) con-
firmed that while visited, the trisaccharide did not maintain
extensively the D orientation around the b-GlcNAc-(1?3)-Gal link-
age (Fig. 7). Indeed, at both temperatures, this glycosidic torsion
quickly returned to the minimum energy plateau containing the
A and B orientations, albeit more slowly at 310 K confirming that



Figure 6. Glycosidic dihedral trajectories during the 8 ns dynamics simulations at 300 K (a and b) and 310 K (c and d). (a) and (c) b-GlcNAc-(1?3)-Gal linkage. (b) and (d) a-
Fuc-(1?4)-GlcNAc linkage.
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this conformation is more likely to be populated at higher temper-
atures. As expected, the a-Fuc-(1?4)-GlcNAc linkage in these later
simulations remained throughout the simulations in the energy
well surrounding the A0 minimum (data shown in Supplementary
data).

Finally, Figure 8 shows the overlay of 200 conformations ex-
tracted from the 8 ns MD simulation at 310 K starting from the glo-
bal minimum AA0. The flexibility of the molecule and the particular
flexibility of the b-GlcNAc-(1?3)-Gal linkage are clearly evident.

2.4. Comparison of experimental and theoretical data

Assuming isotropic motion, theoretical hr�6i averaged distances
were calculated for H-100/H-40, H-10/H-3 and H-10/H-4 over all of the
conformations generated during the MD simulations started from
the global minimum AA0 at 300 and 310 K (Table 2, entries 1 and
2). Table 2 also gives the distances measured for the global mini-
mum AA0 and local minima BA0 and DA0 selected from the rigid
search and minimized with the Tripos-PIM force field (entries 3–
5). It is interesting to notice that the H-10/H-4 distance is substan-
tially longer (>4 Å) for both the B and D orientations around the
GlcNAc-(1?3)-Gal linkage (Table 2, entries 4 and 5) than for the
A orientation (entry 3). Indeed, the calculated average distance be-
tween these two hydrogens is 2.8 Å in both molecular dynamics
runs at 300 and 310 K and there is no significant difference in this
calculated distance whether the molecule visits the energy plateau
surrounding the D orientation, or whether it remains in the energy
plateau that encompasses the A and B minima. Therefore, experi-
mental measurement of this distance does not allow confirmation
of whether or not the transition to the DA0 local minimum effec-
tively occurs at 310 K. Indeed, the distances measured experimen-
tally (ROE) at 300 K are in good agreement (Table 2, entries 1, 2 and
6) with the distances calculated at 300 or 310 K suggesting that the
true solution behavior is compatible with both simulation behav-
iors. The H-10/H-3 and H-100/H-4 theoretical and experimental dis-
tances agree completely while the H-10/H-4 distance is larger than
that measured for the global minimum AA0 and well within exper-
imental range of the calculated distances at 300 and 310 K. Thus
while the a-Fuc-(1?4)-GlcNAc linkage adopts predominantly the
A0 type orientation with very little contribution from the B0 orien-
tation the GlcNAc-(1?3)-Gal linkage is likely sampling the A and B
orientation as well as possibly the D as observed in the 310 K
molecular dynamics simulation (Fig. 4c). Overall, in terms of the
conformations of the trisaccharide, these favored orientations of
the glycosidic linkages support the presence of significant popula-
tions of trisaccharide conformational families AA0, BA0 and DA0 in
solution. The extensive flexibility of both glycosidic linkages sug-
gests that the distinct conformational families of the trisaccharide
can readily interconvert in solution.

3. Conclusion

We have outlined a more efficient synthesis and the major con-
formational features of a trisaccharide fragment of the LeaLex hexa-
saccharide tumor antigen as part of our ongoing efforts to identify
internal epitopes that may be useful in the development of anti-
cancer vaccines. Explorations of the conformational space occupied
by the trisaccharide were carried out using the unprecedented
combination of a rigid systematic search as implemented in Sybyl
and using the Tripos force field along with the PIM parameters and
a stochastic search as implemented in MOE2004 and using the Am-
ber94 force field. Indeed, we have shown that the two methods
complement each other well and, in this case, allow the identifica-
tion of three conformations that are energetically relevant. Molec-
ular dynamics simulations in explicit water using the Amber9 force
field with the inclusion of the Glycam parameters confirmed that
this linear trisaccharide was highly flexible. Dynamic simulations
starting from the global minimum at 300 K showed that two of



Figure 7. Trajectories of the glycosidic torsion angles U1, W1 for the b-GlcNAc-(1?3)-Gal linkage during the 8 ns dynamics simulations starting from the local minimum D.
Simulations (a) and (b) at 300 K; (c) and (d) at 310 K. For (a) and (c) the trajectories are superimposed on the MM3 grid search energy maps obtained for the disaccharide
linkages (contours).19 The main minima identified in the PIM rigid systematic search are labeled A–D.

Figure 8. Overlay of 200 snapshots from the 8 ns molecular dynamics simulation at
310 K.

Table 2
Calculated and measured inter-proton distances

Entry H-10/H-3 (Å) H-10/H-4 (Å) H-100/ H-40 (Å)

Molecular dynamics simulationsa

T (K)
1 300 2.2 2.8 2.2

±0.2b ±0.8b ±0.2b

2 310 2.3 2.8 2.2
±0.5b ±1.0b ±0.2b

Rigid search conformationsc

3 AA0 2.4 2.6 2.2
4 BA0 2.6 4.4 2.2
5 DA0 3.6 4.1 2.2
NMR measurements
6 2.3 3.2 2.4

a Average distances calculated for the MD simulations.
b Standard deviation.
c Selected from the rigid search and minimized with the Tripos-PIM force field.
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the three conformers identified by the combined systematic and
stochastic searches were visited while simulations at 310 K
showed that the third conformation was also accessible. The theo-
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retical distances averaged from these dynamic simulations were
matched to the NOE derived distances confirming that the trisac-
charide was highly flexible in solution. However, because the
experimental distances measured from the NOE buildup curves
were in good agreement with the distances calculated from both
sets of dynamic simulations starting from the global minimum at
300 and 310 K, it was impossible to confirm whether or not both
identified local minima were indeed populated in solution. The
b-GlcNAc-(1?3)-Gal linkage was shown to be particularly flexible
adopting a wide range of orientations around these conformations.
Additional studies to shed light on the conformational behavior of
this linkage in the LeaLex hexasaccharide are ongoing in our labora-
tory and will be reported in due time. However, our preliminary re-
sults do indicate that this linkage is, indeed, quite flexible even in
the larger hexasaccharide. The flexibility around this central link-
age suggests that there may be multiple internal epitopes of the
hexasaccharide that can be targeted for anti-cancer vaccine
development.
4. Experimental

4.1. Synthesis of fragment 2

4.1.1. Materials and methods
1H (600, 400 or 300 MHz) and 13C NMR (150, 100 or 75.5 MHz)

spectra were recorded for compounds solubilized in CDCl3 or D2O.
1H chemical shits were referenced to TMS (d 0.0, CDCl3) or sodium
2,2-dimethyl-2-silapentane-5-sulfonate (external standard DSS, d
0.0). Chemical shifts and coupling constants were obtained from
a first-order analysis of one-dimensional spectra. Data are reported
as s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
b = broad and coupling constant(s) are in Hertz. 13C chemical shifts
were referenced to internal CDCl3 (d 77.0) or external DSS (d 0.0).
Assignments of proton and carbon resonances were based on COSY
and 13C–1H heteronuclear correlated experiments. Mass spectra
were obtained under electron spray ionisation (ESI) on a high res-
olution mass spectrometer. TLC were performed on precoated alu-
minum plates with Silica Gel 60 F254 and detected with UV light
and/or charred with a solution of 10% H2SO4 in EtOH. Compounds
were purified by flash chromatography with Silica Gel 60 (230–400
mesh) unless otherwise stated. Solvents were distilled and dried
according to standard procedures,27 and organic solutions were
dried over Na2SO4 and concentrated under reduced pressure below
40 �C. Centrifugal chromatography was performed on a silica gel
plate (2 mm thickness). Optical rotation measurements were
uncorrected.
4.1.2. Methyl 3,4-di-O-[3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-
trichlorethoxycarbonylamino)-2,6-di-O-benzoyl-b-D-
glucopyranosyl]-b-D-galactopyranoside (5)

The donor 3 (22.2 mg, 0.04 mmol), the acceptor 4 (21.2 mg,
0.05 mmol) and activated powdered 4 Å MS (200 mg) were stir-
red in CH2Cl2 (2 mL) at room temperature under N2 for 1 h. The
mixture was cooled to �78 �C, TMSOTf (0.28 M in CH2Cl2,
22.3 lL, 6.2 lmol) was added, and the mixture was allowed to
warm to room temperature overnight. The mixture was cooled
to �78 �C, additional TMSOTf (0.28 M in CH2Cl2, 45.0 lL, 13 lmol)
was added and the mixture was again allowed to warm to room
temperature overnight. Et3N (5 lL) was added, the mixture was
filtered, the solids were washed with CH2Cl2 and the filtrate
and washings were combined and concentrated. Chromatography
(6:4 to 1:1 hexanes–EtOAc) gave trisaccharide 5 (18.0 mg, 76%)
pure as an amorphous solid. [a]D = +6 (c 0.7, CHCl3). 1H NMR
(400 MHz, CDCl3): d 7.38–8.15 (m, 10H, Ar), 6.06 (d, 1H,
J = 8.8 Hz, NH0), 5.42 (t, 1H, J = 9.1 Hz, H-30), 5.32 (t, 1H,
J = 10.0 Hz, H-2), 5.23 (d, 4H, J = 8.6 Hz, H-1), 5.19–4.95 (m, 4H,
H-300, H-500, OCH2CCl3), 4.91 (d, 1H, J = 8.7 Hz, NH00), 4.72 (d, 1H,
J = 12.2 Hz, OCHHCCl3), 4.68–4.62 (m, 2H, H-600a, OCHHCCl3),
4.59 (d, 1H, J = 8.2 Hz, H-100), 4.53–4.42 (m, 3H, H-10, H-40, H-
600b), 4.40–4.32 (m, 2H, H-50, H-6a), 4.21 (dd, 1H, J = 3.8,
12.2 Hz, H-60a), 4.10 (br d, 1H, J = 10.5 Hz, H-6b), 4.00 (br d, 1H,
J = 11.3 Hz, H-60b), 3.96–3.82 (m, 3H, H-3, H-4, H-20 0), 3.72–3.63
(m, 2H, H-5, H-40 0), 3.59 (t, 1H, J = 9.1 Hz, H-20 0), 3.44 (s, 3H,
CH3O), 2.18–1.92 (6s, 6 � 3H, 6 � CH3CO). 13C NMR (100 MHz,
CDCl3): d 170.0 (CO), 133.8, 133.6, 130.0, 129.9, 129.0, 128.8
(Ar), 101.8 (C-100, 101.2 (C-10), 99.8 (C-1), 79.9 (C-3 or C-4 or C-
20), 74.7 (OCH2CCl3), 72.6, 72.2 (C-3 or C-4 or C-20, C-2, C-5, C-
30, C-40, C-50, C-300, C-400, C-500), 70.7 (OCH2CCl3), 69.2 (C-600), 68.8
(C-6), 62.3 (C-60), 62.1 (C-2), 56.9 (C-3 or C-4 or C-20, C-200), 56.4
(CH3O), 21.0, 20.8 (CH3CO). HRMS calcd for C51H58Cl6N2O26

[M+K]+ 1363.1046, found 1363.1057.

4.1.3. Methyl 2,4,6-tri-O-benzoyl-b-D-galactopyranoside (6)
Diol 4 (1.2 g, 3.0 mmol) was dissolved in CH2Cl2 (42 mL),

trimethylorthobenzoate (1.8 mL, 10 mmol) and TsOH (42 mg,
0.25 mmol) were added and the mixture was stirred 1 h under
N2 at room temperature. Et3N (40 lL) was added to the reaction
mixture, and solvents were evaporated. The residue was dis-
solved in 80% AcOH–H2O (55 mL), and the solution was stirred
at room temperature for 2-h. Solvents were removed by co-
evaporation with toluene, and chromatography of the residue
(7:3 hexanes–EtOAc) gave acceptor 6 (1.22 g, 81%) pure as a col-
orless glass. 1H NMR (400 MHz, CDCl3): d 7.39–8.17 (m, 15 H,
Ar), 5.78 (d, 1H, J = 3.4 Hz, H-4), 5.38 (dd, 1H, J = 7.9, 10.0 Hz,
H-2), 4.63 (d, 1H, J = 7.9 Hz, H-1), 4.60 (dd, 1H, J = 6.8, 11.3 Hz,
H-6a), 4.42 (dd, 1H, J = 6.2, 11.4 Hz, H-6b), 4.18–4.05 (m, 2H,
H-3, H-5), 3.57 (s, 3 H, CH3O). 13C NMR (100 MHz, CDCl3): d
166.8, 166.4, 166.2 (CO), 133.7, 133.5, 133.4, 130.2, 130.0,
129.9, 129.6, 129.2, 128.7, 128.6, 128.5 (Ar), 102.2 (C-1), 73.6
(C-2), 71.9 (C-3 or C-5), 71.5 (C-3 or C-5), 70.6 (C-4), 62.5 (C-
6), 57.2 (CH3O). The NMR data agreed with that previously
reported.12

4.1.4. Methyl 3-O-[3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-
trichlorethoxycarbonylamino)-b-D-glucopyranosyl]-2,4,6-tri-O-
benzoyl-b-D-galactopyranoside (7)

The acceptor 6 (175 mg, 0.35 mmol), the donor 3 (374 mg,
0.60 mmol) and activated powdered 4 Å molecular sieves
(480 mg) were stirred in CH2Cl2 (6.4 mL) at room temperature
under N2 for 1 h. The mixture was cooled to �60 �C, TMSOTf
(64 lL, 0.35 mmol) was added, and the mixture was stirred at
�30 �C overnight. Et3N (45 lL) was added to the reaction mix-
ture; the solids were filtered off, washed with CH2Cl2 and the
filtrate and washings were combined and concentrated. Chroma-
tography (8:2 to 1:1 hexanes–EtOAc) of the residue gave disac-
charide 7 (296 mg, 88%) pure as colorless glass. [a]D = +38 (c 2.3,
CHCl3). 1H NMR (400 MHz, CDCl3): d 8.17–7.37 (m, 15H, Ar),
5.85 (d, 1H, J = 3.2 Hz, H-4), 5.62 (dd, 1H, J = 7.9, 9.9 Hz, H-2),
5.37 (t, 1H, J = 9.9 Hz, H-30), 5.01 (d, 1H, J = 8.0 Hz, H-10), 4.94
(t, 1H, J = 9.6 Hz, H-40), 4.89 (d, 1H, J = 7.7 Hz, NH), 4.57 (d, 1H,
J = 7.9 Hz, H-1), 4.53 (dd, 1H, J = 5.3, 11.7 Hz, H-6a), 4.48 (dd,
1H, J = 7.1, 11.7 Hz, H-6b), 4.26–4.06 (m, 5H, H-3, H-5, H-60a,
H-60b, OCHHCCl3), 3.79–3. 62 (m, 2H, H-50, OCHHCCl3), 3.50 (s,
3 H, CH3O), 3.20 (q, 1 H, J = 8.8 Hz, H-20), 1.97, 1.89 (3s,
3 � 3H, 3 � CH3CO). 13C NMR (100 MHz, CDCl3): d 171.1, 166.5,
165.3 (CO), 133.7, 133.5, 130.5, 130.2, 130.0, 129.8, 128.9,
128.8, 128.7 (Ar), 102.4 (C-1, C-10), 95.6 (CCl3), 78.1 (C-3 or C-
5), 73.8 (OCH2CCl3), 72.1 (C-3 or C-5), 71.9 (C-2), 71.5 (C-30),
70.3 (C-4), 68.9 (C-40), 63.3 (C-6), 61.8 (C-60), 57.2 (CH3O), 56.8
(C-20), 20.9, 20.9, 20.7 (CH3CO). HRMS calcd for C43H44Cl3NO18

[M+NH4]+ 985.1968, found 985.1971.
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4.1.5. Methyl 2,4,6-tri-O-benzoyl-3-O-[2-deoxy-2-(2,2,2-
trichlorethoxycarbonylamino)-b-D-glucopyranosyl]-b-D-
galactopyranoside (8)

AcCl (400 lL) was added to a solution of disaccharide 7
(206 mg, 0.21 mmol) in MeOH (5 mL) and the reaction mixture
was stirred overnight under N2 at room temperature. Solid NaHCO3

was added to the reaction mixture, solids were filtered off and
washed with MeOH (10 mL). The filtrate and washings were com-
bined, concentrated and chromatography of the crude residue
(49:1 CHCl3–MeOH) gave triol 8 (138 mg 77%) pure as a colorless
glass. [a]D = +10 (c 0.7, MeOH). 1H NMR (400 MHz, CDCl3): d
8.18–7.38 (m, 15H, Ar), 5.99 (d, 1H, J = 3.2 Hz, H-4), 5.56 (dd, 1H,
J = 8.1, 9.6 Hz, H-2), 5.31 (d, 1H, J = 6.7 Hz, NH), 4.81 (br d, 1H,
J = 6.4 Hz, H-10), 4.62–4. 50 (m, 2H, H-1, H-6a), 4.38 (dd, 1H,
J = 5.8, 11.5 Hz, H-6b), 4.22–4. 01 (m, 3H, H-3, H-5, OCHHCCl3),
3.82–3.52 (m, 6H, H-30, H-60a, H-60b, OCHHCCl3, 2 � OH), 3.51 (s,
1H, CH3O), 3.27 (br s, 1H, H-50), 3.28 (br s, 1H, H-40), 2.85 (br s,
1H, H-20), 2.00 (br s, 1H, OH). 13C NMR (100 MHz, CDCl3): d
167.0, 166.6, 165.7, 154.6 (CO), 134.2, 133.8, 130.7, 130.4, 130.1,
129.9, 129.4, 129.0, 128.9 (Ar), 102.6 (C-1, C-10), 76.2, 71.7, 70.9
(C-2, C-3, C-4, C-5, C-30, C-40, C-50, OCH2CCl3), 62.7 (C-6), 61.6 (C-
60), 58.8 (C-20), 57.4 (CH3O). HRMS calcd for C37H38Cl3NO15

[M+Na]+ 864.1205, found 864.1160.

4.1.6. Methyl 3-O-[3-O-acetyl-4,6-O-benzylidene-2-deoxy-2-
(2,2,2-trichlorethoxycarbonylamino)-b-D-glucopyranosyl]-
2,4,6-tri-O-benzoyl-b-D-galactopyranoside (10)

Benzaldehyde dimethyl acetal (480 lL, 3.20 mmol) and TsOH
(92 mg, 0.53 mmol) were added to a solution of triol 8 (1.28 g,
1.52 mmol) in DMF (29 mL) and the solution was stirred at 80 �C
for 1 h. Et3N (80 lL) was added to the reaction mixture, solvents
were evaporated and the crude residue was dissolved in pyridine
(10 mL) and Ac2O (5 mL). The solution was stirred under N2 at room
temperature for 1.5 h diluted with water (�20 mL) and extracted
with CH2Cl2 (3 � �20 mL). The combined organic phases were
washed successively with 1 M HCl, satd aq NaHCO3 and water and
the aqueous layers were re-extracted with CH2Cl2. The organic layers
were combined, dried, concentrated, and chromatography (3:1 hex-
anes–EtOAc) of the residue gave disaccharide 10 (1.38 g, 94%) pure
as an amorphous powder. [a]D = +13 (c 3.1, CHCl3). 1H NMR
(400 MHz, CDCl3): d 8.18–7.31 (m, 20H, Ar), 5.81 (d, 1H, J = 2.9 Hz,
H-4), 5.62 (dd, 1H, J = 8.1, 9.7 Hz, H-2), 5.42 (s, 1 H, CHPh), 5.25 (t,
1H, J = 9.8 Hz, H-30), 4.82 (d, 1H, J = 8.2 Hz, H-10), 4.73 (d, 1H,
J = 8.6 Hz, NH), 4.57 (d, 1H, J = 7.9 Hz, H-1), 4.54–4. 46 (m, 2H, H-
6a, H-6b), 4.31 (dd, 1H, J = 4.8, 10.7 Hz, H-60a), 4.20–4.10 (m, 3H,
H-3, H-5, OCHHCCl3), 4.03 (d, 1H, J = 12.2 Hz, OCHHCCl3), 3.67 (t,
1H, J = 10.2 Hz, H-60b), 3.59–3.32 (m, 6H, H-20, H-40, H-50, CH3O),
1.91 (s, 3H, CH3CO). 13C NMR (100 MHz, CDCl3): d 166.6, 165.4
(CO), 137.2, 133.9, 133.7, 130.3, 130.1, 129.5, 129.1, 128.9, 128.6,
126.5 (Ar), 102.6, 101.7 (C-1, C-10, CHPh), 95.8 (CCl3), 78.8 (C-3, C-
40), 74.2 (OCH2CCl3), 72.1, 71.7, 70.4 (C-2, C-4, C-5, C-30), 68.7 (C-
60), 66.7 (C-50), 63.3 (C-6), 57.3 (C-20, CH3O), 21.0 (CH3CO). HRMS
calcd for C46H44Cl3NO16 [M+H]+ 972.1804, found 972.1762.

4.1.7. Methyl 3-O-[3-O-acetyl-6-O-benzyl-2-deoxy-2-(2,2,2-
trichlorethoxycarbonylamino)-b-D-glucopyranosyl]-2,4,6-tri-O-
benzoyl-b-D-galactopyranoside (11)

NaCNBH3 (165 mg, 2.63 mmol) and activated 3 Å molecular
sieves (0.66 g) were added to a solution of benzylidene acetal 10
(172 mg, 0.18 mmol) stirred under N2 at room temperature in an-
hyd THF (3.8 mL). A solution of HCl in Et2O (2.0 M, 1.7 mL,
3.4 mmol) was then added dropwise until the evolution of gas
had ceased and the mixture remained acidic (litmus paper). The
mixture was stirred at room temperature for 45 min, decanted into
a separatory funnel and satd aq NaHCO3 (20 mL) was added. The
mixture was extracted with CH2Cl2 (2 � �20 mL) and the organic
layers were washed with water (30 mL), combined, dried and con-
centrated. Chromatography (6:4 hexanes–EtOAc) of the residue
gave the disaccharide acceptor 11 (148 mg, 86%) pure as a white
amorphous powder. [a]D = +16 (c 1.2, CHCl3). 1H NMR (300 MHz,
CDCl3): d 8.15–7.28 (m, 20H, Ar), 5.84 (d, 1H, J = 3.0 Hz, H-4),
5.54 (dd, 1H, J = 7.9, 9.9 Hz, H-2), 4.98 (t, 1H, J = 9.8 Hz, H-30),
4.81 (d, 1H, J = 8.1 Hz, H-10), 4.74 (d, 1H, J = 8.1 Hz, NH), 4.59–4.
45 (m, 5H, H-1, H-6a, H-6b, CH2Ph), 4.21 (dd, 1H, J = 10.0, 3.1 Hz,
H-3), 4.13 (t, 1H, J = 7.1 Hz, H-5), 4.03 (dd, 1H, J = 11.9 Hz,
OCHHCCl3), 3.93 (dd, 1H, J = 12.1 Hz, OCHHCCl3), 3.74 (dd, 1H,
J = 4.06, 10.4 Hz, H-60a), 3.79 (dd, 1H, J = 10.4 Hz, H-60b), 3.66 (t,
1H, J = J = 9.1 Hz, H-40), 3.50 (br s, 4H, H-50,CH3O), 3.29 (q, 1H,
J = 9.0 Hz, H-20), 3.07 (br s, 1H, OH), 1.93 (s, 3H, CH3CO). 13C NMR
(75 MHz, CDCl3): d 172.3, 166.6, 165.7 (CO), 137.5-128.3 (Ar),
108.7 (C-1), 101.7 (C-10), 95.6 (CCl3), 77.9 (C-3), 74.6 (C-30, C-50),
74.2 (OCH2CCl3, CH2Ph), 72.0 (C-5), 71.8 (C-2), 70.7 (C-40), 70.3
(C-4), 69.6 (C-60), 57.4 (CH3O, C-20), 21.0 (CH3CO). HRMS calcd for
C46H46Cl3NO16 [M+Na]+ 996.1780, found 996.1779.

4.1.8. Methyl 3-O-[3,4-di-O-acetyl-6-O-benzyl-2-deoxy-2-(2,2,2-
trichlorethoxycarbonylamino)-b-D-glucopyranosyl]-2,4,6-tri-O-
benzoyl-b-D-galactopyranoside (12)

A solution of the alcohol 11 (16.0 mg, 0.02 mmol) in Ac2O
(0.2 mL) and pyridine (0.4 mL) was stirred under N2 at room tem-
perature for 2 h. Solvents were co-evaporated with toluene, and
the crude product was purified by chromatography (6:4 hex-
anes–EtOAc) to yield the pure diacetate 12 (11.3 mg, 68%).
[a]D = +36 (c 0.9, CHCl3). 1H NMR (400 MHz, CDCl3): d 8.18–7.21
(m, 20H, Ar), 5.88 (d, 1H, J = 3.2 Hz, H-4), 5.60 (dd, 1H, J = 8.1,
9.7 Hz, H-2), 5.30 (t, 1H, J = 9.9 Hz, H-3’), 4.95–4.84 (m, 2H, H-10,
H-40), 4.77 (d, 1H, J = 7.9 Hz, NH), 4.55–4.42 (m, 5H, H-1, H-6a, H-
6b, CH2Ph), 4.20–4.10 (m, 2H, H-3, OCHHCCl3), 4.05 (t, 1H,
J = 6.3 Hz, H-5), 3.78 (d, 1H, J = 12.1 Hz, OCHHCCl3), 3.70–3.61 (m,
1H, H-50), 3.60–3.50 (m, 2H, H-60a, H-60b), 3.50 (s, 1H, CH3O),
3.21 (q, 1H, J = 8.9 Hz, H-20), 1.87 (2s, 2 � 3H, 2 � CH3CO). 13C
NMR (75 MHz, CDCl3): d 171.8, 166.1, 154.3, 153.2 (CO), 144.1,
138.0, 133.4, 133.3, 133.1, 130.2, 130.0, 130.0, 128.6, 128.4, 127.7
(Ar), 117.1 (CCl3) 102.2 (C-1, C-10), 73.6 (OCH2CCl3, CH2Ph), 73.4,
72.3, 69.9 (C-2, C-4, C-5, C-30, C-40), 69.7 (C-60), 62.9 (C-6), 57.1
(CH3O), 56.5 (C-20), 20.6, 20.4 (CH3CO). HRMS calcd for
C48H48Cl3NO17 [M+NH4]+ 1033.2332, found 1033.2343.

4.1.9. Methyl 3-O-[3-O-acetyl-6-O-benzyl-4-O-(2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)-2-deoxy-2-(2,2,2-
trichlorethoxycarbonylamino)-b-D-glucopyranosyl]-2,4,6-tri-O-
benzoyl-b-D-galactopyranoside (15)

Method A. A solution of acceptor 11 (93.1 mg, 0.10 mmol), thio-
glycoside donor 13 (162 mg, 0.34 mmol) in Et2O (5 mL) containing
activated powdered 4 Å molecular sieves (173 mg) was stirred un-
der N2 at room temperature for 1 h. MeOTf (53 lL, 0.47 mmol) was
added and the mixture was stirred at room temperature for an
additional 1.5 h. Et3N (63 lL) was added to the mixture; the solids
were filtered off and washed with Et2O (�10 mL). The filtrate and
washings were combined, concentrated and centrifugal purifica-
tion (17:3 to 7:3 hexanes–EtOAc) of the crude residue gave trisac-
charide 15 (114 mg, 85%) pure as an amorphous powder.

Method B. Coupling of the acceptor 11 (29.6 mg, 0.03 mmol),
and thioglycoside 14 (51.5 mg, 0.11 mmol) under MeOTf (20 lL,
0.18 mmol) activation was carried out in Et2O (1.5 mL) as de-
scribed above for the coupling of acceptor 11 with donor 13. Work
up, as described above, followed by column chromatography (7:3
hexanes–EtOAc) of the crude residue gave trisaccharide 15
(32.5 mg, 77%) pure.

Analytical data for 15. [a]D = �3 (c 1.8, CHCl3). 1H NMR
(300 MHz, CDCl3): d 8.18–7.15 (m, 35H, Ar), 5.84 (d, 1H,
J = 2.6 Hz, H-4), 5.58 (br t, 1H, J = 8.8 Hz, H-2), 5.02 (br t, 1H,
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J = 8.5 Hz, H-30), 4.90 (d, 1H, J = 11.5 Hz, CHPh), 4.85 (d, 1H,
J = 2.4 Hz, H-100), 4.78–4. 23 (m, 12H, H-1, H-10, H-6a, H-6b, NH,
7 � CHPh), 4.20–3.88 (m, 5H, H-3, H-5, H-60a, OCH2CCl3), 3.93
(dd, 1H, J = 3.4, 10.2 Hz, H-200), 3.79–3. 67 (m, 2H, H-300, H-500),
3.65–3.41 (m, 7H, H-40, H-50, H-60b, H-400, CH3O), 3.24 (q, 1H,
J = 8.9 Hz, H-20), 1.85 (s, 3H, CH3O), 0.97 (d, 3H, J = 6.4 Hz, H-600).
13C NMR (75 MHz, CDCl3): d 170.8, 166.1, 165.0, 153.8 (CO),
138.7, 138.4, 130.2, 130.0, 129.7, 128.6, 128.4, 128.3, 128.2,
128.2, 127.7, 127.7, 127.6, 127.4, 127.3 (Ar), 102.2 (C-1), 101.0
(C-10), 100.1 (C-100), 95.4 (CCl3), 79.0, 77.9, 77.2, 76.5, 75.2, 73.0,
71.8 (C-3, C-5, C-30, C-40, C-50, C-200, C-400, C-500), 74.9 (CH2), 73.9
(CH2), 73.8 (CH2), 73.4 (CH2), 72.8 (CH2), 71.5 (C-2), 70.6 (C-4),
69.5 (C-60), 67.7 (C-300), 62.9 (C-6), 5.68, 56.6 (CH3O, C-20), 21.0
(CH3CO), 16.3 (C-600). HRMS calcd for C73H74Cl3NO20 [M+K]+

1428.3507, found 1428.3438.

4.1.10. Methyl 3-O-[3-O-acetyl-6-O-benzyl-4-O-(2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)-2-deoxy-2-acetamido-b-D-
glucopyranosyl]-2,4,6-tri-O-benzoyl-b-D-galactopyranoside (16)

Activated Zn dust (65 mg) was added to a solution of trisaccha-
ride 15 (20.6 mg, 0.02 mmol) in Ac2O (1 mL) and the mixture was
stirred under N2 at room temperature overnight. The solids were
filtered off on Celite, washed with AcOH (2 mL) and the combined
filtrate and washings were co-concentrated with toluene. Column
chromatography (7:1 to 1:1 hexanes–EtOAc) of the residue gave
the amide 16 (14.8 mg, 79%) as an amorphous powder. [a]D = �6
(c 0.6, CHCl3). 1H NMR (300 MHz, CDCl3): d 8.19–7.12 (m, 35H,
Ar), 5.84 (d, 1H, J = 3.1 Hz, H-4), 5.57 (dd, 1H, J = 8.1, 9.8 Hz, H-2),
5.04–4.88 (m, 3H, H-30, NH, CHPh), 4.85 (d, 1H, J = 3.5 Hz, H-100),
4.80–4.25 (m, 11H, H-10, H-1, H-6a, H-6b, 7 � CHPh), 4.12 (dd,
1H, J = 9.9, 3.4 Hz, H-3), 4.05–3.93 (m, 2H, H-5, H-60a), 3.92 (dd,
1H, J = 3.4, 10.2 Hz, H-200), 3.79–3.68 (m, 2H, H-300, H-500), 3.63–3.
37 (m, 8H, H-20, H-40, H-50, H-60b, H-400, CH3O), 1.86 (s, 3H,
CH3COO), 1.28 (s, 3H, CH3CON), 0.97 (d, 3H, J = 6.4 Hz, H-600). 13C
NMR (75 MHz, CDCl3): d 173.9, 171.1, 170.0, 166.1, 163.7 (CO)
138.4, 135.2, 133.5, 133.1, 131.4, 130.2, 129.9, 129.7, 129.1,
128.8, 128.7, 128.4, 128.3, 128.2, 128.1, 127.9, 127.7, 127.7,
127.5, 127.4, 127.3, 127.1 (Ar), 102.1 (C-1), 101.5 (C-10), 99.9 (C-
100), 74.9 (CH2Ph), 73.8 (CH2Ph), 73.3 (CH2Ph), 72.8 (CH2Ph), 70.0,
71.0, 71.5, 73.8, 73.9, 75.1 (C-3, C-5, C-20, C-30, C-40, C-50, C-200, C-
300, C-400, C-500), 72.8 (CH2Ph), 68.5 (C-60), 67.2 (C-4, C-2), 62.2 (C-
6), 56.8 (C-20, CH3O), 22.7 (NHCO), 21.1 (CH3CO), 14.1 (C-600). HRMS
calcd for C72H75NO19 [M+NH4]+ 1275.5277, found 1275.5240.

4.1.11. Methyl 3-O-[2-acetamido-6-O-benzyl-4-O-(2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)-2-deoxy-b-D-glucopyranosyl]-b-D-
galactopyranoside (17)

Trisaccharide 16 (14.7 mg, 0.01 mmol) was dissolved in metha-
nolic sodium methoxide (0.25 M, 1.5 mL), and the mixture was
stirred under N2 at room temperature for 3 h. The mixture was
deionized with Dowex 50 (H+) resin, filtered, and solids were
washed with MeOH (3 mL). The filtrate and washings were com-
bined and concentrated. Chromatography (19:1 CHCl3–MeOH) of
the residue gave trisaccharide 17 (8.3 mg, 79%) pure. [a]D = �25
(c 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): d 7.43–7. 17 (m, 20H,
Ar), 6.72 (br s, 1H, NH), 5.22 (d, 1H, J = 8.4 Hz, H-10), 4.97 (d, 1H,
J = 11.4 Hz, CHPh), 4.92 (d, 1H, J = 3.7 Hz, H-100), 4.85–4.58 (m, 5H,
5 � CHPh), 4.27 (d, 1, J = 12.0 Hz, CHHPh), 4.20 (d, 1 H,
J = 11.9 Hz, CHHPh), 4.16 (d, 1H, J = 7.8 Hz, H-1), 4.12–3.96 (m,
3H, H-30, H-500, H-200), 3.93–3.52 (m, 11H, H-2, H-3, H-5, H-6a, H-
6b, H-50, H-60a, H06b, H-300, H-400, CH3O,), 3.31 (t, 1H, J = 8.7 Hz, H-
40), 3.17 (q, 1H, J = 8.3 Hz, H-20), 1.98 (s, 3H, CH3CON), 1.14 (d,
3H, J = 6.4 Hz, H-600). 13C NMR (75 MHz, CDCl3): d 172.1 (CO),
138.5 138.4 138.1 128.5 128.4 128.3 127.9 127.8 127.7 127.5
(Ar), 104.0 (C-1), 100.1 (C-10), 99.9 (C-100), 83.0 (C-3), 81.0 (C-40),
79.0 (C-5), 75.9 (CH2Ph), 75.0 (C-400), 74.2 (CH2Ph), 74.0 (C-4),
73.1 (CH2Ph), 72.9 (CH2Ph), 72.2 (C-300), 70.0 (C-30), 69.2 (C-6),
68.4 (C-50), 68.1 (C-200), 62.5 (C-60), 58.2 (C-200), 57.1 (CH3O), 23.6
(CH3CON), 16.7 (C-600). HRMS calcd for C49H61NO15 [M+NH4]+

926.3939, found 926.3922.

4.1.12. Methyl 3-O-[2-acetamido-2-deoxy-4-O-(a-L-
fucopyranosyl)-b-D-glucopyranosyl]-b-D-galactopyranoside (2)

Trisaccharide 16 (44.2 mg, 0.04 mmol) was dissolved in metha-
nolic sodium methoxide (1 M, 2.5 mL), and the mixture was stirred
at room temperature for 1.5 h. Work up of the reaction was carried
out as described above and the crude trisaccharide 17 was filtered
through a bed of silica gel eluted with a mixture of CHCl3–MeOH
(19:1). After concentration, the semi crude trisaccharide 17 was
dissolved in MeOH (4 mL), 10% Pd/C (71.2 mg) was added and
the mixture was stirred overnight at room temperature under H2

atmosphere at 200 psi. The solids were filtered off on Celite,
washed with MeOH (8 mL) and the combined filtrate and washings
were concentrated. Lyophilization of the residue from water gave
trisaccharide 2 (17.6 mg, 92%) as a white amorphous powder:
[a]D = �93 (c 0.2, H2O). 1H NMR (600 MHz, D2O, 300 K): d 4.95
(d, 1H, J = 3.8 Hz, H-100), 4.69 (d, 1H, J = 8.4 Hz, H-10), 4.34 (q, 1H,
J = 6.6 Hz, H-500), 4.29 (d, 1H, J = 8.0 Hz, H-1), 4.13 (d, 1H,
J = 3.2 Hz, H-4), 3.94 (dd, 1H, J = 2.0, 12.3 Hz, H-60a), 3.85 (dd, 1H,
J = 4.2, 12.3 Hz, H-60b), 3.82 (dd, 1H, J = 3.2, 10.5 Hz, H-300), 3.75–
3.66 (m, 7H, H-6a, H-6b, H-20, H-200, H-400), 3.66–3.58 (m, 3H, H-3,
H-5, H-30), 3.56–3.48 (m, 6H, H-2, H-4, H-50, CH3O), 2.03 (s, 1H,
NHCO), 1.15 (d, 1H, J = 6.7 Hz, H-600). 13C NMR (150 MHz, CDCl3):
d 175.3 (CO), 104.2 (C-1), 102.9 (C-10), 99.9 (C-100), 82.6 (C-3),
77.4 (C-40), 75.4 (C-50), 75.1 (C-5), 72.7 (C-30), 72.3 (C-400), 70.1
(C-300), 69.8 (C-2), 68.7 (C-200), 68.4 (C-4), 67.4 (C-500), 61.3 (C-6,
C-600), 57.6 (CH3O), 56.6 (C-20), 22.5 (CH3CO), 15.6 (C-600). HRMS
calcd for C49H61NO15 [M+Na]+ 926.3939, found: 926.3922. The
NMR data agreed with that previously reported.8

4.2. Nuclear magnetic resonance spectroscopy

4.2.1. Sample preparation
Trisaccharide 2 (12.4 mg) was lyophilized three times from D2O

(95%) and then dissolved in 0.7 mL of D2O (99.96%) to give a final
0.033 M concentration.

4.2.2. NMR experiments
NMR experiments were recorded in 5 mm NMR tubes at

400 MHz (HSQC) and 600 MHz (1H, 13C, COSY, HMBC, NOESY and
ROESY). All spectra were recorded at 300 K with the exception of
NOESY experiments, which were also recorded at 310 K.

Phase-sensitive two-dimensional NOESY spectra were acquired
with a spectral width of 5000 Hz, 2048 complex data points and 64
scans each for 128 increments. A 1.5 s relaxation delay was imple-
mented between scans. NOESY spectra were recorded at seven
mixing times: 100 ms increments from 400 ms to 1 s. Before Fou-
rier transformation a p/2 shifted sine squared window was applied
in both dimensions and the FID was zero-filled to 2048 points in
the F2 direction and 512 points in the F1 direction. Further han-
dling of the NOESY spectra and integrations of the cross-peaks to
obtain buildup curves is described in Supplementary data.

One-dimensional ROESY spectra were acquired with selective
excitations of anomeric protons effected using a 60 ms Gaussian-
shaped pulse and a spin-lock field of 2.0 kHz. A 5 s relaxation delay
was implemented between scans. ROESY spectra were recorded at
eleven mixing times from 20 ms to 400 ms. Before Fourier transfor-
mation, the FIDs were zero-filled once and multiplied with a 1 Hz
line broadening factor. Spectra were phase and baseline corrected
and integrated. The integrals measured for the irradiated H-10 and
H-100 signals were plotted against mixing time and the obtained
curves were fitted to a double exponential decaying function:
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f ðsmÞ ¼ �A½expðBsmÞ � expðCsmÞ�

where sm is the mixing time and A, B and C are adjustable parame-
ters. The values of these integrals were extrapolated to 0 ms mixing
time, and the integrals from cross-relaxation peaks were normal-
ized through division by these extrapolated values. The normalized
cross-relaxation integrals were plotted against the mixing times
and the buildup curves were fitted to a double exponential equation
of the form

f ðsmÞ ¼ A½expðBsmÞ � expðCsmÞ�

and the initial slopes at 0 ms mixing times were determined from
the calculated first derivatives,f0(0) = A(B � C).28

Interproton distances were calculated based on the isolated
spin pair approximation (ISPA):

riJ ¼ rrefðSref=SijÞ1=6

where S is the initial slope at sm = 0, and r is the proton-proton dis-
tance. The H-10/H-30 intra-residue cross-peak was used as the refer-
ence for the distance determinations. The reference distance used
was 2.62 Å.

4.3. Computational methods

4.3.1. Sybyl systematic search
A rigid search was carried out in Sybyl7.117 using the Tripos

force field along with PIM parameters18 developed for carbohy-
drates. The starting molecule was built in Sybyl. To eliminate
excessive biasing energies from steric interactions associated with
rigid positions of ring substituents normally expected to be highly
flexible, hydroxyl hydrogen atoms were removed and the
hydroxymethyl groups were converted to methyl groups. During
the search, the individual monosaccharide rings were held fixed,
and the glycosidic U and W torsions were varied in 10� incre-
ments throughout the entire possible conformational space, and
energies were evaluated after each variation. The van der Waals
radius scale factors were reduced to very low values (0.3). Elec-
trostatic contributions were not taken into account. Conforma-
tions within 40 kcal mol�1 of the global minimum were saved
and the minima within 3 kcal mol�1 of the global minimum were
identified. The glycosidic torsions obtained for these minima were
then applied to the starting molecule containing all hydrogen
atoms and hydroxymethyl groups, and for each minimum, struc-
tures containing the nine different combinations of staggard ori-
entations of the hydroxymethyl groups were generated. Each
structure was optimized using conjugate gradient minimization
with a 0.05 kcal mol�1 gradient termination criteria and a
10,00,000 iteration limit. A cutoff of 8 Å was used for nonbonding
interactions. For the optimization, electrostatic contributions
were taken into account, and a dielectric constant of 78.5 was
employed. The lowest energy structure found for each minimum
was used as the representative molecule for distance determina-
tions (Table 1).

4.3.2. MOE stochastic search
The trisaccharide was subjected to all atom and heavy atom

stochastic conformational searches using the AMBER94 force
field21 in the Molecular Operating Environment (MOE2004)22 pro-
gram suite. In this implementation of AMBER94, any parameters
missing for a class of compound are approximated by MOE
based on parameter values for similar molecular fragments.
The starting structure was built using the carbohydrate builder
in MOE2004 and submitted to the stochastic search. This search
is similar to the random incremental pulse search (RIPS) meth-
od29 in which the coordinates of each atom are randomly per-
turbed, after which the entire molecule is minimized to
attempt to generate a new conformer. In these stochastic
searches, new conformations are generated by the rotation of
all bonds (including ring bonds) to random dihedral angles. In
our searches a bias of 30� was used. This means that dihedral
angles were selected with a sum-of-Gaussians distribution with
peaks at multiples of 30�. In addition to bond rotations, atom
positions were randomly perturbed by 0.4 Å. These random per-
turbations were repeated 150,000 times per conformational
search and each generated conformer was subjected to 500 steps
of minimization with full degrees of freedom with implicit solva-
tion by the Generalized Born/Surface Area (GB/SA) continuum
solvation model23 using a dielectric constant of 78. Two separate
searches were performed and the databases were combined for
analysis. Initially each new conformation was checked against
the previously found conformations using a root-mean-square
(RMS) tolerance of 0.1 Å on all atoms, including the hydrogen
atoms to account for possible hydrogen bonding. The second
search was carried out using a more stringent RMS value
(0.01 Å) applied to the heavy atoms only. In both searches the
calculations terminated at the end of the 150,000 iterations as
the number of failures criteria to find new conformations
(10,000 iterations in a row) was never met. Structures that did
not have the 4C1 conformation for D-glucosamine or D-galactose
or those that did not maintain a 1C4 conformation for L-fucose
were eliminated. The results of the two searches were combined
for analysis. And conformations with energies over 10 kcal/mol
above the global minima were rejected resulting in 1450
structures.

4.3.3. Molecular dynamics simulations
The molecular dynamics simulations were carried out using

the SANDER module of AMBER924 with the inclusion of Gly-
cam04 parameters25 for carbohydrates. The initial structure
was built using the XLEAP module of AMBER. The molecule
was solvated with 10 shells of TIPS3P water molecules30 giving
a total of 1070 solvent molecules in a 30 Å cubic box. Dynamics
trajectories of 8 ns were calculated. Each simulation was carried
out in five stages using the SANDER module of AMBER. First the
water molecules were minimized at constant volume (NVT)
whereas the trisaccharide was held fixed. A 1000 cycle limit
was employed with 50 cycles of steepest descent followed by
conjugate gradient minimization. A 1 � 10�3 kcal mol�1 Å gradi-
ent convergence criteria was used. A 10 Å cutoff was set, and
non-bonded updates were made every 10 steps. The dielectric
constant was set to 1. Then, the entire system was minimized
without any restraints. A 2500 cycle limit was used with 500 cy-
cles of steepest descent followed by conjugate gradient minimi-
zation. Afterward, the system was heated for 20 ps from 0 to
300 K or 310 K with the saccharide weakly restrained. Time steps
of 2 fs were used and translational momentum was removed
every 1000 steps. Bonds involving hydrogens were constrained
using the SHAKE algorithm with 0.00001 Å tolerance. Coordi-
nates were output every 250 steps. The system was then equil-
ibrated at a constant pressure (NPT) of 1 atm for 100 ps with no
restraints. Finally, production runs of 8 ns were carried out at
300 or 310 K. The PTRAJ module of AMBER was used to analyze
the results.
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