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General concept and architecture of the exrythrocyte model. Patlways for de nove GSH synthesis and export system of GSSG.
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Fragment molecular orbital (FMO) method

Good scalability: O(N) (O(N?)) ..
Good accuracy: a few kcal/mol

Fragmentation for DNA

(K. Kitaura et al., Chem. Phys. Lett. 312 (1999) 319.)



Fragment Molecular Orbital Method

Divide a molecule into fragments O O

N pieces of fragments (monomers) GEDG) O
-[N(N-1)/2] pieces of fragment pairs O

(dimers) IK®
FMO Total Energy (FMOZ) Environmental

E = Z E + Z( | J ] ) electrostatic potential

I <J
2 ,ZT %V” [<r }FZ;J{r—r{ }+§Z;r_r}
H. Y, =B,
- ] o2 x(r') :
H,¥,=E,%, H’J_,-;,J< EV "2 ([" JK” r, - } Z et |1 =

Environmental

electrostatic potential



FMO Method and Its Energy Analysis (IFIE)

e o
O 10 5

O @ N pieces of fragments
IK ® -[N(N-1)/2] pieces of fragment pairs

Divide a molecule into fragments

Total Energy: Calculated from energies of fragment and fragment pair

E=3E,-(N-2)XE,

1> E : energies of a fragment and a

fragment pair.
Inter-Fragment Interaction Energy (IFIE): V, : Electrostatic potential from

_ 5 ’ ) surrounding fragments.
AEIJ _ (E AN E | E J) t (VIJ o VI(J) - VJ(I)) E’, = Ey — Vy




FMOETE D S5t (on ABINIT-MPX)

1B THED S IEFE Original system

IS3U AVNRFENREREINDS

Fragment dimer parallelized

Fragment momer

Processor group
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DNA Base Pair Stacking

BERAYFXT OO EEN

C Osme m Guanlne HF or DFT CannOt

:ﬁ,ﬁ _ describe the weak
weakly '

o attraction due to van der
bound ._f’ G“a”'”e Waals (dispersion)

Interaction appropriately.

Cytosine

As for FMO-MP2 description for vdW interaction, see, e.qg.,
K. Fukuzawa et al., J. Comput. Chem. 27 (2006) 948.



Electron Correlations

Electron correlations play important roles for the descriptions
of weak molecular interactions associated with hydrogen
bonding and van der Waals (dispersion) forces.

« Watson-Crick pair
» Ligand binding
* DNA base stacking

0.0 =—ty=xpw_d=4.4 ;
10—
2.0
-3.0
-4.0
-5.0

4.0

3.0 4““*\ ' [ —0=—xpw_d=3.4 I
2.0 - HF or DET === xpw_d=4.0
1.0 \ n

Energy (kcal/mol)

' Distance (A)

36 38 4.0 4.2 4.4 4.6 4.8

28 30__ 32 34 4 .
Figure 1 Potential energy curve of Cytosine-Cytosine

m===>> |mplementation of MP2 into FMO (ABINIT-MPX)
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AT IWVITFHA-BEHL T 2—DFMOETE

Iwata, Fukuzawa, Nakajima et al., Comp. Biol.Chem. 32, 198-211 (2008).

1968 H3 avian HW\
\/
ZAr N (0
“,‘I "_ I ..v.

Receptor f&&H 1 ~

*3+3=6E HA:815%% &

SZR{ASIA-GAL :60RF

*(172+318) X 3=490% &
*11948[R F

a2-3(avian)

a2-6(human)

HA-BESEL 72— A I RILE¥— (kcal/mol)  [FMO-MP2/6-31G]

VN H3kJHA H1ERHA H172HA H5KJHA
k1) -352.9 -293.3 -363.3 -299.2
Ek 292 .4 -335.9 -390.5 -283.9
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1. IFIEy WEAvianA" K& L
Avian : -242.6 kcal/mol
Human : -158.1 kcal/mol

<

H 3 avian HAMReceptoriE & 45 £ 14 -
Human < Avian

2. Avian receptor &Human receptor T &
TYR98, SER137,ALA138, HIS183,
GLU190, GLN226 & O EHERM ICIEV
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IFIEs between Avian/Human receptors and the residues in the binding site of

1. IFIE (EHumanA" K& L
Avian : -175.3 kcal/mol
Human : -243.1 kcal/mol

<

H1 human HAM® ReceptorfE 43 24
Human>Avian

IFIE

40

IFIE(kcal/mol)

2. Avian receptor &Human receptor
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AIFIE, - ASP224 EQ
3 H1 human HA
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AV7IVI Y HilR (HA) HLiRE SR

= PDB ID:1EOS8

= H3N2 A/Aichi/2/68

s 1V7ILTUHHAHALE KTHA2)E,
BHIS1iuAD VIR DEH-FEEHDZ /Y
BEaK*

s HALEIZIE, REKEDDMIFEEEFIL
N5, AN IRZHEMISERLTHES
I OELMNTFRET ST ENKERRIIZHERR
NTNS.

» R ETIEIHAO ZEMNFFIZHEITHE
—2TLVS.

= *D.Fleury et al., PROTEINS: Structure,
Function, and Genetics 40, 572-578 (2000).

s T &EILFMO-MP2/6-31G, 6-31G*T1To7=.
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TI/BEERDOHR FFE

— 73/ BREERREREER®
*K. Nakajima et al., J. Virol. 77 (2003) 10088.

HAEDFI200D 7S/ BEELICS A LIZT—TI/BREREZEA
H3N1Z!

RAHHAR AYINIH ZREHAR
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EEFREEMERGR

MR MBS E T ETIE, 1968 FEDHIRI A/ T)LTY

HOASIILADHEIEMND, 1997FFTOREIZFELT
ERDEREMNIEICEEZL, ZOHMENEELE-R
HONTEFEILTULNS.
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Comparison to historical events
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(K. Takematsu et al., J. Phys. Chem. B 113 (2009) 4991.) FMO-MP2/6-31G*
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Hybrid Parallelization with MPI1-OpenMP

= Inter-fragment: MPI; Intra-fragment: OpenMP
= Hybrid parallelization

Parallelized by fragment

55?@

Parallelized by integral
indices

T

Target system

Fragment momer
(or dimer)
%)%; —MPI
s N
©000 (5 E) —QOpenMP
Processor group

= Memory saving by sharing MP3 arrays among threads
= OpenMP is promising for acceleration on multi-core chips

—

CPUO CPU1 CPU2 CPU3

HEFD A F{E(MPI)

AEY

=

____________

/ SMPifi 51} {£(OpenMP) —\
CPUO CPU1 CPU2 CPU3 AE!)

——————




Computation time on ES2

SYSTEM LEVEL NODES TIME (h) (MP3/2) NODE RAT. TFLOPS

HAT ~ FMO-MP2 64 0.97

1.7
FMO-MP3 64 2.7 (x1.6) 2.21
FMO-MP2:x 64 4.4 1.19
FMO-MP3x 64 8.7 (x2.0) 3.02
FMO-MP2 128 0.8 2.1 2.06
FMO-MP3 128 1.3 (x1.6) 2.1 4.67
HAS  FMO-MP2 64 9.4 0.83
FMO-MP3 64 11.9 (x1.3) 1.66
FMO-MP2 128 4.3 2.2 1.83
FMO-MP3 128 5.8 (x1.3) 2.1 3. 44
NA FMO-MP3 64 1.0 3. 04
4.4 3.09

FMO-MP3x 64

= 64 nodes = 512VPUs, 6-31G or 6-31G™* basis set, Cys-Cys = 1 fragment

- HA1 (14086 atoms, 921 residues, 78390 AOs for 6-31G, 121314 AOs for 6-31G*)
- HA3 (36160 atoms, 2351 residues, 201276 AOs for 6-32G)

- NA (5792 atoms, 386 residues, 32549 AOs for 6-31G, 50447 AOs for 6-31G*)
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HAZEFESRF A VEHEER

EEEL ve. BT S/BOIFIE(I55 A2 MNEREABIRILE—)

IFIE sum(kcal/mol)

HEEREAM> | HF MPp2 MP3 HMEERARACY | HF MP2 MP3
Fab(1):HA(I) -288.8 -367.0 -352.8 HA(D):HA(II) -1022.4 -1280.3 -1237.1
Fab(1):HA(II) 177.5 155.6 158.7 HAD:HA(I11) -981.7 -1245.7 -1200.6
Fab(1):HA(III) 134.3 134.2 134.3 HA(I):HA(I11) -1189.0 -1469.8 -1421.3
Fab(l1):HA(I) 137.0 137.0 137.0 Fab(1):Fab(l1) 210.8 197.8 199.5
Fab(11):HA(II) -292.7 -380.4 -363.7 HAZ{k:Fab% & 38.1 -163.6 -127.0
Fab(11):HA(I11) 170.8 157.0 159.5
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