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Abstract

We introduced the dynamic update technique into the monomer self-consistent charge
(SCC) process of the fragment molecular orbital (FMQO) method to reduce its computational
costs. This technique has already been used for solving linear equations in some quantum
chemical calculations. After performing test calculations on three typical polyglycines (GLY2,
GLY4, and GLYg4), we further performed the FMO calculations on the human
immunodeficiency virus type 1 protease complexed with lopinavir using the dynamic update
technique. These calculations demonstrate that the computational time of the monomer SCC
process can be reduced by about one-third. Furthermore, we examined the dependence of the
iteration number of the monomer SCC process on parallelization schemes.
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1. Introduction

In recent years, ab initio quantum chemical methods have been applied to large molecules
including biomolecular systems. The fragment molecular orbital (FMO) method [1][2][3], which
was developed by Kitaura et al., is an efficient approach for such calculations. In this method, target
molecules are divided into small fragments and only calculations of the fragments (referred to as
monomers) and pairs of the fragments (referred to as dimers) are needed for evaluating total
properties. This approach enables us to reduce the computational effort for the quantum chemical
calculations of biomolecular systems. However, in the case of large proteins, a high cost is required
even if we use the FMO method. Moreover, a recent study reported that the average results from a
large number of sampling structures should be used for the examinations of biomolecular systems
[4][5]. For such calculations, further enhancements in the computational speed are necessary.

Recently, Ishikawa and Kuwata introduced the resolution of the identity (RI) approximation
into the FMO scheme to reduce the computational cost of MP2 [6], the most time-consuming
process of FMO calculations. They demonstrated that the RI-MP2 method achieved an
approximately 10 fold increase in the speed of the MP2 process in the FMO method. Meanwhile,
other processes such as monomer self-consistent charge (monomer SCC) process, calculations with
dimer electrostatic approximation, and dimer HF calculations consumed significantly more time.
Thus, it is imperative that the computational effort of these processes be reduced.

In this article, we report that computational cost of the monomer SCC procedure can be reduced
by the dynamic update technique, that has already been used for solving linear equations in some
quantum chemical calculations [7][8]. In the following sections, we discuss the methodological
aspects and provide examples of a real biomolecular system. All calculations were performed using
our original program PAICS [4].

2. Method

As mentioned above, in the FMO scheme, target systems are divided into small Ny fragments by
cutting C-C single bonds and the total properties are evaluated with monomer and dimer
calculations. For example, the total energy at HF level can be obtained by the following equation

[1I[2][3]:

EHfotal=zEHf]_(Nf_2) ZEH;:; (1)
1

1<J

where EY] and E"[; are the energies of the monomer and the dimer, respectively. These values
are calculated with a modified Fock operator [9]:
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where fyx(r) is a conventional Fock operator, ug(r) and vy (r) are the electrostatic potential
from K-th monomer (nuclear attraction and electron repulsion, respectively), and the third term is
the projection operator for cutting C-C single bonds. In Eq. (2), X is replaced by / and 1J in the
monomer and dimer calculations, respectively. The electron repulsion potential, vk (r), should be
determined from the electron distribution of K-th monomer. In the FMO scheme, such electron
distributions are obtained by an iterative procedure called monomer SCC process.

In the first iteration of the monomer SCC process, an initial electron distribution for each
monomer is calculated in vacuum. In the next iteration, a new electron distribution for each
monomer is recomputed including the electrostatic potential from the monomer whose electron
distribution has already been obtained from the previous iteration. This iterative process is
continued until self-consistency is achieved.

The expression of the total energy in Eq. (1) can be rewritten into the following equation [10]:

+HF
EHfotal=zE I +ZAEH§:]; (3)
1

1<J

where E'PF is the monomer energy without electrostatic potential from the other monomers and
AE Hf] is the inter fragment interaction energy (theoretical details are found in the previous paper
[10]). The first term of this equation is used for estimating convergence of the monomer SCC
process in our program.

Clearly, the computational time of monomer SCC procedure depends on the number of
iterations. In this paper, we introduce the dynamic update technique to reduce the computational
time. The essential scheme of the monomer SCC process using the dynamic update is similar to the
normal one except for the manner in which the electrostatic potential is determined. In the normal
process, electrostatic potential from all other monomers are determined using the electron
distribution obtained from the previous iteration. On the other hand, when using the dynamic
update, the electrostatic potential from the monomer, whose calculation has been already completed
in the present iteration, is determined with the electron distribution obtained in the present iteration.
That is, the monomer electron distribution obtained in an iteration is immediately used for the
subsequent calculations in this iteration. By this treatment, the number of iterations of the monomer
SCC procedure can be reduced for typical biomolecular systems.

Our program is parallelized with the message-passing interface (MPI) [11]. A feature of the
dynamic update is that the number of iterations depends on the parallelization scheme used for the
FMO calculations. To explain the reasons for this dependence, we considered two types of
calculations with different parallelization schemes. One is the non-parallelized calculation and the
other is the parallelized calculation with eight CPUs. Figure 1 shows flow charts of the calculations
performed in an iteration of the monomer SCC process. In the case of non-parallelized calculation,
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for example, fragments 1-8 have already been calculated by CPU1 when the computation on
fragment 9 starts. Thus, this calculation is performed with the new electron distributions of
fragments 1-8 (the electrostatic potential from other fragments is obtained by the electron
distributions of the previous iteration). On the other hand, in the parallelized case, only the
calculation of fragment 1 has been completed by CPU1 when the computation on fragment 9 starts.
Thus, only the new electron distribution of fragment 1 can be used for the calculation of fragment 9.
Consequently, the convergence process of the parallelized calculation is different from that of the
non-parallelized calculation. In general, the greater the increase in parallelization numbers, the
greater is the increase in iteration numbers. As discussed in the following section, we can control
the iteration number of the monomer SCC process by adjusting the parallelization number for the
index of the fragment or fragment pair.

3. Results and Discussion

First, we show the effect of the dynamic update with three polyglycines forming a typical
a-helix (GLY20, GLY40, and GLYs0), whose atomic coordinates were prepared by MD simulations
using the AMBER 10 package [12]. In these calculations, each amino acid residue was treated as a
single fragment and cc-pVDZ [13] basis set was employed. We used 10 as a threshold value for
estimating convergence of the iterative procedure. The results are summarized in Table 1. As
shown in this table, the number of iterations of the monomer SCC process can be reduced by about
two-thirds with the dynamic update for the three polyglycines. Because the monomer electron
distributions obtained with the dynamic update are slightly different from those with the normal
scheme within the threshold value, the final total energies (EFE,,,,) are also slightly different.

We then demonstrated the efficiency of the dynamic update in typical biomolecular systems by
performing FMO computations for the human immunodeficiency virus type 1 protease (HIV-1 PR)
complexed with lopinavir using cc-pVDZ basis set [13]. This protein, a protease by function, plays
a critical role in patients afflicted by Acquired Immune Deficiency Syndrome (AIDS), and
lopinavir is a protease inhibitor that is used as a drug to treat patients infected with HIV. Detailed
description about the calculated system, e.g., preparation of the atomic coordinates, can be found in
a previously published paper [8]. We performed several calculations with different parallel
conditions to examine the dependence of the iteration number on them. The results of calculations
are summarized in Table 2. All calculations were performed with eight cores and each parallel
condition is denoted by values of “np,” which is the number of parallelization for fragment or
fragment pair index. For example, in the case of np = 2, each monomer or dimer calculation is
performed with two cores, and thus, the four individual calculations progress independently at the
same time.

The number of iterations of the monomer SCC process with the normal scheme was 52, while
those for the dynamic update were 43, 33, 31, and 18 for np = 1, 2, 4, and 8, respectively. As a
result, the computational time for the monomer SCC process could be reduced. In particular, in the
case of np = 8, the computational time was reduced to about one-third (1619 minutes for the normal
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scheme and 556 minutes for the dynamic update).

The number of iterations increased as the np decreased. Thus, the dynamic update should be
used together with a larger number of np. However, Table 2 shows that the computational time of
dimer calculations increased by employing a larger np. Therefore, an appropriate condition of
parallelization is that we use a large np in the monomer SCC calculation and a small np in the
dimer calculations. Using such a parallelization condition, we could complete the FMO calculation
in 3346 minutes (see Table 2), which was 76.5% of the total time of calculation without the
dynamic update (4371 minutes).

4. Summary

In this paper, we introduced the dynamic update technique to reduce the computational effort of
the monomer SCC process, which is among the most time-consuming processes of FMO
calculations. First, we tested the dynamic update with typical polyglycines forming a-helix (GLY2o,
GLY40, and GLYe0), which showed that the dynamic update could reduce the number of iterations
of the monomer SCC process. Further, we performed the FMO computations of the HIV-1 PR
complexed with lopinavir to demonstrate the efficiency of the dynamic update for real biomolecular
systems. These calculations showed that the iteration number and computational time of the
monomer SCC process could be reduced by about one-third. As a result, the total time of the FMO
computation was reduced to 76.5% of that without the dynamic update. In case of the monomer
SCC calculations with the dynamic update, the iteration number depends on the parallelization
condition. This dependence was examined and the most appropriate condition of parallelization was
shown.

This study was supported by a Grant-In-Aid for Young Scientist (Start-up) No. 20850020 from
the Japan Society for the Promotion of Science as well as by the Program for Promotion of
Fundamental Studies in Health Science of the National Institute of Biomedical Innovation.
Calculations necessary in this study were performed using the computational resources at Gifu
University.
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Figure 1. Flow charts of calculations performed in an iteration of monomer SCC process for

non-parallelized and parallelized calculations. In the parallelized case, the calculations in each CPU

are completely independent of each other until all the monomer calculations have been completed.

At the end of each iteration, new electron distributions of the monomers (i.e., new density matrices

of the monomers) are shared among all CPUs with an MPI function.

Table 1. Number of iterations of monomer SCC process and total energies of the system for three
polyglycines. Total energies are shown in hartree. These calculations were performed with

cc-pVDZ.
iter. ERE a1
GLY> normal 21 —4212.388080
dynamic update 14 —4212.388080
GLY4 normal 21 —8349.128939
dynamic update 14 —8349.128938
GLY¢o normal 22 —12485.888805
dynamic update 14 —12485.888804
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Table 2. Number of iterations of monomer SCC process, total energies of the system, and
computational times of each process for the HIV-1 PR with lopinavir molecule. Total energies and
computational times are shown in hartree and minute, respectively. In these calculations, cc-pVDZ
basis set was employed. All calculations were performed with 8 cores (Xeon E5429 and 2.0 GB
memory per core). Results of calculations with different parallelization scheme are listed. The “np”
represents the number of cores assigned to one fragment or fragment pair calculation (see text).

time

iter. E"E scc dimer total
not dynamic update @ 52 ~77629.372214 1619 2132 4371
np=1 43 ~77629.372214 1121 2234 3907
np =2 33 ~77629.372215 920 2374 3830
np =4 31 ~77629.372215 857 2478 3889
np =38 18 ~77629.372215 556 2787 3899
np=8np=1" 18 ~77629.372214 557 2233 3346

@ np = 1 was used.

® np =8 and np = 1 were used for monomer SCC and dimer calculations, respectively.
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