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Through a computer modeling and simulation technique, we investigated the binding mode of
a complex of E-selectin-GSC-150, which is a novel selectin blocker. GSC-150 is the 3′-sulfated
Lewis X derivative with a long, branched alkyl chain. Initial attempts to construct a model
for E-selectin-GSC-150 complex were performed based on a previously reported model of
E-selectin-sialyl Lewis X (sLex) complex [Kogan, T. P.; Revelle, B. M.; Tapp, S.; Scott, D.;
Beck, P. J. J. Biol. Chem. 1995, 270, 14047-14055]. In our model, the carbohydrate portion
of GSC-150 interacted with the protein in a similar manner as that of sLex reported previously.
Interestingly, each of the branched alkyl chains extended on the surface of E-selectin and
interacted with two different hydrophobic portions. One of these hydrophobic portions consists
of Tyr44, Pro46, and Tyr48. Another portion forms a shallow cavity, and it consists of Ala9,
Leu114, and the alkyl moieties of the side chains of Lys111, Lys112, and Lys113. A subsequent
200-ps molecular dynamics simulation in solution revealed that the interactions involved in
the sugar portion of the ligand were relatively weak, whereas the hydrophobic interactions
involved in the branched alkyl chains were fairly stable in solution. These results suggest
that the branched alkyl chain serves as an “anchor” for the tight binding of GSC-150 on the
surface of E-Selectin. This is the first attempt to evaluate the dynamics of E-Selectin-ligand
interactions in solution, and it sheds light on the nature of ligand recognition by selectins.

Introduction

Adhesion of leukocytes to the endothelial cells of blood
vessels is a crucial step in the inflammatory response.
It is known that several cell adhesion molecules are
involved in this process.1 In particular, selectins play
important roles in the early stages.2 There are three
subtypes of selectins: E-selectin (ELAM-1), P-selectin
(GMP-140), and L-selectin (LECAM-1). They are ex-
pressed on various cell surfaces. For example, E-
selectin expression is induced on the surface of endot-
helial cells, after 4-6 h from the stimulation by
inflammatory cytokines. In contrast, P-selectin is rap-
idly expressed on platelets and endothelial cells upon
stimulation by agonists such as thrombin. L-selectin
is expressed on leukocytes. The cell-cell interactions
mediated by those molecules cause “rolling” of leuko-
cytes in the bloodstream and initiate the extravasation
of leukocytes to the site of injury or inflammation.
Therefore, the inhibition of cell adhesion involving
selectins is an attractive target for the development of
new antiinflammatory drugs.
We have recently developed a potent selectin inhibi-

tor, GSC-150 (2, Figure 1).3 This compound is an analog
of the natural selectin ligand, sialyl Lewis X (sLex;
Neu5AcR2-3Galâ1-4[FucR1-3]GlcNAc; 1, Figure 1),
in which the sialic acid in sLex is replaced by a sulfate.
The most characteristic part of the structure of GSC-
150 is a branched alkyl chain (2-tetradecylhexadecyl;
namely “B-30”) attached to the 1-position. This branched
chain mimics the natural ceramide and significantly
contributes to the inhibitory activity of GSC-150. As

shown in Table 1, GSC-150 is much more potent than
sLex. In contrast, a 3′-sulfated analog that lacks B-30
(3, Figure 1) shows weaker activity, which is almost
equal to that of sLex. From these results, it is expected
that B-30 plays important roles in binding with selec-
tins.
Selectins are composed of an amino-terminal lectin-

like domain followed by an epidermal growth factor
(EGF) like domain, a variable number of complement
receptor related repeats (CR), a hydrophobic transmem-
brane domain, and a cytoplasmic region. It is believed
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Figure 1. Chemical structures of the selectin ligands.
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that the lectin-like domain contacts various selectin
ligands. Recently, the crystal structure of the lectin/
EGF-like domains of E-selectin has been resolved.4 This
work revealed that the lectin-like domain of E-selectin
exhibits almost the same fold as rat mannose-binding
protein.5,6 Although the precise structure of E-selectin-
sLex complex has not been resolved yet, many groups
have tried to investigate its interaction modes in
experimental or theoretical ways.4,7-18 From the simi-
larity with rat mannose-binding protein, it is believed
that the hydroxyl groups of the fucose in sLex coordinate
to a calcium ion bound on E-selectin, which is critical
to ligand recognition by the protein.9 Furthermore, a
hydroxyl group on fucose would also form hydrogen
bonds with the side chains of Glu80 and Asn82, both of
which coordinate to the calcium ion. The negative
charge on the ligands, which is also critical to ligand
recognition,11,18 has been believed to interact with
Lys113 on E-selectin.4,13 Recently, Kogan et al.16 have
reported another structural model of the complex of
E-selectin-sLex. Surprisingly, they presented in their
paper that mutants of E-selectin, in which Lys113 was
replaced by either a neutral glutamine or an acidic
glutamate, retained binding activity to the ligands. On
the basis of this result, they selected Arg97, which is
another critical basic residue on E-selectin, as the
counterpart for the carboxylate on sLex. Another no-
table interaction in their model is a hydrogen bond
between the 6-hydroxyl group on galactose and the
phenol of Tyr94.
Since the carbohydrate portion of GSC-150 is almost

the same as that of sLex, the binding mode of this sugar
portion may be acceptable in the model reported by
Kogan et al. However, the interaction mode between the
B-30 portion of GSC-150 and E-selectin is completely
unclear. As mentioned above, B-30 is crucial to enhance
the inhibitory activity of GSC-150 (Table 1). Therefore,
it is very important to explore the detailed interactions
between B-30 and the protein. In this paper, we
describe a suitable structural model of GSC-150-E-
selectin complex. The binding site of B-30 to E-selectin
was explored by conformational analysis, using a high-
temperature molecular dynamics (MD) method, a well-
established technique to explore the conformational
space of a molecule.19 In this work, we also analyzed
the dynamics of the structure of the complex using a
200-ps MD simulation, including explicit solvent water.
This is the first reported attempt to evaluate the
dynamics of selectin-ligand interactions in solution.
The explicit consideration of the solvent is necessary
because B-30 might interact with the protein through
hydrophobic forces. Furthermore, since carbohydrates
have a fairly hydrophilic nature, inclusion of the solvent
is needed to understand the modes of selectin-carbo-
hydrate-containing ligand interactions.

Computational Methods

All of the calculations were performed using AMBER
4.020 with the force field published by Cornell et al.21
The force-field parameters for the carbohydrate portion
of GSC-150 were derived from GLYCAM_93, a general
force field for carbohydrates that is suitable to AMBER,
which takes account of the exoanomeric effect.22 The
parameters for the calcium ion were taken from Hamagu-
chi et al.23 and Maynard et al.24 The parameters for
the sulfate were taken from Huige and Altona.25 Graphic
manipulations and representations were performed by
MidasPlus 2.0.26

Model Construction. The crystal structure of the
lectin-like domain of E-selectin was obtained from the
Protein Data Bank (ident code: 1ESL). The model
building for the carbohydrate portion of GSC-150 was
based on the model of the complex of E-selectin-sLex
proposed by Kogan et al.16 That is, the carbohydrate
structure of GSC-150 was constructed using the glyco-
sidic torsion angles suggested by Ichikawa et al.27 and
Cooke et al.,10 which were derived from the NMR
analysis of sLex with soluble E-selectin. The initial
structure of GSC-150 was then placed on E-selectin.
Consequently, the 2- and 3-OH groups on fucose were
coordinated to the calcium, and the sulfate on the ligand
was directed to Arg97 and to another adjacent basic
amino acid, Lys99. At this step, we directed the alkyl
chains of B-30 to the solvent region, in order to avoid
any artificial interactions with the protein. The con-
structed model was then minimized until the root mean
square of the gradients was below 0.05 kcal/(mol‚Å). The
coordinates of the protein were fixed during the calcula-
tion. In the minimization, we used a distance-depend-
ent dielectric constant, ε ) 4r, to include the solvent
effect implicitly.
In order to determine the bound conformation of the

B-30 portion of the ligand, we performed a high-
temperature MD calculation. The calculation was
performed for 100 ps with an integral time step of ∆t )
1 fs. Only the B-30 portion was allowed to move during
the calculation. The temperature of the system was
maintained at 900 K using Berendsen’s weak coupling
algorithm.28 During the MD calculation, all of the bond
lengths were fixed by SHAKE algorithm.29 Then we
collected several low-energy conformers appearing in the
resultant trajectory and evaluated each of them on a
graphic device. Consequently, we found an interesting
conformation in which each of the two alkyl chains
extended along two distinct hydrophobic surfaces on
E-selectin (see below). We chose this conformation as
the initial model of the complex and minimized it until
the root mean square of the gradients was below 0.05
kcal/(mol‚Å). The coordinates of the protein were fixed
during the calculation. A distance-dependent dielectric
constant, ε ) 4r, was used again.
Simulation of the Complex in Solution. The

model of the complex was solvated by the addition of
1238 TIP3P water molecules30 within 25 Å from the
1-oxygen of glucose in GSC-150. The water molecules
were then minimized until the root mean square of the
gradients was below 0.05 kcal/(mol‚Å). Following the
minimization, the water molecules were equilibrated by
a 5-ps MD calculation at a temperature of 298 K. An
integral time step of ∆t ) 2 fs was used. After that, all
of the water molecules, the ligand, and the residues in

Table 1. Selectin-Blocking Activity of Compounds 1-3a

IC50 (mM)

compoundb E-selectin P-selectin L-selectin

1 (sLex) 0.60 >1.0 >1.0
2 (GSC-150) 0.28 0.10 0.03
3 >1.0 0.30 >1.0
a Data were taken from ref 3. b Compound numbers correspond

to those in Figure 1.
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the ligand-binding site on the protein (Ser6-Met10,
Ser43-Tyr49, Trp76-Arg84, Val91-Val101, Trp104-
Ala115, and the calcium ion) were minimized until the
root mean square of the gradients was below 0.05 kcal/
(mol‚Å). Part of the system was then subjected to a 200-
ps MD simulation at a temperature of 298 K. An
integral time step of ∆t ) 2 fs was used. The coordi-
nates of the system were recorded at every 0.2 ps during
the calculation, for the following analyses of the trajec-
tory. In the calculations with the explicit water, a
dielectric constant, ε ) 1, was used. During the MD
calculations, all of the bond lengths were fixed by
SHAKE algorithm. A nonbonded cutoff of 9 Å was used
in all of the above calculations.
Analyses of the Trajectory. Various analyses of

the trajectory from the MD calculation in solution were
performed with several in-house programs. For the
interactions observed in the initial model complex, we
calculated the distances of each interaction from the sets
of coordinates in the trajectory. The analysis of bound
waters (see below) was done as follows: the 200-ps-long
trajectory was first divided into 20 10-ps-long “win-
dows”. For each set of coordinates in an individual
window, we searched all water molecules and deter-
mined which waters could form hydrogen bonds with
both the ligand and the protein. For each atom pair,
we treated it as hydrogen bonding when the distance
between the heavy atoms in the donor, and the acceptor
was within 3.5 Å and the angle formed by the acceptor
atom, hydrogen of the donor, and the heavy atom of
donor was in the range 90-180°. The distances of
hydrogen bonds were fluctuating around a nominal
hydrogen-bond distance in the dynamics simulation.
Therefore we used a rather long distance threshold in
the hydrogen-bond analysis. For the analysis of the
behavior of the B-30 portion (see below), we calculated
the “ratio of hidden surface area” as a measure of
hydrophobic interactions with the protein. This indica-
tor was calculated in the following way: for each set of
coordinates in the trajectory, we calculated the solvent-
accessible surface area of the B-30 portion. The area
calculations were performed in two ways: one was the
area of free B-30 (Afree), which was calculated after the
deletion of the protein coordinates. The other was the
area of bound B-30 (Acomplex), calculated in the presence
of the protein. Then, the ratio of hidden surface area

was calculated by the following equation:

As indicated by the above equation, the ratio of hidden
surface area is the ratio of the solvent accessible surface
area of B-30 that was buried in the protein. A larger
percentage of hidden surface area reflects wider B-30
contacts with the protein surface. The calculation of
solvent-accessible surface area was done by the methods
of Richmond31 and Wesson and Eisenberg.32 Hydrogen
atoms were not included in the calculation.

Results
The initial attempt at docking the carbohydrate

portion in GSC-150 on E-selectin produced almost the
same interaction mode as those observed in the previ-
ously reported complex model of sLex-E-selectin.16
That is, the 2- and 3-hydroxyl groups on the fucose
coordinated to the calcium ion bound on E-selectin. The
3-hydroxyl groups also formed hydrogen bonds with the
amide nitrogen and the carboxylate on the side chains
of Asn82 and Glu80, respectively. The sulfate on the
ligand formed ion pairs with two basic residues, Arg97
and Lys99. In addition, the 6-hydroxyl group on
galactose formed a hydrogen bond with the hydroxyl
group on the phenol ring of Tyr94.
Next, we explored the B-30 binding site to E-selectin

by conformational analysis using the high-temperature
MD technique. Through this calculation, we extracted
several low-energy conformers. Among those conform-
ers, we found an interesting one in which each of the
two alkyl chains extended along two different hydro-
phobic surfaces on E-selectin. As indicated in Figure
2, one of those hydrophobic surfaces consists of Tyr44,
Pro46, and Tyr48. Another surface forms a shallow
cavity, and it consists of Ala9, Leu114, and the alkyl
moieties of the side chains of Lys111, Lys112, and
Lys113.
Figure 3 summarizes the interactions between the

ligand and E-selectin observed after the minimization
of our constructed model. In addition to the interactions
described above, the 2-OH of the glucose formed hydro-
gen bonds with the carboxylate and the amino group of
Glu107 and Lys111, respectively. sLex could not form

Figure 2. Stereorepresentation of the initial model of the lectin domain of E-selectin-GSC-150 complex. The structure of the
ligand is represented by the green cylinder model. The structure of the protein is represented by surface model. One of the two
hydrophobic surfaces (Tyr44, Pro46, Tyr48) is colored by magenta, and another (the alkyl moieties of the side chains of Lys111,
Lys112, Lys113, Ala9, and Leu114) is colored by yellow. The picture was created by GRASP software.38

ratio of hidden surface area (%) )
(Afree - Acomplex)/Afree × 100
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such interactions because the 2-position of the glucose
is replaced by an N-acetylamide group. Moreover, the
1-oxygen of the glucose formed a hydrogen bond with
Lys113. The conformation of the trisaccharides in GSC-
150 was similar to that of sLex bound on E-selectin, as
determined by the NMR experiments.10 The glycosidic
torsion angles of GSC-150 were Gal-Glc, 44/21, and
Fuc-Glc, 53/24. These values were comparable to the
predicted values of sLex bound to E-selectin: Gal-
GlcNAc, 55/7, and Fuc-GlcNAc, 48/25.
After the construction of the model complex, we

subjected the model to a 200-ps MD simulation contain-
ing explicit water solvent and evaluated the dynamic
behavior of the model in solution. Figure 4 indicates
the change of the glycosidic torsion angles of GSC-150
during the MD simulation. The averages and standard
deviations of these values were Gal-Glc, 47 ( 12/22 (
13, and Fuc-Glc, 34 ( 13/32 ( 9. These values indicate
that the sugar portions of the ligand retained almost
the same conformation as in the initial model. However,
significant fluctuations were observed for the ψ angle
of Gal-Glc (Figure 4B) and the φ angle of Fuc-Glc
(Figure 4C). These fluctuations would reflect some
changes in the interactions between GSC-150 and the
protein.
Next, we monitored the distances of the plausible

interactions observed in the initial model complex

during the simulation. Figure 5 shows the distances
between each atom as a function of simulation time. The
3′-sulfate group of GSC-150 interacted with both Arg97
and Lys99 in the initial model. However, both interac-
tions were broken in the early stage of the calculation
(Figure 5A). Moreover, the sulfate moved far from the
protein at about 90 ps. This conformational change
might correspond to the fluctuation of the ψ glycosidic
torsion angle for Gal-Glc observed at that time (Figure
4B). The same tendency was observed for the interac-
tion between the 6-OH on the galactose and Tyr94. In
the initial model, the 6-OH on the galactose formed a
hydrogen bond with the hydroxyl group on Tyr94, with
a distance of 3.0 Å. This interaction became weaker
during the simulation, and its distance fluctuated in the
range from 5 to 9 Å.
In the initial complex model, the 2- and 3-OH groups

on the fucose of GSC-150 coordinated to the calcium ion
bound on E-selectin, with distances of 3.1 and 2.8 Å,
respectively. The fucose-calcium interactions of fucos-
ylated ligands are believed to be critical in the binding
to E-selectin. Figure 5B shows the changes of the
distances of the fucose-calcium interaction during the
simulation in solution. As indicated in Figure 5B, the
coordination of the 3-OH on fucose to the calcium was
very stable. In contrast, the coordination of the 2-OH
was rather weak, and the distance of the interaction

Figure 3. Stereorepresentation of the initial model of E-selectin-GSC-150 complex. The structure of the ligand is represented
by thick lines. The protein is indicated by thin lines. For clarity, only the residues of the protein that interact with the ligand are
shown. Gray, thin lines indicate the interactions between the protein and the ligand.

Figure 4. Change of the glycosidic torsion angles of GSC-150 in the complex model during the simulation in solution. A, φ angle
of Gal-Glc; B, ψ angle of Gal-Glc; C, φ angle of Fuc-Glc; D, ψ angle of Fuc-Glc.
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fluctuated in the range from 3 to 5 Å. In the initial
model, the 3-OH of fucose also participated in hydrogen
bonds with the side chains of Glu80 and Asn82. These
interactions were not very stable in solution until about
120 ps (Figure 5C). After this point, however, the 3-OH
of fucose slightly moved toward the protein and the
hydrogen bonds became more stable. This would affect
the dynamic behavior of the Fuc-Glc glycosidic linkage
(Figure 4C) described above.
Figure 5D indicates the changes of the distances

between the glucose portion of GSC-150 and the protein
during the simulation. In the initial complex model, the
2-OH of the glucose formed two hydrogen bonds with
the amino group of Lys111 and the carboxylate of
Glu107. In contrast to the other interactions involved
in the sugar portion of the ligand, those two hydrogen
bonds were rather strong and stable. For the hydrogen
bond with Lys111, however, the amplitude of the
fluctuation of its distance became larger at about 150
ps, which indicates that the interaction became rather
unstable. For the glucose portion, a hydrogen bond
between the 1-OH of the glucose and the amino group
of Lys113 was also observed in the initial model.
However, this bond was broken in the early stage of the
simulation.
There were evidences that some of the lectin-ligand

binding modes contain indirect interactions via bound
waters.33 Therefore, we evaluated the presence of this
type of interaction mediated by water molecules in the
simulation in solution (Figure 6). As shown in Figure
6, there were no waters that tightly interacted with both
the ligand and the protein over the whole simulation
period. For the last 100 ps, we detected a water
molecule around the 2-OH of the glucose, the carboxy-
late of Glu107, and the amino group of Lys113. Since
the carboxylate of Glu107 interacted directly with the
2-OH of the glucose during this period (Figure 5D), that
water would not mediate the interaction between these
atoms. On the other hand, the 2-OH of the glucose and
the amino group of Lys113 did not bind directly to each
other duirng that simulation period (data not shown).
Therefore this result strongly suggests that the bound
water molecule would mediate the indirect interaction
between the 2-OH of the glucose and the amino group
of Lys113 for the last 100 ps. Figure 7 shows this more

clearly. In the snapshot at 150 ps (Figure 7C), we could
see the water molecule interacting with the 2-OH of the
glucose and Lys113. In the early portion of the simula-
tion, this water was located far from Lys113 and was
moving around the solute (Figure 7A,B). Near 100 ps,
this water was then trapped by the protein and was kept
fixed until almost the end of the simulation.
Next we analyzed the behavior of the branched alkyl

chain (B-30) portion in GSC-150 during the simulation
in solution. The initial complex model suggested that
the two alkyl chains in the B-30 portion of the ligand
would make hydrophobic interactions with the hydro-
phobic portions on the protein. Since direct estimation
of the hydrophobic force is difficult, we used the ratio
of the solvent accessible surface area of B-30 that was
hidden by the protein as an indication of the strength
of the hydrophobic interaction (see Methods section).
Figure 8 indicates the ratio of the hidden surface area
of each alkyl chain as a function of the simulation time.
For the alkyl chain that was buried in the cavity
consisting of the alkyl side chains of Lys111, Lys112,
Lys113, Ala9, and Leu114 (namely, the A chain), its
hidden surface area retained the initial value and
fluctuated minimally (Figure 8A). This suggests that

Figure 5. Change of the distances of the interactions between E-selectin and GSC-150 during the simulation in solution. Each
part indicates the following: A, the interactions involved in the sulfate and the galactose; B, the interactions between the fucose
and calcium; C, the interactions between the fucose and the protein; D, the interactions involved in the glucose.

Figure 6. Water-mediated interactions between E-selectin
and GSC-150 observed in the simulation in solution. Bold lines
indicate the simulation periods when water-mediated interac-
tions were observed between the protein-ligand pairs shown
at the left side of the figure.
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the A chain interacted tightly with the hydrophobic
cavity on the protein. On the other hand, the hidden
area of the alkyl chain on the surface of Tyr44, Pro46,
and Tyr48 (namely, the B chain) fluctuated greatly
during the simulation (Figure 8B). This is consistent
with the interaction involved in the B chain being less
stable than that of the A chain. However, since the
hidden surface area of the B chain retained more than
half of the initial value (Figure 8B), the hydrophobic
interaction between this chain and the protein still
existed and did not completely disappear. The snap-
shots of the trajectory show the stability of the interac-

tions involved in B-30 (Figure 7). As shown in Figure
7, while the carbohydrate portion of GSC-150 gradually
drifted far away from the surface of E-selectin, B-30
existed at almost the same place during the simulation
and interacted tightly with the protein.

Discussion
Our theoretical model for a GSC-150-E-selectin

complex suggests that the sugar portion of GSC-150
could interact with E-selectin in a manner similar to
that of sLex, as proposed by Kogan et al.16 Moreover,
we found that the branched alkyl chains involved in

Figure 7. Stereorepresentations of the snapshots of the E-selectin-GSC-150 complex model at (A) 0 ps, (B) 50 ps, and (C) 150
ps during the simulation in solution. The structure of GSC-150 is indicated by thick lines. Thin lines indicate the structure of
E-selectin. For clarity, only the residues in the ligand-binding site on the protein are shown. A triangle labeled as “Wat” represents
the water molecule that mediated the interaction between 2-OH of the glucose and Lys113 for the last 100 ps (see Figure 6).
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GSC-150 (B-30) could have strong interactions with the
hydrophobic portions of E-selectin. It was surprising
that E-selectin has such hydrophobic portions on its
surface that were suitable for the binding of B-30,
although their native roles are still unknown.
The subsequent MD simulation including explicit

solvent suggested the difference in the dynamics of the
carbohydrate and B-30 portions in GSC-150: the sugar
portion rapidly dissociated from E-selectin, while the
B-30 portion interacted tightly with the protein. The
rapid dissociation of carbohydrate ligands from selectins
is a prerequisite for the role of selectins in the inflam-
matory process.1,34,35 Selectins interact with leukocytes
flowing in the bloodstream and cause their rolling on
the blood vessel. For efficient rolling, rapid association/
dissociation of selectin-ligand interactions are required.
The observed behavior of the carbohydrate portions in
GSC-150 might be consistent with the characteristics
of natural selectin ligands. The rapid dissociation
observed in the sugar portion would be due to the
hydrophilic nature of the carbohydrate structure and
the environment in the ligand-binding site on E-selectin.
On the lectin domain of E-selectin, there are no deep
cavities in which ligands could enter. Therefore, when
a ligand interacts with E-selectin, there are many
solvent water molecules around the ligand binding site.
Water solvent has competitive and shielding effects on
hydrogen bonding and electrostatic interactions. Such
types of interactions involved in the ligand-selectin
complex would be affected and weakened by the pres-
ence of surrounding water.
Although rapid dissociation is required for native

selectin-ligand interactions, it is not preferable for
selectin inhibitors. For the potential inhibition of the
ligand-selectin interaction, more stable interactions
between inhibitors and selectins are required. Our
present results suggest that the introduction of hydro-
phobic moieties to ligands would stabilize ligand-
selectin interactions. Our results suggested that the
hydrophobic interaction between B-30 in GSC-150 and
E-selectin was quite stable in solution. The hydrophobic
interaction is a type of aggregation in which the

hydrophobic surfaces of molecules interact with each
other in the presence of water. For such interactions,
an environment surrounded by water, like the ligand-
binding site on E-selectin, would be preferable. In such
an environment, the B-30 portion serves as an “anchor”
in the binding of GSC-150 on the surface of E-selectin.
Recently, Revelle et al.36 have reported a surprising

result that mutants of E-selectin, in which Arg97 was
replaced by Asp or Ser, retained their binding ability
to ligands. This result makes it difficult to predict the
ligand binding site on E-selectin. Many previous reports
have proposed models of sLex -E-selectin complex in
which the negative charge on the ligand interacted with
Lys113.4,13 On the other hand, Kogan et al.16 have
presented a model in which the counterpart of the
negative charge on the ligand was Arg97. We adopted
Kogan’s model in the initial model of the complex of
GSC-150-E-selectin. Additionally, we also tried to
construct a complex model based on the other model of
sLex -E-selectin complex. In this case, however, we
failed to detect any suitable binding sites for B-30 in
GSC-150 (data not shown). Furthermore, Manning et
al.37 have presented a result that supports Kogan’s
proposal for the ligand binding site on E-selectin. They
found that the substitution with the sulfate group at
the 6′ positions of galactose in Lewisa derivatives
disrupts the binding to E-selectin. In their paper, they
discussed the consistency of the two models with their
result. In Kogan’s model, the 6′ position of the galactose
is directed toward the negatively charged Glu80 and
Asp100. Therefore, a substitution with an acidic sulfate
group at the 6’ position would cause electrostatic repul-
sion. On the other hand, the 6′ position of the galactose
is directed toward Lys111 in another model. If the
latter model is true, the sulfation of the 6′ position
should stabilize the ligand-selectin interaction. On the
basis of these facts, regarding the disruption of E-
selectin binding by the sulfation of the 6’ position,
Manning et al. concluded that Kogan’s model would be
more reasonable.
Although there is evidence that can rationalize Kogan’s

model of E-selectin- sLex complex, the counterpart of
the negative charge on the ligand still remains un-
known. On the other hand, this negative charge is
believed to be necessary for the binding to E-selectin.18
Revelle et al.36 have argued that the interaction between
selectins and the negative charge on the ligands might
be mediated through water molecules. In this paper,
we searched for such bound water molecules during the
MD in solution (Figure 6). Through this analysis, we
detected a bound water around the 2-OH on the glucose
of GSC-150. However, we could not find any bound
water molecules that could mediate the interaction
between the negative charge on the ligand and E-
selectin. The interactions of water molecules with the
solute could exist for a very short period. In order to
explore the roles of the negative charges on selectin
ligands, further calculations, such as a simulation using
some selectin mutants, might be needed.
Lastly, we are now investigating the structure-

activity relationship concerning the B-30 portion, i.e.,
the length of the alkyl chain and so on. In our model of
the GSC-150 complex, each of the two alkyl chains in
B-30 interacted with two distinct hydrophobic surfaces
on the protein, and the lengths of the chains seemed to

Figure 8. Change of the ratio of hidden surface area of B-30
portion in GSC-150 during the simulation in solution: A, the
ratio of the alkyl chain that was buried in the cavity consisting
of Lys111, Lys112, Lys113, Ala9, and Leu114 (A chain); B, the
ratio of the alkyl chain on the surface of Tyr44, Pro46, and
Tyr48 (B chain). Values relative to those in the initial model
are shown.
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be critical. Therefore, we think that the alkyl chain
must be branched and that the sizes of the chains in
B-30 would be optimized for the best binding affinity of
the ligand. We are now synthesizing and testing several
analogs to confirm our hypothesis. These results will
be reported elsewhere.
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