
Abstract. Several histidine-tryptophan complexes (ei-
ther stacked or T-shaped), derived from the crystal
structures available in the Brookhaven Protein Data
Bank, have been examined with molecular mechanics
(MM), using the Tripos force ®eld with Gasteiger-
HuÈ ckel charges, whose trend was found to be analogous
to the AMBER or CHARMM ones. The MM results
were compared to the ab initio MP2 results, with and
without counterpoise (CP) correction, previously ob-
tained using extended basis sets on 5-methylimidazole
and indole as model systems. MM seems to underesti-
mate the interaction energy between the two monomers
when compared to the uncorrected MP2 results, while
the agreement is much better after including the CP
correction at the MP2 level in all cases. MM was thus
used to qualitatively analyse the dependence of the
stacking energy on the ring rotation at a variable
distance and ring centroid displacement for these
systems, while keeping the rings in parallel planes. An
analogous study was carried out for a T-shaped adduct.
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1 Introduction

The ligand-receptor interactions to form a complex
responsible for a given biological activity primarily
occur through the side chains of the protein amino acids
and suitable moieties from the ligand. Some of these
interactions are preferentially established between well-
de®ned pairs (or more terms) of residues, which are
therefore able to drive speci®city and selectivity in the

complex formation. An example can be found in the
neurokinin receptor family, belonging to the G-protein
coupled receptor superfamily, where a typical interac-
tion involves two or three histidines (His) de®ning the
binding site. In some instances the most favourable
interaction takes place when the ligand has indolyl
moieties, such as peptides enclosing tryptophan (Trp) in
their sequence. With the aim of shedding some light on
this experimental result, a computational study was
undertaken, examining systematically all the parallel and
perpendicular adducts reachable with the chosen rota-
tion and translation steps.

2 Methodology

The Protein Data Bank (PDB) was searched as described in our
previous paper [1] to determine several di�erent structures con-
taining Trp and His in stacked or T-shaped orientations. The Trp/
His adducts, examined after adding hydrogens to the side chains
and optimising their positions, while keeping all the other atoms
®xed, with molecular mechanics (MM), using the SYBYL force
®eld [2], the Gasteiger-HuÈ ckel charges [3] and dielectric constant
e � 1, showed d protonated imidazole rings (H on N1) in all cases.
A model system, indole� � �5-methylimidazole (Scheme 1), as for the
ab initio calculations, was used for the sake of comparison.

Scheme 1

The MM interaction energies (obtained with SYBYL, AMBER
[4] and CHARMM [5]) for variable centroid separations at ®xed
mutual orientations, were compared to the ab initio results ob-
tained in Ref. [1] at the SCF and MP2 [6] levels, both without and
with counterpoise (CP) corrections [7] to the basis set superposition
error (BSSE), on internal geometries optimised with the 6-31G*
basis [8] in the isolated partners. Internal geometries optimised with
MM in the isolated partners were also used for the classical cal-
culations, because the MM interaction energies can be heavily
a�ected by internal strains.
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Reference is made to the ab initio study [1] for the de®nition
of the various terms and for a detailed discussion of quantum
mechanical results obtained exploiting Dunning's double-zeta plus
polarisation (DZP) [9] or 6-31G* with the d exponents reduced to
0.25 [10] (6-31G* (0.25) [11]) basis sets. For the density functional
theory (DFT) 6-31G* calculations we made use of the Gaussian94
program [12] running on the IBM/RS6000-590 and SGI Indigo2

workstations at ICQEM. Geometries were visualised with
SYBYL.

3 Results and discussion

3.1 Validation of the MM results

The arrangements used (named after the PDB ®le they
belong to) are shown in Fig. 1. Structure resolutions,
values of the angle between the ring planes, ring centroid
separations as measured from the distance d(X1-X2) of
the imidazole and indole ring centres, and stereo pictures
can be found in Table 1 and Figs. 1-3 of Ref. [1].

The interaction energies for the adducts in Fig. 1a,
kept at the experimental mutual orientation (namely a
T-shaped structure, 1lla with indole hydrogens pointing
towards the imidazole ring (imidazole-across), and two
stacked couples, 1s01 almost parallel and 1esaB anti-
parallel but slightly distorted), are shown in Fig. 2 for
various centroid separations in comparison to the DZP/
HF, MP2 and CP corrected MP2 (CPMP) curves. The
MM interaction energies computed with the three MM
force ®elds (SYBYL, AMBER with the RESP/6-31G*
charges [13] and CHARMM1) turn out to be fairly
consistent with the CPMP ones, although decidedly
steeper in the repulsive branch. Their trend however is
much better than the uncorrected HF and MP2 ones.
Of course the CP corrected HF curves are even less
favourable than the uncorrected HF ones and thus are
not reported here.

The relevant equilibrium values are reported and
compared to the ab initio ones in Table 1. The skew
antiparallel structure (1esaB) turns out to be the most
favourable in the set as at the ab initio level. The order
of stability is maintained and the equilibrium distances
are well-reproduced by MM when compared to the
best ab initio results (CPMP/DZP).

The structures in Fig. 1b, corresponding to two T-
shaped (1spbB and 1aoz) and two parallel (1frbA and
1esaA, but both slightly displaced) arrangements, di�er
in the imidazole position (located either below or above
the indole plane) and the ring centroid separation, while
the angles between the ring planes are similar. Both T-
shaped adducts are indole-across, because an imidazole
H points towards the indole ring p orbitals. Due to the
very similar trend of various MM descriptions of the
system, only the SYBYL results, often referred to as
MM, are taken into account from now on. The MM
interaction energies are compared in Fig. 3 to the
6-31G*(0.25) HF and MP2 values, because the DZP or
CPMP results are not available. Actually the basis set
was found to a�ect only slightly the results [1], with the

6-31G*(0.25) basis set giving slightly more favourable
interaction energies with respect to DZP. The CP-cor-
rected interaction energy should be located nearly half-
way between the HF and MP2 curves. Therefore the
MM trend is satisfactory for the displaced parallel
structures (1frbA and 1esaA), whereas it is somewhat
dismaying for the T-shaped indole-across adducts. For
the T-shaped imidazole-across adduct of Fig. 1a (1lla),
however, the trend is fairly satisfactory as for the
stacked complexes. Since the 6-31G*(0.25) basis set at
the MP2 level produces stronger interaction at a shorter
separation than at the CPMP level, the corresponding
results represent a lower limit to the true energy curve

Fig. 1. Mutual orientation of a few adducts, drawn with coinciding
indole rings, corresponding to a a T-shaped arrangement, 1lla
(imidazole-across) and two stacked structures, 1s01, nearly parallel,
and 1esaB, skew antiparallel; b two T-shaped indole-across
structures with imidazole below, 1spbB, and above, 1aoz, the
indole plane, and two displaced parallel structures, 1frbA and
1esaA. Light blue � H; green � C; blue � N

1The charges, derived from the internal database, were suitably
modi®ed in order to maintain electroneutrality
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that, as stated earlier, should be placed somewhere
halfway between the MP2 and HF values. Conse-
quently, the MM equilibrium values are likely to be very
close to reality.

For all these adducts the MM results are much better
than the HF ones even computed with extended basis

sets because they cannot take into account the dispersion
attraction which plays an important role in stabilising
interaction energies and in shortening equilibrium dis-
tances. Therefore the MP2 electron correlation, which
after the inclusion of CP corrections gives a reliable
estimate of the dispersion attraction, seems to be
adequately parameterised in the force ®eld.

An additional test was carried out using DFT, which
has gained popularity even for treating H-bond inter-
actions [14-18] and thus it has been proposed as a
computational method less expensive than MP2 to
account for intermolecular electron correlation. It is,
however, necessary to carefully evaluate its applicability
every time new types of interactions need to be investi-
gated. The most stable compound (1esaB) was chosen as
a test case for the Becke III-Lee-Yang-Parr (B3LYP)
exchange-correlation functional [19, 20] at the 6-31G*
level on the HF/6-31G* optimised internal geometries of
the partners. The relevant results are shown in Fig. 4
without and with CP corrections, together with the
6-31G*/HF and MP2 curves. It is apparent that the
B3LYP functional considerably underestimates the in-
teraction energy, which turns out to be only slightly
more favourable when uncorrected than at the HF level.
After CP correction the interaction energy is even less
favourable than at the HF level in the region of the
minimum. For this kind of complexes it is therefore not
advisable to use the B3LYP/6-31G* functional.

3.2 MM dependence of the stacking energy
on the partner mutual position

The MM empirical potential was therefore used to
examine the qualitative dependence of the stacking
energy from the mutual rotation and translation of the
partners. Starting with the two ring systems (indole
and 5-methylimidazole) in parallel planes and with
their centroids, X1 and X2, connected by the normal
to the indole plane (arrangement de®ned ``exactly
superimposed'' in what follows) and at a distance
of 3.2 AÊ , 5-methylimidazole was rotated in 10° steps
about the axis passing through X1 and perpendicular
to the ring (h rotation, de®ned by the indole C8, X2,
X1 and the imidazole C5). Looking from imidazole
down to indole, when h is zero the CACH3 bond is
roughly parallel to the indole NH group, while
anticlockwise rotations of methylimidazole are consid-
ered to be positive. For each value of h the interaction
energy was minimised as a function of the distance, d,
between the ring planes. The most stable conforma-

Fig. 2. Molecular mechanics (MM) interaction energies along the
approaching path computed with SYBYL (three dots-dash),
AMBER (dot), and CHARMM (short dash) for 1s01 (upper plot),
1esaB (mid plot), and 1lla (lower plot) in comparison to the
interaction energy at the DZP/HF (long dash), DZP/MP2 (dot-
dash), and DZP/counterpoise-corrected MP2 (CPMP) (solid line)
levels

Table 1. Molecular mechanics (MM) equilibrium distances (AÊ )
and corresponding interaction energies (kcal/mol) along the
approaching paths for a few adducts (see text), obtained with

SYBYL, AMBER and CHARMM, as compared to the counter-
poise-corrected MP2 (CPMP) results obtained with the DZP basis
set CPMP/DZP results from Ref. [1]

Adduct SYBYL AMBER CHARMM CPMP/DZP

Req DEeq Req DEeq Req DEeq Req DEeq

1esaB 4.1 )5.3 4.1 )6.7 4.1 )5.2 4.2 )5.8
1s01 4.0 )3.1 4.2 )2.8 4.2 )3.2 4.1 )2.3
1lla 5.4 )1.9 5.4 )1.7 5.4 )1.7 5.5 )1.2
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tion, displayed in Scheme 2, is obtained for d � 3.2 AÊ

and h � 150°, when the imidazole N3 lone pair is
facing the indole NH group.

Scheme 2

Using this arrangement as a starting conformation,
the dependence of the interaction energy on the centroid
displacement by 1, 2 or 3 AÊ in the horizontal plane, with
respect to the exactly superimposed location, was con-
sidered for rotations about the imidazole centroid, while
keeping the rings in parallel planes. After moving X1 to
its displaced location, the whole space above the indole
ring was spanned by rotating (c rotation) the imidazole
centroid in 30° steps about the perpendicular to the
indole plane passing through the indole centroid. The
angle de®nitions with imidazole projected onto the in-
dole plane in a 3 AÊ displaced generic arrangement are
shown in Scheme 3.

Scheme 3

For each c value, 5-methylimidazole was rotated
(a rotation) in 10° steps about the axis perpendicular to
its ring and passing through X1, and the equilibrium
distance between the two ring planes was determined for
the a rotation producing the lowest interaction energy.
In Table 2 only the lowest energy arrangement for each
displacement is reported, together with the correspond-
ing values of the geometrical parameters and the inter-
action energy components, while in Table 3 the least
stable minima for each displacement are shown. The
most favourable interaction energy (DE � )6.7 kcal/

Fig. 3. MM interaction energy
along the approaching path
computed with SYBYL (three
dots-dash) for 1esaA (upper left
plot), 1aoz (upper right plot),
1frbA (lower left plot), and
1spbB (lower right plot) in com-
parison to the interaction ener-
gy at the 6-31G*(0.25)/HF (long
dash), and 6-31G*(0.25)/MP2
(dot-dash) levels

Fig. 4. B3LYP/6-31G* interaction energy along the approaching
path (three dots-dash) for 1esaB in comparison to the 6-31G* HF
(long dash) and MP2 (dot-dash) interaction energy. The diamonds
stand for the CP corrected B3LYP/ 6-31G* interaction energy
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mol) was found for a displacement of 2 AÊ with respect to
the exactly superimposed position of X1 and X2, at a
distance between the ring planes of 3 AÊ (p2). Some 1 AÊ

displaced complexes were found to have interaction en-
ergies lower than the exactly superimposed ones, and
MP2/DZP results, uncorrected for BSSE, con®rmed that
the displaced complex is more stable than that with
the exactly superimposed centroids. Actually the MM
highest minimum was found for that kind of arrange-
ment (p0) with the ring planes located at a distance of
3.4 AÊ for a rotation of h � )90° (Table 3).

In general the most stable complexes show favourable
electrostatic interaction, as can be seen by examining the
interaction energy components in Tables 2 and 3,
whereas the highest minima show unfavourable elec-
trostatic interaction. This suggested the analysis of the
molecular electrostatic potential and the dipole moments
of these complexes.

3.3 Molecular electrostatic potential (MEP)
and dipole moment features

The MEP [21] around the stacked complexes was
visualised using colour-coded isopotential surfaces. The
MEP of the highest minimum adduct, displayed in
Fig. 5a, shows a decidedly dipolar trend, while the MEP
for the most stable arrangement from the same point of
view shows (Fig. 5b) a more complicated trend, that

appears to be like a quadrupolar one when observed
from a side view (Fig. 5d). This is due to the fact that in
these arrangements the molecular dipoles lying in the
molecular plane (the 5-methylimidazole one is almost
parallel to N1� � �N3, while the indole one divides the two
ring system going from the middle of the NAH bond to
C4AC5), drawn as pointing from the positive to the
negative charge, are either nearly parallel (making
an angle �15°, Fig. 6a) or antiparallel (angle �163°,
Fig. 6b).

The most stable adduct with the exactly superim-
posed centroids, whose electrostatic contribution is
slightly unfavourable, shows, however, an overwhelming
van der Waals component, which is sharply stabilising.
Its MEP, shown in Fig. 5c, is again mainly dipolar, even
though both the positive and negative lobes are not
spherical and present a very thick ``banana'' shape. The
molecular dipoles, shown in Fig. 6c, in this case cross
each other with an angle of about 135° producing skew
banana lobes due to the separation between the ring
planes.

There is a fair linear correlation between the inter-
action energy and the adduct dipole moments (regres-
sion coe�cient r � 0.915, considering the lowest
minima for each displacement). The correlation between
the interaction energy and the interaction energy of the
dipole moments of each molecule in the relevant mutual
orientation (such as those reported in Fig. 6) is even
slightly better (r � 0.928).

Table 2. MM geometrical parameters (AÊ , degrees) and corresponding interaction energies (kcal/mol) with van der Waals (vdW) and
electrostatic components (Elect) for the most stable parallel (p) and perpendicular (P) displaced complexes

Displaced by h c a d vdW Elect DE

p0a 150 ± ± 3.2 )5.6 0.2 )5.4
p1 ± 150 )40 3.2 )5.2 )0.6 )5.8
p2 ± 150 )30 3.0 )4.9 )1.8 )6.7
p3 ± 60 110 3.1 )4.6 )1.1 )5.7

Displaced by c u¢ a d vdW Elect DE
P0a ± ± ± 4.5 )2.7 )1.6 )4.3
P1 180 )50 )110 4.3b )2.7 )1.5 )4.2
P2 )150 )20 )110 4.3b )2.5 )1.4 )3.9
P3 0 20 )90 4.2b )2.1 )1.2 )3.3
a Exactly superimposed centroids
b Distance between the imidazole centroid (X1) and its projection onto the indole plane

Table 3. MM geometrical parameters (AÊ , degrees) and corresponding interaction energies (kcal/mol) with van der Waals (vdW) and
electrostatic (Elect) components for the least stable minima among the parallel (p) and perpendicular (P) displaced complexes

Displaced by h c a d vdW Elect DE

p0a )90 ± ± 3.4 )4.8 2.0 )2.8
p1 ± )60 80 3.2 )5.8 1.2 )4.6
p2 ± )30 40 3.4 )4.3 0.1 )4.2
p3 ± )30 80 3.3 )3.7 )0.4 )4.1

Displaced by c u¢ a d vdW Elect DE
P0a ± ± ± 4.5 )2.4 )0.6 )3.0
P1 )90 140 )100 4.5b )2.3 )1.4 )3.7
P2 )30 )100 )100 4.3b )2.2 )0.8 )3.1
P3 150 0 )90 4.3b )2.1 )0.3 )2.4
a Exactly superimposed centroids
b Distance between the imidazole centroid (X1) and its projection onto the indole plane
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3.4 MM dependence of the T-shaped energy
on the partner mutual position

Some indole-across T-shaped complexes were also
examined to evaluate the dependence of their energy
on the mutual rotation and translation of the two
monomers. Starting with the two ring systems in
perpendicular planes with X1 placed along the normal
to the indole plane at X2, and the angle a among the
imidazole C5, X1 and X2 equal to 90°, 5-methylimidaz-
ole was rotated about the X1-X2 axis (u rotation de®ned
by the torsion C9, X2, X1 and the imidazole N1,
anticlockwise rotations of N1 taken as positive) and the

lowest interaction energy for changes in a
(90° £ a £ 270°) and in d(X1-X2) was determined
[DE � )4.3 kcal/mol for u � )90°, a � 100° at
d(X1-X2) � 4.5 AÊ ]. The corresponding highest mini-
mum (DE � )3.0 kcal/mol) was found at u � 150°,
with a and d(X1-X2) unaltered. The complexes with the
methyl group pointing towards indole were not taken
into account because the methyl group stands for the b
carbon atom of the histidine amino acid.

The displacement of the centroids was again per-
formed by 1, 2 and 3 AÊ in the horizontal plane, and
the space above the indole ring was scanned by ro-
tating the projection of X1 onto the indole plane about
X2 in 30° steps (c rotation), according to what was
described in Sect. 3.2 for the parallel arrangement. For
each value of c the imidazole ring was rotated about
the perpendicular to the indole plane passing through
X1 (u¢ rotation). The angle de®nition is shown in
Scheme 4 for a T-shaped adduct in a generic ar-
rangement after a 3 AÊ displacement with X1 projected
onto the indole plane. 5-Methylimidazole was also
rotated about the axis perpendicular to its ring and
passing through X1 (a rotation), using the same limits
as above to prevent the methyl group from pointing
toward indole.

Scheme 4

The lowest energy complexes and the highest minima
are also reported in Tables 2 and 3. The perpendicular
complexes, as expected, show large centroid separations
(measured as the distance between X1 and its projection
onto the indole plane). They turn out to be less stable
than the parallel ones, because the stabilising van der
Waals term is more feeble (though the electrostatic
contribution is always more favourable) than in the

Fig. 6. Orientation of the mo-
lecular dipole moments, drawn
pointing from the positive to the
negative charge, for indole and
5-methylimidazole in a the
highest minimum complex, p0,
b the most stable complex, p2
and c the most stable adduct
with exactly superimposed cen-
troids, p0

Fig. 5. Colour-coded isopotential surfaces (blue � )5, yel-
low � 0 and red � +5 kcal/mol, respectively) for a the highest
minimum complex, p0, b the most stable complex, p2, c the most
stable adduct with exactly superimposed centroids, p0, and d the
most stable complex, p2 (side view)
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parallel arrangement. This suggests that the T-shaped
complexes are similar to H-bonded systems and are not
mainly governed by van der Waals interactions as are
the stacked adducts.

3.5 MM dependence of the interaction energy
on the angle between the planes

For the exactly superimposed complexes, the dependence
of the interaction energy on the inclination of the
imidazole ring with respect to the indole one was
examined. When the imidazole rotation axis, passing
through X1 and C2, is parallel to the indole axis passing
through the midpoint of the C5AC6 bond and X2, the
most stable arrangement is obtained at a separation of
3.10 AÊ with the imidazole ring rotated by only 5° (the
imidazole N1 is driven slightly farther from the indole
plane).

4 Conclusions

The picture of the interaction in several stacked or T-
shaped arrangements of His and Trp, extracted from the
PDB crystal structures, derived from MM calculations
employing either SYBYL with Gasteiger-HuÈ ckel charges
or AMBER with the RESP charges, or CHARMM (see
footnote 1 for the description of the charge derivation) is
in satisfactory agreement with the ab initio extended
basis set results including electron correlation at the
MP2 level and counterpoise corrections. Indole and 5-
methylimidazole were used as model systems. On
the other hand, the DFT performance, checked with
the B3LYP/6-31G* functional on the HF/6-31G* opti-
mised internal geometries of the partners, noticeably
underestimates the interaction energy, which turns out
to be only slightly more favourable than at the HF level.

Therefore SYBYL, which is friendlier than AMBER
and CHARMM, was used in a systematic study of par-
allel or perpendicular (indole-across) arrangements of the
indole and 5-methylimidazole aromatic rings. In the most
stable conformation, obtained by minimising the inter-
action energy as a function of the centroid separation for
rotations about the centroid axis of imidazole while
keeping the rings in parallel planes with their centroids
exactly superimposed, the rings are at a distance of 3.2 AÊ

with the imidazole N lone pair parallel to the indole NH
group. By releasing the parallelism condition, the most
stable arrangement is obtained at a centroid separation
of 3.10 AÊ with the imidazole ring rotated by only 5°, with
the imidazole protonated N slightly farther apart from
the indole plane. The main stabilising component of
the interaction energy is the van derWaals term, while the
electrostatic contribution is more favourable for
the lowest-energy adducts than for the highest minima
obtained in each set of rotations. This suggests that the
charge distribution of each partner and hence its dipole
moment plays an important role in stabilising such
complexes. The molecular dipoles of the most stable
parallel adduct are nearly antiparallel thus giving rise to

a quadrupolar charge distribution also shown by
the molecular electrostatic potential behaviour.

The perpendicular arrangements (T-shaped with in-
dole placed across with respect to 5-methylimidazole)
are generally less stable and at a larger separation than
the stacked ones.

Of course the speci®c lowest-energy structures found
depend on the path followed while performing the ro-
tations. However, the main result sought from this
investigation was an overview of the possible arrange-
ments of these side chains and the understanding of the
origin of their supposed stabilising interaction as stated
in the Introduction.
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