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On the basis of the fragment molecular orbital (FMO) method, we performed the FMO-MP2 and FMO-MP3 electronic-state
calculations on the Earth Simulator (ES2) for a protein complex consisting of HA (hemagglutinin) trimer and two Fab fragments and
a complex of NA (neuraminidase) and oseltamivir inhibitor of influenza virus. The FMO-MP2/6-31G jobs were completed in 0.8
hours for the HA monomer and in 4.3 hours for the HA trimer with 128 nodes (1024 VPUs) of ES2. Comparison of these timings
illuminates the low scaling nature of the present FMO calculations. In addition, the increase rate of computational cost by MP3
compared to MP2 is significantly low. In particular, the FMO-MP3 calculation for the HA trimer, which might be the world's largest
target system (36160 atoms) for correlated all-electron calculations to date, was completed in only 5.8 hours with 128 nodes. In the
case of NA-oseltamivir, a favorable performance of FMO-MP3 calculation was obtained as well. Thus, a realistic applicability of
FMO-MP3 calculations to large-scale proteins has been demonstrated with the ES2 system. Molecular interaction analyses based on
the FMO results were then carried out for the prediction of probable mutations in influenza proteins associated with the escape from

antibody pressure and the resistance against drugs.
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1. Introduction involved in the escape from infected cells. To investigate the
Influenza is one of the most important infectious diseases of interactions between these proteins and their binding partners
humans. Recent concerns about the avian and swine influenza at the molecular level, we need to resort to some theoretical
viruses highlight its threat and the need to understand its methods in computational chemistry. Considering the
evolutionary dynamics. The influenza virus has a remarkable accuracy in molecular simulations, ab initio quantum-chemical
ability to escape host defense mechanisms by altering its approaches would be most dependable for the computational
binding characters through changes of amino acid residues in analysis on molecular interactions, whereas these kinds of
the pertinent proteins. This property is referred to as antigenic simulations would demand huge amount of computer resources
drift and has been thought to result from the accumulation of a for biomolecular systems. Here, we employ the fragment
series of amino acid changes in antigenically important regions molecular orbital (FMO) method [1], which has been developed
of proteins. In addition, the viral resistance against some drugs for efficient and accurate ab initio calculations for biomolecules,
is associated with analogous mutation properties as well. It is for the detailed analysis of molecular interactions in HA and
thus essential to elucidate the molecular mechanisms by which NA systems. In this context, we pay attention to the inclusion
viruses alter their ligand binding characters in order to find of electron correlation effects in terms of Moeller-Plesset (MP)
an efficient way to suppress the pandemics and epidemics of  type perturbative treatments in order to appropriately describe
influenza. the weak interactions such as dispersion forces between
There are two types of well-known proteins on the surface hydrophobic residues.
of influenza virus. One is hemagglutinin (HA) associated with In 2008, we performed [2] the FMO-MP2/6-31G calculation

the infection into host cells. Another is neuraminidase (NA) for an antigen-antibody system consisting of the HA monomer
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and the Fab fragment (14086 atoms, 921 residues and 78390
AOQOs), where a total of 4096 vector processors (VPUs) of the
Earth Simulator (ES) were utilized to complete the job within
an hour. Later, the calculation with the extended 6-31G* basis
set (121314 AOs) was carried out on cluster computers, and
some specific residues associated with probable mutations
were successfully identified through the IFIE (inter-fragment
interaction energy) analysis, thus providing a method to predict
the forthcoming mutations in HA [3].

Although the second-order MP2 calculations have become
feasible even for large proteins in conjunction with the FMO
scheme, there has been a potential demand for correlated
methods better than MP2. The third-order MP (MP3)
theory can be a straightforward option by the perturbative
inclusion of electron pair-pair interactions. Here, we employ
a parallelized integral-direct implementation of FMO-MP3
scheme in ABINIT-MPX software. The OpenMP shared-
memory parallelization is also introduced for the intra-fragment
calculations of monomers and dimers at the lower level
processing. The Earth Simulator, which was renewed in 2009
as ES2, was used as a massively parallel-vector computational
platform, in which some technical points for the vectorization

were addressed [4].

Table 1 Timing data for HA monomer, HA trimer and NA systems.
The timing shown here is the turn-around job time in hours.
Each node with eight VPUs was assigned to the intra-fragment
calculations with OpenMP. The 64 node jobs were processed
during the usual production run hours, whereas the 128 node
jobs were performed under a dedicated usage with special
permission. The 6-31G basis set was used throughout, except
for the cases of HA monomer and NA with the asterisk (*)

meaning the use of the 6-31G* basis set.

(System) Nodes | Time | Rel* | Acc.’ | TFLOPS
Calc. level (hour)

(HA monomer)

FMO-MP2 64 1.7 0.97
FMO-MP3 64 2.7 1.6 2.27
FMO-MP2* 64 4.4 1.19
FMO-MP3* 64 8.7 2.0 3.02
FMO-MP2 128 0.8 2.1 2.06
FMO-MP3 128 1.3 1.6 2.1 4.67
(HA trimer)

FMO-MP2 64 9.4 0.83
FMO-MP3 64 11.9 1.3 1.66
FMO-MP2 128 43 2.2 1.83
FMO-MP3 128 5.8 1.3 2.1 3.44
(NA)

FMO-MP3 64 1.0 3.04
FMO-MP3* 64 44 3.09

‘Cost factor of MP3 job relative to MP2 job.
"Acceleration due to the increase of VPUs from 512 to 1024.
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2. Results

In the present study, we performed [4] the FMO-MP2 and
FMO-MP3 calculations with the 6-31G or 6-31G* basis set
for a complex consisting of HA trimer and two Fab fragments
(2351 residues and 201276 AOs; PDB-ID: 1KEN) and a
complex of NA and oseltamivir ligand (386 residues; PDB-ID:
2HU4) on the ES2. The modeling of the complex structures was
performed with the aid of MOE software, in which the addition
and structural optimization of hydrogen atoms were carried out.
Table 1 compiles the timing data of benchmark calculations
of HA and NA systems by using 64 nodes (total 512 VPUs)
and 128 nodes (1024 VPUs) of ES2. The FMO-MP2 jobs were
processed in 0.8 hours (48.3 minutes) for the HA monomer
and in 4.3 hours (260.6 minutes) for the HA trimer with 128
nodes. Comparison of these timings illuminates the low scaling
nature of the present FMO calculations. The acceleration from
64 to 128 nodes was slightly over 2, presumably due to the
difference in background conditions. Nevertheless, a value
close to 2 was expected because of an inherent parallelism of
the FMO calculations. It is remarkable that the increase rate of
computational cost by MP3 compared to MP2 is quite low. In
particular, the FMO-MP3 calculation for the HA trimer, which
might be the world's largest target system (36160 atoms) for
correlated all-electron calculations to date, was completed in
only 5.8 hours with 128 nodes. In the case of NA-oseltamivir, a
favorable performance of FMO-MP3 calculation was obtained
as well. As a whole, a realistic applicability of FMO-MP3
calculations to large-scale proteins has just been demonstrated
with the ES2 system, while further improvements in the
ABINIT-MPX code would still be required for better efficiency.

Figure 1 (a) shows the structure of HA trimer complexed
with two Fab fragments. From the top view (b) of Fig. 1, it
is observed that a hollow structure is formed by the bundled

monomers (labeled with roman numbers and colors) and

Table 2 IFIE results (in units of kcal/mol) for pairs of monomeric
domains in HA trimer complex obtained by the Hartree-Fock
(HF), MP2 and MP3 level FMO calculations with the 6-31G

basis set.
HF MP2 MP3

HA(I)-HA(II) -1022.4 -1280.3 -1237.1
HA(II)-HA(IIT) -981.7 -1245.7 -1200.7
HA(I)-HA(III) -1189.0 -1469.9 -1421.3
Fab(I)-HA(T) -288.8 -367.0 -352.8
Fab(I)-HA(II) 177.5 155.6 158.7
Fab(I)-HA(III) 134.3 134.2 134.3
Fab(I)-HA(I) 137.0 137.0 137.0
Fab(II)-HA(II) -292.7 -380.5 -363.7
Fab(I1)-HA(III) 170.8 157.0 159.5
Fab(I)-Fab(II) 210.8 197.8 199.6
HA(sum)-Fab(sum) 38.1 -163.6 -127.0




also that the Fab fragment is situated in contact with plural
monomers. Figure 2 then illustrates the results of IFIEs
calculated at the FMO-MP3/6-31G level for the complex
consisting of the HA trimer and two Fab fragments. The
interactions between the yellow domain and each colored residue
are depicted in the figures, where the red and blue correspond
to the attractive and repulsive interactions, respectively. On
the basis of the evaluated interactions with the Fab fragment
antibody, as shown in Fig. 2 (a) and (b), it would be possible
[3] to enumerate those residues (identified with deep-red) in HA
that have a high probability of forthcoming mutations to escape
from antibody pressure. This information about the probable
mutations in HA would, in turn, facilitate the development
of effective vaccines against influenza viruses. Figure 2 (¢)
represents the IFIEs between the HA monomer (II) and other
amino acid residues in the complex. Such analyses should be
useful for the comprehensive understanding of the specific roles
played by various domains in the complex. For instance, we
can discuss the inter-domain interactions by partially summing
up the IFIE values. Table 2 then shows the interaction energies
between various monomeric domains (see Fig. 1). Interestingly,
there are clear differences among the Hartree-Fock (HF), MP2

and MP3 values for the pairs of attractively contacted domains,
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e.g. HA(I)-HA(II), being in contrast to the cases of repulsive
pair. Pitonak et al. [5] pointed out that the MP3 correction
could reduce the tendency of overstabilization at the MP2 level,
and the numerical results in Table 2 are consistent with this
indication. It is noteworthy that the inter-domain interactions
break the symmetries and also that the attractive and repulsive
interactions are balanced in a delicate way in the antigen-
antibody complex. More detailed analyses concerning the
biochemical functions based on interaction patterns have to be
carried out for the HA trimer system.

The IFIE analysis between each residue of NA and the
oseltamivir inhibitor was also performed [4] with the FMO-
MP3/6-31G* calculation. The results are visualized in Fig.
3. The energetically stabilized residues would play key roles
in recognizing oseltamivir, and therefore mutations at these
residues could reduce the binding affinity. Such mutations
have potential to yield the emergence of oseltamivir-resistant
viruses. In contrast, the rational drug design to alter repulsive
(blue) interactions to attractive (red) interactions could make
up better inhibitors with high binding affinities, which would
be more effective against the drug-resistant viruses. Figure 4
illustrates a set of attractive interactions between oseltamivir and

surrounding residues in the pharmacophore. These stablizations

Fig. 1 Graphic representations of the influenza HA trimer with two Fab fragments: (a) side view, (b) top view. Each monomeric

domain is identified with roman numbers and colors.
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could be characterized by the electrostatic and hydrogen-bond
interactions with Glul19, Asp151, Argl152, Arg292, Arg371 and
Tyr347. These theoretical analyses could be helpful in revealing
the oseltamivir-resistant mechanism and also in developing the
effective inhibitors.

(a) (b)

(©

Fig. 2 Visualized IFIE results calculated at the FMO-MP3/6-31G level for the influenza HA trimer with two
Fab fragments, by gathering all residues in yellow domains: (a) Fab (I)-fragment and Fab (II)-fragment,
(b) Fab (II)-fragment, (¢) HA (II)-monomer. Red and blue for residues refer to the interaction energies
of stabilization (negative) and destabilization (positive), respectively.
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Fig. 3 Visualized IFIE results calculated at the FMO-MP3/6-31G*
level for the influenza NA monomer with oseltamivir (yellow).
Red and blue for residues refer to the interaction energies
of stabilization (negative) and destabilization (positive),
respectively.
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Fig. 4 Hydrogen bond network surrounding oseltamivir in
pharmacophore of the influenza NA monomer.
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