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The cholera toxin from Vibrio cholerae (CT) and the 80% homologous heat-labile toxin of
Escherichia coli (LT) are two well-known cases of sugar-binding proteins. The GM1:toxin
complexes were chosen as test cases for the elaboration of a computational approach to the
modeling of protein-saccharide interactions. The reliability of the method was evaluated on
the LT:lactose complex. A model of this complex was built by performing a MC/EM
conformational search of the sugar moiety within the binding pocket of LT, using the AMBER*
force field and the GB/SA solvation model. The results are a reasonable reproduction of the
reported X-ray structure of the complex. The same protocol was then applied to the LT:GM1
complex. The calculations were performed on a substructure that includes the protein shell
within 5 Å from GM1, three water molecules solvating Glu-51 carboxylate, and two water
molecules at crystallographic sites 2 and 3. A satisfactory agreement was found with the
recently published X-ray structure of the CT:GM1 complex. All the relevant interactions
between the sugar and the residues involved in binding are well reproduced by the calculations.
These results suggest that the substructure here identified can be taken as a realistic
representation of the toxin binding surface and that the method presented in this paper can
be used as a predictive tool in designing artificial LT (CT) binders and thus potential anticholera
drugs.

Introduction

Cholera and related enterotoxigenic diseases are
caused by secreted toxins. The cholera toxin fromVibrio
cholerae (CT) and the closely related heat-labile toxin
of Escherichia coli (LT) exhibit a 80% homologous
structure, consisting of an AB5 hexamer. Actual cell
intoxication is carried out by a catalytic fragment of the
A subunit, which reaches the interior of the target cell
after the B5 pentamer has docked to the cell membrane.
The specific membrane receptor of both CT and LT is
the pentasaccharide portion of ganglioside GM1 [Galâ1-
3GalNAcâ1-4(NeuAcR2-3)Galâ1-4Glcâ1-1Cer], 1a.
The interaction of GM1 with CT and LT has been
studied in great detail. The dissociation constant of the
CT:GM1 complex is ca. 10-7.1 It has been proven that
up to five GM1 molecules can bind to the B5 pentamer.
The binding data suggest that the presence of at least
two B subunits is required for effective complexation of
GM1.2 This hypothesis was later supported by the
X-ray structures of the toxins and various toxin-sugar
complexes:3 the sugar-binding site appears to be mostly
formed by a single B unit, but the cavity is closed by a
sharp loop centered on the Gly-33 residue of the
adjacent B(+1) unit. Chemical modification and single-
point mutation studies of the B subunits have identified
the amino acids which are essential for GM1 binding.4
More recently, a crystallographic study by Hol and co-
workers on both the V. cholerae and E. coli toxins has
led to the structures of unbound LT,5 the LT:lactose6

and LT:galactose7 complexes, and the CT-B5 pentamer
bound to GM1.8 This last structure shows that the large
majority of interactions between the receptor and the
toxin involves the two terminal sugars of GM1, galactose
(Gal) and sialic acid (NeuAc), with a limited contribution
from the N-acetylgalactosamine residue. This is in
agreement with the biochemical data which indicate in
Gal-IV and NeuAc the essential features for binding.9
The structure of bound GM1 is very similar to the
solution structure determined by NMR spectroscopy10
and recently reproduced by molecular mechanics cal-
culations.11

The binding of GM1 to the B5 pentamers appears to
be one of the best understood cases of those protein-
saccharide interactions that have been shown to play a
major role in the recognition processes at the cell
surface.12 We have recently initiated a program aimed
to identify a viable computational approach to the study
of such interactions and have chosen the GM1:toxin
complexes as our test case. As a first step, a protocol
was established that successfully reproduces the main
features of the experimental (NMR) structure of GM1
pentasaccharide 1b in water solution. Such protocol
involved the use of an unconstrained Monte Carlo/
energy minimization (MC/EM) conformational analysis
of the sugar, using the continuum dielectric solvation
model GB/SA implemented in MacroModel/Batchmin
and the force field AMBER*, augmented by new pa-
rameters for the Neu-5-Ac residue. The search yielded
a set of 10 low-energy conformations (within 1.5 kcal/
mol from the global minimum), which nicely fitted the
available NMR data.11

† Dedicated to Prof. Carlo Scolastico on the occasion of his 60th
birthday.
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In this paper we report how the same conformational
search of the saccharide performed within the toxin
binding pocket can be used to obtain a meaningful model
of the GM1:LT and GM1:CT complexes. We adopted
an approach that was first proposed by Guida and co-
workers13 to predict the binding conformations of en-
zyme inhibitors with high conformational flexibility and
that is based on MC/EM techniques. The method starts
from a structure of the ligand docked in the protein
binding site and searches the conformational space
available to the ligand in the confined space determined
by the protein cavity. The starting point is generally
provided by an X-ray crystal structure of the protein-
ligand complex. In the present case the LT:lactose
X-ray structure6 was chosen as the starting one and
docking of GM1 into the toxin was realized by super-
imposing Gal-IV of GM1 (see Figure 1) to the Gal
residue of bound lactose. The efficiency of the confor-
mational search was initially evaluated by performing
it on the LT:lactose complex and comparing the results
with the known X-ray structure. Various searches were
carried out varying the number of crystallographic
water molecules explicitly retained in the structure,
with the aim of evaluating their relevance to the
reproduction of the experimental data and the ability
of the GB/SA implicit solvation model to substitute for
them. Finally, GM1 was docked in the binding site, and
the conformational search was performed on the LT:
GM1 complex. The results were a fair reproduction of
the CT:GM1 crystal structure published during the
course of our work8 and were further refined by explic-
itly including two crystallographic water molecules that
were found to be tightly associated with the recognition
surface of the protein.7

Computational Methods

All calculations were performed using the MacroModel/
Batchmin package14 (version 4.0 or 4.5) and the AMBER* force
field, augmented by MNDO-derived sialic acid parameters.11
To simplify the computational problem, all calculations on
GM1 were performed on the methyl derivative 1b. The X-ray
coordinates for the LT:lactose complex (2.3 Å resolution) were
kindly made available by Prof. Hol.6,15 In order to reduce the
complexity of the structure while maintaining the integrity of
the sugar-binding cavity, all calculations were carried out on
a B2 (B + B(+1)) dimer. Only the ligand and a shell of residues
surrounding the binding site of LT were subjected to energy
minimization. All the residues within 5 Å of the sugars were
included in the shell. The ligand and all binding site polar
hydroxy and amino hydrogens were unconstrained during
energy minimization. All other atoms that belonged to the
substructure being minimized were constrained to their

crystallographic coordinates by parabolic restraining potentials
that increased with the distance from the sugar substrate. The
force constants used are as follows: 100 kJ/Å2 for the atoms
within 0-3 Å of any atom of the ligand, 200 kJ/Å2 for the atoms
within 3-4 Å, and 400 kJ/Å2 for the atoms within 4-5 Å. The
perifery of the restrained structure was checked with the
EdgeD command of MacroModel, and isolated atoms were
included to avoid incomplete functional groups. All other
atoms were ignored.
The calculations were carried out either with a dielectric

constant of 4 or using the GB/SA solvation model16 of Macro-
Model. This model treats the solvent as an analytical con-
tinuum starting near the van der Waals surface of the solute
and uses a dielectric constant of 78 for the bulk water and 1
for the molecule. Extended nonbonded cutoff distances were
used. Thus all calculations were run with a van der Waals
cutoff of 8.0 Å and an electrostatic cutoff of 20.0 Å.
The conformational searches were carried out using either

a usage-directed MC/EM procedure17 or its pseudosystematic
variant (SUMM).18 The extraannular bonds of the sugars that
can undergo free rotation were used as torsional variables in
the MC steps. Previous studies on GM111 had shown that
AMBER* in GB/SA water overestimates the stability of gauche
conformations for the C7-C8 diol in the NeuAc side chain,
compared to experimental data which are consistent with an
essentially anti conformation.10,19 It was found that a good
solution to this problem consists in starting the MC search
for GM1 with a 7,8-anti conformer and not including the C7-
C8 bond in the variable list. Conformational filtering (TORC)
was also used to screen out gauche rotamers during the search.
Translation (1.5 Å maximum) and rotation (180° maximum)
of the substrate within the binding cavity were allowed during
the MC steps. The united atom version of AMBER* was used
for the initial search. Energy minimization was performed
using the truncated Newton conjugate gradient (TNCG)
procedure,20 and was terminated either after 500 iterations
or when the energy gradient rms fell below 0.1 kJ/mol Å. All
conformers that differed from the global minimum energy
conformation by no more than 100 kJ/mol were saved. After
addition of explicit H atoms on the sugar, they were subjected
to further energy minimization to reduce the energy gradient
rms to 0.01 kJ/mol Å.

Results and Discussion

As we mentioned, at the beginning of this project no
X-ray data were available for any GM1:toxin complex.
However, the LT:lactose structure had just been deter-
mined by Hol and co-workers.6 This structure showed
that the disaccharide was interacting with the protein
mainly via its galactose unit, whereas the glucose at
the reducing end was free in the cavity and loosely
solvated by a few crystallographic water molecules. A
schematic representation of the binding interactions
between the Gal unit and LT is reported in Figure 2.
Every hydrogen bond donor and acceptor of galactose
(except the ether oxygen) are hydrogen bonding to LT
either directly or with the mediation of the three well-
defined water molecules at solvation sites 2, 3, and 5.
The protein residues involved are Glu-51, Lys-91, Gln-
61, and Asn-90. Solvent site 2 mediates a hydrogen-
bonding interaction with the Gly-33 of the adjacent
B(+1) monomer. Extensive van der Waals contacts are
found between the hydrophobic R face of galactose and
Trp-88.
These data and previous biochemical observations led

to the hypothesis that a galactose-binding site exists in
CT and LT and is the same for lactose and GM1. If
this is the case, a meaningful model of the LT:GM1
complex could be generated by superimposing the Gal-
IV residue of GM1 (see Figure 1) to the galactose of
bound lactose in the LT:lactose crystal structure. After

Figure 1. Ganglioside GM1.
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this simple docking operation optimization of the LT:
GM1 complex could be carried out using MC/EM con-
formational searches. This method has been shown to
be effective at reproducing both enzyme-inhibitor
complexes13 and the solution structure of GM1.11 The
implementation of the foregoing strategy presented two
main problems:
1. Due to the difficulties associated with the compu-

tational chemistry of sugars and to the complexity of
the case at hand, the procedure chosen had to be
validated by showing that it could reproduce at least
the main features of experimentally known structures.21
This could not be done directly on the GM1:LT complex,
for which experimental structures were not available.
Therefore the definition of the computational protocol
and its validation had to be sought using the known LT:
lactose structure as benchmark.
2. An additional point of concern was represented by

the water molecules found by the X-ray analysis within
the LT binding cavity in the complex. In the LT:lactose
complex there are nine such molecules within 5 Å of
the sugar. Some of them appear to be tightly bound to
the galactose unit and to mediate its interaction with
the protein (see Figure 2); others appear to simply fill
the cavity around glucose. Since lactose is a much
smaller substrate than GM1, the point could be made
that at least some of the solvent molecules observed in
the crystal structure may be in the cavity to replace
parts of the ganglioside, and thus they should be deleted
to study the LT:GM1 complex. Ideally, an implicit
solvation model such as GB/SA could be used to sub-
stitute for explicit solvation, and therefore it should be
possible to ignore the crystallographic water molecules
and still obtain reasonable structures. However, this
is not necessarily true, particularly for those molecules
that are deeply buried in the cavity (such areas may
not be seen as solvent accessible by the solvation
algorithm) or for those that mediate specific interactions
between the toxin and the substrate. With this problem
in mind, the conformational analysis of the LT:lactose
complex was carried out under various conditions of
solvation and dielectric constant, with the aim of
determining to which extent the GB/SA model could
replace explicit solvation in this particular context.

The LT:Lactose Complex. The substructure that
was actually taken into account was a shell of 5 Å
surrounding the sugar, which included nine crystallo-
graphically determined water molecules. Simple mini-
mization of this structure using a dielectric constant ε
) 4 essentially duplicates the X-ray coordinates. The
value of 4 is generally accepted as the best option for
the dielectric constant in molecular mechanics repro-
duction of crystal structures.22 When the GB/SA sol-
vation model was used (εbulk ) 78, εmol ) 1) for the same
minimization, the lactose molecule translated inside the
cavity toward the carboxylate of Glu-51 (see Figure 2).
In the crystal structure this residue appears to be
hydrogen bonded to the 3-hydroxy group of the sugar.
Apparently, when the carboxylate charge is not reduced
by a polar dielectric constant, such interaction is
overestimated by the program. The GB/SA model
should provide the required shielding effect by simulat-
ing water solvation, but Glu-51 is located too deeply in
the cavity to appear solvent accessible to the GB/SA
algorithm. On the other hand, in the X-ray structure
the carboxylate of Glu-51 is found to be specifically
solvated by three crystallographic water molecules that
were not initially included in the calculation because
they are farther apart than 5 Å from the sugar. When
these molecules were included in the substructure being
minimized23 (adding to a total of 12 explicit water
molecules), the X-ray structure could be reproduced
using either ε ) 4 (Table 1, entry 1) or the GB/SA model
(Table 1, entry 2) with a root mean square deviation
(rmsd)24 of 0.264 and 0.583 Å, respectively. Removing
all crystallographic water molecules but the three
solvating Glu-51 carboxylate (Table 1, entry 3), the rmsd
between the GB/SA-minimized structure and the X-ray
structure increases to 1.050 Å, still well below the X-ray
resolution. It is interesting to note that in all minimi-
zations reported in Table 1 the largest deviation is
observed for the glucose residue, which is indeed less
strongly bound in the cavity than galactose.
Two conformational searches were then performed

using either ε ) 4 (Table 2, entry 1) or the GB/SA model

Figure 2. Interactions of lactose with LT, as seen in the X-ray
structure.

Table 1. Minimization of LT:Lactosea

entry

1 2 3

elect treatment/solvation ε ) 4 GB/SA GB/SA
cryst H2O retainedb 12 12 3
rmsd (Å)c total 0.264 0.583 1.050

Gal 0.172 0.418 0.468
Glc 0.353 0.748 1.660

a From the X-ray structure, using TNCG algorithm and AM-
BER*, to an energy gradient rms of 0.01 kJ/Å mol. b See text.
c Measured between equivalent atoms of the sugar after super-
imposition with the X-ray structure.

Table 2. MC/EM Conformational Search of LT:Lactose

entry

1 2 3

elect treatment/solvation ε ) 4 GB/SA GB/SA
cryst H2O retaineda 12 12 3
MC/EM steps 3000 3000 5000
no. of low-energy structuresb 24 9 5 (+19)a
glob min rmsd (Å)c total 0.453 2.067 2.74

Gal 0.201 0.312 0.689
Glc 0.726 3.983 4.898

a See text. b Structures within 20 kJ/mol from the global
minimum. cMeasured between equivalent atoms of the sugar after
superimposition with the X-ray structure.
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(Table 2, entry 2). The 12 crystallographic water
molecules were retained, and the torsional degrees of
freedom of lactose and its position relative to the protein
were varied, for a total of five MC variables. The
searches (3000 steps each) yielded 24 and 9 low-energy
conformations (within 20 kJ/mol from the global mini-
mum), respectively. The superimpositions between the
global minima and the X-ray structure are reported in
Figure 3 (water molecules deleted for clarity). Figure
4 shows a superimposition of the calculated low-energy
conformations of the sugar (protein deleted for clarity).
The minimum energy structures are quite closely re-
lated to the one derived crystallographically. The major
deviation from the X-ray coordinates occurs for the GB/
SA minimum (Table 2, entry 2; Figure 3, bottom) and
concerns the position of glucose. We have already
observed that this residue is not really bound by the
protein.6 On the contrary, the primary binding interac-
tions due to the terminal galactose and the position of
this residue in the cavity are reproduced rather ac-
curately by the global minima (Figure 3) and by all the
low-energy conformations (Figure 4).
Finally, all crystallographic water molecules were

removed, except the three solvating Glu-51, and a 5000
step MC/EM search was performed using the GB/SA
solvation model (Table 2, entry 3). Quite reassuringly,
the global minimum was still very similar to the X-ray
structure (Figure 5), and four additional low-energy
conformers with the same characteristics were found.
As usual, the position of the galactose residue is
accurately reproduced by the calculation. However, in
this case 19 of the conformers found within 20 kJ/mol
of the minimum locate the lactose molecule outside the
protein binding cavity.25 The main driving force for this

Figure 3. Superimpositions of the experimental (black) and calculated (gray) structures of LT:lactose. The calculated structures
are the global minima found retaining all the 12 crystallographic water molecules (Table 2, entries 1 and 2): (top) calculated
using ε ) 4 (Table 2, entry 1) and (bottom) calculated using GB/SA (Table 2, entry 2).

Figure 4. Superimpositions of the LT:lactose low-energy
conformations (within 20 kJ/mol of the global minimum)
calculated retaining all the 12 crystallographic water molecules
(Table 2, entries 1 and 2). Only the lactose molecule is
shown: (a) the 24 conformers found using ε ) 4 (Table 2, entry
1) and (b) the nine conformers found using GB/SA (Table 2,
entry 2).
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dramatic movement of the substrate appears to be the
strong hydrogen bond network created with the three
water molecules retained, which compensates for the
lost solvation of glucose. This problem is likely to be
reduced when calculating the LT:GM1 complex, due to
the larger number of contacts between the sugar and
the protein, which ought to stabilize the position of the
substrate.
The fact that even under the extreme circumstances

of total water deletion the global minimum and four
additional low-energy structures were found as reason-
able reproductions of the galactose-binding disposition
appeared to be encouraging enough to move on to the
next step, i.e., the determination of the LT:GM1 complex
structure. In doing so, we were warned that major local
distorsions of the structure could occur in the absence
of crucial water molecules.
The LT:GM1 Complex. The previously calculated

lowest energy solution conformation of GM111 was
docked into the toxin binding site by superimposing its
Gal-IV residue to the galactose coordinates in LT:
lactose. After removing all crystallographic water
molecules but the three solvating Glu-51, the complex
was minimized by taking into account the usual 5 Å
shell. The resulting structure was the starting point
for a 8600 step MC/EM conformational search (search
1, Table 3, entry 1) which yielded 51 low-energy
conformations within 20 kJ/mol from the global mini-
mum.
At this stage the X-ray structure of the CT:GM1

complex at 2.2 Å resolution became available8 and
allowed direct comparison of our LT:GM1 model with
experimental data. In the crystal structure there are
five nonidentical copies of GM1 pentasaccharide bound
to each of the five B subunits of CT. The quality of the
X-ray data allowed unambiguous determination of a
model for all five copies of the first two sugar residues
(Gal-IV and GalNAc) and for four of the NeuAc residues.
The entire pentasaccharide model could be built only
for subunit B5, but it appears to be consistent with
residual electron density in the other four binding sites.
The binding was found to resemble a two-fingered grip,
with only two residues of GM1, Gal-IV and NeuAc,
interacting directly or via solvent-mediated hydrogen
bonds with CT. A map of the main interactions between
sugars and toxin is reported in Figure 6.
Comparison with the calculated structure was achieved

by superimposing the side chains of three conserved
binding site residues (Lys-91, Trp-88, and Glu-51) of the

calculated and X-ray complex. Figure 7 shows the
result of such superimposition between the global
minimum of search 1 and the CT:GM1 crystal structure
(LT deleted for clarity).
Globally, the similarity of the two structures is rather

satisfactory. Both the sugar residues which do contrib-
ute to binding are roughly located in the same position
with respect to the protein. The major deviation from
the experimental data is observed for Glc-I, which in

Figure 5. Superimposition of the experimental (black) and calculated (gray) structures of LT:lactose. The calculated structure
is the global minimum found retaining only three crystallographic water molecules (Table 2, entry 3).

Table 3. MC/EM Conformational Search of LT:GM1a

entry

1 2

cryst H2O retainedb 3 5
MC/EM steps 8600 15000
no. of low-energy structuresc 51d 8e
glob min rmsd (Å)f Gal-IV 0.844 0.376 (0.417)

GalNAc 0.806 0.196 (0.493)
Gal-II 1.214 1.007 ndg
Glc-I 5.700 3.839 ndg
NeuAc 1.376 0.898 (0.641)

NeuAc side chain C7 1.751 0.995 (0.763)
C8 2.164 0.737 (0.712)
C9 2.733 0.897 (0.824)
O7 2.382 1.077 (0.923)
O8 1.968 0.600 (0.486)
O9 3.137 0.754 (0.686)

a All searches were performed using GB/SA water solvation and
u.a. AMBER*. b See text. c Structures within 20 kJ/mol from the
global minimum. d Minimized to 0.01 kJ/mol Å using u.a. AM-
BER*. e Minimized to 0.01 kJ/mol Å with explicit hydrogens on
the sugar. f Measured between sugar ring centroids and NeuAc
side chain atoms after superimposition with the X-ray structure.
In parentheses is given the rmsd between the two best defined
crystallographic pentasaccharides. g Only one copy of this residue
was experimentally determined.

Figure 6. Interactions of GM1 with CT, as seen in the X-ray
structure.
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the calculated complex folds in toward the toxin to pick
up hydrogen bonds from the rest of the sugar and the
protein. This can be due to insufficient sampling or to
a poor reproduction of bulk water solvation by the GB/
SA model. However, it should be noted that the X-ray
structure features a gluconolactone instead of a glucose
at the sugar reducing end and that this residue is
connected to Gal-II with an unusual (-46,-7) (φ,ψ)
anomeric linkage, which may be forced by crystal
packing. Furthermore, four of the five GM1 copies in
the X-ray structure exhibit a lack of good electron
density for this residue, which is consistent with flex-
ibility.8
Closer inspection of the computed and crystal struc-

ture of the sugar, as reported in Figure 7, reveals more
subtle differences. Most notably, GM1 is calculated to
stick deeper in the binding pocket than it is experimen-
tally observed. The rmsd of the single-sugar residues
in the computed and experimental structures are re-
ported in Table 3 (entry 1) and compared with the
deviation between the two best-defined crystallographic
pentasaccharides (in parentheses). The major deviation
is seen for the NeuAc residue and particularly for its
side chain. In the computed structure the sialic acid
carboxylate is found at hydrogen-bonding distance from
the indolic NH of Trp-88 (see Figure 8).
Apparently, the different orientation of the NeuAc

side chain in the computed structure finds its origin in
the absence of water molecules in sites 2 and 3 (see

Figure 6). In fact, in the crystal structure those water
molecules mediate the interactions between GM1 and
both Trp-88 of the B unit and Gly-33 of the adjacent
B(+1) residue. From biochemical studies, these interac-
tions were indeed found to be essential for GM1 bind-
ing.4 In the computed structure, site 2 is actually filled
by NeuAc OH-8, which directly binds to Gly-33. The
absence of site 3 water is compensated by thrusting
forward the NeuAc carboxylate by about 1.5 Å. As a
consequence of the different conformation of the NeuAc
side chain, the terminal hydroxy OH-9 is at hydrogen
bond distance from the hydroxymethylene group of Gal-
IV. Thus, from the results of search 1, it clearly appears
that explicit water molecules are needed in sites 2 and
3, since they are involved in very specific interactions
which cannot be accounted for by the GB/SA water
model. This is in agreement with a recent study, which
focused on the water molecules found in the proximity
of the galactose-binding site in a set of five different
X-ray structures of LT/CT of their sugar complexes.7 It
was concluded that “solvent sites 2 and 3 are consis-
tently occupied in the ensemble of structures and may
be regarded as constituting a part of the recognition
surface of the protein, i.e., the specific binding site ‘seen’
by the GM1 receptor consists of the toxin B pentamer
with solvents already bound at sites 2 and 3.”.7
With this in mind a new search was performed

(search 2, Table 3, entry 2), which included the two
crystallographically determined water molecules at sites
2 and 3. The search was carried out for 15 000 steps
using u.a. AMBER*. Eighty structures were found

Figure 7. Superimposition between the X-ray structure of CT:GM1 (black) and the global minimum of search 1 in Table 3 for
the LT:GM1 complex (gray) (LT deleted).

Figure 8. Interactions of GM1 with LT, as calculated by
search 1 in Table 3.

Figure 9. Superimposition of the first two LT:GM1 low-
energy conformations, as calculated by search 2 in Table 3 (LT
deleted).
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within 42 kJ/mol from the global minimum. They were
reminimized after adding explicit hydrogens to the
sugar, to yield two low-energy conformations within 12
kJ/mol and eight conformations within 20 kJ/mol from
the global minimum. Superimposition of the first two
structures is reported in Figure 9 and is representative
of the differences found among all the eight low-energy
conformations. The positions of Gal-IV and GalNAc do
not vary in any of the structures, which mainly differ
in the coordinates of the terminal glucose and the NeuAc
side chain.
The superimposition between the global minimum

and the X-ray structure was carried out as described
above, and the result is reported in Figure 10. Fitting
between the calculated and observed structure has
dramatically improved, and all the sugar/toxin contacts
are now reproduced by the computation (compare Figure
6 and Figure 11).26
The foregoing results suggest that the substructure

here identified, which includes the protein shell within
5 Å from GM1 plus the three water molecules solvating
Glu-51 carboxylate plus the two water molecules at
crystallographic sites 2 and 3, can be taken as a realistic
representation of the toxin binding surface. Calculation
of the interactions between such surface and potential
sugar or sugar-like substrates should yield reasonable
models of the complexes and allow at least a qualitative
comparison of the binding ability of different substrates.
Therefore it should be possible to use this method as a
predictive tool in designing artificial LT and/or CT
binders and thus potential anticholera drugs. Studies
are in progress in our group to test this point.
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