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ABSTRACT

The CCEM method (Contact Criteria and Energy Minimisation) has been developed and ap-
plied to study protein-carbohydrate interactions. The method uses available X-ray data even on
the native protein at low resolution (above 2.4 A) to generate realistic models of a variety of
proteins with various ligands.

The two examples discussed in this paper are arabinose-binding protein (ABP) and pea lectin.
The X-ray crystal structure data reported on ABP-f-L-arabinose complex at 2.8, 2.4 and 1.7 A
resolution differ drastically in predicting the nature of the interactions between the protein and
ligand. It is shown that, using the data at 2.4 A resolution, the CCEM method generates complexes
which are as good as the higher (1.7 &) resolution data. The CCEM method predicts some of the
important hydrogen bonds between the ligand and the protein which are missing in the interpre-
tation of the X-ray data at 2.4 A resolution, The theoretically predicted hydrogen bonds are in
good agreement with those reported at 1.7 A resolution. Pea lectin has been solved only in the
native form at 3 A resolution. Application of the CCEM method also enables us to generate com-
plexes of pea lectin with methyl-a-D-glucopyranoside and methyl-2,3-dimethyl-a-D-glucopyran-
oside which explain well the available experimental data in solution.

INTRODUCTION

A knowledge of the three-dimensional structure of proteins and their com-
plexes is extremely important in understanding various biological processes.
The X-ray diffraction technique is, perhaps, the only method that gives infor-
mation about the precise position of atoms and hence about the three-dimen-
sional structure of proteins. Recently, however, it has been noted that unless
the structure is solved at high resolution (below 2 A) the information about
protein-ligand interactions derived from this technique is not always reliable
[1]. Most of the protein data that is available in the literature has been solved
at above 2 A resolution. Further, these studies are often limited to the native
proteins and not many protein-ligand complexes have been solved.

*Dedicated to Professor K.S. Pitzer on the occasion of his 75th birthday.
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Because of these limitations, the wealth of data on protein structure that is
available in the literature has not been fully exploited in understanding bio-
molecular interactions. However, computer modelling techniques have made
it possible not only to generate new protein-ligand complexes using the avail-
able data but also provide information which is as good as that derived from
X-ray studies at high resolution. It is worth mentioning that the concepts about
torsional barriers and some of the data on model compounds which were re-
ported by Prof. Pitzer as early as 1951, are still widely used in the computer-
modelling of biological macromolecules.

We have been involved, for quite some time, in developing and applying
computer modelling techniques to various protein-ligand complexes. The
CCEM method (Contact Criteria and Energy Minimisation) developed in our
laboratory enables the generation of realistic models of a variety of proteins
with various ligands. The method involves two steps: (i) fitting of the ligand
in the protein binding site using contact criteria [2-5] and (ii) discrimination
of the allowed conformations by minimising the energy of the protein-ligand
complex. To demonstrate the power of the CCEM method, two examples where
it has been applied are discussed here. The arabinose-binding protein, is a
carrier protein which has been solved using the X-ray diffraction technique as
a complex with §-L-arabinose at 2.8 A [6],2.4 A [7] and 1.7 A [8] resolution.
It was only at 1.7 A resolution that the authors were able to determine the
binding mode of §-L-arabinose unequivocally. Pea lectin is a protein with sim-
ilar specificity for a-methyl-D-mannose and «-methyl-D-glucose [9]. It has
been solved by X-ray crystallography to 3 A resolution only in the native form
[10]. The molecular structure of the pea lectin is very similar to that of con-
canavalin A (Con A) and there is some crystallographic evidence that the car-
bohydrate in the pea lectin binds in a similar location to that in Con A [10].
In the former case using 2.4 A data we show that not only can the mode of
binding of #-L-arabinose be unambiguously determined, but also the hydrogen
bonding scheme predicted theoretically agrees well with the X-ray data re-
ported at high resolution (1.7 A) [8]. In the latter case, starting with the X-
ray data on the native protein the possible modes of binding of methyl-a-D-
glucose and a derivative have been determined. These are shown to be consis-
tent with solution data.

METHOD OF CALCULATION

The coordinates of the proteins were taken from available X-ray crystallo-
graphic data. The ligand is generated in the protein binding site using standard
geometry [11]. The rigid-body rotation method is used to move the sugar in
the binding site using rotational and translational parameters.

In the first step, contact criteria are used to identify the possible orientations
of the ligand in the protein binding site. Those orientations for which there
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are no severe steric conflicts between the ligand and the protein are taken as
the allowed orientations. Three-dimensional steric maps which give the al-
lowed regions are constructed for each complex. At this stage, possible hydro-
gen bonds between the protein and the ligand can also be estimated. In order
to identify the most likely orientations, in the second step, an energy minimi-
sation procedure is followed. Prior identification of the stereochemically al-
lowed orientations avoids an unproductive search of the whole conformational
space during minimisation. The energy of the complex is calculated using em-
pirical potential energy functions, which sum the nonbonded, electrostatic,
torsional and hydrogen bond energies. A term which estimates the contribu-
tion to the energy of the exo-anomeric effect is also included for ligands which
contain carbohydrate. Energy terms for bond length stretching and bond angle
bending were not used since a fixed geometry was assumed for the protein and
the ligand.

During energy minimisation, the side chains of the protein in the binding
site are treated as flexible while backbone and other side chains are held rigid.
The ligand is also treated as flexible and the energy of the ligand is included in
the calculations. Also allowed to vary are the three rotational parameters (the
Eulerian angles ¢, 8 and ) and the three translational parameters (x, v, 2z)
that define the orientation of the ligand in the binding site [4]. Energy min-
imization is then carried out using either the search method of Rosenbrock
[12] or using the gradient-based method of Dennis and Mei [13].

Potential energy functions and constants used

(1) Nonbonded energy is calculated using the modified Lennard-Jones 6-
12 potential,

Voo =FE (r,/r;)2—2.0E (r,/r;;)®

where, E is the depth of the minimum at r;;=r, and Fis the scaling factor and
has a value of 0.5 for 1-4 interactions and 1.0 for 1-5 interactions and higher.
The constants used are those reported by Scheraga and coworkers [14,15].

(2) Electrostatic energy is calculated using the standard expression. The
dielectric constant was taken to be four. In the case of pea lectin a distance-
dependent dielectric constant was used. The use of different dielectric con-
stants does not significantly affect the preferred modes of binding. The sigma
charges on various atoms were taken from Del Re and the pi charges were
calculated using Hiickel’s method [16]. The partial charges on the sugar atoms
were taken from Yathindra and Rao [17].

(3) The torsional potential energy was calculated according to Momany et
al. [14].

(4) The 10-12 potential function of Scheraga and coworkers [18] was used
to calculate the hydrogen bond energy. This is of the form,
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Vb =Ak/r12_Bk/r10

where, A, and B, are constants which differ for the different types of hydrogen
bonds and r is the distance between the acceptor and the hydrogen atom. The
constants used are those reported by Nemethy et al. [19].

(5) The expression used to estimate the energy due to exo-anomeric effect
has been discussed previously [20,21].

RESULTS AND DISCUSSION
Arabinose-binding protein (ABP)

Only the data solved for the protein at 2.4 A resolution is available to us and
this lower resolution data was used as the starting data for the protein. Quiocho
et al. have solved the ABP-$-L arabinose complex but have not reported the
sugar coordinates. From the information about the approximate location of
the sugar [7] we were able to fit the sugar in the ABP binding site.

Using the CCEM method, steric maps were constructed to show the allowed
orientations of the §-L-arabinose in the ABP binding site (Fig. 1). These maps
show that four regions are allowed for the sugar in the binding site of the pro-
tein suggesting that the sugar can reach the binding site in any of these allowed
orientations. To determine the most favourable orientation for the sugar, en-
ergy minimisation was carried out using starting points from all the four al-
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Fig. 1. Steric map representing the allowed orientations for §-L-arabinose in the ABP binding
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lowed regions. The energetically most favoured orientation was obtained in
region 1 where the stabilising interactions between the protein and the ligand
came from hydrogen bonds and van der Waals interactions (Table 1). The next
most favourable region is region 4 where the energetically most favoured ori-
entation is 9 kcal mol~! more than the best orientation in region 1. Since L-
arabinose has inversion symmetry, from contact criteria alone, it was difficult
to discriminate one orientation over the other. Energy minimisation clearly
shows that an orientation in region 1 is energetically more favoured than those
in region 4. X-ray crystallographic data at 2.4 A resolution also could not dis-
tinguish between these two possible orientations of S-L-arabinose. The other
two regions of the steric map, regions 2 and 3, are energetically much less
favourable than regions 1 and 4 (Table 1).

The hydrogen bonding pattern for interaction between ABP and f-L-ara-
binose in the best orientation from region 1 is shown in Table 2 and a projection
of the complex is given in Fig. 2. It is gratifying to note that although the
starting coordinates for ABP were taken from the 2.4 A resolution X-ray data
[7], the CCEM method has predicted the preferred orizntation of S-L-arabi-
nose in the binding site and a hydrogen bond scheme which is in good agree-
ment with the scheme proposed by Quiocho et al. from the 1.7 A resolution
data [8] (Table 2). Arg (151) and Asn (232) are predicted to form complex

TABLE 1

Energy minimisation of ABP- §-L-Ara complex

Region Orientation of sugar Binding Hydrogen bonding
N - — energy scheme
g(°) 8(°) w() X(A) Y(A) Z(A) (kcalmol™")
(1) 196 90 95 142 566 536 —59.2 OH(1)-0D2(89)

OH(2)-NZ(10)
OH(3)-ND2(205)
OH(3)-ND2(232)
OH(4)-NH2(151)
OH(4)-0D1(232)
05-NH1(151)

(2) 14 74 41 144 568 539 —288 OH(1)-NH1(151)
OH(3)-0D2(89)
(3) 170 115 270 144 569 539 —303 OH(1)-0D2(89)

OH(2)-0D2(89)
OH(4)-NH1(151)
(4) 4 92 254 144 568 539 —50.2 OH(1)-NH1(151)
OH(2)-0D1(232)
OH(2)-ND2(232)
OH(4)-NZ(10)
OH(4)-0(89)
OH(4)-0D2(89)
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TABLE 2

Hydrogen bond interactions in ABP-8-L-Ara complex as proposed from various studies

Nature of study  Possible hydrogen bonds with the sugar

OH(1) OH(2) OH(3) OH(4) 05
X-ray study at LYS(10) LYS(10) GLU(14) ASN(232)
2.4 A resolution  ASP(90) (possible
through water)
ASN(205)
X-ray study at ASP(90)0D2 LYS(10)NZ GLU(14)OE2  ASN(232)0D1 ARG(151)
1.7 A resolution ASN(205)ND2 ARG(151)NH2 NH1
ASN(232)ND2
Present ASP(89)0D2 LYS(10)NZ GLU(14)OE2 ASN(232)0D1 ARG(151)
theoretical (possible ARG(151)NH2 NH1
studies using 2.4 through water)
A resolution data ASN (205)ND2
ASN(232)ND2

Fig. 2. Stereoscopic projection of f-L-arabinose in the ABP binding site in the minimum energy
conformation obtained theoretically. This represents the best orientation from region 1 of Fig. 1.
Details of the possible hydrogen bonds are given in Table 2. All protein hydrogens and some of
the ligand hydrogen atoms have been removed for greater clarity.
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hydrogen bonds, the former with OH(4) and O5 and the latter with OH(3)
and OH (4) [21], in agreement with the high resolution X-ray data [8]. Inter-
estingly, these hydrogen bonds, except the one between Asn (232) and OH (4)
were not assigned from X-ray studies at 2.4 A resolution.

Thus, starting from low resolution X-ray data, the CCEM method was able
not only to fix the sugar in the correct orientation in the binding site but also
to predict the hydrogen bonding scheme which agrees with the X-ray crystal-
lographic data solved at 1.7 A resolution.

Pea lectin

The steric map for pea lectin with liganded methyl-«-D-glucopyranoside is
shown in Fig. 3. Comparison of this steric map with the steric map for methyl-
a-D-glucopyranoside in the sugar binding site of Con A [4] shows that the
former is much less restricted, indicating a lower degree of specificity for the
pea lectin. Energy minimisation of pea lectin with methyl-a-D-glucopyrano-
side shows that there are three favoured orientations of which the orientation
$=250°,0=110°, y=120° is the most favoured (Table 3). In this orientation
and in the third most favoured orientation, ¢=355°, §=115°, y=33°, the
sugar hydroxyls, 03, O4 and 06 are involved in the formation of strong hydro-
gen bonds with the protein. In the second most favoured orientation, ¢=20°,
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Fig. 3. Steric map representing the allowed orientations for methyl-a-D-glucopyranose in the pea
lectin binding site.
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TABLE 3

Energy minimisation of the complex of pea lectin with methyl-a-D-glucopyranoside

Orientation of sugar Binding Hydrogen bonding

o)  0°)  w) XA YA ZA) (kealmol )

energy scheme

1. 250 110 120 24.4 23.5 25.9 —-72.8 O3H:-
O4H--
O6H--
2. 20 75 225 25.0 23.5 25.4 —69.5 O2H--
O3H--
O4H--

‘0E2(218)
-0D1(81)
-0D2(81)
-0D2(81)
-OE2(218)
-OE2(218)

3. 355 115 330 25.2 23.4 24.0 —62.9 03---NH(99)
04---NH2(125)

O4H--
O6H:-

-0OD1(81)
-0D2(81)

Fig. 4. Stereoscopic projection of methyl-c-D-glucopyranose in the pea lectin binding site in the
best orientation (¢=250°, §=110° and w=120°) as given in Table 3. The 03, 04 and 06 hy-
droxyl groups are involved in hydrogen bonds with the protein. )

6=175°, w=225°, the 06 hydroxyl group does not seem to be involved in the

formation of hydrogen bonds (Table 3).

The first and third orientations preferred by methyl-a-D-glucopyranoside
in binding to the pea lectin are very similar to the allowed orientations of
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Fig. 5. Stereoscopic projection of methyl-a-D-glucopyranose in the pea lectin binding site in the
second best orientation (¢p=20°, #=75° and y=225°) as given in Table 3. In this orientation
the 02, 03 and 04 hydroxy! groups are involved in hydrogen bonds with the protein,

Fig. 6. Stereoscopic projection of methyl-a-D-glucopyranose in the pea lectin binding site in the
third best orientation (¢=2355°, 6=115° and y=330°) as given in Table 3. The 03, 04 and 06
hydroxyl groups are involved in hydrogen bonds with the protein.
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Fig. 7. Steric map of the allowed orientations for methyl-2,3-dimethyl-«-D-glucopyranoside in the
pea lectin binding site. The number of the allowed orientations are very few compared with the
large number possible for methyl-c-D-glucopyranoside (cf. Fig. 3).

Fig. 8. Stereoscopic projection of methyl-2,3-dimethyl-a-D-glucopyranose in the pea lectin bind-
ing site in the best orientation (9=355°, #=115° and y=330°) arrived at from preliminary
energy calculations. Possible hydrogen bonds are between 03---NH (99), 04---NH2(125),0D2(81)
and 06:--0D1(81). The methyl group at C3 is placed close to a hydrophobic region of the protein
constituted by Gly(97), (98), (99) and Tyr(100) and the hydroxymethyl hydrogens lie close to
Phe(123).
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methyl-a-D-glucopyranoside in the Con A binding site [4]. However, the sec-
ond most preferred orientation in pea lectin is not favoured in Con A. Projec-
tions of all three orientations for methyl-a-D-glucopyranose in the pea lectin
binding site are shown in Fig. 4, 5 and 6.

Comparison of the steric map of methyl-2,3-dimethyl-a-D-glucopyranoside
in the pea lectin binding site (Fig. 7) with that of the map for methyl-a-D-
glucopyranoside (Fig. 1) shows that the addition of the two methyl groups at
02 and 03, highly restricts the possible favoured orientations of the ligand in
the pea lectin binding site. The first two orientations which are preferred for
methyl-a-D-glucopyranoside (Table 3) are completely eliminated for the 2,3
substituted derivative. Preliminary energy calculations have, in fact, indicated
that the most favoured orientation of methyl-2,3-dimethyl-a-D-glucopyrano-
side is close to the third most favoured orientation for methyl-o-D-glucopyr-
anoside. In this orientation, ¢ =355°, §=115°, w=330°, besides the hydrogen
bonds which are probable with the O3, 04 and 06 hydroxyl groups, the methyl
group at C3 is placed close to a hydrophobic region of the protein constituted
by Gly(97), Gly(98), Gly(99) and Tyr(100) and the hydrogens of the
hydroxymethyl group (C6) are close to Phe (123) (Fig. 8). This may lead to
additional stabilising hydrophobic interactions. In this orientation the methyl
group at C2 is not involved in interaction with the protein.

Our results, obtained theoretically using the CCEM method, agree well with
the hapten inhibition measurements on the precipitin reaction between the
pea lectin and a phosphomannan which show that methyl-2,3-dimethyl-a-D-
glucopyranoside is a very potent inhibitor [9]. It is interesting to note that a
similar methyl substitution on the O3 position of the sugar ligand drastically
reduces its ability to bind to Con A.

In conclusion, the CCEM method allows the interactions of protein-carbo-
hydrate complexes to be studied using the data obtained at low resolution (2.4
A and 3.0 A) and also enables the favoured binding orientations of the ligand
in the protein binding site to be determined using data of the native protein,
as in the case of pea lectin.
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