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Abstract

Avisualization method for inter-fragment interaction energies (IFIEs) of biopolymers is presented on the basis of the fragment molecular orbital
(FMO) method. The IFIEs appropriately illustrate the information about the interaction energies between the fragments consisting of amino acids,
nucleotides and other molecules. The IFIEs are usually analyzed in a matrix form called an IFIE matrix. Analyzing the IFIE matrix, we detect
important fragments for the function of biomolecular systems and quantify the strength of interaction energies based on quantum chemistry, including
the effects of charge transfer, electronic polarization and dispersion force. In this study, by analyzing a protein–DNA complex, we report a visual
representation of the IFIE matrix, a so-called IFIE map. We comprehensively examine what information the IFIE map contains concerning structures
and stabilities of the protein–DNA complex.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Fragment molecular orbital (FMO) method; Transcription factor; Ab initio quantum chemical calculation; DNA-binding protein; Sequence-specific
recognition; Cyclic AMP receptor protein (CRP)
1. Introduction

Ab initio quantum chemical calculation is expected to give a
wealth of insights into the physico-chemical properties of bio-
molecules, such as molecular interactions and chemical reac-
tions, based on their electronic states. High-level ab initio
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calculations have been, however, possible only for small
molecules or catalytic regions of enzymes because an enormous
computation time was required even for a system consisting of
less than 1000 atoms. In this context, fragment molecular orbital
(FMO) method has recently been developed by Kitaura et al.
[1–4] and has been the subject of a recent review [5]. The FMO
method enables us to calculate electronic states of a huge system
consisting of ∼500 amino acid residues within realistic com-
putation time, and the accuracy of FMO calculation has been
confirmed in previous studies [5]. In the process of FMO cal-
culation, inter-fragment interaction energies (IFIEs) can be
simultaneously obtained. These can be interpreted as two-body
interactions between fragments and are expected to provide
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Fig. 1. (A) Fragmentation method of polypeptide (upper panel) and polynucle-
otide (lower panel). Each nucleotide is divided into a base and backbone (sugar
and phosphate). (B) Residue assignment based on FMO definition (upper panel).
Residue assignment based on standard definition (lower panel). These pictures
were made by using ChemSketch [12].
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useful information for analysis of intra- and inter-molecular
interactions. We have already applied the FMO method to
several biomacromolecular systems [6–9] and analyzed their
IFIEs. For the cyclic AMP receptor protein (CRP)–cAMP–
DNA system, we elucidated the sequence specificity of CRP–
DNA binding, and the stability of the DNA duplex [6]. We also
performed analysis of IFIEs for the estrogen receptor ligand-
binding domain, and clarified the contributions of weak
electrostatic and significant van der Waals dispersion interac-
tions to ligand binding [7,8]. In addition, we developed the
FMO-based method that analyzes the pattern of interaction of
the receptor and ligand, and applied it to a docking study of
pharmacophores of the human estrogen receptor [9].

However, the number of IFIE values obtained substantially
increases in proportion to the square of the number of fragments:
e.g., 4950 IFIE values for a system containing 100 fragments.
Thus, we have chosen some fragments that were expected to be
important for biomacromolecular functions, and treated only a
limited set of IFIEs for the analysis in previous studies, while a
complete set of IFIEs would contain more information con-
cerning the correlation with structural properties of biomacro-
molecules, such as positions of secondary structure and complex
stability. In this study, we performed a comprehensive analysis
of a whole set of IFIEs and extracted useful information by
constructing colored IFIE maps. Here, we perform such an
analysis of 29,890 IFIE values for the CRP–cAMP–DNA
complex and report the correlation between the pattern of IFIEs
and the structural properties of this biomolecular system.

2. Method

2.1. FMO method and IFIE

We employed FMO method to perform a high-level ab initio
quantum chemical calculation at MP2/6-31G level [10,11] for
biomacromolecular systems consisting of ca. 3000 atoms. The
basic idea of the FMO method is to divide a large molecule into
fragments, for example, a protein into amino acids (Fig. 1(A)). It
should be noted that FMO fragments differ from the standard
assignment for amino acid residues (Fig. 1(B)). A set of
Schrödinger equations for each fragment and its pair are solved
under the environmental electrostatic field until they converge
self-consistently. The results are used to calculate the total
energy of a system as shown below [6]:

E ¼
XN

INJ

EIJ � N � 2ð Þ
XN

I

EI ð1Þ

where N, EI and EIJ are the number of fragments, total energy of
the monomer and that of the dimer, respectively.

This formulation of the total energy of the system can be
transformed as follows [6]:

E ¼
XN

INJ

DEIJ þ
XN

I

E IV ð2Þ

DEIJ ¼ E I JV � E IV� E JVð Þ þ Tr DPIJV IJ
� � ð3Þ
where ΔPIJ, VIJ, E′I and E′IJ are the difference matrix, the
environmental electrostatic potential for dimer IJ, monomer
energy without environmental electrostatic potential, and dimer
energy without environmental electrostatic potential, respec-
tively. ΔEIJ can be interpreted as an interaction energy between
the Ith and Jth fragments, and we defineΔEIJ as IFIEs. IFIEs are
simultaneously obtained from FMO calculations, and are
expected to give useful information about inter- and intra-mo-
lecular interactions.

2.2. The IFIE map

Treating a value of IFIE between the Ith and Jth fragment as
an (I, J) element of a matrix, a set of IFIE values can be
represented as a symmetric matrix. We call this the “IFIE matrix”.
Though this matrix contains precise information about IFIE



Fig. 2. Structure of cyclic AMP receptor protein (CRP). (A) Schematic
representation of 3D structure of CRP monomer bound to DNA. CRP and DNA
are represented by ribbon and cAMP by balls. This picture was prepared by
using VMD program [15]. (B) Primary structure of CRP. Cylinder and arrow
represent α-helix (α1–α6) and β-strand (β1–β11), respectively. Three anti-
parallel β-sheets, S1, S2 and S3, were detected. Each β-sheet was distinguished
by colors: green (S1), yellow green (S2), and cyan (S3). These assignments of
secondary structure were defined by DSSP method [16]. The black line indicates
the position of the DNA-binding helix-turn-helix motif. The red characters
correspond to the glutamate and arginines identified as being important for
binding to DNA. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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values, it is not convenient for comprehensive analysis over all
the fragment pairs. To develop a more efficient way to analyze
the IFIE matrix, we construct colored maps whose cells refer to
the values of the IFIEs, a so-called “IFIE map”. In the IFIE map,
each cell is colored corresponding to the value of the IFIE matrix.
The sign and strength of IFIEs are represented by color and hue,
respectively. Red and blue colors correspond to negative and
positive values, respectively. The deepness of the hue indicates
the strength of the IFIEs. IFIE values between fragments joined
by covalent bonds were neglected because of an artificial IFIE
value (about −9000kcal/mol) associated with the bond detach-
ment in the FMO calculation [5].

We next define a so-called difference IFIE matrix, whose
elements are differences of IFIEs obtained under different
conditions for the same fragment pair. Here we construct the
difference IFIE matrix whose (I, J) components are equal to
ΔEIJ (complex)−ΔEIJ (free), the difference of IFIEs between
the complex and free structures. The IFIE maps display the IFIE
matrix and the difference IFIE matrix. An IFIE map constructed
from an IFIE matrix represents inter- and intra-molecular
interactions, while that constructed from a difference IFIE
matrix represents the change of intra-molecular interaction
caused by the formation of the complex. All of the maps
presented in this study were constructed using the graphical and
data analysis software ORIGIN (http://www/orginlab.com/).

2.3. CRP–cAMP–DNA complex structure

CRP (also referred to as the “catabolite gene activator
protein” or CAP) is a DNA-binding protein that acts as a
sequence-specific transcription factor [13]. We obtained the
initial atomic coorinates of the CRP–cAMP–DNA complex
from the Protein Data Bank (PDB); the entry 1O3Q was used for
preparing the structure [14]. The CRP–cAMP–DNA complex
prepared for calculation consists of monomeric CRP containing
200 amino acid residues, the double-stranded DNA containing
11 base pairs (5′-A−2A−1A1A2A3T4G5T6G7A8T9-3′) and one
cAMP (Fig. 2(A)). We employ the complex of monomeric
CRP–cAMP and DNA to obtain the calculation results within
reasonable computational time, though CRP binds to DNA in
the form of a homodimer.

The CRP–cAMP–DNA complex structure was relaxed using
molecular dynamics simulation before quantum chemical calcu-
lation. Details of the simulation can be found in a previous study
[6]. We obtained the results of the FMO calculation for the CRP–
cAMP–DNA complex, CRP–cAMP and DNA at MP2/6-31G
level, where the atomic coordinates of the CRP–cAMP and DNA
were derived from the relaxed CRP–cAMP–DNA complex.

Using the DSSP method [16], we then defined the secondary
structure of the relaxed CRP structure, six right-handed α-
helices (indicated by α1–α6) and three anti-parallel β-sheets,
S1, S2 and S3 (Fig. 2(B)).

3. Results and discussion

In a previous study [6] on the CRP–cAMP–DNA complex
system, the IFIEs were directly analyzed for interactions of the
CRP–cAMP with each base pair, the DNA duplex with each
amino acid residue, and each base pair with each residue.
However, dealing with raw IFIE values is inefficient for a
comprehensive IFIE analysis of the DNA–cAMP–CRP com-
plex. In this study, we construct the IFIE maps and visually
extract information that could be inferred from them. These
maps enable us to analyze IFIEs efficiently, and they actually
contain useful information on the secondary structure of CRP
and the stability of CRP–cAMP–DNA complex formation, as
shown below.

3.1. Intra-molecular IFIE map

First, we construct the IFIE map with the data obtained from
the FMO calculation at MP2/6-31G level for the CRP–cAMP–
DNA complex system, focusing on the intra-molecular IFIEs
(Figs. 3 and 4). In the intra-CRP IFIE (Fig. 3), we find three
kinds of patterns: (1) parallel patterns to abscissa or ordinate
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on the map, (2) a band pattern near and parallel to the diagonal
line, and (3) band patterns roughly perpendicular to the diago-
nal line.

Pattern (1) is associated with Coulomb interactions, because
charged residues can interact strongly with other distant amino
acid residues. Patterns (2) and (3) are explained by the cor-
respondence to protein secondary structures. Comparing these
patterns with the positions of secondary structure (Fig. 2(B)), we
find that pattern (2) corresponds to an α-helix and pattern (3)
corresponds to an anti-parallel β-sheet. To analyze this
correspondence in detail, we construct partial IFIE maps that
contain the regions forming the secondary structures associated
with α5, α6 and S1 (Fig. 5(A)).

In Fig. 5(B), partial IFIE maps show the regions forming α5
and α6. An α-helix is known to be stabilized by hydrogen bonds
between the ith −CO and i+4th −NH groups according to the
standard assignment of amino acid residues, while we use the
different assignment for fragments as indicated in Fig. 1(B):
the ith −CO and i+3rd −NH groups form hydrogen bonds.
Thus, in Fig. 5(B), we then see that IFIEs between ith and i+3rd
residues show a stabilization within the α-helix forming regions.
Therefore we conclude that pattern (2) refers to α-helix forming
regions. In addition, IFIEs between neighboring residues in the
α-helix forming regions also show the stabilization (i.e., i+1st
or i+2nd residue for ith residue). This property corresponds to a
well-known mechanism that a right-handed α-helix is also
stabilized by the interaction of all constituent atoms of the main
chain that are packed closely together [17].

On the other hand, in Fig. 5(C), partial IFIE maps show
interactions between residues of each β-strand (upper), and
inter-strand interaction between the β-strands contained in the
S1 (lower). It is noted that β-sheets are stabilized by hydrogen
bonds formed between β-strands. As expected, negative (red)
points arranged perpendicular to the diagonal line are found in
the region forming anti-parallel β-sheets (Fig. 5(C), lowers).
Fig. 3. An IFIE map for CRP forming the complex with DNA. An upper triangle
is used to show the plots of positive IFIE values, whereas a lower triangle plots
negative IFIE values. Numbers 8 to 207 correspond to those given for amino acid
residues, whereas number 208 is used for cAMP. Orange rectangles along the
axes indicate regions forming α-helices and green ones indicate regions forming
β-strands. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. IFIE maps for DNA forming the complex with CRP–cAMP. In (A) and
(B), an upper triangle is used to show the plots of positive IFIE values, whereas a
lower triangle plots negative IFIE values. (A), (B) Maps of IFIEs within DNA
bases (A) and DNA backbone (sugar and phosphate) (B). (C) IFIEs between
DNA base (abscissa) and DNA backbone (ordinate). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
This indicates a correlation between pattern (3) and the regions
forming β-sheets, while no common patterns are found in
regions forming β-strands (Fig. 5(C), uppers). In addition,
although the structure of CRP does not contain parallel β-sheets,



Fig. 5. IFIE maps focusing on regions forming secondary structures defined by DSSP method [13]. (A) α5, α6 and S1 are assigned in Fig. 2(B). This picture was
prepared by using VMD program [15]. (B) IFIE maps corresponding to regions forming α5 (left) and α6 (right). Orange rectangles indicate α-helix forming regions.
(C) Upper maps refer to regions forming β-strands within the S1 and lower ones indicate IFIEs between the β-strands. Green rectangles indicate regions forming
β-strands (upper) and two β-strands located close to each other (lower). (D) Energy range of IFIE maps. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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but it is expected that parallel β-sheets could be characterized
by an IFIE pattern parallel to and distant from the diagonal
line.

The intra-DNA IFIE map was divided into three partial maps:
IFIEs between bases (Fig. 4(A)), backbones (Fig. 4(B)) and
bases and backbones (Fig. 4(C)). Note that “Chain A” and
“Chain B” in Fig. 4(A)–(C) correspond to those in Fig. 2(A). In
Fig. 4(A), we find two kinds of patterns: (1) a band pattern near
and parallel to the diagonal line, and (2) a band pattern roughly
perpendicular to the diagonal line. Pattern (1) represents the
stabilization by base–base intra-strand stacking interactions,
whereas pattern (2) represents the hydrogen bonding between



Fig. 6. Maps indicating the difference of IFIEs between CRP–cAMP forming
complex with DNA and free molecules (CRP–cAMP). An upper triangle
is used to show the plots of positive IFIE values, whereas a lower triangle
plots negative IFIE values. Numbers 8 to 207 correspond to the numbers
given for amino acid residues, whereas number 208 denotes cAMP. Orange
rectangles along the axes indicate regions forming α-helices and green ones
indicate regions forming β-strands as well as in Fig. 3. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Watson–Crick base pair (darker red pattern) and the base-base
inter-strand stacking interactions.

In Fig. 4(B), most of IFIEs are blue-colored, thus representing
a destabilization between backbones due to the negative charges
associated with the phosphate groups of the DNA backbones,
except for the 3′ terminus, which does not contain phosphates. In
this case, no specific pattern is detected except the cluster of blue
points.

Fig. 4(C) represents IFIEs between bases (abscissa) and
backbones (ordinate). The band pattern near and parallel to the
diagonal line represents base–backbone stabilization within the
strand. Within Chain A (Chain B), IFIEs between ith (i+1st)
DNA base and i+1st (ith) DNA backbone represent the
stabilization, while concerning interactions between Chain A
and Chain B, clusters of red and blue points are also found (note
that “i” corresponds to the numbered entry of DNA; e.g., the “1”
in “1A”). Though they seemed to show specific patterns, we
cannot find their correlation with any structural properties.

In summary, we can extract the specific patterns, and find the
correlation between IFIEs and structural properties of bioma-
cromolecules, from the intra-CRP–cAMP and intra-DNA base
IFIE maps. Examining partial IFIE maps for the regions forming
α-helices and anti-parallel β-sheets, we find correlations
between the patterns on the IFIE map and the secondary
structures of the protein, and the observed stabilization between
neighboring residues in an α-helix corresponds to the well-
known feature of right-handed α-helices. Furthermore, IFIE
maps reflect the structural properties of DNA such as hydrogen
bonding between Watson–Crick base pairs and base–base
stacking. Finally, it remains to be done that we assign structural
properties to the IFIEs between DNA bases and DNA
backbones.

3.2. Intra-molecular difference IFIE map

To examine the effect of CRP–cAMP–DNA complex for-
mation on intra-molecular stability, we computed the difference
IFIEmatrixwhose components are given byΔEIJ (complex)−ΔEIJ
(free). In Fig. 6, specific patterns are found in the regions
forming α-helices. For α1 and α3, clusters of blue points (in-
dicating destabilization) are found, whereas for α2, α4, α5 and
α6, clusters of red points (indicating stabilization) appear. On
the other hand, positive and negative IFIE values coexisted in
the region forming β-sheets.

In Fig. 7(A), we find the stabilization of base pairs 4T:A, 5G:
C and 7G:C, which are parts of the conserved sequence
recognized by CRP [11]. We also find a remarkable destabi-
lization of intra-strand base–base stacking from 4T to 9Awithin
DNA Chain A.

In Fig. 7(B), we find clusters of red and blue points. In
Fig. 7 (C), from 4T to 9A in Chain A, the difference-IFIEs
between ith base and i+1st (or i−1st) backbone represent a
stabilization, while from 1T to 5C in DNA Chain B, the dif-
ference-IFIEs between ith base and i−1st (or i−2nd) backbone
represent a stabilization. We cannot relevantly characterize the
patterns observed in Fig. 7(B) and Fig. 7(C) based on DNA
structural properties.
The sum of difference IFIE values within a molecule rep-
resents the total change in intra-molecular stability induced
by forming a complex. In CRP, the intra-molecular interac-
tion is destabilized overall by 161kcal/mol. However, red and
blue points coexist in the intra-CRP difference IFIE map,
and cooperative changes of IFIEs are found within the regions
forming α-helices. On the other hand, in the DNA, intra-
molecular interaction is destabilized overall by 76kcal/mol, as
was the case for CRP–cAMP, but the base pairs recognized by
CRP, 4T:A, 5G:C and 7G:C, are stabilized upon forming the
complex. This region-specific stabilization of IFIEs suggests
that local intra-molecular stabilization is required for complex
formation.

3.3. Inter-molecular IFIE map

Finally, we construct IFIE maps between CRP–cAMP and
DNA for comprehensive analysis of the inter-molecular in-
teraction (Fig. 8).

In the previous studies [14], the mechanism of CRP–DNA
interaction was deduced from the CRP–cAMP–DNA complex
structure. Arg-180, Glu-181 and Arg-185 were indicated as
important residues involved in DNA binding. On the other hand,
in our previous study [6], the interaction between CRP and DNA
was revealed by analyzing IFIEs: the global effect of DNA on
each amino acid and the effect of CRP on each base pair, each
backbone pair or nucleotide pair, hydrogen bonding between
Watson–Crick base pairs, base–base stacking interactions and
the effect of amino acids on specific base pairs recognized by
CRP, positions 4T:A to 8A:T.

In this study, we construct maps representing the IFIEs be-
tween CRP–cAMP and DNA, and perform a comprehensive
analysis of the distribution of interactions between each amino



Fig. 7. Maps indicating the difference of IFIEs between DNA forming complex
with CRP–cAMP and free molecules (DNA). In (A) and (B), an upper triangle is
used to show the plots of positive IFIE values, whereas a lower triangle plots
negative IFIE values. (A), (B) IFIE maps of difference-IFIEs within DNA bases
in (A), DNA backbone (sugar and phosphate) in (B), and between DNA base
(abscissa) and DNA backbone (ordinate) in (C). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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acid and each nucleotide. We thus find specific interactions that
are not inferred from the structural analysis.

At first, we examine the IFIE maps between CRP–cAMP and
DNA bases. Previous structural studies have suggested the
following interactions between amino acids and DNA bases:
Arg-180 with 5G, Glu-181 with 7C and Arg-185 with 7G and 8T
[14]. However, by analyzing the inter-IFIE maps, we identify
more interactions than them. For DNA Chain A (Fig. 8(A), left),
Arg-180 stabilizes 4T, 5G and 6T, while Arg-185 stabilizes 6T
and 7G. For DNA Chain B (Fig. 8(A), center), Arg-180
stabilizes 6A, while Arg-185 stabilizes 8T and 9A. We also find
that the IFIEs between Arg-180 and some bases represent
destabilization: the IFIEs between this amino acid and 5C and
7C in Chain B, for example. Glu-181 also strongly interacts with
DNA bases. From the IFIE map, we reveal that the IFIEs
between this residue and DNA bases in Chain A represent a
remarkable destabilization from 3A to 9T, while IFIEs with
DNA bases in Chain B, from 6T to 8C, represent a stabilization.

Considering the IFIEs between amino acids and DNA base
pairs (Fig. 8(A), right), Arg-180 interacts with 4T:A, 5G:C and
6T:A, and Arg-185 interacts with 7G:C, 8A:T and 9T:A. Glu-
181 is stabilized by the interaction with 7G:C and 8A:T, but
destabilized by the interaction with 5G:C. In addition, other
amino acids within the DNA-binding helix are stabilized by the
interaction with DNA bases, though their IFIEs are weaker than
those between the arginines and DNA bases.

Next, we examine the IFIE maps between amino acids and
DNA backbones (Fig. 8(B)). Due to the negative charges of the
DNA backbones, Coulomb interactions between a charged residue
and a DNA backbone are remarkably dominant. We can identify
these interactions as horizontal lines. On the other hand, we find
clusters of red spots composed of IFIEs between DNA backbones
and uncharged amino acids within the DNA-binding helix-turn-
helix motif, though the strengths of the IFIEs are weaker than those
between DNA backbones and charged amino acids.

In summary, we performed a comprehensive analysis of IFIEs
between the CRP–cAMP and DNA. The IFIE maps represented
the distribution of interactions between amino acids and
nucleotides in this system. We found amino acid–DNA base
interactions that were not deduced by the previous structural
studies, concerning not only on Arg-180, Glu-181 and the Arg-
185 but also other amino acids within the DNA-binding helix-
turn-helix motif. Coulomb interactions between charged amino
acids and the DNA backbones are remarkable, and interactions
between uncharged amino acidswithinDNA-binding domain and
the DNA backbones also contribute to the stability of complex.

4. Conclusions

We developed a visualization method for IFIEs based on the
ab initio FMOmethod, performed a comprehensive analysis of a
complete set of IFIE values, and extracted useful information
from IFIE maps. First, we showed that the patterns of IFIEs are
correlated with specific structures of proteins and DNA. The
intra-IFIEmap of CRP indicates the presence ofα-helices andβ-
sheets, and the intra-IFIE map of DNA bases reveals hydrogen
bonding between Watson–Crick base pairs, and base–base
stacking. Second, we found that complex formation induces a
change of intra-IFIEs that correlates with structure. Calculating
difference-IFIEs, we revealed that stabilization and destabiliza-
tion are markedly observed in the regions forming α-helices, and



Fig. 8. Maps representing the IFIEs between CRP andDNAbases (upper panels) and betweenCRP andDNAbackbones (lower panels). Left panels indicate IFIEs between
CRP andChainA, center panels IFIEs betweenCRP andChainB, and right panels IFIEs betweenCRP and the pair of chains.Note that “ChainA” and “ChainB” correspond
to those in Fig. 2A. Double head arrows indicate the position of the DNA-binding helix-turn-helix motif. The numbers along the ordinate denote residue numbers: the
numbers 8 to 207 are assignments given to amino acid residues, whereas the entry number 208 is used to denote cAMP. In addition to the IFIE map, the sum of IFIEs is also
indicated above and on the right side of each IFIE map.
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in DNA bases recognized by CRP. Finally, we provided a
detailed analysis of the distribution of IFIEs between CRP–
cAMP and DNA, mainly by focusing on the important amino
acid residues identified as being involved in DNA binding. We
uncovered specific interactions, which had not been deduced
from previous structural studies of the CRP–cAMP–DNA
complex system; interactions between DNA backbones and
uncharged amino acids, found as cluster patterns within the
DNA-binding helix-turn-helix motif, contribute to the stabiliza-
tion of the CRP–cAMP–DNA complex as well as those between
charged amino acids and DNA backbones.

In this study, we proposed an efficient method to extract useful
information from an IFIEmatrix and showed some examples. We
here employed this method for IFIEs obtained from quantum
chemical calculation of biomolecules in gas phase, not in realistic
system, requiring caution when compared with experiments.
However, the method can be applied to IFIEs obtained from
calculations of more realistic systems such as biomolecules in
water solvent as well, whose example is FMO–MP2 calculation
for cisplatin–DNA complex as reported previously [18]. In ad-
dition, to find and exploit more information buried in a complete
set of IFIEs, it would be useful to examine the correlation of IFIE
patterns with experimental or other simulation results such as the
energy decomposition analyses based on semi-empirical quantum
chemical method [19] and classical trajectory obtained from
molecular dynamics simulation [20]. Research in this direction
would be a future task.
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