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In this study, noncovalent interactions between aromatic groups and side-chain amides in proteins were
characterized. To elucidate the nature and structure-strength relationship of the interaction, the geometries
and interaction potential energy surfaces for the benzene-formamide model complex were exhaustively and
systematically studied at the MP2 level of theory. The effects of basis set size and basis set superposition
error were investigated for 15 selected complex structures. The results indicate that the aromatic-
amide (side-chain) interaction can achieve a significant binding energy of up to 4.0 kcal/mol over a wide
conformational space. The interaction involves the entire side-chain amide group rather than only its amine
portion. Both dispersion and electrostatic interactions are the major contributors for the binding energy, and
the π electron charge distributions in both groups and the dipole moment of the side-chain amide group are
crucial to the interaction. The importance of such an interaction in proteins was verified through data mining
analyses of 1029 X-ray protein structures. The interaction naturally occurs in proteins with a frequency of
more than one per two proteins on a statistical average and is of significance for some protein structure. The
interaction was also found to play a role in determining the biological activity of some proteins. Our study
not only emphasizes the significance of aromatic-amide(side-chain) interactions in proteins but also deepens
our understanding of noncovalent interactions involving benzene or other aromatic groups.

I. Introduction

Noncovalent interactions involving benzene molecules or
aromatic groups have emerged as important subjects in recent
years, experimentally and theoretically, due to their chemical
and biological significance. Accordingly, various complexes
such as C6H6-X (X ) N2, He, Ne, Ar),1 C6H6-HCl,2 C6H6-
CO2,3 C6H6-CO,4 C6H6-HCO,4 C6H6-H2O,5-7 C6H6-NH3,8,9

and C6H6-C6H6
10-27 have been employed as model systems.

The benzene-benzene interaction has been extensively studied
because it models the aromatic-aromatic interaction in proteins.
Experimental results indicate that there are at least two stable
low-energy configurations associated with the benzene-benzene
complex.23,24At the MP2/6-311(2d,2p) level, Jaffe and Smith25

found that the displaced face-to-face configuration corresponds
to the largest binding energy (3.33 kcal/mol); Hunter and
Sanders26 observed that the main contributions to the binding
energy come from both dispersion and energetically favorable
quadrupole-quadrupole electrostatic interactions. Protein struc-
ture database searches22,27 confirm the general occurrence and
significance of such an interaction in protein tertiary structures.
Kollman and co-workers22 found that, in X-ray protein struc-
tures, the perpendicular and the parallel-displaced phenyl-
phenyl configurations are more common than the sandwich ones.
They explained this observation as follows: the former two
arrangements, especially the perpendicular one which exposes
three phenyl faces to the outside, offer greater possibility for
“secondary” interactions with other secondary groups. Such an
observation raises a questionsin addition to the aromatic ring

itself, what other possible groups significantly interact with
aromatic groups in a protein?

On the basis of the “surprising” strength of the benzene-
cation interaction,28,29 Dougherty suggested that a cationic
residue should be a chemical species for such a function.32,33

In the early 1990s, several studies on C6H6-H2O and C6H6-
NH3 interactions demonstrated the benzene molecule’s capability
of accepting an electron-deficient hydrogen atom from an H-O
or H-N bond to form aπ-type hydrogen bond.6-9 This finding
led to investigations of the aromatic-amine interaction in
proteins. Statistical analyses of this interaction in experimental
protein structures showed that only the minority of the close
aromatic-amine contacts have the nitrogen atoms located above
the aromatic ring. In these cases, the amine prefers to lie parallel
to the aromatic ring. The hydrogen bonding structure, in which
the amine is approximately perpendicular to the aromatic ring
with one of its hydrogen atoms pointing toward the center of
the aromatic ring, is unexpectedly rare between an aromatic
group and isolated amine groups (-NH-).30,31Furthermore, the
aromatic-amine interaction is weaksthe largest binding energy
is achieved by the optimum hydrogen bonding structure and is
approximately 1.5 kcal/mol.9,32,34These facts favor the conclu-
sion that the interaction between an aromatic ring and an isolated
amine is not of general significance for protein structure.

Mitchell et al.’s evaluations31 of two benzene-formamide
interaction patterns using single excitation IMPT/3-21G energies
plus dispersion energies from the model of Huiszoon and
Mulder36 indicate a significant binding interaction between
aromatics and amides. Similarly, we proposed the amide group
(in both protein side chains and backbones) to be an important
structural entity binding aromatic groups in proteins.35 From a
qualitative point of view, a significant aromatic-amide interac-
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tion is understandable. The amide group (-NHC(O)-) hasπ
electron charge distribution and possesses not only a quadrupole
moment but also a dipole moment that the benzene molecule
does not have. Consequently, an aromatic-amide interaction
may have a larger electrostatic interaction energy and thus a
greater binding energy than an aromatic-aromatic one. Quan-
titatively, our theoretical calculations with the MP2/6-311G-
(2d,2p) method on 10 selected benzene-formamide structures
show that such interactions can achieve a binding energy of up
to 4.0 kcal/mol.35 More importantly, the amide group is so
abundant in proteins that the energetically significant aromatic-
amide interaction may have significant frequency. This study
presents further insight into the interaction between aromatic
groups and side-chain amides (amide(S)). In particular, the
benzene-formamide model complex is exhaustively and sys-
tematically calculated to provide a clarification concerning the
nature of this interaction and to establish its structure-strength
relationship. The significance of such interactions in proteins
is further demonstrated with examples in protein X-ray struc-
tures.

This study is presented in two parts. In part A, we investigate
the benzene-formamide complex using ab initio molecular
orbital calculations to evaluate both the fundamental charac-
teristics and the strength of the aromatic-amide(S) interaction
and to identify a reliable theoretical method to describe such
nonconvalent interaction systems. We optimized 15 benzene-
formamide configurations (Figure 1). These 15 configurations
were selected to reflect the configurational diversity as well as
the nature and magnitude of the interaction. The interaction
potential energy surfaces (IPESs) with respect to intermolecular
geometries were systematically calculated. On the basis of the
results of these calculations and the molecular electrostatic
potentials (MEP) of both benzene and formamide, the nature
and characteristics of the interaction were analyzed. In part B,
the biological significance of such interactions in protein
structures was explored through data mining analyses of a
protein structural database. Due to the complexity of the
interaction, the data mining analysis was strategically applied
to the interaction between the phenyl group (phenyl(F)) of the
phenylalanine residue and the amide(S) group.

II. Methods and Calculations

(A) Ab Initio Molecular Orbital Calculations. (1) Geom-
etry. For each of 15 benzene-formamide configurations, the
intermolecular geometries defined in Figure 1 were obtained
through two optimization steps. First, a scan of the rigid potential
energy surface was performed at the HF/6-31G** level; then
the configuration corresponding to the lowest HF/6-31G**
molecular energy was optimized at the MP2/6-31G** level of
theory. All dihedral angles were kept at 0, 90, or 180°, as
indicated for a given configuration in Figure 1. Throughout the
calculations, the geometries of both benzene and formamide
were kept rigid and planar, and their experimental bond lengths
and bond angles37,38 were used.

(2) Interaction Energy. Interaction energies were calculated
using the ab initio supermolecular method at the MP2 level of
theory. In such a computational scheme, the total interaction
energy∆E of a complex formed by two monomers A and B is
obtained by

whereE(AB), E(A), and E(B) are the molecular energies of
the complex A-B, monomer A, and monomer B respectively;

∆E(HF) and∆E(MP2) are respectively the Hartree-Fock and the
MP2-correlation interaction energy. Note that the “MP2-
correlation interaction energy” represents the interaction energy
contributed by the inclusion of the electronic correlation at the
MP2 level. The partitioning scheme due to Chalasinski and
Szczesniak39-41 shows that the Hartree-Fock term includes
electrostatic, exchange, and induction interactions, and the
MP2-correlation part includes dispersion interactions as well
as correlation corrections to the electrostatic and exchange
interactions at the corresponding electronic correlation level.
The drawback for such a computational scheme is the existence
of the basis set superposition error (BSSE), which has its origin
in the incompleteness of the basis set applied. To obtain a
physically meaningful interaction energy, the BSSE must be
eliminated.42-45 In this study, the counterpoise method (CP) of
Boys and Bernardi46 was used for this purpose. The calculation
of the interaction energies of these 15 configurations was
performed at the MP2 level with five standard polarization or
diffused polarization basis sets with double- or triple-ú valence
orbitals, i.e., 6-311G(d,p), 6-31+G(2d,p), 6-311G(2d,p), 6-311G-
(2d,2p), and 6-311+G(2d,p). The interaction potential energy
surfaces were calculated with the MP2/6-311G(2d,2p) method.

All calculations were performed using the Gaussian 94
package47 running on an IBM eight-node SP2 processor.

(B) Database Search.To identify the importance of the
aromatic-amide(S) interaction in proteins, data mining analyses
of a protein structural database were performed. Due to the
complexity of such an interaction system, we elucidated its
characteristics and significance in proteins by investigating the
interaction between the phenyl(F) group of the phenylalanine
residue and the amide(S) group of various side chains. Six
geometrical parametersP, L, A1, A2, DA1, and DA2, illustrated
in Figure 2, define a phenyl(F)-amide(S) interaction. Based
on results for the benzene-formamide complex (see below),
the following cutoffs are the suitable criteria for a significant
phenyl(F)-amide(S) interaction:P e 6.0 Å; L e 3.0 Å; andR
e 6.0 Å (R is the distance between X1 and X2 points in Figure
2). In total, 1029 crystallographic protein structures in the
Brookhaven Protein Data Bank (PDB)48 with a resolution less
than 1.8 Å were analyzed. The data mining analyses were
performed with the program BEAM49awritten in Perl49b by one
of the authors (G.D.).

III. Results and Discussion

(A) Ab Initio Molecular Orbital Calculations. (1) Opti-
mized Intermolecular Geometries of 15 Benzene-Formamide
Configurations.The HF- and MP2-optimized intermolecular
geometries are summarized in Table 1. Compared with HF-
optimized results, the MP2 optimization tends to bring the two
monomers closer. This is because the dispersion interaction
cannot be fully reproduced at the HF level of theory. However,
for each configuration, the MP2 optimization maintains the
configurational features obtained by the HF optimization, which
is reflected by the small difference between the two optimization
results. Therefore, our results are in agreement with the known
conclusion that the optimal intermolecular geometries of a
weakly bonded system are not sensitive to the theoretical level
applied and that the mutual orientation between two monomers
is determined primarily by the electrostatic interaction even for
the case in which the electrostatic interaction is not a dominant
contributor to the binding energy.50 Hobza et al. demonstrated
that the MP2-optimized intermolecular geometry of the benzene-
benzene complex was almost the same as that obtained with
CCSD(T) optimizations.50

∆E ) E(AB) - E(A) - E(B) ) ∆E(HF) + ∆E(MP2)
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(2) Interaction Energies of the Benzene-Formamide Interac-
tion. The CP-corrected total interaction energies∆E(cp) and
corresponding BSSEs for 15 calculated configurations at their
MP2-optimized geometries with five basis sets are given in
Table 2. A negative energy value means a binding energy or a
stabilization. On the basis of these results, each of these
interactions corresponds to stabilization.

Reliability of the Calculated Interaction Energies.For these
15 configurations, the calculated total interaction energies at
the 6-31+G(2d,p), 6-311G(2d,p), 6-311G(2d,2p), and 6-311+G-
(2d,p) basis sets are quite close. This suggests that the calculated

results may converge at 6-311+G(2d,p) and that the application
of a larger basis set will not significantly increase the binding
energy at the MP2 level. Compared to the four basis sets,
6-311G(d,p) tends to produce the smallest binding energies for
all 15 configurations. For the face-to-face configurations,
PaCon1, PaCon2, and PaCon3, the calculated binding energies
at this basis set are about 1.0 kcal/mol smaller than those at the
other four basis sets. For the other 12 configurations, the energies
are about 0.5 kcal/mol lower. Therefore, at the MP2 level, basis
sets smaller than 6-311G(d,p) underestimate the binding energy
of the benzene-formamide interaction.

Figure 1. 15 calculated benzene-formamide interaction configurations and their notations.
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The magnitude of the BSSE ranges from 0.5 to 2.0 kcal/
mol, which is substantial relative to the total binding energy.
The BSSEs are somewhat larger for the face-to-face configura-
tions than for the other configurations. Two diffuse basis sets,
6-31+G(2d,p) and 6-311+G(2d,p), correspond to smaller
BSSEs than the other four basis sets without diffuse functions.
The CP method is an approximate and at times controversial
method for the correction of BSSE.51-54 Nevertheless, it is a
prevailing method. Calculations on weakly bonded systems
using the supermolecular scheme employ the CP method and
have confirmed its effectiveness and reliability. Persuasive
proofs in favor of this method include the following: (i) the
CP-corrected interaction energy is generally agreeable to
experimental results,55-57 and (ii) only the CP-corrected interac-
tion energy agrees quantitatively with the value calculated using
intermolecular Møller-Plesset perturbation theory (IMPT)

which is free of the BSSE.58,59Accordingly, for the system under
study, we believe that the CP-corrected total interaction energies
are reliable.

Relative to the results calculated at the MP4(SDTQ) or
CCSD(T) level, MP2 tends to overestimate the binding energy
of the benzene-benzene interaction, especially the binding
energies of its face-to-face configurations in which the dispersion
energy is both large and dominant.25,50,60Compared with MP2,
both CCSD(T) and MP4(SDTQ) are more reliable methods for
the description of weakly bonded systems.61 However, one
cannot negate the applicability of the MP2 method to weakly
bonded systems for the following reasons: (i) with quality basis
sets, the MP2 method can produce interaction energies in good
agreement both with experimental values and with the results
from the CCSD(T) or MP4(SDTQ) methods for a wide variety
of complexes (e.g. the strongly bonded systems,58,62,63H2O-
H2O, HF-HF, NH3-NH3, and C2H2-H2O; the charge-transfer
system, C2H2-Cl2;64 and the weak dispersion systems, C6H6-
N2

1,65 and CH4-H2O 62,63); (ii) the phenomenon of overestima-
tion of the binding energy by MP2 occurs only in systems which
assume the face-to-face configuration such that the dispersion
energy is both large and dominantly important to the total
interaction energy; (iii) for the face-to-face configuration, this
phenomenon does not always occur (e.g. MP2 and CCSD(T)
produce very similar interaction energies for the formamide-
formamide complex with the face-to-face configuration61); (iv)
even for the benzene-benzene interaction with a face-to-face
configuration, at medium size basis sets, the MP2 method can
produce interaction energies similar to those calculated with
MP4(STDQ) or CCSD(T) at larger basis setssthe overestima-
tion due to MP2 is compensated for by the incompleteness of
the basis set applied. Jaffe and Smith25 conclude that, with the
6-311G(2d,2p) basis set, MP2 produces reliable interaction
energies for the benzene-benzene interaction.

Our calculations show that the dispersion interaction in the
benzene-formamide complex is not so important as that in the
benzene-benzene one. Table 3 lists the CP-corrected HF and
MP2-correlation interaction energies of 15 calculated interac-
tion configurations at five basis sets and at their MP2-optimized
geometries. The HF interaction energies are favorable energies
between-0.55 and-0.95 kcal/mol for the configurations
T1Con1, T1Con2, T1Con3, T2Con1, T2Con2, T3Con1, and
Coplane and are unfavorable between 0.54 and 3.02 kcal/mol
for the other eight configurations. The MP2-correlation interac-
tion energies are always favorable (negative) with magnitudes
ranging from 0.5 to 4.33 kcal/mol. For the benzene-benzene
interaction, the corresponding HF interaction energies for most
of the calculated configurations are unfavorable, while the
favorable MP2-correlation interaction energies are much larger
in magnitude than those in the benzene-formamide interac-
tion.17,25 For example, at the 6-31+G(2d,p) basis set, for the
benzene-formamide interaction, the configuration PaCon1 has
the most attractive CP-corrected MP2-correlation interaction
energy (-4.07 kcal/mol) among the 15 calculated configura-
tions. For the benzene-benzene interaction, at the same basis
set, a similar face-to-face configuration corresponds to a non-
CP-corrected MP2-correltion interaction energy as large as
-10.40 kcal/mol.25 After considering the BSSE correction
(usually about 2.50 kcal/mol in magnitude17,25), its CP-corrected
MP2-correlation interaction energy should be approximately
-7.9 kcal/mol, which is much larger in magnitude than that
associated with the benzene-formamide interaction. Table 4
contains the CP-corrected HF and MP2-correlation interaction
energies of several benzene-formamide interaction configura-

Figure 2. Definition of the benzene-formamide interaction. X1, X2,
andV are the midpoint of formamide’s C-N bond, the centroid of the
benzene ring, and the projection of X1 on the benzene molecular plane,
respectively.P, distance X1-V; L, distance X2-V; A1, angleV-X2-
C*; A2, angle C-X1-V; DA1, dihedral angle C-X1-V-X2; and
DA2, dihedral angle O-C-X1-V. A benzene-formamide interaction
can be defined by these six parameters. An aromatic-amide(S)
interaction can also be specified with these six parameters.

TABLE 1: HF- and MP2-Optimized Intermolecular
Geometrical Parameters for 15 Calculated
Benzene-Formamide Interaction Configurations (Distance
(R), Å; Angle (A), deg)

configuration HF/6-31G** MP2/6-31G**

T1Con1 R ) 3.95,A ) 110.1 R ) 3.64,A ) 113.8
T1Con2 R ) 3.88,A ) 101.8 R ) 3.49,A ) 101.9
T1Con3 R ) 4.01,A ) 124.4 R ) 3.77,A ) 125.6
T2Con1 R ) 3.98,A ) 80.2 R ) 3.31,A ) 81.0
T2Con2 R1) 1.31, R2) 3.24,

A ) 83.0
R1 ) 1.08, R2) 3.10,

A ) 81.9
T3Con1 R ) 3.52,A ) 151.2 R ) 3.25,A ) 150.3
T4Con1 R ) 4.00,A ) 150.0 R ) 3.49,A ) 144.9
PaCon1 R ) 3.97 R ) 3.40
PaCon2 R ) 3.94 R ) 3.31
PaCon3 R ) 3.99 R ) 3.36
T5Con1 R ) 3.89 R ) 3.78
T5Con2 R ) 3.69 R ) 3.57
T6Con1 R ) 4.03 R ) 3.85
T6Con2 R ) 4.02 R ) 3.90
Coplane R ) 2.70, A1) 179.0,

A2 ) 125.0
R ) 2.38, A1) 178.2,

A2 ) 118.8
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tions with their HF-optimized geometries at the 6-311G(2d,2p)
basis set level. The results indicate that, for each of these
configurations, the contribution of the favorable HF interaction
energy to the total binding energy at the HF-optimized geometry
is larger than at the MP2-optimized one, and even outweighs
the MP2-correlation interaction energy for the T1Con1,
T1Con2, T1Con3, and T2Con2 configurations. On the basis of
these results and analyses, we can conclude that dispersion
interaction in the benzene-formamide interaction is not as
important for the total binding energy as in the benzene-
benzene interaction, and the contrary is true for their electrostatic
interactions. From the charge distribution point of view, such a
conclusion is quite understandable and obvious, because the
possible energetically favorable electrostatic interactions in a
benzene-formamide interaction contain not only the quadru-
pole-quadrupole contribution but the stronger dipole-quad-

rupole interaction, while in the benzene-benzene interaction,
the quadrupole-quadrupole interaction is the only electrostatic
term.

Therefore, we believe that the calculated interaction energies
at the MP2/6-311G(2d,2p) level are reliable for the benzene-
formamide interaction; it does not overestimate the binding
energy of the benzene-formamide interaction. MP2 with
6-31+G(2d,p), 6-311G(2d,p), or 6-311+G(2d,2p) basis set can
also produce reasonable results. However, with basis sets smaller
than 6-311G(d,p), the MP2 method underestimates the binding
energy.

Strength of the Benzene-Formamide Interaction.Based on
the calculated results, the benzene-formamide interaction can
achieve a binding energy between 0.5 and 4.0 kcal/mol, which
depends heavily on the mutual orientation between benzene and
formamide. According to the MP2/6-311G(2d,2p) results,
configurations T1Con1, T1Con2, T1Con3, T2Con1, T2Con2,
and T3Con1 have binding energies of 3.0-4.0 kcal/mol, which
are equivalent to a hydrogen bonding interaction (for instance,
at the MP2 level with reliable basis sets, the binding energies
for H2O-H2O, HF-HF, and NH3-NH3 are 4.57, 4.05, and 2.76
kcal/mol, respectively62,63); T4Con1, PaCon1, PaCon2, and
Coplane correspond to binding energies between 1.4 and 2.0
kcal/mol; and PaCon3, T5Con1, T5Con2, T6Con1, and T6Con2
achieve small binding energies of 0.5-1.0 kcal/mol. At the
MP2/6-311G(2d,2p) level, the largest binding energy for the
benzene-formamide interaction is achieved in the T1Con1
configuration and is 4.03 kcal/mol. At the same theoretical level,

TABLE 2: CP-Corrected Total Interaction Energies (∆E(cp), kcal/mol) and Corresponding BSSEs for 15 Calculated
Benzene-Formamide Interaction Configurations at the MP2 Level with Various Basis Sets and MP2-Optimized Geometries

6-31+G(2d,p) 6-311G(d,p) 6-311G(2d,p) 6-311G(2d,2p) 6-311+G(2d,p)

configuration ∆E(cp) BSSE ∆E(cp) BSSE ∆E(cp) BSSE ∆E(cp) BSSE ∆E(cp) BSSE

T1Con1 -3.87 1.30 -3.10 2.00 -3.88 1.76 -4.03 1.46 -4.01 1.39
T1Con2 -3.59 1.39 -2.97 2.06 -3.75 1.78 -3.92 1.41 -3.89 1.37
T1Con3 -2.79 1.05 -2.36 1.35 -2.82 1.24 -2.97 0.92 -2.98 1.00
T2Con1 -3.25 1.17 -2.75 1.57 -3.32 1.52 -3.44 1.18 -3.46 1.17
T2Con2 -3.25 1.21 -2.56 2.76 -3.30 2.58 -3.47 2.17 -3.58 1.26
T3Con1 -3.58 1.37 -2.95 1.86 -3.73 1.61 -3.86 1.23 -3.82 1.35
T4Con1 -1.59 1.28 -0.77 2.03 -1.42 1.84 -1.56 1.58 -1.77 1.32
PaCon1 -1.80 1.46 -0.74 2.27 -1.56 2.34 -1.64 2.15 -2.03 1.52
PaCon2 -2.28 1.40 -1.21 2.01 -1.86 2.07 -1.99 1.85 -2.42 1.45
PaCon3 -1.11 1.41 -0.14 2.26 -0.81 2.27 -0.97 2.02 -1.31 1.63
T5Con1 -0.81 0.79 -0.56 1.38 -0.83 1.49 -0.95 1.22 -0.88 0.76
T5Con2 -0.78 0.97 -0.43 1.51 -0.80 1.45 -0.93 1.09 -0.89 0.95
T6Con1 -0.65 0.73 -0.46 0.87 -0.68 0.93 -0.73 0.63 -0.69 0.70
T6Con2 -0.57 0.72 -0.39 0.80 -0.59 0.83 -0.54 0.52 -0.61 0.71
Coplane -1.46 0.68 -1.22 1.54 -1.41 1.53 -1.44 1.23 -1.47 0.72

TABLE 3: CP-Corrected HF and MP2-Correlation Interaction Energies (∆E(HF) and ∆E(MP2) kcal/mol) for 15 Calculated
Benzene-Formamide Interaction Configurations at Various Basis Sets and at MP2-Optimized Geometries

6-31+G(2d,p) 6-311G(d,p) 6-311G(2d,p) 6-311G(2d,2p) 6-311+G(2d,p)

configuration ∆E(HF) ∆E(MP2) ∆E(HF) ∆E(MP2) ∆E(HF) ∆E(MP2) ∆E(HF) ∆E(MP2) ∆E(HF) ∆E(MP2)

T1Con1 -0.70 -3.17 -0.72 -2.38 -0.95 -2.93 -0.84 -3.19 -0.80 -3.21
T1Con2 -0.61 -2.96 -0.56 -2.41 -0.81 -2.94 -0.73 -3.19 -0.65 -3.24
T1Con3 -0.67 -2.32 -0.69 -1.67 -0.75 -2.07 -0.70 -2.27 -0.65 -2.33
T2Con1 -0.78 -2.47 -0.78 -1.97 -0.88 -2.44 -0.81 -2.63 -0.77 -2.69
T2Con2 -0.90 -2.35 -0.73 -1.83 -0.78 -2.52 -0.77 -2.70 -0.84 -2.74
T3Con1 -0.61 -2.97 -0.55 -2.40 -0.83 -2.90 -0.73 -2.13 -0.61 -3.20
T4Con1 1.25 -2.84 1.64 -2.41 1.27 -2.69 1.11 -2.67 1.23 -3.00
PaCon1 2.27 -4.07 2.35 -3.08 2.37 -3.93 2.36 -4.00 2.20 -4.23
PaCon2 1.19 -3.47 1.88 -3.09 1.33 -3.19 1.36 -3.35 2.85 -4.15
PaCon3 2.90 -3.01 2.97 -3.14 2.96 -3.79 2.96 -3.93 3.02 -4.33
T5Con1 0.77 -1.58 0.76 -1.32 0.77 -1.57 0.76 -1.71 0.78 -1.66
T5Con2 1.25 -2.03 1.24 -1.67 1.18 -1.98 1.18 -2.11 1.24 -2.13
T6Con1 0.59 -1.24 0.60 -1.06 0.54 -1.22 0.57 -1.30 0.61 -1.30
T6Con2 0.62 -1.19 0.60 -0.99 0.56 -1.15 0.58 -1.12 0.63 -1.24
Coplane -0.62 -0.84 -0.72 -0.50 -0.61 -0.80 -0.56 -0.88 -0.63 -0.84

TABLE 4: CP-Corrected Total Interaction Energies (∆E(cp),
kcal/mol), HF and MP2-Correlation Interaction Energies
(∆E(HF) and ∆E(MP2), kcal/mol) of Several
Benzene-Formamide Interaction Configurations at the
6-311G(2d,2p) Basis Set and at HF-Optimization Geometries

configuration ∆E(HF) ∆E(MP2) ∆E(cp)

T1Con1 -2.05 -1.67 -3.72
T1Con2 -1.99 -1.63 -3.62
T1Con3 -1.40 -1.35 -2.75
T2Con1 -1.37 -1.52 -2.89
T2Con2 -1.72 -1.47 -3.19
PaCon1 0.26 -1.80 -1.54
PaCon2 -0.28 -1.48 -1.76
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the largest binding energy of the benzene-benzene interaction
is achieved with a displaced face-to-face interaction configu-
ration and is 3.33 kcal/mol.25 We did not find a configuration
which has a larger binding energy than T1Con1. Therefore, we
believe that the benzene-formamide interaction is, in general,
slightly stronger than the benzene-benzene interaction and that
the T1Con1 configuration is the most energetically favorable
structure.

(3) Interaction Potential Energy Surfaces (IPES) for the
Benzene-Formamide Interaction.The benzene-formamide
interaction configuration may be defined by the parametersP,
L, A1, A2, DA1, and DA2, as illustrated in Figure 2. A complete
IPES of such an interaction can thus be expressed as a function
of these six geometrical parameters, or∆E(P, L, A1, A2, DA1,
DA2). ∆E is not sensitive to changes in A1; for example, for
T1Con1 and PaCon1, when this angle varies from 0 to 30°, the
binding energy changes in magnitude by only 0.001 and 0.003
kcal/mol, respectively, at the MP2/6-311G(2d,2p) level. There-
fore, A1 was fixed at 0° for calculations of IPESs. The
dependence of the interaction energy on the other five param-
eters was investigated by varying each one individually. The
cases investigated are listed in Table 5, and the CP-corrected
IPESs at MP2/6-311G(2d,2p) for these cases are shown in
Figure 3a-e.

∆E(P). In Figure 3a,∆E is plotted as a function ofP for
cases Con1, Con2, and Con3. It can be seen that the most
energetically favorableP value between benzene and formamide
is between 3.5 and 4.0 Å for Con1, less than 3.5 Å for Con2,
and about 4.5 Å for Con3. The interactions for Con2 and Con3
vanish at about 5.5 and 6.0 Å, respectively; for Con1, it vanishes
at a further distance of about 8.0 Å. When parameterP is
approximately 4.0 Å, a benzene-aminoπ-type hydrogen bond
may be achieved for both Con1 and Con3. However, the Con3
case corresponds to either a large repulsive energy or a very
small binding energy, while Con1 always corresponds to a
significant binding energy. This is due to differences in the
location of the carbonyl’s oxygen atom relative to the benzene
ring in these two cases. In Con3, the oxygen atom is less than
4.0 Å above the benzene ring and there exists a benzene-
oxygen repulsion (see below for further analysis).

∆E(L). The dependence of∆E on L is reflected in Figure
3b. For all three cases, the interaction energy may be neglected
whenL is larger than 5.0 Å. WhenL is less than 1.5 Å, Con3
has a smaller binding energy than Con1. This occurs because
there is a large benzene-oxygen repulsion in Con3. The
benzene-oxygen interaction may be negligible in Con1 because
the oxygen is located sufficiently distant from the benzene ring.
WhenL is larger than 2.0 Å, the benzene-oxygen repulsion in
Con3 can also be neglected, such that Con3 and Con1 have
similar binding energies.

∆E(A2).Dependence of interaction energies on A2 is shown
in Figure 3c. The interaction energy of the case Con3 varies
sharply with A2. When A2 is less than 85°, it is highly
energetically unfavorable due to the benzene-oxygen repulsion.

When A2 goes from 120 to 165°, it has as large a binding energy
(3.5 kcal/mol) as Con1. This indicates that when the carbonyl
oxygen atom is located more than about 4.0 Å above the benzene
ring, the effect imparted by the location and directionality of
the oxygen atom (or the benzene-oxygen repulsion) almost
disappears.

∆E(DA1). Figure 3d reflects the change of the interaction
energy with respect to DA1. The bindng energies for both Con1
and Con2 are not sensitive to changes in DA1, which suggests
that, for these two classes of configurations, the energy barrier
is very small for the rotation of formamide with respect to the
(X1V) axis (see Figure 2). Due to the influence of the benzene-
oxygen interaction, such an energy barrier associated with Con3
is quite large.

∆E(DA2). In Figure 3e, interaction energy is expressed as a
function DA2. Binding energy increases as DA2 goes from 0
to 180°. The increase in the binding energy is more dramatic
from 105 to 180° than from 0 to 105°. This again demonstrates
that the position of the carbonyl oxygen atom is an important
factor when it is located less than about 4.0 Å above the benzene
molecular plane.

Overall, these interaction potential energy surfaces indicate
that the benzene-formamide interaction can achieve a signifi-
cant binding energy over a wide configurational space. The
characteristic (attractive or repulsive) and the magnitude of the
interaction is sensitive to the relative orientation between
benzene and formamide, especially in term of location of the
carbonyl oxygen atom relative to the benzene ring.

(4) Nature of the Benzene-Formamide Interaction.As a non-
covalent interaction system, the benzene-formamide interaction
includes electrostatic, exchange, induction, and dispersion
components. The exchange interaction is always repulsive; the
induction and the dispersion interactions are always favorable;
the electrostatic term depends on the relative orientation between
the two monomers, both in its characteristics (attractive or
repulsive) and in its magnitude. Relative to the dispersion and
electrostatic interactions, induction is of secondary importance.26a

Moreover, the induction term is generally much less orientation-
dependent than the electrostatic term.26bTo understand the nature
of the interaction, the relationship between the dispersion and
electrostatic interactions and interaction configurations must be
examined.

Dispersion Interaction.The magnitude of this interaction is
proportional to the area of overlap between the atoms of two
subsystems. In general, the atomic overlap is more efficient in
the face-to-face configuration; thus, such structural patterns
should correspond to a larger dispersion energy. In addition,
the dispersion energy is a principal contribution to the correlation
interaction energy.16 Among the 15 calculated configurations
in Figure 1, the favorable CP-corrected MP2-correlation
interaction energies are larger for the three face-to-face con-
figurations, PaCon1, PaCon2, and PaCon3, than for the others
(refer to Table 3). This is additional evidence for such a
conclusion.

TABLE 5: Various Interaction Potential Energy Surfaces (IPESs) for the Benzene-Formamide Interaction (Distance, Å; Angle,
deg)

IPESs ∆E(P) ∆E(L) ∆E(A2) ∆E(DA1) ∆E(DA2)

fixed L ) 0.02, A1) 0 P ) 4, A1 ) 0 P ) 4, L ) 0.02 P ) 4, L ) 1.4 P ) 4, L ) 0.02
geometrical A2) 90 A2 ) 90 A1 ) 0 A1 ) 0 A1 ) 0
parameters DA1) 180 DA1) 180 DA1) 180 A2) 90 A2 ) 90

DA1 ) 180

cases Con1: DA2) 180 Con1: DA2) 180 Con1: DA2) 180 Con1:DA2) 180
Con2: DA2) 90 Con2: DA2) 90 Con2: DA2) 90 Con2: DA2) 90
Con3: DA2) 0 Con3: DA2) 0 Con3: DA2) 0 Con3: DA2) 0
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Electrostatic Interactions.This interaction is much more
complex. Considering that the molecular electrostatic potential
(MEP) is a good tool for a qualitative understanding of the
features of the electrostatic interaction between two chemical
species,66 we calculated the MEPs for both benzene and
formamide on different planes at the MP2/6-311G(2d,2p) level.
Parts a-d of Figure 4 illustrate the MEPs of a benzene molecule
at its molecular plane and at 1.0, 1.3, and 1.7 Å above the
molecular plane. The MEPs on the plane 2.0 Å above the
molecular plane are similar to those in the 1.7 Å plane, except
being less negative. In the plane 2.5 Å above the molecular

plane, the MEPs are slightly negative around the benzene ring.
These MEPs reflect the distribution of benzene’sπ electrons
and indicate that theπ electrons begin to appear in the plane
about 1.3 Å above the molecular plane, concentrating mainly
between 1.7 and 2.0 Å above the molecular plane. Parts a and
b of Figure 5 are the MEPs of formamide at its molecular plane
and 1.7 Å above the molecular plane. The negative MEPs around
the oxygen atom on the molecular plane are due to its two sp2

lone pairs, each oriented 120° from the CdO axis. In the plane
1.7 Å above the molecular plane, the MEP is more extensively
negative because of the buildup of theπ electrons in this plane.

Figure 3. CP-corrected MP2/6-311G(2d,2p) interaction potential energy surfaces (IPESs) of the benzene-formamide interaction (refer to Table
5 for the geometries of cases Con1, Con2, and Con3, and Figure 2 for the parametersP, L, A2, DA1, and DA2): (a, top left) IPES onP; (b, top
right) IPES onL; (c, middle left) IPES on A2; (d, middle right) IPES on DA1; (e, bottom) IPES on DA2.
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However, unlike the benzeneπ electrons, the formamide’sπ
electrons undergo an attraction from the oxygen atom, such that,

in the plane in which theπ electrons build up, only the MEPs
around the O and N are negative, while the MEPs in the regions
around both H and C are positive.

In the T1Con1, T1Con2, T1Con3, T2Con1, and T3Con1
configurations, the main electrostatic interactions arise from the
attraction between formamide’s positive MEPs (both in its
molecular plane and in the plane above its molecular plane)
and benzene’s negative MEPs (above the molecular plane). In
nature, they correspond to the attractive dipole(formamide)-
quadrupole(benzene) and quadrupole-quadrupole electrostatic
interactions, respectively. The dominant electrostatic interaction
involved in T2Con2 is the attraction between the negative MEPs
around formamide’s oxygen atom and the positive MEPs in the
benzene molecular plane which can be identified as a dipole-
(formamide)-quadrupole(benzene) attraction, or the so-called
“benzene-oxygen attraction”. It is due to the favorable elec-
trostatic interactions in these configurations that they have
attractive HF interaction energies and thus rather large binding
energies (refer to Tables 2 and 3). In T4Con1, the main
electrostatic interaction is the repulsion between the negative
MEPs around formamide’s oxygen atom due to its lone pairs
and the negative MEPs of benzene due to itsπ electrons, which
can be identified as a dipole(formamide)-quadrupole(benzene)
repulsion, or “benzene-oxygen repulsion”. Because of this
electrostatic repulsion, such a configuration corresponds to a
larger unfavorable HF interaction energy and thus a small
binding energy. In PaCon1, PaCon2, and PaCon3, the electro-
static interactions are dominated by the repulsion between
negative MEPs around both oxygen and nitrogen atoms of
formamide in its molecular plane and in the planes above its
molecular plane and negative MEPs above benzene’s molecular
plane, which are quadrupole-quadrupole repulsions.

Figure 4. MP2/6-311G(2d,2p) molecular electrostatic potentials (kcal/
mol) of benzene: (a, top) in the molecular plane; (b, second from top)
in the plane 1.0 Å above the molecular plane; (c, third from top) in the
plane 1.3 Å above the molecular plane; (d, bottom) in the plane 1.7 Å
above the molecular plane.

Figure 5. MP2/6-311G(2d,2p) molecular electrostatic potentials (kcal/
mol) of formamide: (a, top) in the molecular plane; (b, bottom) in the
plane 1.7 Å above the molecular plane.
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For a more accurate discussion on the structure-electrostatic
interaction relationship, the influence of induction on the
molecular electrostatic potentials should be considered. How-
ever, since benzene is a weakly polar molecule (quadrupole
moment), its influences on the formamide electrostatic potential
should be limited; benzene is not easily polarized and its out-
of-plane polarizability is smaller than its in-plane polarizability.32

With an intermediate intermolecular separation, the induction
effect would not dramatically modify the overall profile of the
electrostatic potentials near two molecules. Therefore, the above
analyses provide a qualitatively reasonable insight into the
orientation-electrostatic interaction relationship for the benzene-
formamide complex.

Locations of Carbonyl Oxygen Atoms RelatiVe to the Benzene
Ring.Due to the benzene-oxygen repulsion or attraction, the
benzene-formamide interaction is sensitive to the location of
the carbonyl oxygen atom. As discussed above, IPESs reflect
the importance of the location of the carbonyl oxygen atom for
the characteristics (attractive or repulsive) and strength of the
benzene-formamide interaction. The results for the 15 calcu-
lated interaction configurations indicate the same conclusion.
In T1Con1, T1Con2, T1Con3, T2Con1, and T3Con1, the
oxygen atoms of formamide are located more than 4.0 Å above
benzene’s molecular plane. In these interactions, the lone
electron pairs on the carbonyl oxygen are far enough from the
π electron of benzene and thus the benzene-oxygen repulsion
can be neglected. In T4Con1, PaCon1, PaCon2, and PaCon3,
the formamide oxygen atom is located approximately 3.5-4.0
Å above the benzene molecular plane such that the benzene-
oxygen interaction is repulsive. In T2Con2, the formamide
oxygen atom is located about 1.3 Å above the benzene molecular
plane and there exists a favorable benzene-oxygen attraction.
In the structure Coplane, a favorable electrostatic results from
the C-H‚‚‚O-type hydrogen bond (the MP2-optimized geometry
for this hydrogen bond shows that a benzene H atom points
directly toward one of the two sp2 electron pairs of on foramide
oxygen atomsthe most favorable geometry for a hydrogen bond
interaction).

Comprehensively, we can reach the following conclusions
regarding the impact of oxygen’s location on the benzene-
formamide interaction: (i) With the oxygen atom located in
the regions greater than 4.0 Å above the benzene plane, the
benzene-oxygen repulsion may be neglected. (ii) With the
oxygen located in the region 1.7-4.0 Å above the benzene
plane, there exists a significant benzene-oxygen repulsion. (iii)
With the oxygen located in regions 0-1.7 Å above the benzene
plane, there is a benzene-oxygen attraction. These results are
in agreement with those of the protein database searches
performed by Singh and Thornton30 and Thomas et al.,67 namely,
that the oxygen atoms prefer to pack near the benzene molecular
plane with the angle OX2C* ranging from 0 to 20° (refer to
Figure 2 for the points O, X2 ,and C*).

How Important Is the Benzene-Amine Component?On the
basis of our results, the benzene-amine interaction is by no
means dominant in the benzene-formamide interaction, al-
though it does contribute partially to the total binding energy.
The benzene-amine interaction is not the only contributor to
the binding energy for the benzene-formamide interaction. For
example, in configurations T2Con2 and T2Con1, the amino
hydrogen atoms point far away from the benzene ring and it is
impossible to achieve a strong benzene-amino interaction (a
π-type hydrogen bond cannot be achieved); nevertheless these
configurations have favorable HF interaction energies and quite
large total binding energies. Face-to-face configurations were

thought to be the structural pattern in which benzene-amino
hydrogen bonds do not exist.30,31 However, both PaCon1 and
PaCon2 have binding energies larger than 2.0 kcal/mol, which
is equivalent to a benzen-waterπ-type hydrogen bond (up to
2.0 kcal/mol6), and PaCon3 has a binding energy of 1.5 kcal/
mol, which is comparable to the magnitude of aπ-type
benzene-amine-type hydrogen bond (up to 1.5 kcal/mol9,32,34).
The T1Con1, T1Con2, and T3Con1 configurations can achieve
a benzene-amineπ-type hydrogen bond, but they have much
larger binding energies than would be predicted from an isolated
π-type hydrogen bonding interaction. Furthermore, the charac-
teristics and strength of the benzene-formamide interaction are
more sensitive to the benzene-oxygen interaction than to the
benzene-amine interaction. The most important consideration
for achieving a significant benzene-formamide binding interac-
tion is to avoid a benzene-oxygen repulsion rather than to
obtain a favorable benzene-amine attraction. These features
distinguish the aromatic-amide(S) interaction from the aromatic-
amine one and other noncovalent binding forces.

(B) Aromatic-Amide(S) Interactions in Proteins.In total,
498 phenyl(F)-amide(S) interactions were identified in the 1029
protein structures analyzed. Among them, 216 such interactions
are located within the face-to-face configurational pattern with
3.0 e P e 5.0 Å, 0e L e 3.0 Å, 0° e A1 e 180°, 60° e A2
e 120°, 0° e DA1 e 180°, and 60° e DA2 e 120°(see Figure
2 for the geometrical parameters). Based on the evaluation of
the benzene-formamide interaction, each of these face-to-face
interactions should have a binding energy between 1 and 2.5
kcal/mol. The face-to-face phenyl(F)-amide(S) configuration
is a significantly energetically favorable structure for a protein.
In addition to the attractive interaction between phenyl(F) and
amide(S) groups themselves, both the hydrogen and oxygen
atoms of the amide(S) are free to establish the normal hydrogen
bonding interactions. Furthermore, the face-to-face structure is
likely to be efficient from a packing point of view and thus
benefits the formation of a overall compact protein structure.
These face-to-face interactions constitute 43.4% of 498 phen-
yl(F)-amide(S) interactions and are the preferred interaction
patterns. There are 103 interactions located within the configu-
rational pattern with 4.0e P e 6.0 Å, 0e L e 3.0 Å, 0° e A1
e 180°, 60° e A2 e 180°, 0° e DA1 e 180°, 120° e DA2 e
180°. These 103 interactions are similar to T1Con1, T1Con2,
T1Con3, T2Con1, and T3Con1 and can be designated as
T-shaped structures. In these interactions, the amide oxygen
points away from the phenyl ring and is located more than 4.0
Å above the phenyl molecular plane. Based on the evaluation
of the benzene-formamide interaction, each of these should
achieve a binding energy of 3.0-4.0 kcal/mol. The remaining
179 phenyl(F)-amide(S) contacts are scattered in other con-
figurational patterns. These close contacts should also cor-
respond to energetically favorable interactions. Taking into
consideration the aromatic groups of both the tyrosine and
tryptophan residues, the number of such attractive aromatic-
amide(S) interactions would increase. As a result, there should,
on a statistical average, be more than one significantly attractive
aromatic-amide(S) interaction per two protein structures (498
phenyl(F)-amide(S) in the 1029 protein structures). These 1029
protein structures contain 9463 phenyl(F) groups. This means
that most of the aromatic groups do not have an amide(S) moiety
as their nearest neighbor. This occurs because the phenyl(F) is
more likely to be found in the interior of a protein,32 while the
more strongly polar amide(S) group should predominantly occur
on the surface of a protein. However, this interaction can achieve
a binding energy up to 4.0 kcal/mol. It is generally stronger
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than the well-documented aromatic-containing interactions in
proteins such as aromatic-aromatic (up to 3.33 kcal/mol25),
aromatic-amino (up to 1.5 kcal/mol9,32,34), and aromatic-
water(hydroxyl) (up to 2.0 kcal/mol6). We believe that this
interaction is significant for some protein structures due to its
strength and natural occurrence. However, before determining
the contribution of these effects to overall protein stability,
environmental effects, such as hydration and protein packing,
must be explicitly considered.

Parts a-c of Figure 6 demonstrate aromatic-amide(S)
interactions in three representative proteins. Minor et al.68

determined the crystal structure of soybean lipoxygenase L-1
at 1.4 Å resolution in 1996. The active site region is illustrated
in the left part of Figure 6. The active site Fe has five ligands
at distances less than 2.6 Å: the side chains of His499, His504,
and His690, one oxygen atom from the carboxylate group of
the terminal residues(Ile839), and one water molecule. The side-
chain amide oxygen atom of Asn694, which is 3.05 Å from the
Fe atom, is positioned in a proper direction to serve as the sixth
ligand. Based on its position relative to the Fe, the side-chain
amide oxygen atom of Asn694 is only weakly bonded to the
Fe atom but enables an approximately octahedral coordination
geometry. On the basis of the structure determined, we find
that there is a significant interaction between the phenyl ring
of the Phe695 residue and the side-chain amide of the Asn694
(refer to the right part of Figure 6a). This interaction has a

configuration similar to T3Con1 (refer to Figure 1). According
to the geometry, it should have an attractive interaction of 3.5-
4.0 kcal/mol in the gas phase, which is significantly large.
Obviously, this interaction plays an important role in fixing the
orientation of the side-chain amide of Asn694 and thus its
oxygen’s location relative to the Fe atom in the active site.

The â-chain of the T-cell antigen receptor plays a key role
in regulating early differentiation events in the thymus and in
the binding complexes of MHC class II molecules. Figure 6b
demonstrates a face-to-face phenyl-amide(S) interaction be-
tween Phe202 (in helix200-203) and Asn208 in theâ-chain
of the 14.3.d T-cell antigen receptor as determined by Boulot
et al.69 at a resolution of 1.7 Å. This face-to-face interaction is
of a configuration similar to PaCon2 and thus should have an
attractive interaction of 2.0-2.5 kcal/mol in the gas phase.

Allen et al.70 determined the structure of the xylose isomerase-
THA complex to a resolution of 1.6 Å. The xylose isomerase-
THA interactions are illustrated in the left part of Figure 6c.
The THA is bound to the xylose isomerase mainly by the
metal-carboxylate ligands. The only non-covalent interactions
between the active-site residues and THA are two hydrogen
bonds, one between the C5 hydroxyl of the THA and His53
and the other between the N1 hydroxyl of the THA and Lys182.
We find that there exists a phenyl-amide(S) interaction between
Phe52 and Asn121. Phe52 is neighboring to His53. This
interaction is illustrated in the right of Figure 6c, which assumes

Figure 6. Representative aromatic-amide(S) interactions in three proteins. The interacting aromatic and groups(S) are illustrated with heavy lines.
(a, top left and middle) Soybean lipoxygenase L-1: active site (left, adapted from Minor et al.66) and phenyl(Phe695)-amide(Asn694) interaction
(right, P ) 3.6 Å, L ) 0.3 Å, A2 ) 146.7°, DA1 ) 106.0°, DA2 ) 163.8°) (refer to Figure 2 for the geometric parametersP, L, A2, DA1, and
DA2); (b, top right) 14.3.d T-cell antigen receptor: phenyl(Phe202)-amide(Asn208) interaction (P ) 3.2 Å, L ) 0.67 Å, A2 ) 105.2°, DA1 )
-167.3°, DA2 ) -86.3°); (c, bottom) xylose isomerase-THA: active site (left, adapted from Allen et al.68) and phenyl(Phe52)-amide(Asn121)
interaction (right,P ) 2.4 Å, L ) 4.2 Å, A2 ) 62.6°, DA1 ) -159.1°, DA2 ) -1.9°).
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a configuration similar to T2Con2 (refer to Figure 1). On the
basis of the geometry, we estimate that this interaction corre-
sponds to a binding energy of 3.0-3.5 kcal/mol in the gas phase.
This interaction influences the conformation of Phe52 and thus
position and orientation of the His53.

IV. Conclusions

In this study, the benzene-formamide complex which models
the aromatic-amide(S) interaction has been exhaustively and
systematically investigated at the MP2 level of theory. The
applicability of different basis sets was first tested using specific
interaction configurations. The results show that 6-31+G(2d,p),
6-311G(2d,p), 6-311G(2d,2p), and 6-311+G(2d,p) are reason-
able basis sets for describing such interactions. Larger basis sets
are not necessary, and basis sets smaller than 6-311G(d,p) would
underestimate binding energies. The IPESs of the interaction
were calculated at the MP/6-311G(2d,2p) level. These calcula-
tions of the benzene-formamide model complex demonstrate
the unique characteristics of the aromatic-amide(S) interaction.
The aromatic-amide(S) interaction involves the entirety of the
amide(S) group rather than only its amine portion, the aromatic-
amine interaction is not the only source for the binding energy,
and the carbonyl portion has greater influence on both its
characteristics (attractive or repulsive) and its strength. The
binding energy arises mainly from dispersion and electrostatic
interactions. The latter contributor originates from the attractive
interaction between the quadrupole moment of the aromatic and
quadrupole and dipole moments of the amide(S). The interaction
can achieve a binding energy up to 4.0 kcal/mol in the gas phase,
which indicates that it is, in general, slightly stronger than the
aromatic-aromatic interaction (up to 3.33 kcal/mol in the gas
phase at the same level of theory25) and much stronger than the
aromatic-amine interaction (up to 1.5 kcal/mol in the gas
phase9,32,34). The interaction can achieve a significant binding
energy, such as larger than 1.5 kcal/mol, over a wide configu-
rational space. In contrast, the aromatic-amine interaction
corresponds to such a binding energy within a very narrow
configurational spacesonly the optimalπ-type structure can
achieve a binding energy of up to 1.5 kcal/mol.9,32,34 These
features distinguish the aromatic-amide(S) interaction from
other non-covalent interactions, such as the aromatic-amine
one, and are enough to make it a unique type of biological
binding force.

The significance of the aromatic-amide(S) for the protein
structure was analyzed through data mining of the1029 X-ray
protein structures. A set of 498 phenyl(F)-amide(S) interactions
was identified in these protein structures. Among them, 103
interactions have a binding energy of 3.0-4.0 kcal/mol and 216
interactions have a binding energy between 1.0 and 2.5 kcal/
mol. When taking into account the aromatic rings from tyrosine
and tryptophan, there should be more such energetically
significant aromatic-amide(S) interactions in proteins. The
frequency of its occurrence should, on statistical average, be
more than one per two proteins. This study shows that such a
relatively high frequency of occurrence is partly due to the
characteristic of the interaction that the significant binding
energy can be achieved over a wide configurational space. We
believe that this interaction is of significance to some protein
structures due to both its strength and its frequent occurrence.
It is also demonstrated that such interactions can play a role in
influencing the biological activity of some proteins.
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