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Abstract We have developed a fragment interaction
analysis based on local MP2 (FILM) in the context of the
fragment molecular orbital (FMO) scheme. The primary
purpose of this work is to provide a tool for analyzing inter-
fragment interaction associated with dispersion interactions
in a large molecule such as protein and DNA. Our imple-
mentation of local MP2 (LMP2) is based on the algorithm
developed by Pulay and Werner. A potential of FILM was
demonstrated using the human immunodeficiency virus type
1 protease (HIV-1 PR) complexed with lopinavir (LPV).
The total energy, binding affinity, and inter-fragment inter-
action energy (IFIE) by the FMO method using LMP2 were
compared with those obtained by canonical MP2 and the
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site-specific information in dispersion interaction was obtai-
ned. It turned out that the FILM is a useful tool for analyzing
the dispersion interaction between an amino acid residue and
a specific site of a ligand.
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1 Introduction

In recent years, ab initio quantum mechanical calculations
have been applied to large molecules such as proteins and
nucleic acids. Various approaches have been proposed for
avoiding the high cost in calculating a large molecule with
quantum mechanical method. The fragment molecular orbi-
tal (FMO) method, which has been developed by Kitaura
et al. [1-5], is one of the most efficient approaches for quan-
tum mechanical investigation of large molecules. In the FMO
method at the Hartree—Fock (HF) level, a target molecule
is divided into small fragments and calculations are perfor-
med only for each fragment and pair of fragments using a
modified Hamiltonian including the environmental electro-
static potential (ESP). It has been shown that this approach
reduces computational cost extremely with keeping the che-
mical accuracy. The FMO scheme has been extended to incor-
porate the electron correlation in terms of the second-order
Mgller—Pleset perturbation theory (MP2) [6—8] and coupled-
cluster (CC) theory [9]. Additionally, the methods of confi-
guration interaction singles (CIS) [10] and its perturbative
doubles (CIS(D)) [11] and multiconfigurational self-
consistent-field theory (MCSCF) [12] are combined with
the FMO method in the framework of multilayer formula-
tion [13]. A large biomolecular system which includes heavy
metal atoms, such as the hydrated cisplatin-DNA complex,
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has also been calculated by introducing the model core
potential (MCP) into the FMO scheme [14].

A valuable feature of the FMO method is that the inter-
fragment interaction energy (IFIE) is clearly defined in the
expression of the total energy [15]. Some studies are reported
in which the IFIE is used to analyze the interaction between
an amino acid residue and a ligand. Ode et al. [16] performed
calculations of interaction energies between human immu-
nodeficiency virus type 1 protease (HIV-1 PR) and its inhi-
bitors. In their study, both of the wild type and L90M mutant
were calculated by the FMO scheme for investigation of the
mechanism of drug-resistance. Amari et al. [17] developed
a visualized cluster analysis of protein-ligand interaction
(VISCANA) using the IFIE. Their idea leads to a systematic
analysis of the interactions between a specific protein and
various ligands. Mochizuki et al. [18] developed a modi-
fied version of configuration analysis for fragment interac-
tion (CAFI). The CAFI provides the visualized information
of charge transfer in hydrogen bonding interaction.

The IFIE analysis could provide the energetic information
between fragments in the region of chemical interest, e.g.,
pharmacophore. Although the IFIE information is certainly
useful in understanding the nature of ligand—protein interac-
tion, one may expect to obtain more site-specific information
by which the importance of each fundamental substitution is
revealed. The CAFI is one of such tools, but the analysis is
performed essentially at the HF level. It has been known that
the dispersion or van der Waals interaction is crucial in the
protein—ligand interaction. The MP2 calculation introduces
the van der Waals interaction energy into the FMO scheme
appropriately. If site-specific information of van der Waals
interaction is available, this could be very useful as a com-
plementary tool to the CAFI. Thus we consider that the local
MP2 (LMP2) method plays a role as such a tool.

For about 30 years, various local correlation methods using
localized molecular orbitals have been developed by some
groups including Pulay and Werner [19-22]. Among such
approaches, the LMP2 method [23-29] requires the lowest
computational cost. In LMP2, the total correlation energy is
described as the sum of the pair correlation energies based
on localized molecular orbitals. By combining LMP2 with
the FMO method, we would be able to obtain the IFIE which
is decomposed into the pair correlation energies among loca-
lized orbitals. Another advantage of LMP2 is to reduce the
computational cost to formally linear scaling with molecular
size by utilizing two individual approximations, i.e., the res-
triction of virtual space and the selection of correlated orbi-
tal pair. Additionally, by multistep screening [30] and the
multipole approximation [31,32] in the procedure of integral
transformation, the computational efforts have been reduced
significantly. The restriction of virtual space yields reduction
of the basis set superposition error (BSSE) from interaction
energy in calculations of supermolecular systems [22,33].
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In the present paper, we will report the implementation
of LMP2 into the context of the FMO method in a develo-
per version of the ABINIT-MP [15]. At the beginning of this
paper, we should emphasize that the primary purpose of this
work is not to save the cost of MP2 calculations but to deve-
lop a tool of fragment interaction analysis based on LMP2
(abbreviated as FILM). As mentioned above, we consider
that introduction of LMP2 into the FMO scheme would pro-
vide a useful tool to analyze interaction in large molecules
including biomolecular systems. In the next section, we will
describe the FMO method and our implementation of LMP2.
The parallel performance of our program is given in Sect. 3.
In the following section, we will demonstrate analyses on
the HIV-1 PR with inhibitor and show performance of the
FILM.

2 Method and implementation
2.1 Brief description of FMO method and IFIE

In the FMO scheme, a molecule is divided into Ny small
fragments by cutting C—C single bonds [2,3]. In this paper,
we use terminology of “monomer” and “dimer” which refer
to a fragment and a pair of fragments, respectively.

In the case of the HF level of theory (FMO-HF), only
energies of all monomers and dimers are calculated by
solving the Fock equation with modifications of the ESP from
surrounding fragments. Further special attention should be
paid to the electron occupation on the orbitals contributed
to the single bonds at the both edges. The two electrons
belonging to these bonds are assigned to either of fragments.
Modified Fock operators for monomer and dimer are shown
below [34]:

=+ D X m+o )+ Bileo e,
k

K#I
(D

MTay=rm+ 3 e o+ o)+ X Brso e,
k

K#I,J
2

where f7(1) and f77(1) are the conventional Fock opera-
tors of monomer and dimer. «X (1) and vX (1) are one elec-
tron potentials, where the former is the nuclear attraction
from the Kth monomer and the latter is the repulsion given
by the electronic distribution in the Kth monomer. The third
terms are introduced for the sake of projecting out the orbitals
O which should not be occupied in each fragment calcula-
tion [2,3]. The parameter By is a sufficiently large positive
value and is usually set at about 10° to 108. The electronic
distributions in v*(1) are updated by iterative calculations
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until self-consistency is achieved. The monomer and dimer
energies are denoted by E HFI and E HFI 7» respectively. The
total energy is obtained by the following equation [1]:

EMga = 2 By = Ny =2) 3 BT, 3)
I>J 1

Equation (3) is rewritten by Eq. (4) using AE HFI 7 which is

the IFIE in FMO-HF as

EM o = Z AEM + Z E'H, “

I>J 1

where E’ II{F is the monomer energy without electrostatic
potentials produced by other monomers. The detail of the
formulation of the IFIE was described by Nakano et al. [15].

In the MP2 level of theory (FMO-MP2), the total energy
is calculated using

MP2 MP2 MP2
E totaIZZE IJ_(Nf_Z)ZE I Q)
I>J I
where EMP? ;and E MP2 ;7 are MP2 energies of monomer

and dimer, respectively [6—8]. The definition of the IFIE in
FMO-MP2 is given by

AEMP2 = AEME 4 AECT,, (6)

where A E€®7 ; is the correction on the IFIE by including the
electron correlation and obtained by the following equation:

AECOI”II'J — ECOI}'] _ ECO[}‘ _ ECOI}. (7)

The quantities of E°} and E°7; are electron correlation
energies by MP2 calculations of monomer and dimer, res-
pectively.

2.2 Incorporation of local MP2 into FMO scheme

Our implementation of LMP2 was made according to the
formulation and algorithm developed by Pulay and Werner
[22-26,30]. In LMP2 method, the virtual space is limited
to the modified atomic orbitals (AOs) spatially close to each
local occupied orbital. The limited virtual space and modified
AO are called as “domain” and “projected AO”, respectively.
In the conventional LMP2, the projected AOs are defined by
excluding occupied orbitals |i) from a normal atomic orbital

l) [25]:

Ip) = (1 - Z|i><i|)|m. ®)

In the case of LMP2 combined with the FMO method, the
projected AOs should be constructed by excluding not only
occupied orbitals |i) but also |0;) appearing in Egs. (1) and

(2). We obtained the definition of projected AO instead of
Eq. (8) as

p=(1- >

af € i),10k)

@S s (B1 | 110), ©

where Sy is overlap between |a) and |8). Occupied orbitals
are orthogonalized one another. In contrary, |i) and |6;) are
not orthogonal and |6;) are not orthogonal one another as
well.

A method determining a domain has been proposed by
Boughton and Pulay [24]. Although we employed their
method in our implementation, two thresholds were intro-
duced for determination of the domain. These are denoted
by Thy and DThy. The former is used regularly, except for
the inter-fragment orbital pairs in dimer calculation whose
domain is determined by using with DThy. Introduction of
DTh; is intended to retain more accurate pair correlation
energies for inter-fragment orbital pairs without intractable
computational cost (see Sect. 4.2).

In LMP2 method, only selected orbital pairs are consi-
dered. A criterion for the selection of the orbital pair has
been proposed by Hampel et al. [22]. In their criterion, the
minimum distance between atoms contained in the domain
of each orbital is used for the selection of orbital pairs. This
criterion was adopted and a threshold value is denoted by
Ths,.

The algorithm of the integral transformation for LMP2
was described by Saebg et al. [30] and the prescreening
using the Cauchy—Schwarz inequality has been proposed by
Werner et al. [26]. Their algorithms were used and here we
denote this screening threshold as Thy. Another approxima-
tion for reducing the intermediate buffer of the transforma-
tion was proposed by Rauhut et al. [25]. Introducing their
approximation, the number of the first half transformed inte-
grals can be reduced. In the present work, this threshold is
denoted by Th3. The five thresholds used in our FMO-based
LMP2 are summarized in Table 1. Setting of these threshold
values will be discussed in Sect. 4.2.

Table 1 Summary of the five thresholds introduced in our implemen-
tation of LMP2 into the FMO scheme

Threshold Effect

Thy Determination of the domain regularly

DThy Determination of the domain only for pairs of
inter-fragment orbitals in dimer calculations

Thy Selection of pairs of orbitals

Th3 Reducing the number of the first half
transformed integrals

Thy Screening in the first half transformation
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In the FMO scheme with LMP2 (FMO-LMP2), the total
energy is evaluated as

r LMP2 rr LMP2 r LMP2
E total=ZE IJ_(Nf_z)ZE I (10)
I>J 1

We distinguish the energy calculated by FMO-LMP2 from
that by FMO-MP2 by using a sign of tilde. Equation (10)
are simply obtained from Eq. (5) by replacing EMP? ;7 and
EMP2 by EMP2 and EMMP2 respectively. On the other
hand, the definition of the IFIE in FMO-LMP2, which is
denoted by AELMPZIJ, is given by Egs. (11) and (12):

AE™PZ . — AERF 4 AECT (11)
AECT, =€), (12)
i/Zj/

where €;/ ;- in Eq. (12) are pair correlation energies obtained
from dimer calculation. Because of high locality of occupied
orbitals in LMP2, they can be assigned to either fragment.
The summation of orbital pair i’j" in Eq. (12) is then limited
within the span of only inter-fragment orbital pairs. As clearly
shown in Egs. (11) and (12), we are able to decompose the
IFIE originated from the dispersion or van der Waals interac-
tion into contributions of each orbital pair of inter-fragment.
These two equations represent the essence of the FILM.

3 Tests of program and parallel performance

We would demonstrate parallel performance of the program
before discussing how the FILM is useful to analyze the
interactions in large biomolecular systems. For simplicity,
we show the performance on a model system of polyglycine
peptide with 10 residues (Gly;o) without the FMO scheme.
The 6-31G** [35] basis set was employed and the number of
basis functions was 775. The total correlation energy obtai-
ned by the canonical MP2 was —6.3405 hartree, and that by
the LMP2 method was —6.1996 hartree. The loss of the cor-
relation energy by LMP2 was only 2.2 %, and this difference
falls in a typical range for a double-zeta basis set [26].

In the present program, two time-consuming procedures
were parallelized with message-passing interface (MPI) [36].
The transformation of two-electron integrals was paralleli-
zed under the quadruple loop for shells of contracted basis
functions. The simplified loop structure was illustrated by
Saebg et al. [30]. Another parallelization was done at the
procedure of making the residuum matrices [25] which are
calculated for pairs of localized orbitals in solving the linear
equation. We summarizes the acceleration and efficiency in
Table 2. These data were taken using a linux-based cluster
of 5 nodes Intel Dual-Xeon (dual core, 2.8 GHz clock rate).
The efficiency of the parallelization in the procedure of inte-
gral transformation is better than that of solving the linear
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Table 2 The ratios of the computational time® and accelerations on a
model system of Gly g in LMP2 without the FMO method (Thy = 0.02,
Thy = 8.0A, Thy = 0.01, Thy = 10~%)

Processor Transformation Linear equation LMP?2 total
1 1.00 (1.00) 1.00 (1.00) 1.00 (1.00)
2 0.52 (1.92) 0.73 (1.37) 0.55 (1.82)
4 0.28 (3.57) 0.43 (2.33) 0.30 (3.33)
5 0.23 (4.35) 0.39 (2.56) 0.25 (4.00)
10 0.15 (6.67) 0.22 (4.55) 0.15 (6.67)

2 5 nodes Intel Dual-Xeon (dual core, 2.8 GHz clock rate) were used

equation. Since a dynamic update procedure [25] was adop-
ted in solving the linear equation, the number of iterations
increased with many CPUs. The ratio of the total computatio-
nal time with 10 CPUs was 0.15 to that with single CPU and
its acceleration was 6.6. In the FMO method, parallelization
is done for each monomer or dimer [6,37], and the parallel
acceleration of our program is expected to be practical.

4 Demonstration of interaction analysis for HIV-1 PR
with LPV

4.1 Target system and details of calculations

In this section, we demonstrate the performance of the FILM
by applying it to the HIV-1 PR with lopinavir (LPV), which
is illustrated in Fig. 1. The HIV-1 PR protein is composed
with two identical polypeptides, each of which consists of 99
amino acid residues. The LPV molecule is one of inhibitors
of the HIV-1 PR. The X-ray crystal structure of a complex
was reported by Stoll et al. [38] (Protein Data Bank [39] code:
IMUI). This structure was used as the initial coordinate set.
The terminating hydrogen atoms were attached and one water
molecule, which was considered to be crucial for the ligand—
protein binding [40], was added. Energy minimization was
carried out using the force-field of MMFF94 [41] for the
hydrogen atoms in the ligand binding pocket and using the
force-field of AMBER99 [42] for the remaining hydrogen
atoms. We used the structure obtained above throughout this
paper.

In our calculations, each amino acid residue of the HIV-1
PR or a water molecule was treated as a single fragment. The
LPV molecule was divided into four fragments denoted by
LPV{,LPV;,LPV3, and LPV4. In Fig. 2, the chemical struc-
ture of LPV is illustrated together with the fragmentation.
Totally 203 fragments were considered in our calculations;
198 amino acid residues, a water molecule, and four frag-
ments of LPV. The interaction energy between LPV and a
certain amino acid residue is given by summing up the IFIEs
with respect to four fragments of LPV. Among 198 amino
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Fig. 1 Graphic representation
of the HIV-1 PR complexed with
lopinavir (LPV). Two identical
protein chains are drawn with
dark and light sticks, and LPV is
illustrated in ball representation

TZ

LPV1 LPV2 LPV3 LPV4

Fig. 2 The chemical structure of LPV and the manner of division into
four fragments. The squares with dotted lines show three sites which
are referred for the demonstration of the FILM in Sect. 4 (see text)

acid residues, 18 residues are located within 5.0 bohr from
LPV. We selected 14 of them for the object of the present ana-
lysis. Those are Asp25g, Asp29g, Asp30g, Ile47g, 1le50g,
Pro81g, lle84p, Asp254, Asp29a, Asp304, [led7a, 11e504,
Pro81,, and I1e84 4.

Both the Pipek-Mezey [43] and the Boys [44] localization
schemes were implemented in our program. We adopted the
former by which the o—t separation can be retained. Calcu-
lations of FMO-MP?2 were carried out for comparison.

4.2 Tests for threshold values in LMP2

We checked the dependence of the results on the five thre-
sholds, which have been introduced for improving the effi-
ciency of the FMO-based LMP2 calculation (see Table 1).
A dimer of I84g and LPV; was selected as an example
for the test calculations, because the dispersion interaction
between 184 and LPV was found to be crucial, as shown

later. The 6-31G* basis set [35] was employed and the total
number of basis functions of this dimer was 352. For the
check of accuracy, energies were monitored in five decimal
places.

First, we examined three thresholds of Thy, DThy and
Thy, which were used to determine the domain and orbital
pair. These thresholds influence the correlation energy and
the IFIE directly. The results are summarized in Table 3.
The LMP2 correlation energy, namely E LMP21 ;—F HFI 7,18
shown in row (A) and the correction on the IFIE with FMO-
LMP2, which is denoted by AEC‘“} ; in Eq. (12), is shown
at row (B). In the case of FMO-MP2 as the reference, the
correlation energy is —2.54953 hartree and correction on the
IFIE is —0.00346 hartree. On the other hand, FMO-LMP2
calculation with Thy = 0.02, DThy = 0.02, and Thy =
8.0A provides —2.49210 hartree (97.75 %) and —0.00227
hartree (65.65 %), respectively.

When the three thresholds are tightened, the IFIE obtai-
ned with FMO-LMP2 gets close to that with FMO-MP2. For
example, in the case of Thy = 0.001, DTh, = 0.001, and
Th, = 10.0 10\, the correction on the IFIE become —0.00299
hartree, which recovers 86.42% of that with FMO-MP2.
However, the memory requirement is increased by 12.5 times,
and the CPU time is increased by 2.7 times. On the other
hand, in the case that only DTh; is set to be smaller, i.e.,
Thy; = 0.02, DTh; = 0.001, and Thy = 8.0A, the IFIE
obtained with LMP2 is —0.00295, which is 85.26% of that
with FMO-MP2. In this setting, the memory and the CPU
time are required about 4.1 times and 1.3 times of those with
the first thresholds, respectively. By exploiting the threshold
of DThy, we can obtain the more accurate IFIEs with small
memory requirement and little CPU time. This computatio-
nal advantage is expected to be crucial in the case of the FMO
calculation including large fragments. It should be noted that
the BSSE reduced by FMO-LMP?2 is reintroduced by using
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Table 3 (A) and (B) denote

LMP?2 correlation energies and DTh; Th, = 8.0A Thy = 10.0A
respectively, using some 0.020 0.010 0.001 0.020 0.010 0.001
threshold values
0.020 (A) —2.49210 - - —2.49212 — —
B) —0.00227 = — —0.00229 — .
0.010 (A) —2.49220 —2.51404 - —2.49223 —2.51406 -
B) —0.00236  —0.00238 — —0.00239 —0.00239 —
0.001 (A) —2.49303 —2.51487 —2.54703 —2.49306 —2.51489 —2.54703
B) —0.00295 —0.00297 —0.00299  —0.00298 —0.00299  —0.00299
Other threshold values are set as FMO-MP2 (A)  —2.54953
Th3 = 0.01 and Thy = 1078 (B)  —0.00346

a small value for DThy. We will discuss about the BSSE at
the Sect. 4.4 in more detail. In the following, we will show
the results using the setting of Thy = 0.02, DTh; = 0.001,
and Thy = 8.0A.

Finally, we should test the remaining two thresholds, Th3
and Thy, which are used in the procedure of the integral trans-
formation. After several trials on these values, we have cho-
sen 0.01 and 1078 for Ths and Thy, respectively. In the case
of this test, our setting leads to errors less than 0.00002 hartree
for the correlation energy and the correction on the IFIE.

4.3 Total energy and binding affinity

Table 4 summarizes the total energies of the HIV-1 PR com-
plexed with LPV by the FMO method employing the 6-31G*
basis set. Recall that the total energy in FMO-HF, FMO-MP2,
and FMO-LMP?2 are defined by Egs. (3), (5), and (10), respec-
tively. Total correlation energy obtained by FMO-LMP2 is
—220.0701 hartree which is 97.1% of that obtained by FMO-
MP2. This loss in the correlation energy by FMO-LMP2 is
of the same order as that found in the conventional LMP2

(see Sect. 3).
The binding energy between the HIV-1 PR and LPV was
calculated by the three methods. The definitions of the

Table 4 The total energies of HIV-1 PR complexed with LPV and the
binding energies of LPV by the FMO-HF, FMO-MP2, and FMO-LMP2
employing 6-31G*

Total Correlation ~ Binding energy
energy energy
FMO-HF —77621.8730 - —0.0807  (—50.6)
FMO-MP2 —77848.4591  —226.5860  —0.2510 (—157.5)
FMO-LMP2  —77841.9431  —220.0701 —0.2292  (—143.8)

Each energy is shown in hartree and in kcal/mol in parenthesis
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binding energy in FMO-HF and FMO-MP2 are given by

HF (Complex) EHF (HIV-1 PR) _ EHF (LPV)

HF  _
E BA — E total total total  °

13)

_ EMP2 (Complex) EMPZ (HIV—-1 PR) _ EMP2 (LPV)

E MP2
BA total total total ’

(14)

(Complex) (HIV—1 PR) (LPV) . ..
where E » Bl ,and E " indicate the

total energies of the HIV-1 PR complexed with LPV, HIV-1
PR, and isolated LPV, respectively. The binding energy by
FMO-LMP?2 is given by

- LMP2 HF r~COIT
E=""gA = E g + E 2 AE™,
1 e LPV J € PR

where AECOF; ; is defined by Eq. (12). The difference bet-
ween the binding affinities obtained by FMO-MP2 and FMO-
LMP2 is —13.7 kcal/mol. We consider that the main origin of
this difference is the reduction of the BSSE by using LMP2,
and this subject will be discussed in the next subsection. The
binding energies with FMO-MP2 or FMO-LMP?2 increase
by about three times from the HF value. This indicates the
importance of the electron correlation in the studies of the
interaction between HIV-1 PR and LPV.

15)

4.4 Interaction energies between LPV and amino acid
residues

In Table 5, we summarize interaction energies between LPV
and selected 14 amino acid residues obtained by FMO-HF,
FMO-MP2, and FMO-LMP2 with the 6-31G* basis set.

These numerical data are graphically shown in Fig. 3. Since
the definition of the IFIE in FMO-LMP2 (Egs. (11) and
(12)) is different from that in FMO-MP2 (Egs. (6) and (7)),
AEMP2 ;; and AELMPZI ; are not necessarily equal to each
other. However, in a chemical sense, two values should be
comparable. As clearly shown in Fig. 3, the order of the
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Table 5 The results of
calculations for interaction
energies between LPV and

FMO-HF

FMO-MP2

FMO-LMP2

(FMO-LMP2)—(FMO-MP2)

selected 14 amino acid residues D25 —0.0463(—29.1)  —0.0538(—33.8)  —0.0512(=32.1)  +0.0026 (+1.6)
in HIV-1 PR employing 6-31G* D29  —0.0141(—8.8) —0.0270 (—16.9)  —0.0273 (—17.1)  —0.0003 (—0.2)
D30g  —0.0120 (—7.5) —0.0148 (—9.3) —0.0144 (—9.0) +0.0004 (+0.2)
1475 —0.0003 (—0.2) —0.0053 (—3.3) —0.0045 (—2.8) +0.0009 (+0.5)
1505 —0.0125 (—7.8) —0.0231 (—=14.5)  —0.0209 (—13.1)  +0.0022 (+1.4)
P81y +0.0033 (+2.1) —0.0029 (—1.8) —0.0024 (—1.5) +0.0005 (+0.3)
1845 +0.0040 (+2.5) —0.0043 (—=2.7) —0.0029 (—1.8) +0.0014 (+0.9)
D255  —0.0395(—24.8)  —0.0480(—30.2)  —0.0478 (—30.0)  +0.0003 (+0.2)
D29,  —0.0040 (=2.5) —0.0118 (=7.4) —0.0102 (—6.4) +0.0016 (+1.0)
D30,  —0.0041 (—2.6) —0.0127 (—8.0) —0.0111 (=7.0) +0.0016 (+1.0)
1474 —0.0020 (—1.3) —0.0058 (—3.6) —0.0053 (—3.3) +0.0005 (+0.3)
Each energy is shown in hartree
and keal/mol in parenthesis. 150 —0.0081 (=5.1) —0.0187 (=11.7)  —0.0169 (—10.6)  +0.0017 (+1.1)
These values are graphically P81A +0.0042 (+2.6) —0.0022 (—1.4) —0.0019 (—1.2) +0.0003 (+0.2)
expressed in Fig. 3 1844 —0.0007 (—0.4) —0.0045 (—2.8) —0.0038 (—2.4) +0.0008 (+0.5)
kcal/mol kcal/mol
10 r T T T T T T T 10
5k D258 D298 D30B I478 1508 P81 I843 D25a D29a D30A I47a 150 P81a 1I84a d s
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Fig. 3 Interaction energies between LPV and selected 14 amino acid residues in HIV-1 PR by FMO-HF, FMO-MP2, and FMO-LMP2 using

6-31G* (also see Table 5)

corrections on the IFIE obtained from the two methods is
qualitatively similar for every amino acid residues. The
differences of the IFIEs between by FMO-MP2 and FMO-
LMP2 range from —0.2 to +1.6kcal/mol (Table 5).

As mentioned in Sect. 1, it has been known that LMP2
reduces the BSSE from the interaction energy [22,33]. We
consider that the large portion of the difference in the IFIEs
between by FMO-MP2 and FMO-LMP2 is attributed to the
reduction of BSSE. In order to confirm this issue, we per-
formed simple test calculations for a typical complex model
composed with benzene and methanol. This model was selec-
ted by the assumption that a polar situation in biomole-
cular systems was mimicked by insertion of the hydroxyl
group. The configuration of this model is shown in Fig. 4.
We performed conventional MP2 calculations to obtain the
BSSE arising from the electron correlation using the coun-
terpoise method [45], because it is difficult to estimate the
amount of BSSE in the context of the FMO scheme. By com-

Fig. 4 Configuration of a complex modelcomposed with C¢Hg and
CH3OH. The distance between two molecules, i.e., 2.5A, is close to
the minimum point on the potential curve obtained byMP2/6-31G**

parison with the difference in the IFIE by FMO-MP2 and
FMO-LMP2, we are able to estimate the reduction of BSSE.
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Table 6 The IFIEs between C¢Hg and CH3OH in a typical model
employing 6-31G** (DTh; = 0.001)

IFIE (FMO-MP2)—(FMO-LMP2)
FMO-MP2 —0.0043 (=2.7) -

FMO-LMP2 —0.0032 (=2.0) —0.0011 (=0.7)

BSSE? —0.0014 (=0.9)

The BSSE arising from electron correlation was calculated by the
counterpoise method in conventional MP2 calculations. Each energy
is shown in hartree and kcal/mol in parenthesis

a4 The BSSE at the correlated level : E(BSSEYMP2 — E(BSSE)HF

The results of these calculations are summarized in Table 6.
The difference of the IFIEs between by FMO-MP2 and
FMO-LMP2 (—0.7kcal/mol) is comparable to the BSSE
(—0.9kcal/mol). It is expected that the difference is caused
mainly from the reduction of BSSE by FMO-LMP2.

In the case of FMO-HF, one can obtain the IFIE origina-
ted from the electrostatic interaction mainly by the averaged
electronic distribution. For example, D25 and D254 have
large interaction energies with LPV, which are —29.1 and
—24 8 kcal/mol, respectively. Both amino acid residues have
a charged —COO™ which is directed to —OH of LPV (the
location of D25g, D254 and LPV are illustrated in Fig. 5a).
These geometrical configurations are consistent with the
large IFIEs at HF level of theory.

On the other hand, dispersion or van der Waals interac-
tion can be described by MP2 level of theory. P81g, 1845,
and P81, have repulsive interactions with LPV using FMO-
HF/6-31G*, which are +2.1, +2.5, and +2.6 kcal/mol, respec-
tively. However, interaction energies obtained by FMO-MP2
or FMO-LMP?2 become attractive; corresponding values are
—1.8, —2.7, and —1.4kcal/mol with FMO-MP2, and are
—1.5, —1.8, and —1.2 kcal/mol with FMO-LMP2. As shown
in the geometrical configurations of these amino acid resi-
dues, the stabilizations are originated from the typical dis-
persion interaction of CH/CH type or CH/m type [46] (the
location of P81, 184p, P81, and LPV are shown in Fig. 5b).
It is well known that these interactions are very important in
many biomolecular systems.

The FILM can decompose the IFIEs originated from dis-
persion interactions into the pair correlation energies of loca-
lized orbitals as shown in Eq. (12). By exploiting this feature,
one obtains the site-specific information in dispersion inter-
action. An illustrative example is given using LPV and 1845
in the following. We picked up the three sites of LPV, which
are shown in Fig. 2, —CH3, —CgHs, and —CH. These sites
are spatially close and directed to 184p. The accumulation
of the pair correlation energies between orbitals located at
each site and the all orbitals belonging to I84p provides the
information of the importance of each site of LPV for the
binding with 184g. With a detailed analysis, it was found
that the —CH3, —CgHs, and —CH undertook 29.6, 29.2, and

@ Springer
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Fig. 5 The geometrical configurations of D25g, D254, and LPV in a
and P81g, 184p, 1844, and LPV in b

11.8% of the total stabilization originated from dispersion
interaction, respectively.

In the present work, the 6-31G* basis set have been used
mainly. However, it is known that this type of basis sets are
not sufficient to describe the dispersion interaction quantita-
tively. We consider that larger basis sets are needed in order
to obtain a reliable information about the interaction between
fragments and this is the subject of our future works.

5 Summary

In this work, a fragment interaction analysis based on local
MP2 (FILM) was developed in the FMO scheme [1,2] as a
new analysis tool for large molecules including biomolecular
systems. We expect that the FILM can provide a useful infor-
mation of dispersion or van der Waals interactions which are
decomposed into the pair correlation energies of localized
molecular orbitals.
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In combining LMP2 with the FMO method, the conven-
tional definition of the projected AO [25] was modified (see
Eq. (9)). For distinction from the regular threshold for deter-
mination of the domain [24], another threshold (DThy) was
introduced. This is employed only for the domain of pairs
of inter-fragment orbitals in a dimer calculation. By exploi-
ting this threshold, the more accurate IFIE would be obtained
with tractable computational cost. In FMO-LMP2, the defi-
nition of the IFIE was shown in Egs. (11) and (12), unlike
that in FMO-MP2 [6-8] (see Egs. (6) and (7)). The parallel
efficiency of our program was checked for a model system
of Glyo without the FMO scheme.

After determining a reasonable set of five thresholds, we
calculated the total energy, binding affinity, and IFIEs in the
HIV-1 PR complexed with LPV using the FMO-LMP2 as
well as the FMO-HF and FMO-MP2. The results showed
that these values obtained by FMO-LMP2 were comparable
to those by FMO-MP2. Finally, the FILM was applied to the
interaction between LPV and 184g which is one of the amino
acid residues of HIV-1 PR. A site-specific information in dis-
persion interaction could be obtained by partial summation
of the pair correlation energies.

It was found that the FILM could provide valuable infor-
mation, that is to say, the relative importance of the specific
sites in the protein—ligand interaction. We conclude that the
FILM is a useful tool for fundamental researches on biomo-
lecular systems and drug designs.
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