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We investigate the total binding energy and many-body
components in the recognition of guanine (G)–cytosine (C) base
pair by asparagine residue (N). There are two possible bridged
recognition structures for GCN trimers; one is in the major
groove and the other is in the minor groove. The hydrogen-bond-
ing pattern is the same for both trimers, while the binding
energies and the components are significantly different. Three-
body interaction energy depends on the binding site of N on
GC pair. The difference in the relative direction between the
dipole moments of GC base pair and N may partly account for
the difference in the two-body interaction energies of the trimers.

Sequence specific DNA–protein interaction plays an impor-
tant role in biological processes, e.g., DNA replication, transla-
tion, and transcription. In spite of growing number of available
structural data in DNA–protein interaction, the molecular mech-
anism of the specific recognition is still unclear. The interaction
between amino acid side chains and base pairs is one of funda-
mental factors in DNA–protein recognition.

A base pair in DNA can form various hydrogen-bonding
patterns with an amino acid side chain,1–4 not only in the major
groove but also in the minor groove of DNA double helix. As-
paragine residue (N) is one of amino acid residues which are
found frequently in binding sites of DNA–protein recognition.
N can form the same bridged hydrogen-bonding pattern with
GC base pair in the major groove side as in the minor groove
side, where two hydrogen bonds are formed, one between G
and N, and one between C and N. In this letter, we compare
two GCN complexes, i.e., the major groove recognition complex
(complex-I) and the minor groove complex (complex-II). We
calculate the total binding energies of the complexes together
with the deformation energies of the monomers and two- and
three-body interaction energies.

Although the evaluation of many-body contributions to
intermolecular binding energy is an important subject in molec-
ular interactions,5–8 those contributions in DNA–protein recog-
nition have not been taken into account yet. This letter presents
the first evaluation; we show that the interaction energy and
its components in the major groove recognition complex of
GCN are different from those in the minor groove recognition
complex.

The geometries of two GCN complexes are optimized with
the MP2/6-31G� level of theory without frozen core approxima-
tion. This level of theory is important for reliable prediction of
the charge distribution, dipole moments, and geometries of base
pairs.9 N is modeled by propionamide. To evaluate the deforma-
tion energies, the geometries of G, C, the isolated GC base pair
and N with all-trans conformation are also optimized with the
same level of theory. Each of the optimized geometries is con-

firmed to be the local minimum by the normal mode analysis.
The binding energy of XYZ trimer, EX,Y,Z

bind , is defined as
follows.

EX,Y,Z
bind ¼ EXYZ � ðEX

0 þ EY
0 þ EZ

0 Þ: ð1Þ

Here, EXYZ is the total energy of XYZ trimer, EX
0 is the total

energy of the isolated monomer X. EX,Y,Z
bind is comprised of the

following terms.

EX,Y,Z
bind ¼ EX,Y,Z

1 þ EX,Y,Z
2 þ EX,Y,Z

3 : ð2Þ

Here, EX,Y,Z
1 collects the distortion energies of monomers in the

trimer, EX,Y,Z
2 is the total of the interaction energies of dimers in

the trimer, and EX,Y,Z
3 is the remaining contribution to EX,Y,Z

bind .

EX,Y,Z
1 ¼ EX þ EY þ EZ � ðEX

0 þ EY
0 þ EZ

0 Þ: ð3Þ

EX,Y,Z
2 ¼ EXY þ EYZ þ EZX � 2ðEX þ EY þ EZÞ: ð4Þ

EX,Y,Z
3 ¼ EXYZ � ðEXY þ EYZ þ EZXÞ þ EX þ EY þ EZ: ð5Þ

For XY dimer, EX,Y
bind, E

X,Y
1 , and EX,Y

2 are defined as follows.

EX,Y
bind ¼ EX,Y

1 þ EX,Y
2 : ð6Þ

EX,Y
1 ¼ EX þ EY � ðEX

0 þ EY
0 Þ: ð7Þ

EX,Y
2 ¼ EXY � ðEX þ EYÞ: ð8Þ

The basis set superposition error (BSSE) to E2 and E3 are
treated hierarchically.5,10,11 All energy terms are evaluated with
the basis set of XYZ trimer. The BSSE-corrected binding energy
is accounted with the sum of E1, and BSSE-corrected E2 and E3.

The optimized geometries of the GCN trimers are shown in
Figure 1. Their Cartesian coordinates are given in the Supporting
Information.14 The BSSE-corrected binding energies and their

Figure 1. Optimized geometries of GCN trimers (MP2/6-
31G�). a) Major groove recognition complex (complex-I); b)
minor groove recognition complex (complex-II). In each case,
dotted arrow shows the dipole moment of the trimer; solid arrow
shows the dipole moment of N or GC base pair. The magnitude
of each dipole moment is shown near the arrow in debye.
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components of complex-I and complex-II are summarized in
Tables 1 and 2, respectively.

Because of the same hydrogen-bonding pattern in complex-I
and complex-II, it is often regarded that both complexes may
have similar binding energy. However, complex-I is actually
more stable than complex-II by around 7 kcal/mol (�36:7 vs
�30:1 kcal/mol; see Tables 1 and 2) and the two-body interac-
tion energy is ca. 4 kcal/mol more negative (�39:4 vs �35:5
kcal/mol) and the three-body interaction energy is ca. 3 kcal/
mol more negative (�3:14 vs þ0:35 kcal/mol) in the major
groove recognition than in the minor groove recognition com-
plex. Both two- and three-body interaction energies contribute
almost equally to the difference in the binding energies between
the major groove and the minor groove recognition complexes.
This is the first explicit evaluation to indicate the importance
of the three-body interaction in the DNA-protein recognition.
It should be emphasized that most of potential energy functions
do not account for this effect: care may be needed in the assess-
ment of simulations using those potential energy functions.

It is interesting to note that the three-body interaction energy
can be expressed as follows only with the two-body interaction
energies of dimers in the trimer. The derivation of eq 9 is shown
in the Supporting Information.14

EG,C,N
3 ¼ EGC,N

2 � ðEG,N
2 þ EC,N

2 Þ: ð9Þ

GCN trimer can be viewed as a dimer of GC base pair and N.
The three-body interaction energy in the trimer is equal to the
difference between the two-body interaction energies of GC–N
and the sum of those for the constituent pairs (G–N and C–N).
In complex-I, this difference is large: i.e., GC base pair is differ-
ent from just the sum of G and C when N is bound in the major
groove site. On the other hand, GC base pair is actually the same
as the sum of G and C, when N is bound in the minor groove
site. N brings about different induction effect on GC base pair
depending on its binding position. The dipole moment of GC
base pair in GCN trimer reflects this difference in the induction
effect: the dipole moment of GC base pair in complex-I is larger
than that in complex-II (Figure 1).

The two-body interaction energy between GC base pair and
N, EGC,N

2 is about two times more negative in complex-I than in
complex-II (�14:6 vs �7:25 kcal/mol). This is partly originated
from the difference in the relative direction of the dipole
moments of GC base pair and N. In complex-I, the dipole mo-
ments of GC base pair and N are in antiparallel, which brings
about the stabilization. On the other hand, in complex-II, the
dipole moments of GC base pair and N are in parallel with the
same direction, which brings about destabilization (Figure 1).

The electron densities at the critical points of the two
hydrogen bonds between GC base pair and N are higher in
complex-I than in complex-II (Tables S14 and S15).14 Those
hydrogen-bond lengths are shorter in complex-I than those in
complex-II.14 These are consistent with the result that the inter-
action between GC base pair and N is stronger in complex-I than
in complex-II.

In this letter, we have shown that there is a significant differ-
ence in the total binding energies for GCN trimers between the
major and the minor groove recognitions. The difference
originates from both two- and three-body interaction energies.
It should be stressed that the amount of three-body interaction
energy depends on the binding site. Three-body interaction
may play an important role in DNA–protein recognition.

The critical points and the laplacian of the electron density
are calculated using the AIM2000 program.12 All geometries
and energies are calculated using the Gaussian 03 program pack-
age13 on the PC cluster system of the Center for Quantum Life
Sciences (QuLiS) and the NEC SX7 at the Research Center
for Computational Science.
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Table 1. BSSE-corrected total binding energy and its compo-
nents in kcal/mol for the major groove recognition complex
(complex-I)

X Y Z EX,Y,Z
bind EX,Y,Z

1 EX,Y,Z
2 EX,Y,Z

3

G C N �36:69 5.84 �39:40 �3:14
G C — �22:88 5.02 �27:89 —
G N — �2:29 3.80 �6:09 —
C N — �2:55 2.86 �5:42 —
GC N — �12:73 1.91 �14:64 —

Table 2. BSSE-corrected total binding energy and its compo-
nents in kcal/mol for the minor groove recognition complex
(complex-II)

X Y Z EX,Y,Z
bind EX,Y,Z

1 EX,Y,Z
2 EX,Y,Z

3

G C N �30:09 5.08 �35:52 0.35
G C — �23:24 4.67 �27:91 —
G N — �0:39 3.01 �3:39 —
C N — �1:73 2.48 �4:21 —
GC N — �6:09 1.16 �7:25 —
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