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https://www.springer.com/gp/book/9789811592348 / ABINIT-MPI&Chap. 4 - Y. Mochizuki et al., “The ABINIT-MP Program”|Z&2&k pp. 53-67.
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| ABINIT-MPO £ FRIFAFEIZEE T HamC') AL

(FRF: HPCABFDEER | %F: HPCHBFOHIRER)
W&

(1) "Electron-correlated fragment-molecular-orbital calculations for biomolecular and nano systems", S. Tanaka*,
Y. Mochizuki*, Y. Komeiji, Y. Okiyama, K. Fukuzawa, Phys. Chem. Chem. Phys., 16 (2014) 10310-10344.

(2) "The ABINIT-MP Program", Y. Mochizuki*, T. Nakano, K. Sakakura, Y. Okiyama, H. Watanabe, K. Kato, Y. Akinaga,
S. Sato, J. Yamamoto, K. Yamashita, T. Murase, T. Ishikawa, Y. Komeiji, Y. Kato, N. Watanabe, T. Tsukamoto,
H. Mori, K. Okuwaki, S. Tanaka, A. Kato, C. Watanabe, K. Fukuzawa (pp. 53-67) in Recent Advances of the
Fragment Molecular Orbital Method - Enhanced Performance and Applicability, ed. Y. Mochizuki, S. Tanaka, K.
Fukuzawa (January 2021, Springer).

W

(1) "FMOZ'B% 5 LABINIT-MPO RSN R LB L DEE", EAHEY, IREH K, MKEM, MEksE—A, EE2FE,
LGS, B ES, HEAME N BURBA, fRiFE, HPRE, J Comp. Chem Jpn., 16 (2017) 119-122.

(2) "FMOZ’1a%'5 LABINIT-MP® OakForest-PACS L TD £ B it 5l 1k L REETR", JEBREIE*, (ikfRat, IREHK,
BkXE, ZA%E, J Comp. Chem. Jpn. 17 (2018) 147-149.

(3) "ABINIT-MP Openi/!)—X DB HFDEIFIKRIZ DT, L AHE*, WOk EM, IRAHA, EBEE, npEsE—R,
Bl E, BEshR, REED, BEE, J Comp Chem. Jpn., 18 (2019) 129-131.

(4) "FMOZ 0% 5 LABINIT-MPD 2 {#4K 7 2020", £ A#HE*, IREHK, [EE2E, BFR5AR, MEsE—8, ElEE,
MLESE, wEE, hEEW, J Comp. Chem. Jpn 19 (2020) 142-145.

(5) "FMOF 045 LABINIT-MPO E{#iki522021", L AE*, hEpEt, £ s, RAMK, BEBE, BELXK,
KEBS, FiRZ¥, J Comp. Chem. Jpn., 20 (2021) 132-136.

(6) "FMOT 0% 5 LABINIT-MPD 2 {#1K52022", £ AthiE*, REEM, IREMK, BEEIE, Ak E, BEAR,
PUERE, LEER, KEIRE, FiREE, J Comp Chem. Jpn., 21 (2022) 106-110.

(7) "FMOZF 045 LABINIT-MPD 2 54K 7 2023", £ A#hE*, hEEt, IREHK, BFEAR, TERE, MEZE,
BREZ, R, KBRS, 2FEth, RREFE, J Comp. Chem. Jpn., 23 (2024) 4-8.

(8) "ABINIT-MP7 O/ S LMWK LS E", LAHE*, hEF:Eh, IREMK, TEESB, BFSAR, MEEL, EBREZ,
KERSE, 25T, REZFE, J Comp. Chem. Jpn 23 (2024) 85-97.

(9) "FMOT' 0% 3 LABINIT-MPD Z{5:IK52025", L AthE*, REEH, IREHK, LEEE, BfAR, BEE,
MEEEL, R, EHEtH, KERE, BREZ, EP%Eﬁ , FiAZ5%, J. Comp. Chem. Jpn., 25 (2026) 7-14.
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FMO-DFT Ref.; Y. Nishimoto

et al., Phys. Chem. Chem. Phys. 18 (2016) 22047.

| SFHEMO: BT ESHE) 205

OHartree-Fock (HF)

%@E

EFECE . EREELUIE>TH FHlEZREIL

(REEHI-LZER — (C,) Naxk

i ;EJE'& KA T~ 0D 3 R 1

O Post-HF

ZHDE

s FEEICKDRERM. ETHENDEA

W=3T0, - (T} (BBARE~1E) NHONAR|

EEhE (
= H

PT) . BEEERME/ER(CD . &5/ 7X45—(CC)
FIZxLE =1t EREEZR £ BiEREDEH

O ENLEEZE R (DFT)
BE—EREDFFEFHEAZEIMICEA, AXMMIHFERFR
= ZEISHTANEM(BILYPE). BElAR -ERERICHEA
= FMOETIX (DFTBZBRITIE) [FEAEFIASNELY




(D FERORER] Kl - TR #F (BKEE) ./ [¥CTELEFLEHNE] FE BB - KR EBEE Gt .

| SFHEHEHLBONRHEE

O7049 5L (MO%R)
GAUSSIAN, MOLPRO, MOLCAS, GAMESS-US, NWCHEM=- - -
= BRIZHEDY. 2ERIZIZGAUSSIANMAE 4

EEETRILT—
TERBEOERREDREL. IREIFETE
= i . RTUUYIILIRILE—E
> BHIRILF—ZL
DFEIOHEBEERIRILT—

<2

OWEE -
EJIJE(HOMO LUMOZEYD % [H; DT )L ¥—E]
B (BREBE., §3E7 \T.//"V)I/ZF‘) Z EIBFREER
R/ I TR ILF—, (B)7 183 NMR, EPR- -
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FMO Original; K. Kitaura et al., Chem. Phys Lett. 313 (1999) 701./ General Ref.; M. Gordon et al., Chem. Rev. 112 (2012) 632.

| 757 AU M5 T (FMO) &

OCEXRDFR
EFRESTFOLHERTIE AR
= X /\JE.DNA (KFIIRRE
BF~BHERF. BT~ BHE

Q/\&ﬂ&%ﬁé%@?jn FD—D [HIVZOF7—H&0EFE L]
AL EOMA1999FE([Z2IAEBHTIRE
= 77’7%/#«&%0)*113?:0)1*11/# &Ml (FMO2)
= IREFHERTUIVIL (ESP). BiEfES U (BDA)
= [ERBHTIHSNIE (5T AR AR ERLIE)
> TEMZE05EFHEDEALEBEE
75T AU MEADEBEERATZRILE— (IFIE)

=> FHEXNROFETY—IL
= £YIEBORIZE(ZFKC Og@i%g m
= MERIZHEATARE

2026/6/3 T/NV— (TE/ERBGIARLE) 9 ’f?_

11



S. Amari et al., J. Chem. Inf. Model. 46 (2006) 221./ GAMESS-US T I&PIE & FE (£ 5.

| 755 A MEHEEERIRILE—(FIE)

> FMO-HFEZDEIRILFX—FEEEEFEEpDFEX
E=>E,—(N,-2)) E,

I1>J

p(r)= p, ()= (N, =2 p,(r)

1>J
Ni 75T AR (E/T—) DESR
Ep B/R—DIRIVF—, Ef FAT—DIRILF—
pp E/N—DEFE J;,P_U FAR—DEFEE

> FMO-HFZDEIRINF—FESTHRADE. EIRILF—%T
ST ANEEBERIRILE—AE, E/X—DIRILTX—E
MNoEBEDIST AV DB EHRBEERIRILF—ERUN:
IRILF—EDFTERES,

> BFHEBEIRILEF—OMIEIEMBBIZITAIXKLY,

E= ZAE[J+ZE' IFIEfEIT = XRZRAIDFMIFHR
= H5HfEH I EE (PIEDA)

2026/613 (Inter-Fragment Interaction Energy) 12




FMOEtRDE=HDT0T 5 L

OGAMESS-US [k [EGordon% JL—77]; Fedorov / Gordonis
GAUSSIANIZHLFAE A% 7)) —Y Tk, tHFRERHE (Fortran)
> BRARIGHKEEZFMOL. #7551 E . GDDIi 5|

OABINIT-MP; 2R, %5
= RHEE L +4 . B ARPI-CREST-PI4 & TRA% (Fortran)
= IOL X, MPI, OpenMP/MPLERifi 51| . A/ E4F4E %

OPAICS: A 2B E D A FUME TR M R R A SR
FMO'MPZ(RI)'ZCI:#"t (C) Targetsystem
= MPIi5l

Parallelized by fragment Fragment momer
indices (or dimer)
>OpenFMO; fiiE . BEEDL ﬁ %
FMO-HF (C) ® 6000 éooe &

= E 1 glj *El m Parallelized by integral Processor group

indices
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Ref.; “The ABINIT-MP program”, Y. Mochizuki et al. in “Recent Advances of the Fragment Molecular Method” (Springer, 2021).

ABINIT-MP (F—T' > R) D £/ HRE

=T * ) l/ #\‘ —_— http://www.cenav.org/abinit-mp-open_ver-2-rev-12/
— FMO4: HF, MP2
Ky a by -

— FMO2: HF~CCSD(T), LRD ... . s o e

— FMO2: CIS/CIS(D) ABINIT-MP Open>U—X (Ver.2 Rev.12)
] I * ) L#—ﬁ%ﬁﬁj\ % 20238 HM(Ver.2 Rev.8)[CET 3NX—TET55TT

— EMO4- HF MP2 o p Ao gy en viever OndonsBA=A

— FMO2: MP2#E & &1L, MD  oOpenVer 1 GRzRIE ) 0PITEE)
 ZDHHEE =

- SCIFE, B, 552808, o) 1 A

— %?%Fﬁiﬁk, CAFI’ FILM Open Ver. 2 (ME&IDOFRFKIZFEIT)
. A BIHE IS (PC~R/8T2) Rev. 4 (2021%97)

— MPI, OpenMP/MPLER: e

— E_ 75 %B ( j: BLASL IEi (GE32: Ver. 2% Tl&. BioStation Viewer

2026/6/3 ADT—RI7AIDEHLEREIELT) 14
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Ref.; R. Hatada et al., J. Chem. Info. Model. 60 (2020) 3593.

| BXDIEFX-100ZfE>TIT>1=FMOFH DX

Google Scholar5| #4133 (202645H)
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Fragment Molecular Orbital Based Interaction Analyses on COVID-19 Main Protease -
Inhibitor N3 Complex (PDB ID: 6LU7)

Ryo Hatada, Koji Okuwaki, Yuji Mochizuki*, Yuma Handa, Kaori Fukuzawa, Yuto Komeiji, Yoshio Okiyama, and Shigenori Tanaka

@ Cite this: J. Chem. inf Model 2020, 60,7,3593-3602  Article Views Ahmetric Citations Share Addto Export
Publication Date: June 15, 2020 ~

https://doi.org/10.1021/acs.jcim.0c00283 6 642 1 1 7 8 @ @
Copyright @ 2020 American Chemical Society
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BDA->BAA

Abstract

The worldwide spread of COVID-19 (new coronavirus found in 2019) is an emergent issue to be
tackled. In fact, a great amount of works in various fields have been made in a rather short period.
Here, we report a fragment molecular orbital (FMO) based interaction analysis on a complex ’ ® O @ . @
between the SARS-CoV-2 main protease (Mpro) and its peptide-like inhibitor N3 (PDB ID: 6LU7). Fmgmem(?@ @:"’“mm

The target inhibitor molecule was segmented into five fragments in order to capture site specific 8.\ H p

rS )

interactions with amino acid residues of the protease. The interaction energies were decomposed &
into several contributions, and then the characteristics of hydrogen bonding and dispersion . e
stabilization were made clear. Furthermore, the hydration effect was incorporated by the Poisson— €
Boltzmann (PB) scheme. From the present FMO study, His41, His163, His164, and Glu166 were ;
found to be the most important amino acid residues of Mpro in interacting with the inhibitor, mainly s for "

2 |structural modification O
due to hydrogen bonding. A guideline for optimizations of the inhibitor molecule was suggested as
well based on the FMO analvsis.

Important interaction

2026/6/3 16



| AMUTOTT—EE

N3

HIV-1 Protease (3EL5)

=l

Lopinavir
HIV-1 Protease (6DJ1)

Nelfinavir

Lopinavir

ECso(UM)

1.13

5.73

2026/6/3 DIORXiv (2020), https://doi.org/10.1101/2020.04.06.026476

A T7aTT7—EILBIEICEE S

Nelfinavir-Mpro% @ £{K X
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| PIEDASHEDIE;

€9 )

E | TOEEIE (Rev.20—Rev.22)

HIV-protease FMO-MP2/6-31G*/PIEDA

2026/6/3

- FEIL—TDOREL., BcastiFUH LA EFHE
- FAT—EZBE T OB DB 12 KIiEZHIl
- 3F TS AU MR THRREZCPIEDAM ATEE(Z

Before After
## TIME PROFILE ## TIME PROFILE
Elapsed time: Monomer SCF = 523. 8 seconds Elapsed time: Monomer SCF = 524. 2 seconds
Elapsed time: Monomer MP2 = 20.0 seconds Elapsed time: Monomer MP2 = 20. 2 seconds
Elapsed time: Monomer (Total) = 547.4 seconds Elapsed time: Monomer (Total) = 548.0 seconds
Elapsed time: Dimer ES = 392.1 seconds Elapsed time: Dimer ES = 394. 4 seconds
Elapsed time: Dimer SCF = 843. 1 seconds Elapsed time: Dimer SCF = 774.0 seconds
Elapsed time: Dimer MP2 = 789. 6 seconds Elapsed time: Dimer MP2 = 792.1 seconds
Flapsed time: Dimer (Total) = 4255. 2 seconds Elapsed time: Dimer (Total) = 2092. 5 seconds
Elapsed time: FMO (Total) = 4802. 7 seconds Elapsed time: FMO (Total) = 2640. 5 seconds
k% Write check point file (CPF) openl.0 revl10) sk #kk  Write check point file (CPF) openl.0 revl0) sk
WriteGeom = HIV-P. new2. cpf WriteGeom = HIV-P. new2. cpf
Write coordinate data: done Write coordinate data: done
## Time profile ## Time profile
Number of cores (total) = 64 Number of cores (total) = 64
Number of cores (fragment) = 1 Number of cores (fragment) = 1
THREADS (FRAGMENT) = 24 THREADS (FRAGMENT) = 24
Total time = 4808. 8 seconds Total time = 2646. 3 seconds
April 2020

20



TEDZ A X [ Ver. | Rev. 22% 512202059 A HEFDAIEHER.

| FMO-MP2/6-31G*>3T DR —1)> %

2026/6/3

Elapsed time [sec.]

6LU7 - FMO2-MP2/6-31G* - Elapsed time Ver. 1 Rev. 22%{%F3

—e—Xeon(Gold6248)x2  —e— Oakforest-PACS(compact,cache) Fugaku
100000
°
10000
Xeon; 40 cores
OFP; up to 4608 cores
Fugaku; up to 18432 cores
1000
September 2020
100
10 100 1000 10000 100000

# hardware threads

- PDB ID: 6LU7 = SARS-CoV-2 Mpro + N3 ligand ® %
- MP2OFEH E#d 2 TDGEMMTEST

- Dimer-ESOCMMEBLIE (>5M1)—a> TER)

- [E & J(&Oakforest-PACS &£ Y1285 IF EFELD
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| RRA9(SHE0R08E
SARS-CoV-Z | jc

[ HiaA])

RINA 327137 & DReceptor Binding Domain (RBD)E
() Angiotensin Converting Enzyme 2 (ACE2)
UED2DDAVNYVERIETNHEEERT H TR

RBDIZEEMNEBETTWWAIEZEEIAILR]IE.
ACE2EDFEE M REMNFFE R DSARS-CoV-2&E
HoTWAAREE M D

2026/6/3
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-2\ BZERBDHEINS R-K S-“AUINIBEFENSBET-E
/ \«‘

closedf&1& (6VXX) openf&i& (6VYB) closedf&1& (6VXX) openf&i& (6VYB)

B chaina | chaine [ chainc & ASELVEEIIZ % ChainlZ#(+%RBD (Thr333-Pro527) $Ei

S-AUINJEIFLATFREDF/NVEHDIE AR TR
Closed#&:i&[X 9 X TDHRBDFEEAEAL TLV51E & opentBi&[dB (RBD) DA HBALV/=1E &
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Ref.; K. Akisawa et al., RSC Adv. 11 (2021) 3272,

| 78—XBEVXODALZDYT

E/<Y—SCCHOARRMNEILD

Elapsed time: Monomer SCF
Elapsed time: Monomer MP2
Elapsed time: Monomer (Total)
Elapsed time: Dimer ES =
Elapsed time: Dimer SCF
Elapsed time: Dimer MP2
Elapsed time: Dimer (Total)
Elapsed time: FMO (Total) =

Write coordinate data: done
##t Time profile

Number of cores (total) = 3072
Number of cores (fragment) =

|
—

THREADS (FRAGMENT) = 48

Total time = 6135. 0 seconds

#k% Write check point file (CPF) openl.0 revl10)

## TIME PROFILE FMO-MP2/cc—pVDZ

3892. 7 seconds

27.7 seconds
3965. 3 seconds
282. 4 seconds
838. 0 seconds
473.1 seconds
2001. 4 seconds
5966. 6 seconds

$okok

WriteGeom = 6vxx nonag—min0430 50k-mp2-ccpvdz. cpf

1.70%fH

Write coordinate data: done
## Time profile

Number of cores (total) = 3072
Number of cores (fragment) =

|
—

THREADS (FRAGMENT) = 48

Total time = 12291. 0 seconds

## TIME PROFILE FMO-MP3/cc—pVDZ
Elapsed time: Monomer SCF = 3885. 7 seconds
Elapsed time: Monomer MP3 = 280. 6 seconds
Elapsed time: Monomer (Total) = 4211. 3 seconds
Elapsed time: Dimer ES = 296. 1 seconds
Elapsed time: Dimer SCF = 763. 6 seconds
Elapsed time: Dimer MP3 = 5701.6 seconds
Elapsed time: Dimer (Total) = 7907.9 seconds
Elapsed time: FMO (Total) = 12119. 1 seconds

%k Write check point file (CPF) openl.0 revl10) sk

WriteGeom = 6vxx nonag—min0430 50k—-mp3—ccpvdz. cpf

3.4FFfH
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Ver. | Rev. 22 CEHE / 7O5 S LDOLED THIE] NSPDBEEDA T BDIKREE] TS LMEHhoT-. [EE]

| 245520 BOREERTRLE—OIRIE

MP2.5/cc-pVDZL X)L

Chain-Bhvic R 1=
Closed (6VXX) Open (6VYB)

AJ#R 1k (LBioStation ViewerZ64GBAE! HPCTHI AL TET
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Ver. 2 Rev. 12 Ref; 2 A 5, J. Comp. Chem. Jpn. 25 (2026) 7.
A—TRD))—RKRELHD (202648 R)

OIEE IR TVer. 15 5Ver. 23817 - Open Ver. 2 Rev. 4 (2021F9AH16H)
FEtHEHEE/EFATOEEY (MDR—RATH~FHUTILEEEZXTR)
KIFEZDFNDBEY. (AN VBEDERBEETIVIEIE B I7ST AVMI)
A RIEY—ILICKSBITZEEDH ] (FUTRT—EMNAE)EER)
HEAROMPETE TIXEFIDVer. 1 Rev. 22t T1.2~ 1.4 D M0x&E

<{O0pen Ver. 2 Rev. 8 (20234£8H25R)
PIEDAHSEED F#IE (AT ED XA, FHEMEE/FFH DORESPEE(T)
ZEBFMOTOMEIRILF—E,AF U IEIRILEF—DEE
Hir5EEIbEEE., MP251 & (X Ver. 1 Rev. 22LL T1.5~2ED MR
2TC2RI7ZT A MDEEETILOH/Y (EEITIEZ ST ILALIEMNT)

<{O0pen Ver. 2 Rev. 12 (202643H318)
KIFEBEETILDORL GEAKDIZAZ)T  AF 2D R ERLTEL
KOSRA—TAFITZT A REIE (FMO-MP2/6-31G**LX)L)

SHEY—ILDEE (CRISPR-CasOxtit, BERBALRH A>T v UM

ECPOSMASHM L MF%4E (GAUSSIANED LB R 5)
ZTOMBERHNHN (FMO-HF M7 DSMPXT s, MBI OUNFH £ R L7RE)

2026/6/3
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BEOIL—FBITNEOHIEXTILT) X LIZE DTS IR L —RIL>TEHERIN TS,

AB4FXH] [ D =EIE

W2EFERDER
- {SSSS, PSSS, SPSS, SSPS, SSSP, PPSS, PSPS, PSSP, SPPS, SPSP, SSPP, DSSS,
SDSS, SSDS, SSSD}MDi&45r 24 7% (F&1T)SIMD1E
- OCL$E Rz MDE M
- a2 INASA T3> :-03 -Knosimd -Kocl
- WEDE(T20~30%FEE (EOHDRTTAL: jh210036-NAHZRE T i)
- T F)1)—ADVer. 2 Rev. 412 (TGUIR D AELH 1 DEIBRE : KFIFIE L %)

do p=ixil, ixi2

B Fock{THI DHEE do a=injl ix2
- 5?13\#'?.”'_5"‘&%(1/2)” (n=1,2,3)'—C‘:}§Hﬂ& do.s—%x’ll, ix12
- iR (F30%FEE  (Ver. 2 Rev. 4TIER) ol 2 sint (i)

if ((abs(val) <= tv)) cycle
fock (q, p) =fock (g, p) +dc (s, r) *val*2.d0! /—RA2IR

‘ — = fock (s, r)=fock (s, r)+dc (q, p) *val*2. dO
. % 0) 1m0) E& E (L /*ﬁ l:l-J- I:I:I ) fock (r, p) =fock (r, p) idc (2, 2) :valzo. 5d0! AZHRIE
” Ettij U > I\Hj jj J 0) *[l] ﬂ.'ﬂ]j‘j /3 / fock (s, p) =fock (s, p) =dc (r, q) *val*0. 5d0
fock (r, q)=fock (r, q) —dc (s, p) *val*0. 5d0
(|09774)L75\1:F75 ' f&é;t% ) fock (s, @) =fock (s, q) =dc (r, p) *val*0. 5d0
end do
:E/7 SCC&@@%*@I%O)E&E end do

S AEDHBIZEEBERLERRBIC L0
%M (20224F88) TldVer. 1 Rev. 22 CiEREL. 72 FEHR L TLVS

2026/6/3 28




FEITEM / S TONILERAITHEER (LT [ﬂig]

l SIMDIEL =5 IL—F> D Pl (sssp)

subroutine sub sssp(zetam, pm, dkabm, etam, gm, dkcdm, &

ma, mb, mc, md, ngi j, ngkl, a, b, c, d, sint, tv) do npg=1, ngi j
! if (abs(dkabm(npg)) > tv) then
! Nov. 05, 02 do nrs=1, ngkl
! T.NAKANO & Y. ABE if (abs(dkabm(npq)*dkcdm(nrs)) > tv) then
! ze = 1.0 8/ (zetam(npg)+etam(nrs))
use constant a0 = dkabm(npq)*dkcdm(nrs)*sqrt (ze)
use auxiliary integral table rz = etam(nrs)*ze
use integral parameter re = zetam(npq)*ze
implicit none rho = zetam(npq)*rz
real (8), intent (in) : :zetam (), pm(3, *), dkabm (%), &
etam (k), qm(3, *), dkcdm (%) do i=1, 3
integer, intent (in) : :ma, mb, mc, md, ngi j, ngkl ! qd(i) = gm(i, nrs)-d (i)
real (8), intent (in) ::a(3),b(3),c(3),d(3), tv pq(i) = gm(i, nrs)-pm(i, npq)
real (8), intent (out) : : sint () ! wq (i) =—re*pq(i)
! end do
integer npq, nrs, ix
real (8) p(3),q(3),qd(3),pa(3),wq(3), f(0:max m), & qdl = gm(1, nrs)-d(1)
dkab, zeta, dked, eta, ze, rz, re, rho, a0, tt qd2 = gqm(2, nrs)-d(2)
integer ts, i, j,k, 1,m qd3 = gqm(3, nrs)-d(3)
real (8) delta,t inv wgl =—re*pq (1)
real (8) ssss(0:1), f0, f1, qd1, qd2, qd3, wql, wq2, wq3 wq2 =—re*pq(2)
wq3 =—re*pq(3)
sint(1:3) = 0.0 8
locl eval
locl fp relaxed
'ocl fp contract UTF.RE
locl noswp
locl eval concurrent
locl SIMD 29
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| SIMDIELE=RZIIL—F 2 DBl (#iE)

2026/6/3

tt = (pq(1)*pq (1) +pq(2)*pq(2) +pq (3) *pq (3) ) *rho

if (tt <
ts
delta

38.0 8) then ! Tf = 2%m+36 (for m=1)
0.5 8+ttkfmt inv step size
tskfmt step size—tt

£(0) ((fmt table(3, ts)*invb*delta &
fmt table (2, ts)*inv2)*delta &
fmt table(l, ts))*delta &
fmt table(0, ts)

((fmt table(4, ts)*invb*delta &
fmt table (3, ts)*inv2)*delta &
fmt table(2, ts))*delta &
fmt table(l, ts)

((fmt_table(3, ts)*invbkdelta &
fmt table (2, ts)*inv2)*delta
fmt table(l, ts))*delta
fmt table (0, ts)

((fmt_table (4, ts)*invbkdelta &
fmt table (3, ts)*inv2)*delta
fmt table (2, ts))*delta
fmt table(l, ts)

£(1)

0

> e

f1

2o

T [ LI S S o | IR S |
2

else
t inv = inv2/tt
f(0) = sqrt(pi over2*t inv)
(1) = t invxf(0)

f0 = sqrt(pi over2*t inv)
f1 = t_inv¥f0
end if

|

! ERI code generator Ver. 20020228
I 2002/02/28
! T. Nakano
[

! (sssp)

[

ssss(0:1)=f(0:1)*a0
ssss (0) =f0*a0
ssss (1) =f1%*a0
do 1=1, 3
sint (1) = sint(1)+qd(1)*ssss(0)+wq(l)*ssss (1)
end do
sint (1) = sint(1)+qdl*ssss(0)+wql*ssss (1)
sint(2) = sint(2)+qd2%*ssss(0)+wg2%ssss (1)

sint(3) = sint(3)+qd3*ssss(0)+wg3*ssss (1)
!

end if
end do

end subroutine sub sssp

30
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| BERIL—FoDIL—THE

(" .

do npg=1,ngij

if (abs(dkabm(npgq)) > tv) then

do nrs=1,ngkl
if (abs(dkabm(npqg)*dkcdm(nrs)) > tv) then

ze =1.0_8/(zetam(npqg)+etam(nrs))
a0 =dkabm(npq)*dkcdm(nrs)*sqrt(ze)
rz = etam(nrs)*ze
rho = zetam(npg)*rz

tt = ((gm(1,nrs)-pm(1,npq))*(am(1,nrs)-pm(1,npq)) &
+am(2,nrs)-pm(2,npq))*(am(2,nrs)-pm(2,npq)) &
+(gm(3,nrs)-pm(3,npq))*(gm(3,nrs)-pm(3,npq)))*rho

if (tt <= 36.0_8) then ! Tf = 2*m+36 (for the case of m=0)

ts =0.5_8+tt*fmt_inv_step_size
delta = ts*fmt_step_size-tt
ssss(0) = (((fmt_table(3,ts)*inv6 *delta &
+fmt_table(2,ts)*inv2)*delta &
+fmt_table(1,ts))*delta &
+fmt_table(0,ts))*a0
else
ssss(0) = sqrt(pi_overd/tt)*a0
end if
sint(1) = sint(1)+ssss(0)
end if
end do
end if
\.end do

~

Sub_ssss?)

-
do npg=1,ngij
if (abs(dkabm(npq)) <=tv) cycle
do nrs=1,ngkl
if (abs(dkabm(npq)*dkcdm(nrs)) <=tv) cycle
iXx=ix+1
ze =1.0_8/(zetam(npg)+etam(nrs))
xa0(ix) = dkabm(npq)*dkcdm(nrs)*sqrt(ze)
rz = etam(nrs)*ze
rho = zetam(npq)*rz
xtt(ix) =((am(1,nrs)-pm(1,npq))*(am(1,nrs)-pm(1,npq)) &
+am(2,nrs)-pm(2,npq))*(am(2,nrs)-pm(2,npq)) &
+am(3,nrs)-pm(3,npq))*(am(3,nrs)-pm(3,npq))) *rho
enddo
_ enddo
sint(1l) =0.0_8
" do npqrs=1,ix
tt = xtt(npqgrs)
if (tt <= 36.0_8) then ! Tf = 2*m+36 (for the case of m=0)
ts =0.5_8+tt*fmt_inv_step_size
delta = ts*fmt_step_size-tt
ssss(0) = (((fmt_table(3,ts)*inve*delta &
+fmt_table(2,ts)*inv2)*delta &
+fmt_table(1,ts))*delta &
+fmt_table(0,ts))*xa0(npqrs)

else
ssss(0) =sqrt(pi_over4/tt)*xaO(npqrs)
end if
sint(1) = sint(1)+ssss(0)
. enddo

- i KIESIMDIE, L—T 2B DT, SolFFMa M ReFTMZ =ik
ERIN—FoDSEOF1—=UJICELTOEMEHZRT

[AGAFXZER =757 AV FEHEHETOI S LD MRESHE] BHHD; (FUFE£2022%F - FARMEZE X

2026/6/3

31



| BFICESEEIE (TFRE] Type 1E)

HIV-protease + Lopinavir = 203 frag.
Timing of FMO-MP2/cc-pVDZ job (24 threads / 204 process).

Timing in second V1R22 V2 R4 V2 RS
Elapsed time: Monomer SCF 864.9 617.8 387.4
Elapsed time: Monomer MP2 21.6 20.1 18.3
[ Elapsed time: Monomer (Total) 890.9 642.2 410.0 ]

Elapsed time: Dimer ES 198.0 204.5 178.6
Elapsed time: Dimer SCF 421.8 344.0 260.8
Elapsed time: Dimer MP2 354.1 344.2 344.4
Elapsed time: Dimer (Total) 1205.6 1091.7 909.8
Elapsed time: FMO (Total) 2096.5 1733.9 1319.8
Total time 2101.4 1737.2 1323.2
Relative Acceleration 1.0 1.2 1.6

- BRERDF1—=2F =D (SIMDIE., IL—T 5 E)

- Fock{THIHEETDIfDBEDKRELSE

- £/ Y —SCCERETODHER/\VIT7 )T HEM

- B 4<—SCFtE&E1t

- FAY—ESIELLETFDEER L .

2026/6/3



Ref.; £R 5, J Comp. Chem. Jpn. 20 (2021) 132.

| BXH

-2 AUMAEIE11307. KERFAAUEED

AR R D X s 45

4> 7 )LHA+Fab#uik x 2(PDB id: 1KEN) ®/KF1ET /L

[RZ1D175v% . FMO-MP2/cc-pVDZIE9.2 5 fE TR E
-TEE1D85v% . FMO-MP3/cc-pVDZId6. 78 T E
‘FMO-MP2TIEE/7v—SCCAAERTFNIARL = EXfIG

AT TIHDOEFE IMNEELE > EXIG
JHTEMERR

- 7K757\’5!—'Cli275777‘)‘/ ~DMP2

& O

P

## TIME PROFILE

Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:
Elapsed time:

## Time profile

Total time = 3

Monomer SCF
Monomer MP2
Monomer (Total)
Dimer ES

Dimer SCF
Dimer MP2
Dimer (Total)
FMO (Total)

Number of cores (total) = 384
Number of cores (fragment) = 1
THREADS (FRAGMENT) = 48

3120.9 seconds

14546.
32.
14741.
4021.
7215.
2492.
18240.
32982.

— O =~ © C0 U1 U1 O

seconds
seconds
seconds
seconds
seconds
seconds
seconds
seconds
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HERTD2MEDFR M EHHEATREIC

## TIME PROFILE

Elapsed
Elapsed
Elapsed
Elapsed
Elapsed
Elapsed
Elapsed
Elapsed

## Time profile

time:
time:
time:
time:
time:
time:
time:
time:

Monomer SCF = 7114.
Monomer MP3 = 343
Monomer (Total) = 7532.
Dimer ES = 534.
Dimer SCF = 891.
Dimer MP3 = 4265
Dimer (Total) = 16306.
FMO (Total) = 23838.

Number of cores (total) = 3072
Number of cores (fragment) = 1
THREADS (FRAGMENT) = 48

Total time =

24203. 2 seconds

ME&1-2021F9A K

== O

~ W =3 & oo

seconds
seconds
seconds
seconds
seconds
seconds
seconds
seconds
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[h%5)
BRIRER DXL (20265E1 BIZ4F 755 A2 R E;

m 7K40,5879F FMO2-MP2/6-31G**:1&

mERAFTER | [ RE]|Type-|
] { - _I\“§& : 192 12 .95 (6-31G* (% 10.0/F )
m{ERI7E: 1,152 (MPI 1,152351)

mETERRE : 46,309.0 #
B REIRIF-
812202688.6676469
mHFIRILF-:
-3085234.1577923300
m MP2AEEEI IR+ -
-8334.6598910935
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| HPCHEATOS1T5) 8 (202643 A¢

HPCI System name VIR22 V2R4 V2R8 DD1-24
Hokkaido Univ. Grand Chariot 2 O O
Tohoku Univ. AOBA-A/S* O O O ® University
Univ. Tokyo Wisteria-O/A O O O
Inst. Sci. Tokyo ~ TSUBAME4.0 O O ® Other facility
JAMSTEC ES4* O O O
IMS RCCS O O O
Nagoya Univ. Flow Type-1II O O O
Kyoto Univ. Camphor 3 O O
Osaka Univ. SQUID* O O O O
FOCUS System A O O O "
R-CCS Fugaku O O O O a
Kyushu Univ. Genkai (NG-A) O O
*» SX-AT F 4

2026/6/3

- Ver. 1 Rev. 22(EGUIA—H—MRIITIZETE
- DD1-24I&FMODDIZ & %4 Ver. 13120244 E HiakhRk

(SQUIDI[EXeon&R/—k D)

- *E11&SX-Aurora TSUBASAIZ+ % it
- [EE I TOSpackZFHDF A#ILiBHTLE

Ver. 2 Rev. 124, RIHkICEED T E
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<https://pubs.acs.org/doi/10.1021/acs.jcim.4c01280>.
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Geometry Optimization Using the Frozen Domain and Partial Dimer
Approaches in the Fragment Molecular Orbital Method:
Implementation, Benchmark, and Applications to Protein Ligand-
Binding Sites

Koji Okuwaki, Naoki Watanabe, Koichiro Kato, Chiduru Watanabe, Naofumi Nakayama, Akifumi Kato,
Yuji Mochizuki, Tatsuya Nakano, Teruki Honma, and Kaori Fukuzawa*

Cite This: J. Chem. Inf. Model. 2024, 64, 9449-9458 I : I Read Online H F+ D(: E& E I:I:I

ACCESS | |l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: The frozen domain (FD) approximation with the K. Q, % %
fragment molecular orbital (FMO) method is efficient for partial L / '

Frozen R -
geometry optimization of large systems. We implemented the FD ”’“'EIZ-/ % %‘ ,52
formulation (FD and frozen domain dimer [FDD] methods) already ' ]

proposed by Fedorov, D. G. et al. {J. Phys. Chem. Leit. 2011, 2, 282—

288); proposed a variation of it, namely frozen domain and partial dimer E 10 R*=0.8106
(FDPD) method; and applied it to several protein—ligand complexes. o, ‘-\“‘x .
The computational time for geometry optimization at the FDPD/HEF/6- 5& e
31G* level for the active site (six fragments) of the largest ff,-adrenergic 3 ¢ \“‘*H‘:
G-protein-coupled receptor (440 residues) was almost half that of the H 5

FMO/FDPD/HF/6-31G* @

conventional partial geometry optimization method. In the human A4
estrogen receptor, the crystal structure was refined by FDPD geometry

optimization of estradiol, swrrounding hydrogen-bonded residues and a

water molecule. The rather polarized ligand binding site of influenza virus neuraminidase was also optimized by FDPD optimization,
which relaxed steric repulsion around the ligand in the crystal structure and optimized hydrogen bonding. For Serine-Threonine
Kinase Piml and six inhibitors, the structures of the ligand binding site, Lys67, Glul21, Argl22, and benzofuranone ring and indole/
azaindole ring of the ligand, were optimized at FDPD/HF/6-31G* and the ligand binding energy was estimated at the FMO-MP2/
6-31G* level. As a result of examining three different optimization regions, the correlation coefficient between plCs, and ligand
binding energy was considerably improved by expanding the optimized region; in other words, better structure—activity relationships
was obtained. Thus, this approach is promising as a high-precision structure refinement method for structure-based drug discovery.

&80 7.0 B0 2.0
plCy
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Fugaku OnDemand (Beta) BatchJobs ~ Interactive Apps ~ Passenger Apps ~ [l My Interactive Sessions @ Help - & loggedinasu01137 @ Log Out

+ Welcome to the
supercomputer Fugaku

R Om =,
) enter for
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OnDemand provides an integrated, single access point for all of your HPC resources.
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BioStation Viewer™ D&% (L CPF # & = 9 ABINIT-MP® Ver. 1 &2 E TxtIib.

| FMOEtE®DOT—578— (2213 E D)

@D PDBM AN BEEEEA o O—k |

!
@ BE DM IE OkEfm- HiglcLaaELRs) |
v

@ FMOFHED AN T7A ILajfDYERK

l AHTFAINEHES— Ty TO—F

@ FMOETEDE1T (L FNEFHF)

l AT A ILEISAT IR B O—E

® HEFEE (log. cpf 774 IL) DEEHT
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| IFIEDT4R1EHl (BioStation Viewer{s F)

2026/6/3

B BioStation Viewer Version 15.00
File(F) View Point(v) Model(M) Color{C) Selection(S) Tool(T) Monitor(O) Edit(E) Preferences(P)
ER_50res-FMO-MP2.cpf b
& = MET421 (29) =

o= = YALAZD (26)
o N BLUA23 (2T
o= ={ ILE424 (28)
o= = PHE4251(29)
o= = AEPA26 (30)
o= M= WET427 [31)
o= = LEU428 [32)
o = LEU429 (33
o = LEU4D3 [34)
o = PHE4D4 (35

o = ALALDS (36) L
o = ALATE2 (37)
o = TRP383 [38)
o = LEU384 (39)
o N GLUIES (40
o= = |LE3BE (41)
o= = LEU3BT (42)
o = MET388 (43)
o =C ILE388 (44)
o= = GLY390 (45)
o= = LEU391 [46)
o= = YAL3OZ (47)
o ¢ TRP393 (48)
o= = ARG304 (49
o = SER395 (503
¢ = ESTEO0 (51)
® 035D ~

Range of Interaction value (-10.0, 0.0} [kealimaol] Threshold 0.0 [keal/mol]
Flease select atom.
Fragment 51 C9(844) ESTE00 charge -0.1675041 A

[NEID

BN Interaction Enerey Valuekcal/ moll

Value

% IFIE

MP2 hd

Compound-IFIE

Many Body Calculation

Value : main+side chain

Color(-) Min [-10.0 Max |0.0

Color(+)  Min |0.0 Max |10.0]
Log ® Linear

Threshold (0.0

Color Color{-+) |« l.

0K Cancel

5

THERILVEVZARERELERILEVB OIFIER R

IJ-PAIR DIST DIMER-ES

/ A APPROX.

HF-IFIE

/ Hartree

[FIEZR /<% 7E B H

MP2-1FIE
/ Hartree

2 1 0.000000 F
3.933609 F
3 2 0.000000 F

w

—-15. 127711
0.011185
—-15. 089418

—0. 043867
-0. 001489
—0. 050422

40



PIEDA Ref; D. G. Fedorov et al., J. Comp. Chem. 28 (2007) 222. / 3ZA 5, J. Comp. Chem. Jpn. 14 (2015) 1.

| MEERORSSH (PEDA)

TERILVEVZBIARD I 7—aT7+T7 DEN

hydrophobic residues

AE;; = E(ES) + E(EX) + E(CT) + E(DI)

Glu353
30.0 \
[FMO2-MP2/6-31G*] % .
20.0 -+ o
10.0 + H;\O\
0.0
HN\@ | .
-10.0 >\;ﬂ2
NH
-20.0 - ﬁﬂ('r—&'j%g Arg394
-30.0 F . e T N A
ES dominates 1st and 2nd a0 IFIE
-40.0 _— X
& Due to hydrogen-bond -es -107.74
-50.0
ES EX CT+mix DI
_600 T T T T T T T T T T T T T T T T T T T 1
s Bg§po 35833 ggpges8 o5 Eg g -73.47 55.49 -29.61 -60.16

- FEHREFRLDBHEEFERIA-N-A-IOEELLICHFS
- BERBPEIEKFER/RSORZELICES (Glu3sb3iE)
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Ref.; T. Nakano et al., Chem. Phys. Lett. 528 (2012) 128.

| FMO4REE] (ABINIT-MP® & DH#EEE)

N-3)(N -4
EFMm = ZEU —(N—2)ZE, = ZAEU +ZEI EFMO4 = ZEIJKL _(N_4) ZE[JK +( )( ) ZEIJ
1>J 1 1>J 1 I>J>K>L I>J>K 2 I>J
AL, =E, -E, —E, —(N_Z)(N6_3)(N_4)ZE,
Ji
= , JZI:({LAEIJKL _AEIJ _AEIK _AEIL _AEJK _AEJL _AEKL
N-2)(N-3 o
E™ = ZE]JK_(N_3)ZE[J+( )2( )ZEI _[AEIJK_AEIJ_AEIK_AEJK]_[AEIJL_AEIJ_AEIL_AEJL]
I1>J>K 1>J 1
_ Z[AE _AE. —AE.. —AE ] _AE]KL_AE]K_AE]L_AEKL]_[AEJKL_AEJK_AEJL_AEKL]}
I>J>K - Y " " + Z[AEIJK _AEIJ —AE _AEJK]
+ AE + E 1>J>K
Zas, 36 RS
AE, =E, —E,—E,—E,

AE =E —E —E,—E—E,

3R AR D REFEEDE/ Y —NETHIEEELGHO>TVDELDETZERNRET D

Monomer ' Trimer Tetramer
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| FMO4ZDFEE (EE OMOEHHICIERED

Reference FMO2 FMO3 FMO4

(au) (mili-au)  (mili-au)  (mili-au)
HF/6-31G*
(H,0)¢ -456.142593 -2.598 0243  -0.029
(H,0),6 -1216.421080  -10.529 1.634 0.067
(Gly)s -1110.092757 -3.009  -0.060 0.019
(Ala)s" -1305.282976 -3.510 -0.043 0.018
(Al)s’ -1305.282976  880.068  -3.452 0.023
Chignolin® -3799.528980 18.538 0.608 0.033
Chignolin’ -3799.528080  1564.477  -4.895 0.019
MP2/6-31G*
(H,0)q -1.137183 -0.365 0.053  -0.003
(H,0),6 -3.047880 0.605 0.868 0.511
(Gly)s -3.120818 -0.284  -0.023 0.055
(Ala)s* -3.797451 0.128  -0.096 0.036
(Ala)s’ -3.797451 29202 -0.496 0.173
Chignolin® -11.194920 3.354 0.182 0.521
Chignolin® -11.194920 48.869  -1.418 1.028

2026/6/3

FMO4(FERZEMN D7

XL

Chignolin
a: CNETHEHIZKLDE
b: F&H/AIFRICZKS7E

FMOATEgH/BISH 5> B AV AT BE
(AL RERIZ/IN D ED)
KFREEROFBEDR L
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GAMESS-USTIXEARRIFAFOIZ & 51K LNMZH 5.

| FMO4EDTEE (BEFEDH/LNTTEE)

Reference FMO2 FMO3 FMO4

(auw) (mili-au) (mili-au) (mili-au)
HF/6-31G
CooHog -849.139220  618.483  37.943 -1.075
Cs5Hse -1345.957600 1980.173  94.602 0.246
SigoHog -6371.923912  203.289  77.192 3.668
HF/6-31G*
CooHog -849.493710  585.694  41.553 -1.910
Css5Hse -1346.519492  2042.928 111.708 0.633
SigeHog -6372.670343  150.599  31.530 0.478
MP2/6-31G
CysHog -1.995930 7.573 5658  0.589 a: tetramantane C,,Hy;
Cs5Hsg -3.182338  12.314  1.746  2.606 b: superadamantane C;sH¢
SigeHog -1.201304 -44.628  40.083 8.050
MP2/6-31G* ‘FMO2[XT5—MNZ{TAHH
CooHog -2.894793 6.800 5.440 0.510 "FMO3TH+ 0 EIFEAT
Cs5Hsg 4617236 18599 6582  2.376 'FMO473 5 55 B R FF VAT BE

» E A Y

SipoHog 1.815212 -11.393  17.356  2.310 F/INAAFEFOREENE

2026/6/3
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Ref.; Y. Okiyama et al., Chem. Phys. Lett. 566 (2013) 25.

| SUNREICRELI-RTFEO B

FMO4HE fEF TR ILEX— (IFIE) DA R{E

_® R K L P D A |
-60F ‘ . . ‘ . . ‘ . = \('B\n‘(;?er(wAl) 4
EREABOREYFRYE
D) HRIZERER RTFFEIZE#EN (RERDETIVEXH)

- R(Arg), K(Lys), D(Asp) D ET I /EAEMN ) hREERSHEEERALTNS
» RTFREORIEIZE>TOIAAIFREZ T THCRAIR MBI S
- BRBHLELSD (HHRETILOHEEGDRS)
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Ref.; T. Nakano et al., Chem. Phys. Lett. 318 (2000) 684.

| FMO-HFEtE EBDAICKBHEE DIk

F'C'=S"C'¢" F'=H"+G"

H W= H V0, + 2 B (u|0,)(0]v)
k

& HFO—iRLEFEMNE (EREHE)

s 1EFEHDIE

ub =Y u -z fir-Alp) vi = RS wv|ae) vr =Sk k) o BEBRERTUUVIL
AoekK

AekK K#x

occ

Pu=25.CC. Gy = T2z (whio)- 3 (woltv)| & 2BFESH (N9

OEeXx

(3Ifi 51| 4032 )

Bond Detached Atom (BDA)

R4

I J | J
@) Rs R4 @) Rs
@) R2 H O R2 H

IS5 AUMDE 7 ZER

spiEE LD iR R \
(A2 EYERL 3T AMNDRXER:_ +1
D BREILENE) BDAD iR RIRFDZ%FAIE: 5

o 4t DT AT - 3 N
2026/6/3 RIFRFBATUHSh TOVEWZEISITEENRES

o H¥vvTZ2T HWELYIM A AL

I J
R, o) R;
; H
/,,’\N\ e N \‘ﬂik N )\
' H

o R, H
755 A MDD ZE S ZER-]
75’7“%>N0)ﬂ2ﬁ@€ﬁ: -1
BDADREEFDILAE: 1
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ESP approximation Ref.; T. Nakano et al., Chem. Phys. Lett. 351 (2002) 475. & CMM Ref.; 087 5, J. Comp. Aid. Chem. 13 (2012) 44.
" -HFET R TO S :ZEEDT=H DL
| FMO-HFEIETOEEILDT=

SEEEHNON)MDONY)IZE D

RERERTUUVILAEOERL VAW R EE R D RIS S 1R
esp-aocii{tl (Mulliken AO population) BERMEIRY IS LS TRAYRD

Vi, =) (P'S") (uv]AA) for R, (X,L)>L,,

min

Ael
Elec. Repulsion/—\
esp-ptci&{lﬂ (Mulliken atomic charge) /}F{ucm retmction
rl r2

R=I-dimer—es X
~ Z<,U‘ (QA/‘r A‘ )‘V> for Rmm (X L)> L (VdW(rl)@ J
LgL Nuc. Repulsion
Z (P S rr Fragment / Fragment J
reAd

FAI—FTEDEEIL (Dimer-ESITL)

E', = E+E,Tr(P'u’ )+ Tr(P’u’ )+ Y Y P! P (uv|A0)

uvel loed

Dimer-ESIT {8l &E#t 2 EBRE B (CMM) [ZXk SR
EADRENIE, IS5 AN TFRIZEDEaRX NI IZH %
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| FMO-HFEtE DN

DFETFTAUNIBEIL. BFEEIYLTS

v

E/X—DYUHREFEEFIETS

v

BEZoNT-BFFEZRANWT. BEDE/I—IZ&KbIREH

2026/6/3

A

BRTUVYILTTOD, B/R—DIRLF—LBFEEE
RIS

BEZon-BFFEL
BONT-BEFEEDEMN
BREXLYE/NSLY

Yes
v

INELF-F/Y—DEFZEE(Self-Consistent Charge; SCC)
AWT, ABEDE/I—ICLPREFHERTOOVILTT
D.FAI—DIRILTX—LEFEELXTETD

v

HFOLIHRNF—HE&VEEFREEHE

E/X—DERET
S RERE
R DO

T/N—

HALI—
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Ref.; S. Obara et al., J. Chem. Phys. 84 (1986) 3963. [ |:|:| Eﬂ

| 2EFEHOERICOLNTH

- INFE D Vertical Recurrence Relation (VRR)HIR—X
- DxRL—ATRO0O—FEZBEHER (S E)

TABLEI. Recurrence expressions® for the electron repulsion integrals over

sand p C ian Gaussian functions. SCHEME1.
(First step)
(s5,55) = (5 + 1)~ K(£,, £, ABIK(E,.,£4C.D) Fo(T) DO ICS = l,n~s loops for the contracted shells
DO JCS = L,ICS
(p5,55) " = (P, — 4,)(s5,55)" + (W, — P,) (s5, 55)™ DO IPS = I,m;cg  loops for the primitive shells
(25 pu8)® = (0, — C)(pss, 55)'% + (W, — Q. )(ps, ss)i DO JPS = l,myes :
The calculation of the parameters P, £, and K({,{ '\ R,R")
+ O (ss, s5)' for each pair of primitive shells
28 +m) CONTINUE
(2.2, )" = (P — B)(pss,59)” + (W, — P) (p.s, ss)" (Second Step)

DO IPPS = |,Npps aloop for the first pair of primitive shells

aﬂ
*or {(s5, 59 — ‘% (s, 55) "} DO JPPS = 1, IPPS  a loop for the second pair of primitive shells

The evaluation of ERI's
(P P;a?k-?}w = (0, —C.)(p; by s5)% + (W, — Q) ( p; Py sy CONTINUE
1 —— — =
+ C+ {8 (spy, 55Y" + 8, ( pys, 55)™}
(2 P e ) = (@ — D) (P P 25 + (W — @) (p; 2y )™ - GaussEB¥M D AEEIE D F[EEF B
1 — g s o
Y+ m {84 (spps P! + 8 Cpis, i)™} - WA X BB IILDFDIL—T T

+§—:;{(p.-ppm“—%(mpﬂ)“'} . ,
_ l
Gjkl=xp2 Gijk:a (7") = Nx Yy z eXp(—aﬂ" )

*For the definition of the variables, see the text.
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2026/6/3

sub_dddd.
sub_dddf.
sub dddp.
sub ddds.
sub_ddfd.
sub_ddff.
sub ddfp.
sub ddfs.
sub_ddpd.
sub_ddpf.
sub_ddpp.
sub_ ddps.
sub ddsd.
sub ddsf.
sub ddsp.
sub ddss.
sub dfdd.
sub_dfdf.
sub_dfdp.
sub dfds.
sub dffd.
sub dfff.
sub dffp.
sub dffs.
sub_dfpd.
sub_dfpf.
sub_dfpp.
sub dfps.
sub dfsd.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

ERRIC DU T#2

- IEERM T OMAEDLEIZIECTEBMDIIL—F I
BIL—TIEELY
- HrtERICHEAEHLERE (_gradhif1<)

- BLVIEAESEDIL—FOD

sub dfsf.
sub dfsp.
sub dfss.
sub_dpdd.
sub_dpdf.
sub_dpdp.
sub dpds.
sub dpfd.
sub dpff.
sub dpfp.
sub dpfs.
sub dppd.
sub_dppf.
sub_dppp.
sub_dpps.
sub dpsd.
sub dpsf.
sub_dpsp.
sub dpss.
sub dsdd.
sub dsdf.
sub dsdp.
sub dsds.
sub dsfd.
sub dsff.
sub dsfp.
sub dsfs.
sub_dspd.
sub_dspf.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub_dspp.
sub_dsps.
sub dssd.
sub dssf.
sub_dssp.
sub dsss.
sub_fddd.
sub fddf.
sub fddp.
sub fdds.
sub fdfd.
sub fdff.
sub fdfp.
sub fdfs.
sub fdpd.
sub fdpf.
sub fdpp.
sub fdps.
sub fdsd.
sub fdsf.
sub fdsp.
sub fdss.
sub ffdd.
sub ffdf.
sub ffdp.
sub ffds.
sub fffd.
sub ffff.
sub fffp.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub fffs.
sub ffpd.
sub ffpf.
sub ffpp.
sub ffps.
sub ffsd.
sub ffsf.
sub ffsp.
sub ffss.
sub fpdd.
sub fpdf.
sub fpdp.
sub fpds.
sub fpfd.
sub fpff.
sub fpfp.
sub fpfs.
sub fppd.
sub fppf.
sub fppp.
sub fpps.
sub fpsd.
sub fpsf.
sub fpsp.
sub fpss.
sub fsdd.
sub fsdf.
sub fsdp.
sub fsds.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub fsfd.
sub fsff.
sub fsfp.
sub fsfs.
sub fspd.
sub fspf.
sub fspp.
sub fsps.
sub fssd.
sub fssf.
sub fssp.
sub fsss.
sub pddd.
sub pddf.
sub pddp.
sub pdds.
sub pdfd.
sub pdff.
sub pdfp.
sub pdfs.
sub pdpd.
sub pdpf.
sub pdpp.
sub pdps.
sub pdsd.
sub pdsf.
sub pdsp.
sub pdss.
sub pfdd.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub pfdf.
sub pfdp.
sub pfds.
sub pffd.
sub pfff.
sub pffp.
sub pffs.
sub pfpd.
sub pfpf.
sub pfpp.
sub pfps.
sub pfsd.
sub pfsf.
sub pfsp.
sub pfss.
sub ppdd.
sub_ ppdf.
sub_ppdp.
sub ppds.
sub ppfd.
sub ppff.
sub ppfp.
sub ppfs.
sub_ pppd.
sub_ pppf.
sub_pppp.
sub_ ppps.
sub_ ppsd.
sub ppsf.

=Bk vi

153 =]

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub_ppsp.
sub ppss.
sub psdd.
sub psdf.
sub psdp.
sub psds.
sub psfd.
sub psff.
sub psfp.
sub psfs.
sub pspd.
sub pspf.
sub_pspp.
sub psps.
sub pssd.
sub pssf.
sub pssp.
sub psss.
sub sddd.
sub sddf.
sub_sddp.
sub sdds.
sub_sdfd.
sub_sdff.
sub_sdfp.
sub sdfs.
sub_sdpd.
sub_sdpf.
sub_sdpp.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub sdps.
sub sdsd.
sub sdsf.
sub sdsp.
sub sdss.
sub sfdd.
sub sfdf.
sub sfdp.
sub sfds.
sub sffd.
sub sfff.
sub sffp.
sub sffs.
sub sfpd.
sub sfpf.
sub sfpp.
sub sfps.
sub sfsd.
sub sfsf.
sub sfsp.
sub sfss.
sub_spdd.
sub_spdf.
sub_spdp.
sub_spds.
sub_spfd.
sub_ spff.
sub_spfp.
sub_spfs.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

sub_sppd.
sub_sppf.
sub_sppp.
sub_spps.
sub_spsd.
sub_spsf.
sub_spsp.
sub spss.
sub ssdd.
sub ssdf.
sub ssdp.
sub ssds.
sub ssfd.
sub ssff.
sub ssfp.
sub ssfs.
sub_sspd.
sub_sspf.
sub_sspp.
sub_ssps.
sub sssd.
sub sssf.
sub_sssp.
sub ssss.
sub xxxx.

F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90
F90

suberi. F90

swz_init.

F90
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C2-DIIS Ref.; H. Sellers, Intern. J. Quant. Chem. 45 (1993) 31. & SOSCF Ref.; G. B. Bacskay, Chem. Phys. 61 (1981) 385.
ODA Ref.; E. Cances et al., Intern. J. Quant. Chem. 79(2000) 82. & Anderson Expol. Ref.; D. G. Anderson, J. Ass. Comp. Machin. 12 (1965) 547.

l HF-SCF. monomer—SCCI[ZDL\T
/7 —SCCOHURE Dl

Iteration Electronic energy delta E NSCF  Threshold theta
.SCF 1 ~147077. 1337872949  —147077. 1337872949 1264 0. 0100000000 0. 000
ODA C2 DIIS?b\_ |‘ EDIIS:E 2 -148886. 41265209468 -1809. 2927336519 584  0.0100000000 0. 000
/ 77." )l/ _I 3 -148267. 4538700682 618. 9726508786 406  0.0100000000 0. 000
4 -148431. 2708061265 -163. 8169360583 406  0.0100000000 0. 051
. fU”'SOSCF Jﬁﬂ;laug-'HeSSdan:EE.r 5 -148369. 41298011306 61.8410049959 406  0.0100000000 0. 242
\ *ﬁﬁ == 4 6 -148382. 9245709342 -13. 4947698036 406  0.0100000000 0. 143
% FOCk 5”0) 5 (i*%a‘z 7 -148378. 6162133594 4.3083575748 406  0.0100000000 0. 403
8 -148377. 5251745595 1.0910387999 406  0.0100000000 0. 125
9 -148378. 7268076855 -1.2016331260 406  0.0100000000 0.501
10 -148377. 2939791832 1.4328285023 406  0.0100000000 0. 092
.SCC 11 ~148378. 3143993220 -1.0204201388 406  0.0100000000 0. 520
S \ e 12 -148377. 5799346490 0. 7344646730 406  0.0100000000 0. 113
- > 0 | =
Andersonf’C?Jl];_ (FOCk M‘r_) 13 -148378. 1111756845 -0.5312410356 406  0.0010000000 0. 434
7 — S o 14 -148377. 8052994407 0. 3058762439 406  0.0010000000 0. 196
PAICS@ IJ-IF )l/:| UX.[A [iﬂ&ﬂﬁt\ 15 -148378. 0381476319 -0.2328481912 406  0.0010000000 0. 223
16 -148377. 9382764302 0.0998712017 406  0.0010000000 0. 303
17 -148378. 0168179379 -0. 0785415077 406  0.0001000000 0. 000
18 -148377. 9999593449 0.0168585930 406  0.0001000000 0. 190
.SCF@ I‘%j‘)l/ 19 -148378. 0211514597 -0.0211921148 406  0.0001000000 0. 000
20 -148378. 0218082173 -0. 0006567576 406 0. 0001000000 0. 000
\ﬂ: — g _ _
\ - 21 148378. 0302730768 0. 0084648596 584  0.0000000100 0. 000
*ﬁj& "-"L &‘ql;ﬁ;ﬁ (q:#‘ 9/{7 ) 22 -148378. 0501479235 -0.0198748467 589  0.0000000100 1.627
N 23 -148378. 0354601964 0.0146877271 424  0.0000000100 2. 305
HO)HH’%‘@M‘&# EET’”:' 24 -148378. 0416888229 -0. 0062286265 406  0.0000000100 0.017
N \ 3 25 -148378. 0370212285 0.0046675944 406  0.0000000100 0. 000
?‘1’(7.'_./0)?&[: '»%}ﬁiﬁ (MDEEEE) 26 -148378. 0385753561 -0.0015541276 406 0. 0000000100 0. 000
27 -148378. 0379157953 0. 0006595608 406  0.0000000100 0. 000
28 -148378. 0382292477 -0.0003134524 406 0. 0000000100 0. 000
.SCCO) I\aj‘)[/ 29 -148378. 0381183651 0.0001108827 406  0.0000000100 0. 000
30 -148378. 0381876900 -0. 0000693249 406 0. 0000000100 0. 000
== 52 VS ThE 7 31 -148378. 0381702714 0.0000174186 406  0.0000000100 0. 000
$é1$® EE-T—T*14:75 *-ﬁ 1;&”23E¥E 32 -148378. 0381862515 -0. 0000159801 406  0.0000000100 0. 000
| 33 -148378. 0381839521 0.0000022994 406  0.0000000100 0. 000
1:% EE;EO)F77)L:E’7) 34 -148378. 0381881352 -0. 0000041831 406  0.0000000100 0. 000
== N = 35 -148378. 0381888413 -0. 0000007061 406 0. 0000000100 0. 000
\ \
hﬁglj%'ﬂ-ﬁ[i*ﬁﬂ:x'\b J:5=|- 36 -148378. 0381892572 -0. 0000004159 406 0. 0000000100 0. 000
SELF CONSISTENT CHARGE COMPLETED 5>
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Ref.; R. J. Bartlett, Ann. Rev. Phys. Chem. 32 (1981) 359.
| ARFETOHRREDEKRE

oo O

2nd-order

B

\ 0

5 &

OO@@ DRRBHD O@@Q B
(e (e gt (o) oty ) oy
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i) 0% g0 a2 ) 040 g9 i

MP4([EMP3 &Y MNIE (I ERICEM TGS (1BF.IBF. 4EFTHEDFE)



| EBRICEIIEFHEDOEA
BEIRT v ILANEE)

2XAE(MP2) DR HAYPEEDEFRANERLTIFEAYEEHIZ AL

% -~ .o
®%- - i € +E —&,— &,

(DFIEBFEOREKBESOE. PRIFTMEIRIILE—DE)
(BFROEEER) 7 RTIH RTDIR. 7 Gl

3XRIEEN(MP3) DAERE: EFXEOHEAEERLIBY TEMMIZEZEL THIE

o “ T M3 (Term-1) _ l Z <l] | ab><ab I Cd><Cd | l]>
O_O 6-9 0 G -~ 8ijabcd(gi+gj_ga_gb)(gi_'_gj_gc_gd)

E]\4P3(Term—2) — l Z <lj || ab><ab ” kl><kl || l]>

. MP3DF5 ASMP2 LY 3,85 44 A1 2 8 iam(e,te, —€,—€,)(e, +&,—¢&,—&,)
- TREEFEDORXIZEELTELE Al ab\ kbl o "
- DGEMM@EEEJ:$<*IUEH7%> EMP3(Term—3) _ Z <l] H a >< || C]><aC || 1 >

(& +E,—&E,—&)E +&, —&,—&,)
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Ref.; Y. Mochizuki et al., Theor. Chem. Acc. 112 (2004) 442.
| EPEEFA-LIEMP2RE
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Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 396 (2004) 473.
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Abstract

We have recently developed a parallelized integral-direct algorithm for the second-order Meller-Plesset perturbation theory
(MP2) and implemented it into the ABINIT-MP program of the fragment molecular orbital (FMO) scheme. A flexible paralleliza-
tion 1s possible by combining the fragment indices (upper level) and the two-electron integral indices (lower level) on distnbuted
computational resources, leading to an enhancement of in-core processings. In this Letter, we carry out a series of benchmark
FMO-MP2 calculations of realistic proteins consisting of the tens of thousands of basis functions. The performance 1s shown to
be high, indicating that the ABINIT-MP program 1s easily applicable to the realistic systems.
© 2004 Elsevier B.V. All rights reserved.
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Ist Refs.; Y. Mochizuki et al., Chem. Phys. Lett. 396 (2004) 473. & Y. Mochizuki et al., Theor. Chem. Acc. 112 (2004) 442.
2nd Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 457 (2008)-396.
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MP2HEBITRIILX—HIE

Loop over i-batch [parallelizable when needed]
Loop over o [to be parallelized for worker processes] Eyp =Y (ia | jb)[2(ia| jb)—(ib] ja)]
MP2 —

Loop over A ijab & +¢e,—&,—¢,
Generate (uv,A] o]) list [canonical relation for pv]
Do 1/4 transformation of 1—i [screening & DAXPY] RFEOZEHL: ANSOX M

Do 2/4 transformation of v—a [DDOT]
Do 3/4 transformation of A—j [screening & DAXPY] C e
End of loop over A (ia] jb) = ZG: Cos ; Co ZV: Cua Z#: Culuv|io)
Do 4/4 transformation for o—b [screening & DAXPY]]
End of loop over o [*“all-reduce” must be done for (ia|jb)]
Calculate partial MP2 energy

End of loop over i-batch [5E—hx]
— _ _ - DAXPY&DDOTZ LY,
Lﬁgg oz)/\e]f3 lzr]—o‘t_)?f)hb.esiiac}lee;ﬁ;ﬁng on available memory B8 i 21| W &1 4k
Loopover d - ENREERET T 574
=] =5 W»W y > ;I=
Preparing (11{A0o) ! for canonical pv-pair ISFFERIDF VI TIEH R
Forming (iv{1o) ! DGEMM, fixed Ao, running over u
Forming (ia|Ac) ! DGEMM, fixed Ao, running over v [2E = hR]
Forming (ialjo) ! DGEMM, fixed o, direct-product for fixed A - DGEMM®D = Tk 8elZBA%F
End of loop over 4
Forming (ialjb) ! DGEMM, direct-product for fixed o (87 SERE AT IHILR]
End of loop over ¢! all-reduce operation as barrier ) — 3] - — =
Calculate partial MP2 energy with respect to ij-batch ijj_i\ ODOCPU—C:E’XT J 72
End of loop over ij-batch EAT YT 4EDGEMMT
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Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 457 (2008) 396.
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ARTICLE INFO ABSTRACT
Article history: The fragment molecular orbital (FMO) calculations have been successfully applied to a variety of realistic
Received 26 February 2008 biochemical problems, by using our original Aesrar-me program. In these applications, the inclusion of elec-

In final form 28 March 2008

- : ; tron correlation through the second-order Maller-Plesset perturbation (MP2) was demonstrated to be
Awvailable online 7 April 2008

essential to obtain qualitatively correct descriptions. Recently, the FMO calculations in Asinr-me were
tuned for a massively parallel-vector processing. A series of FMO-MP2/6-31G calculations were per-

formed on the Earth Simulator by which up to 4096 vector processors are available. The largest FMO-

MP2 computation was carried out for an influenza hemagglutinin antigen-antibody system consisting
of 921 residues, which was completed within one hour with 4096 processors.
© 2008 Elsevier B.V. All rights reserved.
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Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 457 (2008) 396.
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Timing data of influenza HA antigen-antibody @ FMO-MP2/6-31G

VPUs @ ES Time (s) Accel. TFLOPS Effic. (%) Rel. cost
FMO-MP2

1024 10084.6 1.19 145 2.42
2048 5486.2 1.84 2.19 13.3 2.57
3072 3927.1 2.57 3.06 12.4 2.56
4096 3204.4 3.15 3.75 115 2.66
FMO-HF -
1024 4164.9 1.36 16.6
2048 2131.7 1.95 2.67 16.3 .
3072 15335 2.72 3.72 15.2 Y i
4096 1205.9 3.45 4.75 14.5

* PDB-id 1IEO8 ZX—XIZLTCFMOtE DB EE !

* 512158 E (F1911 755 AV b : Cys-Cys¥—20), 5114,086]R7F
* 6-31GEE, BAE#A%078.390 (R KRIMDETE : L)

* 4 096VPU TI{£H'53.459 TFMO-MP2 37 AA5E T Al HE

* FMO-HFIZLER TEM2.6/ZEDAXE

* WFVPUZERDICFIABESS W5 FFEET
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Ref.; K. Takematsu et al., J. Phys. Chem. 113 (2009) 4991.
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IFIE Sum [keal/mol] IFIE Sum [keal/mol] IFIE Sum [kcal/mol]
|
[+ ]
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13 Al Al:l & tIz AR5

1987

1972 Residue

AL HHA
DL EEB DT

Red: Prohibited,
Green: Allowed,
Blue: Not measured

1969

[ - 1 1 1 [
Leut6 Ille67 Ala69 Leu70 Leu7l P.4 V.E PI'& Tl;

Residue

Opteron 16 cores (2 GHz)
*6-31G (78390RE %K)
= 83HT®ET
*6-31G* (121314B8%%)
= 227 HTRET
Xeon 128 cores (2.66 GHz)
*6-31G*
> 22HTR®ET
= JL—FEITHRE

T

4 Thr6s Gly72 I-.5 CgaY6 GIin80 Asn81 Thr83

2002

1973

C 1989

Residue

2002

A: Charged, B: Hydrophobic, C: Polar
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Ref.; Y. Mochizuki et al., J. Nucl. Sci. Tech. 39 (2002) 195./DIRACT A4S S LDARY FLIEDRIZEA.
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MRLFHEE (LEFYR) 7ILTY X L

p0 LL = 1,NBUF DO LL = 1,NBUF,NPP
I = INDEX(1,LL) IL = MINO((NBUF-LL+1) ,NPP)
J = INDEX(2,LL) po IV = 1,1IL
K = INDEX(3,LL) INT = IV + LL - 1
L = INDEX(4,LL) I = INDEX(1,INT)
FI = -0.25D0 * BI(LL) J = INDEX(2,INT)

F(K,I) = F(K,I) + FI * D(L,J) K = INDEX(3,INT)
F(L,I) = F(L,I) + FI * D(K,J) L = INDEX{4,INT)
F(K,J) = F(K,J) + FI * D(L,I) FI = -0.25D0 * BI(INT)
F(L,J) = F(L,J) + FI * D(K,I) VF(IV,K,I) = VF(IV,K,I) + FI *= D(L,J)
END DO VF(IV,L,I) = VF(IV,L,I) + FI = D(K,J)
_ _ _ ] VF(IV,K,J) = VF(IV,K,J) + FI = D(L,I)
Fig. 1 Schmmhc loop f_orexchange type ntegral contraction VF(IV,L,J) = VF(IV,L,J) + FI = D(X,I)
The loop 1s unvectorizable.
END DO
LL=1 / I=10, J=8, K=6, L=5 END DO
--> F(6,10), F(5,10), F(6,8), F(5,8) Fig. 3 Modified loop for exchange type integral contraction
LL=2 / I=10, J=8, K=6, L=2 The loop 15 vectorizable.

--> F(6,10), F(2,10), F(6,8), F(2,8)

Fig. 2 Simple example of addressing conflicts for exchange type - *ﬁﬁ@ HEE‘Z:E&O ) l/ﬂ: (_VEC-GIZ/E:"J)
- BEHZ3RITTIEL TP FL A B3R % [B] 5
- NYMLVRIE256% T 4L

2026/6/3
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Ref.; Y. Okiyama et al., Chem. Phys. Lett. 490 (2010) 84.
General CD Ref.; T. B. Pedersen et al., Theor. Chem.-Ace.-124(2009) 1.

| ALRX—5R(CDISLBEL: TUVILRBDIER

MP?2 correlation energy (E MPZ) FAEZ pgrs — pvdo

' Loop over [ # Parallelized
Coulomb matrix (J)

Jpg =0 Xipi = z LiprCri #DGEMM

Loop over / # Parallelized T

QI = z LI,TSPTS # DDOT BI,ia = Z XI,quqa # DGEMM

q
rs

qu = qu + L pqQ; #DAXPY End of loop over / .
End of loop over / E =0
ALLREDUCE (jp q) Loop over ij # Canonical ij pair

(ialjb) = Z B;iaB;jp # DGEMM (partial sum of 1)
Exchange matrix (K) I

Kpqg =0

Loop over / # Parallelized
Xigi = z Li4sCsi #DGEMM
S

ALLREDUCE (ia, jb)
gMP2 _ pMp2 , (2= 8y)[2(aljb) — (iblja)](ialjb)
B E — & T & —&p

End of loop over ij

l
End of loop over / !
ALLREDUCE (K,,) - COTIFABEEFPERICRD: REARMENA —4—

- CD 17 (1C)EIX R —RFRIZER S : MIENIZELAES
- RBELITIIREEEEZAIERAR: RBEAREIZEN
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ABINIT-MP (& Ver.6 8L / Regularh @ E D2BEFHEDZESITILT Y X L. / 1CIE1IH LD HFIfFE.

l I\

FMO2-MP2>37 @ 24/—F

Basis set  TEI treatment Time (Min) Eff. (%) Time (Min) Eff. (%)
TrpCage (20 frag.) Trp23His
6-31G Regular 12.6 2.3 36.8 2.53
CD/MP2 8.2 4.4 19.5 7.13
CD/MP2&HF 5.7 15.6 14.6 18.35
1C-CD/MP2 7.6 2.5 16.7 2.97
1C-CD/MP2&HF 3.0 8.8 8.2 9.66
6-31G* Regular 38.2 3.0 136.9 3.43
CD/MP2 28.0 6.6 96.0 8.87
CD/MP2&HF 18.9 29.0 44.6 31.89
1C-CD/MP2 25.9 3.4 84.7 3.88
1C-CD/MP2&HF 8.3 18.8 22.0 21.06
cc-pVDZ Regular 76.7 2.9 267.8 3.52
CD/MP2 55.8 6.1 188.6 8.06
CD/MP2&HF 34.7 26.3 81.0 30.43
1C-CD/MP2 52.1 3.2 170.1 3.77
1C-CD/MP2&HF 16.6 14.9 39.1 18.86

2026/6/3

22NV ETOHOIR ITOEREEE M O Hll#1

NLYIQWLKDGGPSSGRPPPS

[Trp-Cage]

XI,qi — z Ll,qs Csi
s

Kpq = Kpq + ZXI,piXI.qi
i

- CDTIZHFETE D R #1218 (K)ZDGEMM TALEE
 EFLRTEERE CI0%ERZ DNEEER
=L TOBRER L ICTE B o
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FMO2-MP2237

FMO4-MP2>37

Basis set  TEI treatment Time (Min) Eff. (%)
HIV-1 Protease + Lopmavir (204 frag.) @ 204 nodes
6-31G Regular 31.9 1.85
CD/MP2&HF 18.8 7.78
1C-CD/MP2&HF 14.8 3.74
6-31G* Regular 74.5 2.67
CD/MP2&HF 44.0 17.54
1C-CD/MP2&HF 29.4 8.30
cc-pVDZ Regular 161.3 2.69
CD/MP2&HF 80.4 17.47
1C-CD/MP2&HF 58.3 8.02
Infulenza HAT1 + Fab (911 frag.) @ 912 nodes
6-31G Regular 123.2 1.01
CD/MP2&HF 110.7 2.27
1C-CD/MP2&HF 106.1 1.14
6-31G* Regular 212.1 1.62
CD/MP2&HF 166.5 6.47
1C-CD/MP2&HF 146.5 2.66
cc-pVDZ Regular 400.5 2.32
CD/MP2&HF 296.6 8.14
1C-CD/MP2&HF 269.9 3.37

> FMO4EH

2026/6/3

Basis set  TEI treatment Time (Min) Eff. (%)

Crambin (94 frag.) @ 960 nodes

6-31G Regular 23.7 2.06
CD/MP2&HF 9.1 12.06
1C-CD/MP2&HF 6.7 6.38

HIV-1 Protease + Lopinavir (363 frag.) @ 6000 nodes

6-31G Regular 144.3 2.79
CD/MP2&HF 128.0 11.85
1C-CD/MP2&HF 49.5 6.88

> FMO2:t&

— HEREDHERES
— 6-31GxEENERFIA
— ETPEIIRELANIL
— 1C-CDCEFfEEME
(IFIED 3% 5w (X E RE &)

— Z/—FFEDA) Yk
— 1HMEDFHERITEEE
— FFHRETDOR&RTHE
— HFOOXMER(LEEE

[4>Z)LHA+Fab])

65



[T ITOKE

AVINVIOY /LS5 —+ (3865% %)

FMO4-MP2/6-31G(1C-CD)

54 A8 706

(EEH/AIERE, VAVERED)

OpenMPk THREADS=8 -Kfast+&} 4 #0238 E
(*OpenMPhi THREADS=S8 -Kfast}gE)

2026/6/3

—_—
(S

12000
3
10000

—
v

Tim

20000

18000 -

16000
14000

8000
6000
4000
2000

0

AR T AR DB

5.48FfE]* 1.50%fHE

706 nodes* 12504 nodes
(HHEERITR 425.0RB 1. 1R)

Tetramer MP2
W Trimer MP2
= Dimer MP2
® Monomer MP2
W Tetramer SCF
M Trimer SCF
® Dimer SCF
B Dimer ES
B Monomer SCF

$hE(F6% @ 10003207
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CMM Ref.; 875, J. Comp. Aided Chem. 13 (2012) 44.. / 427 LT HA3+Fabiidlk / 23257545 A2k / cc-pVDZ TIH36.4 5 REHL.

| Dimer-ESOCMME{L (IHFX-100@% X)

40000 (Sec.) 40967

- PDB-id 1IKEND A > 7 JLHA3+2FabiE &K
- 16 ALK -25670+FX (128/—K)
« FMO2-MP2., 16 AL WK/2549 A2k
- Bk 2 ERB(CMM)ZLdimer=5(Z 1 FH 30000
- 6-31GTIE L ELER12. 4 V0. 5058

(2T RIILF—DZEI1X0.0002au)
+ 6-31G*&cc-pVDZDAAIU T IEEE #5000
cHFIOSTAVEDEENESIC

35000

20000 —

Dimer

B Monomer

15000 +—
10000 +—
€/<—0)
] I =P S \PN
5000 A I
O _

; Regular Full CD 1CCD Regular FuIICD 2CCD
2026/6/3 6-31G* cc-pvDZ
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Ref.; R. J. Bartlett, Ann. Rev. Phys. Chem. 32 (1981) 359.

| SXEEOFS

BRIFTFEZRDEE1ELLEDHEED

Molecule Second-order  Third-order  Fourth-order (D)  Higher order {(DQ)

BH, 80.0 16.5 3.0 0.50
1,0 97.7 1.5 0.7 0.06
NH, 94.3 5.0 0.6 0.12
CH, $9.6 9.3 0. 0.16
co 100 —~1.6 1.6 ~0.09
Co, 103.2 —4.1 0.9 0.0

HCN 98.0 0.7 1.0 0.18
N, 101.0 —22 1.3 —0.11
HNO 98.9 —0.5 1.9 ~0.26
HCO 99.5 ~0.2 0.7 —0.05
CIH,0 97.7 0.1 | 2.9 —0.01
CH, 95.6 0.6 3.8 —

(CH,),NNO, 94.1 4.4 1.5 —

CH,CN 96,5 —2.2 3.7 —

B, 85.2 13.2 1.6 .
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MP3 Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 493 (2010) 346. / MP2.5 Ref.; M. Pitonak et al., Chem. Phys. Chem. 10 (2009) 282.

SXRIEENEE (MP3) [CXAHBETRILX—HIE

. MP2I= BT HEOEEEREEE : e

- OpenMP/MPIE Rk ifi 51| Z B2 (2322 g __ﬂi _

- AEYERIEMP2LY B, O(N6):|ZI~ i  cospm
- ¥R/ ZE NI (Z[ZIDGEMM%E Z I MP2.5

- MP2.5R 4 —1) 57 % #E2Z (0. 5*AMP3> o MP3 VP4

EMP3(2p 4h) _

2026

(ia| jb)(ac|bd)[2(ic| jd) —(id ]| jc)]

EMP3Gp-2h) _
(& +e,-¢, -&)(s; +e&,—¢&, -&,)

-y (ia| jb)(ik | jD[2(ka|Ib) — (kD] la)]
i (& +E,—E,— &)+ —E,—&,)

=2

EHPeran 3 [2(a| jb) —(f | ab)][2(kc|ia) — (ka|ic)][2(kc| jb) - (kb] jo)]
(6 +&;,—&,—6)(E+éE —&,~8&,)

3y (ij | ab)(ka |ic)(kD| jc)
(& +E,—€,— &) +E, —€,—E.)

ijkabc
*Do)u\%[i6’3

EMP3Gp-3m-2 _

Flat bMPI parallelism

corel) corel core? corel

MFT comm.

-

—

corell corel corel cored

DpenhAP parallelism

! 1
i 1
> ! | i
[ P i
| i i
- : 1 i
1
_'. i

____________

____________
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Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 493 (2010) 346. / 2f{ B Dk = 2 L—4R (ES2) % FI .
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ARTICLE INFO ABSTRACT

Article history: Two proteins on the influenza virus surface have been well known. One is hemagglutinin ( HA) associated
Received 8 April 2010 with the infection to cells. The fragment molecular orbital (FMO) calculations were performed on a com-
In final form 11 May 2010 plex consisting of HA trimer and twe Fab-fragments at the third-order Moller—Plesset perturbation (MP3)

Available online 17 May 2010 level. The numbers of residues and 6-31G basis functions were 2351 and 201276, and thus a massively

parallel-vector computer was utilized to accelerate the processing This FMO-MP3 job was completed in
5.8 h with 1024 processors. Another protein is neuraminidase (NA) involved in the escape from infected
cells. The FMO-MP3 calculation was also applied to analyze the interactions between oseltamivir and sur-
rounding residues in pharmacophore.

© 2010 Elsevier B.V. All rights reserved.
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| MPSEHEDOIL—T (iji\yF Ly FD2ERIE)

AEBYMRDIZNENNVTFEHIEZ S I

Loop over ij-batch ! size depending on available memory
Loop over o ! parallelized
Form {(ialjb), (ijlab), (ik|jI)} ! 15--4h quarter transformations
End of loop over o
Calculate partial MP2 energy ! parallelized for ij
Prepare half-backtransformed 1%t-order amplitude ! parallelized for ij
Perform EEO processing for “2h-4p” contribution ! parallelized for pv
Calculate partial “2h-4p” energy ! parallelized for ij
Loop over k-batch ! size depending on available memory
Loop over o! parallelized
Form (kcl|ld) ! 15-4™ quarter transformations
End of loop over o
Calculate partial “4h-2p” and “3h-3p” energies ! parallelized for ij
End of loop over k-batch
End of loop over ij-batch
Sum up “2h-4p”, “4h-2p” and “3h-3p” energies for final MP3 energy

S L . t e
Errern _ 3 (ia| jb) S (ac | bd) 2(ic| jd)—(id | jc) v
ij ab 8;‘ + gj —(C,‘a _gb cd 81. + 8j _gc _8d FOCk'?Tﬁ'JE/‘]mEE—G

2026/6/3 (ac‘bdﬁ%ﬁ%@ﬁ 72




| FMO-MP2EMP3MAAS% (ES2)

Method Nodes Time (hours) Acc. TFLOPS
HA1  FMO-MP2 64 1.7 0.97
FMO-MP3 64 2.7 [x1.6] 2.21
FMO-MP2 128 0.8 2.1 2.06
FMO-MP3 128 1.3 [x1.6] 2. 1 4.67
HA3  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
FMO-MP3x 64 4.4 3.09

- 8 VPUs per node, 64 nodes = 512 VPUs, 6-31G basis without asterisk
- HAT; 14086 atoms, 921 res., 911 frag., 78390 AOs

- HA3; 36160 atoms, 2351 res., 2325 frag., 201276 AOs

- NA; 5792 atoms, 386 res., 378 frag., 32549 AOs (50447: 6-31Gx)

MP3/MP2DFEFARMEIELIZE /NS
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0]

e

MP2 in parenthesis Tyr347 " 0 :;>/N

Arg292(+) P

Arg371(+)

9]
I l N
(k/\\/' f N,\ I—1| -12.9 H/ !

0 H

NG (-13.6)  *

\ Yo% Glu119(-) * N -16.6
) \./_\ H H ): /( 17 6)
W\~ N 67 1 1

(68 2)

51.7 { \Sfrg152(+)
BEOSF: 23T (FEAE) L (-53.4)
NAG)%TS/@ﬁEthFIE unit : kcal/mol Asp 151()

ST ERHEERTH%E
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| /AR5 —EEASTILOHEEERETT#2

HEEEBOKRFIEETIVY

N

—
[

luldsin

o

o
o
3

. 0] F—-Jz%—-

V-15

IFIE(kcal/mol)

o Akt

|
—_
I h
—_

|
—_
3]

MP2i%  EEBHMOIRILF—DE MP3& : EERMODIRILF—DE
+0.5kcal/mol
UEZEEYITYT
’ S MP2-MP3ES 5 45dRE %D
15 S0 EBMDFNRIFKRELITAEL

1 ARGT52
SER179
o5 ASP15 l’
. —DHRTlIF6-31GEETEH

IFIE(kcal/mol)

I 72 B SRR ST A
-05 |
AR ARG224 ASN213 HEHEEERE

G118 —Gl U119 .
-1 VAL349 o MP2 KEFHEENE

ARG292 TYR406 (B MP3

-1.5
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Ref.; A. Yoshioka et al., J. Mol. Graph. Mod. 30 (2011) 110. / C DX TIEMP2.5SRA 7 —1) U5 DIEZFIA.

AT IVF=U3EREFab2 D DR B {EFRfEHT

FMO-MP3/6-31GL-~ )L

Interacting domain HF MP2 Interacting domain HF MP2 MP3
Fab(I):HA(]) -288.8 -367.0 HA(I):HA(II) -1022.4 -1280.3 -1237.1
Fab(1):HA(I]) 177.5 155.6 HA(IT):HA(I1I) 981.7 -1245.7 -1200.6
Fab(I):HA(III) 134.3 134.2 HA(I):HA(II) -1189.0 -1469.8 -1421.3
Fab(ID):HA(I) 137.0 137.0 Fab(I):Fab(1I) 210.8 197.8 199.5
Fab(ID):HA(IT) =202 -380.4 HA total:Fab total 38.1 -163.6 -127.0
Fab(1l):HA(I1I) 170.8 157.0

IFIE sum (kcal/mol)

Dimer-ESTE15 TIXFBIFT R X 1THh Nzl
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| SX-Aurora TSUBASA(SX-AT) DVERE#7(20234F)

BRIEK AOBA-A  EJt X AOBA-S

CORE/CPU 8 x2.0 16 - - | -

CORE ~307GF(DP) ~307GF(DP) 00§ ol 999 19
Performance ~614GF(SP) ~614GF(SP) NE 410GB/sx2 (LD/ST)

CPU ~2.45TF(DP) ~4.91TF(DP) 3¢ Y| L3c m L3C
Performance ~4.91TF(SP) ~9.83TF(SP) 410GB/sx? (LD/ST)
Level3 Cache i ZMB/Core 6.4TB/s x2 (LD/ST)

Capacity SW Controllable LLC
Last Level Cache 16MB 64MB
capacity Shared Shared
MEMORY —— 2.45TB/s
bandwidth 1.53TB/s 2.45TB/s
MEMORY

. VE3O—C¢:I77£&'3:8%)\616[:1%1% .._:Eilr-:lmatu.:|1ingag;.- ghter world: NE(:.

- AE1)$H48GBH 596GBIZ{E1E
= AEYNURIEIXL.66E
s L3F vy aFIRICEER
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[ni]
| SX-AT(RZFIL#E) OVED HLE (MP2, MP3)

VE20B: 64 MPI x 8 OMP / VE30A: 128 MPI x 8 OMP

Mpro - N3 complex (PDB-id 6LU7) / 6-31G* basis / 64 VE

DAXPY not optimized DAXPY optimized
3,000 2,867.3 3,000
2,576.1
2,500 2,500
2,000 2,000 X 2.0 (twice as expected)
= 1,753.2 —
g E
kel 1,028.2 X2.2 kel 1,026.8
1,000 (due to L3) 1,000
479 2 477 8
500 500
0

0

Method Method

W VE20B 64 VE mVE30A 64 VE W VE20B 64 VE mVE30A 64 VE

MP35t & CHRI DM HDAXPYUEZ AU SAVRFALTHRER QR F2ZEAT AT I I L)

2026/6/3
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Ref.; Y. Mochizuki et al., Theor. Chem. Acc. 130 (2011) 515.

| AAEXREEES1—ILORAR

Higher-order correlated calculations based on fragment

2026/6/3

molecular orbital scheme

Yuji Mochizuki - Katsumi Yamashita -
Tatsuya Nakano * Yoshio Okiyama *
Kaori Fukuzawa + Naoki Taguchi * Shigenori Tanaka

MP3~CCSD(T)E T

274 ILIOEL
SM-OpenMP3ilfi 51| % il g
TV ILEERIIZDGEMME £ A
ES2TELMV4ERE

Received: 8 March 2011/ Accepted: 290 August 2011/ Published online: 5 October 2011

© Springer-Verlag 2011

Abstract We have developed a new module for higher-
order correlated methods up to coupled-cluster singles and
doubles with perturbative triples (CCSD(T)). The matrnx-
matrix operations through the DGEMM routine were pur-
sued for a number of contractions. This code was then
incorporated into the ABINIT-MPX program for the frag-
ment molecular orbital (FMO) calculations. Intra-fragment
processings were parallelized with OpenMP 1n a node-wise
fashion, whereas the message passing interface (MPI) was

used for the fragment-wise parallelization over nodes. Our
new implementation made the FMO-based higher-order
calculations applicable to reahstic proteins. We have per-
formed several benchmark tests on the Earth Simulator
(ES2), a massively parallel computer. For example, the

FMO-CCSD(T)/6-31G job for the HIV-1 protease (198
amino acid residues)-lopinavir complex was completed 1n

0.8 h with 512 processors (or 64 nodes). Another example
was the influenza neuraminidase (386 residues) with osel-
tamivir calculated at the full fourth-order Mgller-Plesset
perturbation level (MP4), of which job timing was 10.3 h
with 1024 processors. The applicability of the methods to
commodity cluster computers was tested as well.

Keywords Fragment molecular orbital - FMO -
coupled cluster - CC - parallelization - OpenMP -
MPI - vectorization - DGEMM - protein

1 Introduction

Kitaura et al. [1] proposed the fragment molecular orbital

(FMO) scheme in 1999, by which fully quantum-

80



CCSD Equation Ref.; R. Kobayashi et al., Chem. Phts. Lett. 265 (1997) 1. & G. E. Scuseria et al., J. Chem. Phys. 89 (1988) 7382.
BD Ref.; N. C. Handy et al., Chem. Phys. Lett. 164 (1989)-185./ CCSD(T) Ref.; K. Ragavachari et al., Chem. Phys. Lett. 157 (1989) 479.

| AHAEXREEES1—IILOEH

Initialize vectors ! MP1 amplitudes - Kobayashic DXz A1E
Grand loop until convergence » MP3~CCSD(T)E TH/\—
Perform first EEO processing ! N° cost - parallelized - HFAEYZHIIE (OpenMP)

Perform second EEO processing ! NO cost - parallelized | - 820D {E£EZ5 % (& F
Compute other necessary terms ! N° cost - parallelized | - BDHA[EE (A EYEFEIH)

Perform k-loop processing ! N cost - parallelized - AO-MOMERALEE (EEO)
Perform ij-loop processing ! N° cost - parallelized - DGEMMZ Z AL -iEHER
Update amplitude vectors and evaluate correlation energy | = N°JL—TZ i 5|1t
Judge convergence for breaking - (TREINIL—T
End of grand loop - MP1iRIEZ #)EAE
Summarize results - DIISTREZ X
<\PO |H—-E,| (1+7} +T, +%T12J‘PO> =E, o Weesr = exp(T1+12)Wo
: C
| | - JEHR T D R B
<\Pl.“ |H-E, | (1+T1 +T, +=T7 +TT, +—]“13ij0> =0 - 4B FIEIX2EFRIED"TE"
2 3 c - IRIEICAA T S5 AR R E MR

<\P;b |H-E, |(1+7; +T, +1Tl2 +1T22 +T.T, +1Tl3 +lT12T2 +lT;‘j\PO> =0
2! 2! 3! 2! 4! .
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Ref.; J. D. Watts, Para. Comp. 26 (2000) 857. / EEO = External Exchange Operator.

| EEOQ/LIE

o o +3 b b =(ac|bd)- Y |(ac| kd)i! +(ke|bd)e| T =12 et
k

cd lJ ij
cd

MP3D IR EF k. (ac,bd)D') A TRIZIXELTEL TFRock# kM THEFT

of o + X =YX Xt xp =Y wvidoy o7 =Y ecaty
k vo cd
Prepare half-back-transformed (HBT) CC amplitude ! DGEMM
Find largest elements of HBT CC for vo list
Loop over uvAoc AO-index quartet ! Parallelized Fock-like processing
Screen (1v|Ao) with proper threshold and check also maximum HBT CC
Contract HBT CC amplitude and (nv|Ao) to construct X-array ! DAXPY
End of loop over uvic
Transform X-array and add contributions to residual vector ! DGEMM

cf;bw;bﬂa-;'bz[(mlbc)rs—Z(iklbcﬁ:t;} prlo)=oele) | Galbo b FpRI e
k

y J1
c
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(T) equation Ref.; T. J. Lee et al., J. Phys. Chem. 94 (1990) 5463. / Extrapolation Ref.; P. Hobza et al., ChemPhysChem 10 (2009) 282.

| Moo=

VK;;{bc L Jrabe ) (4

1 ii
E(T):gzz( D.abc =

itk abc ijk

abc abc abc abc abc abc
At 4 W 4 W0 — A W )

jik

Dif=¢+¢,+& —€6,— 6 —¢, Vi =(jbl ko)t +(ia| ke)t) +(ia| jb)i;

W= p Saatvay -Laa g | mrbe)be bl () b))

(ia,bc) ) AMI(REHIETLTLSDT) AEYIZTESE., OV TIARMTHENT S

DREDIPYCELIELS

ijk abc azb>c ijk

W(ij k) DIEELabcDIE ) —TTHiFILT S

E CCSD(T)/ BigBasis ~E CCSD(T)/ SmallBasis + (E]%PZ/ BigBasis E MP?2/SmallBasis )

INSTEEE TCCSD(T)E TR DT, MP2TARZLHEE T2 IIRILF—FHIET S
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| 4a7D1/—FTOTRH

OpenMP (4 cores)
D.Guanosine / 6—31Gx*x* Min. Aspirin / 6—311G*x* Min.
MP4(SDQ) 218.0 MP4(SDQ) 55.9
CCD / #11 7122.3 CCD / #11 176.8
CEPA-1(SD) / #17 2004.2 QCISD / #13 445.6
QCISD / #13 1689.7 CCSD / #13 652.4
CCSD / #13 2167.1 MP4(SDTQ) 305.4
MP4(SDTQ) 878.0 QCISD(T) / #13 703.0
NB=350/ND=51,/NV=280 CCSD(T) / #13 902.8
NB=295(6d)/ND=34,/NV=248
Glucose / 6—31G** Min.
MP4(SDQ) 36.7
CEPA-1(D) / #10 87.5
CCD / #10 102.9 .
CEPA-1(SD) / #13 267.3 9 @Y
QCISD / #11 242.3 R ;
CCSD / #11 360.0 J J
MP4(SDTQ) 145.2 / J 8
QCISD(T) / #11 350.8
CCSD(T) / #11 470.4 Amantadine / 6—=311G**|[ Min.
NB=240,/ND=36,/NV=192 MP4(SDQ) 903
s - CCD / #10 235.9
(DIXZENIZEELZLY MP4(SDTQ) 363.7

( Xeon (3.4 GHz) 4 cores, 32 GB SMP / 2008 : OpenMP - MKL9.1 ) NB=311(6d)/ND=31/NV=269

2026/6/3 Xeon GoldIZEE R T3EFEE (TELY



837 N2/ —KRTHT A2

FMO-MP4(DQ) benchmark

Time in Min. Gly8 Chignolin TrpCage Crambin
Basis 6—31G*x* 6-31G 6-31G 6-31G
MPI / 4 80.1 880.1 2704.5 N/T
MPI / 4x2 41.5 (x 1.9) [526.6 (x 1.7)] 1387.3 (x 2) 3599.1
OMP / 4 911 733.7 N/T N/T
OMP - MPI / 4x2] 48.3 (x 1.9) [419.6 (x 1.8) 1029.1 2609.0

( Xeon (3.4 GHz) 4 cores, 32 GB SMP, 2 nodes / 2008 : MKL9.1 / OpenMP - MPI )

OpenMPD A MEF] (flat MPIH—IET))
FMO-MP4(SDQ) benchmark
Time in Min. Gly8 Chignolin Chignolin
Basis 6—31G** 6-31G 6—31Gx*
OMP - MPI / 4x2 94.8 559.2 2457.9
1.7 days
FMO-CCD benchmark
Time in Min. Gly8 Chignolin TrpCage
Basis 6—31G** 6-31G 6-31G
OMP - MPI / 4x2 159.1 1934.8 4566.8
(CCSD 727.2) 1.3 days 3.2 days

2026/6/3

( Crambin: 41 res. )

( Glyg: helix )

Vo 5y
«

( Chignolin: 10 res. ) ( TrpCage: 20 res. )
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| 6437 D4/—FTHOTARE (EFVHE)

HIV-1 Protease + Lopinavir N1Neuraminidase + Oseltamivir
#Atom 3225 (H 1662) #Atom 5792 (H 2809)
#Basis (6-31G) 17423 #Basis (6-31G) 32549
#Fragment 203 (198 res.) #Fragment 378 (377 res.)
#Electrons 11932 #Electrons 22590
HF total energy -77589.3750 HF total energy -151962.8441
MP2 energy -155.3675 MP2 energy -297.4582
MP3 energy -159.0641 MP3 energy -302.6474
MP4(DQ) energy -162.0619 . MP4(DQ) energy -308.2337
MP3 job time 15.4 hours | ., 1 [MP3 job time 41.5 hours
MP4(DQ) job time 33.4 hours MP4(DQ) job time 98.1 hours

Xeon (3.33 GHz) 4x16 cores / 2008 : MKL11.1./ OpenMP — MPI,
only 16 GB SMP for 4 cores per node for OpenMP parallelization

2026/6/3



Ref.; Y. Mochizuki et al., Theor. Chem. Acc. 130 (2011) 515.

| ES200 LTOANYFI—IT AN

HIV Protease + Lopinavir

6-31G basis set Nodes Time Rel. TFLOPS Eff.
(h) (%)
HIV-1

FMO-MP2 64 0.16 1.0 1.24 2.36
FMO-MP2 [custom] 64 0.16 1.0 1.22 2.33
FMO-MP3 64 0.36 2.3 3.40 6.48
FMO-MP3 [custom] 64 0.37 2.3 2.82 5.38
FMO-MP4(DQ) 64 0.62 3.9 5.70 10.87
FMO-MP4(SDQ) 64 0.85 5.3 4.92 9.38
FMO-MP4(SDTQ) 64 3.51 21.9 13.05 24.89
FMO-CCD 64 2.90 18.1 6.15 11.72
FMO-QCISD 64 5.73 35.8 5.20 9.91
FMO-QCISD(T) 64 8.46 52.9 8.45 16.13
FMO-CCSD 64 7.82 48.9 4.41 8.40
FMO-CCSD(T) 64 9.83 61.4 7.75 14.78

+ 200 EHRDRIVANVED S RAEG RIS 2L —F TR SICAIE
- 3B FRIESTEFITHREEFEDGEMMALE N E 750D THREMNH AT LY
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| ES20LTORY

HIV-Protease @ 64 nodes execution / 6-31G basis

N

MP3 MP40Q) MP4SDQ) MP4SDTQ)

CCD

Tme M
GFLOP
E ffic.

n) 215 37.4 51.0 210.6
S 33994  5696.9 4920.3 13050.1
) 6.5 10.9 9.4 24.9

1743
6146.7
11.7

MP4(SDTQ)atEMNEHZ /N ETHHF

Bil—
El-—.

* MP4(SDQ) energy = -164.3979 au
MP4(SDTQ) energy = -170.2490 au
* Job time of MP4(SDTQ) is 3.5 hours
with 25% efficiency of peak speed!

2026/6/3

Overall Data:

Real Time (sec) : 12634. 080
User Time (sec) : 5648740. 053
System Time (sec) : 4140. 492
Vector Time (sec) 1 5303545. 691
GOPS  (rel. to User Time) 2520. 845
GFLOPS (rel. to User Time) : 1867. 293
GOPS  (concurrent) : 17617. 673
GFLOPS (concurrent) : 13050. 130
Global Memory size used (GB): 8. 000

e &

e &

=2

2o

FI—T ARN#2

TV IV iERIEt A DGEMMTALE
Kernel of (T) computations - O(N')

CALL

CALL

CALL

CALL

CALL

CALL

CALL

CALL

CALL

CALL

CALL

CALL

DGEMM(C N, ” N”, NDOC2, NDOC, NVAC, 1. 0DO
T2V F(1,1,1,LC), NDOC2, BT VO(1, 1, 1), NVAC, 1. 0DO
Q 1JK(1,1,1,6), NDOC2)
DGEMM(C N, ” N’, NDOC2, NDOC, NVAC, 1. 0DO
T2V F(1,1,1,LC), NDOC2, BFT VO(1, 1, 2), NVAC, 1. 0DO
Q T1JK(1,1,1,4), NDOC2)
DGEMM(C N, ” N’, NDOC2, NDOC, NVAC, 1. 0DO
T2V F(1, 1,1, LA), NDOC2, BFT VO(1, 1, 3), NVAC, 1. 0DO
Q 1JK(1,1,1,2), NDOC2)
DGEMMC N, ” N”, NDOC2, NDOC, NVAC, 1. 0DO
T2V F(1, 1,1, LB), NDOC2, BFT VO(1, 1, 4), NVAC, 1. 0DO
Q IJK(1,1,1,3),NDOC2)
DGEMMC N, ” N’, NDOC2, NDOC, NVAC, 1. 0DO
T2V F(1, 1,1, LB), NDOC2, BFT _VO(1, 1, 5), NVAC, 1. ODO
Q TJK(1,1,1,1),NDOC2)
DGEMMC N, ” N”, NDOC2, NDOC, NVAC, 1. 0DO
T2V F(1, 1,1, LA), NDOC2, BFT VO(1, 1, 6), NVAC, 1. ODO
Q IJK(1,1,1,5),NDOC2)
DGEMM(C N, ” N’, NDOC, NDOC2, NDOC, —1. 0DO,
T2V F(1, 1, LC, LB), NDOC, WATJK (1, 1, 1, LA), NDOC, 1. 0DO
Q TJK(1,1,1,3),NDOC)
DGEMM(C N, ” N”, NDOC, NDOC2, NDOC, —1. 0DO,
T2V F(1, 1, LC, LA), NDOC, WATJK (1, 1, 1, LB), NDOC, 1. 0DO
Q TJK(1,1,1,5),NDOC)
DGEMM(C N, ” N”, NDOC, NDOC2, NDOC, —1. 0DO,
T2V F(1, 1, LA, LB), NDOC, WATJK (1, 1, 1, LC), NDOC, 1. 0DO
Q TJK(1,1,1,1),NDOC)
DGEMM(C N, ” N”, NDOC, NDOC2, NDOC, —1. 0DO,
T2V F(1, 1, LB, LC), NDOC, WATJK (1, 1, 1, LA), NDOC, 1. ODO,
Q TJK(1,1,1,6),NDOC)
DGEMM(C N, ” N’ , NDOC, NDOC2, NDOC, —1. 0DO,
T2V F(1, 1, LB, LA), NDOC, WATJK (1, 1, 1, LC), NDOC, 1. 0DO
Q TJK(1,1,1,2),NDOC)
DGEMM(C N, ” N’ , NDOC, NDOC2, NDOC, —1. 0DO,
T2V F(1, 1, LA, LC), NDOC, WATJK (1, 1, 1, LB), NDOC, 1. ODO
Q TJK(1,1,1,4),NDOC)
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| ES20 ETORUFI—HT A3
6-31G basis set Nodes Time Rel. TFLOPS Eff.
(h) (%)
NA
FMO-MP4(SDQ) 64 2.86 4.26 8.13
FMO-MP4(SDTQ) 128 10.29 15.21 14.50
HA
FMO-MP4(SDQ) 64 4.70 4.78 9.12
Trp,9;tHis
FMO-MP4(SDQ) 64 1.79 9.58 18.27
FMO-MP4(SDTQ) 128 7.06 40.46 38.59

- MP4(SDQ)MIBREREBA DA 7ILIVHHATHETERIEEIC

* (T)IEDGEMMEARZZ D TEHEMNKIGIZT VT

* Trp,,,HisET JLTIEMP4(SDTQ)L N L T38.6% D 3hZH % ZE ik
(Q010FEDES2D— g1 —HF—TDRRX/N\NTA—T U R)

2026/6/3
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j GPUIZE S IIED B (NVIDIAD) LB & A/l & BEAAT)

2026/6/3

202144HA

- ABINIT-MP# A1 AAHRIDES 12— )LZNVIDIASAIZIR

- (MAEFYEGPURIFICFa—=2T

- IKD IS AER—(6-31G**) THh—RJLZEREET(H

—DO=#HHD. 12 [B1O dgemm HFTFHULT, Bl Q _IJK(NDOC, NDOC,
NDOC, 6) [C5TE#ARZAEN

(m, n, k) = (NDOC2, NDOC, NVAC) ' 6 [0]
(m, n, k) = (NDOC, NDOC2, NDOC) #* 6 [A]
GPU 1t 9% L TORIRE: 17HIFEOH A XH' cuBLAS (c 74 LY
CUBLAS D% APl THRT B(C(I/NETES
cuBLAS @ batched APl THIIERI Blc(EAETITZS

$

EHO=Hn, H4X (m, n, k) = (NDOC2, NDOC, NVAC) D{THiEZFL 8
TEH&93YTIL—F> smp_abc_3c_dgemm_1st £, (X (m, n, k) =
(NDOC, NDOC2, NDOC) DfT5llil%F=EH (st ET3H TIL—F >
smp_abc_3c_dgemm_2nd ZiEM.

cuBLAS (HfFFEE 9. Z&E)L— 7 + OpenACC T GPU1L

BBSA-TRSALIZED

CPU: AMD Ryzen7 5800X
OS: Ubuntu 20.04.2 LTS

GPU: NVIDIA Quadro GV100
Driver: 460.32.03

Compiler: NVIDIA HPC SDK 21.2

NVIDIASA DL R—k &Y ERE:

CPU 1-core (Ryzen7 5800X) 0.229 3.310
GPU (Quadro GV100) 0.118 0.233
Speed-up 1.93x 14.18x

23.650 103.826
0.657 2.595
36.00x 40.01x

GPUDB N kBT M= LTI
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| LLIMIZES&mEE#2 (REFEEICLSHEIT)

Codexz {5 202652 A

EEARLER (BE)

- vl:
- V2!
- V3.
- V4.
- v5:
- V6!
- V7.

ZCLEARZECHIKAICEE (MW Oh—% / EERELL)
SMP_ABC_3C®MLAJL—TF%0penMP staticTifi 5|4t (H H—2 / $91.471%)
OpenMP dynamic(1) TE 8 (K —E / £92.3448)
ddot_exmi#E b (B H—E / [(ZIXREEF)
SMP_TRN_3COLA/LBi: 54t (- 1 —%x / E1E)
SMP_TRN_3CRISit 51t +#Heth B H (H A — / (ZITEEFHF)
JayoERsF0 (H Hh—% / 63.558))

ALYREERFER (V7)
- 1: 152.57s

- 2: 103.04s

- 4:76.17s

- 8: 67.53s (&%)
- 16: 68.06s

MAEDER
-V3(BRALYKEIE)EN—RTM1ETH
-V/ITEEREDH T, 2E:REMBRITRE

2026/6/3
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| LIMICEDRE L#2 (RS

sssss

|IIII II
\ Il'
II|| I'I/ II'| /
| \/
(I
I|| | I|' !

EFEM (v1~v3d)
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Ref.; Y. Mochizuki et al., Theor. Chem. Acc. 130 (2011) 515./ MP2.5 Ref.; P. Hobza et al., ChemPhysChem 10 (2009) 282.

| HEE

I TR ILX—OD LB fHil#1

(HZO)n (kcal/mol) =2 n=3 n=4 n=>5
MP2 -7.2 -22.9 -38.3 -49.0
MP3 -6.8 -21.2 -35.4 -454
MP2.5 -7.0 =221 -36.8 -47.2
MP4(DQ) -6.6 -20.9 -34.8 -44 .5
MP4(SDQ) -6.8 -21.3 -35.4 -45.3
MP4(SDTQ) -7.0 -22.2 -36.9 -47 1
CCSD -6.5 -20.9 -34.8 -44.6
CCSD(T) -6.8 -21.7 -36.2 -46.2
CCD -6.5 -20.5 -34.3 -43.9
BD -6.5 -20.8 -34.7 -44 4
BD(T) -6.8 -21.7 -36.2 -46.2

Cyclic conformers — MP2/6-31G** geometries (fc)

*BIRDKITAE— (6-31G*%)

* MP2M 8 K EFM D& (LB =

* MP3 (XL LA @/ Tl

* MP2.5[EMP3EF5%0.5(8L1-15&

* BDDKRE(L3-5E1FEE

* BDOD{EIZCCSDDEIZIELYN, =12
AEYDERIZCCDERILTED

*(MDHFESFEERIZHD

AlagGly Mmethod

E(Corr.) Time(m) Rel. Cost

MP2
MP3
MP4(SDQ)
MP4

CCD
CCSD
CCSD(T)
QCISD
QCISD(T)
CEPA(SD)
BD

BD(T)
2026/6/3

-7.34906
-7.51092
-7.64507
-7.93837
-7.54964
-7.62777
-7.89865
-7.65727
-7.90966
-7.70635
-7.60730
-7.89490

6.7
18.8
54.3

224.7
147.2
517.9
691.7
400.5
573.1
380.9
617.2
785.1

1.0
2.8
8.1
33.5
22.0
77.3
103.2
59.8
85.5
56.9
92.1
117.2

Chignolin  method

E(Corr.) Time(m) Rel. Cost

MP2
MP3
MP4
CCD
CEPA(SD)

-11.19437 59.5 1.0
-11.37180 453.6 7.6
-12.02832  11049.5 185.7
-11.41029 5392.7 90.6
-10.27419  13142.1 220.9

* 6-31G*EERE#ZEAH. FMO2
* 4x5=20aF7 D2008FED/INEHZRX3—
* BFAMIZIEIMP34 L LMP4(SDQ)E T
* ECCSD:(EQCISD+EBD)/ 2B FRA AL

(8582 3kcal/mol)



Ref.; H. Yamada et al., Comp. Theor. Chem. 1101 (2017) 46.

| HEERAIRILE—OLEHH

MP2.5MD{E(FCCSD(T)IZikLY

(Tlh,?;"”e IFIE (6-31Gx (0. 25)) in kcal/mol
, PairType HF  (CP) MP2  (CP) MP3 MP25 (CP) CCSD(T)
Adenine M
(1A) |, :Lr' \(l\[CH 2A-1A  -1.85 (2.35) -16.85 (-7.77)  -11.89 -14.37 (-5.60) -14.70
N ’ 1'T-2T 091 (4.64) -11.02 (-3.40) -8.12  -9.57 (-2.16) ~9.95
"'HN_;"“ L.»l""'" H's“”di”g 2T-2A 1779 (-1325) -2488 (-16.22) -2382 -2435 (-1595)  -24.58
| $ D%FI\SFH 1'T-1A -16.70 (-1250) -23.52 (-15.65) —22.44 -22.98 (-15.34) -23.23
Stacking H p-N CH
A ' 17T-2A  -0.64 (1.55) -6.30 (-2.12) -5.15  -5.72 (-1.69) ~6.06
HoN~5 v Thymine 2raa —096 (-081) ~1.60 (-1.37) -146  -1.53 (-1.32) ~1.58
N 2)
Adenine IFIE (6-31G%) in kcal/mol
(2A) PairType HF  (CP) MP2 (CP) MP3 MP25 (CP) CCSD(T)
% 2A-1A 1.70 (4.16) -7.96 (-3.68) -412  -6.04 (-1.97) ~5.88
_ 1'T-2'T  2.30 (454) -4.55 (-0.59) -262 -359 (0.21) ~-3.62
ﬁ - 2T-2A -1357 (-11.05) -2045 (-15.00) -18.96 -19.71 (-14.54) -20.03
L= , ' 1'T-1A -12.44 (-1020) -18.71 (-13.81) -17.35 -18.03 (-13.40) -18.33
) 1'T-2A 0.61 (1.91) -2.93 (-0.65) -204 -2.48 (-0.31) ~2.62

2'T-1A -0.83 (-0.74) -1.14 (-1.02) -1.06 -1.10 (-0.99) =1.11
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MP3.5 Ref.; H. Yamada et al., Comp. Theor. Chem. 1101 (2017) 46./ MP3.5SMDAMNMP25&K Y £ R4 —,
PR-MP2 Ref.; C. E. Dykstra et al., Intern. J. Quant. Chem.-78(2000) 226.

| 2815528 E DEMOBELE.

IFIE (kcal/mol)

2026/6/3

-1000

-1200

-1400

-1600

-1800

T RILF—

PR-MP2[IMP1iR1IEZ B 2 B RIEIL T HIEIE / MP2&YMP2.5125H5<

(a) Closed structure

HF MP2 PR-MPZ MP25 MP3 MP3 5 MP4(S5DQ)

——6-31G*A -B
6-31G*A -C
——§-31G*B-C
-a---ccpVDZ A -B
cc-pVDZ A -C
—-4--—-ccpVDZ B -C

IFIE (keal/mol)

-1000

-1200

-1400

:

g

Ilé

-2200

-2400

-2600

-2800

(b) Open structure

HF MP2 PR-MP2 MPLS MP3 MP3 5 MP4SDQ)
——63G*A-B
6-31G*A-C
——§63G*B-C

cc-pVDZ A-C
-#4--cc-pVDZ B-C

FMO-MP4(SDQ)&t & 1£ LA MDITO Subsystem-Ad ¥ & #FI| B CEHE
(cc-pVDZIZ1000/—K-20007 O+t R x 18X LwK (75GB) T8.68:[5)

[EE&ITO Sub.A)

95



[EE&ITO Sub.A)

L ELRJLTOIFIEF (RBD)

(a) Closed structure (b) Open structure
0 0
HF MP2 PRMP2 MP25 MP3 MP15 MP4SDQ) HF MP2 PRMP2 MP25 MP3 MP35 MP4SDQ)
400 400
—e—6-31G* A (RBD) —=—6-31G* A (RED)
—+6.31G*B (RBD) +§:§i igﬁ;
600 R 600 —
63167 C (RED) -+~ ccpVDZ A (RED)
S - ecpVDL ARED) } - ccpVDZ B (RBD)
£ s00 --4--cc-pVDZ B (RED) 2 800 = cc-pVDZ C (RBD)
g 4 ccpVDZ C(RED) g
& -1000 & -1000
1200 -1200
1400 -1400
_1600 -1600
-1800 -1800
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Ref.; T. Ishikawa et al., Theor. Chem. Acc. 118 (2007) 937. [EJ I I ]

| BEIEMP2ZE-T-HEHT (FILM)

¢ -

Trp-CageM EERN D CH/nt8 B 4E FH D iz At D 5

TRP6 t < GLY11 CH (-0.4903) TRP6 it & PRO12 CH (-0.1788)

TRP6 1t < PRO18 CH (-0.4209) TRP6 m < PRO18 CH (-0.3839)
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Ref.; Y. Mochizuki, et. al., Chem. Phys. Lett. 410 (2005) 247. & Y. Mochizuki, Chem. Phys. Lett. 410 (2005) 165.

| BB MENT (CAFI)
= - Ch Transf
#1 /X —EtEILEHE DFMO arge o
#2 U jj ?/ F t Eg@§§gé—’%*ﬂ Induced Polarlzatlon
Occupied Space Occupied Space
(localized) Pre—Polarized (localized)
by ESP in FMO

#3 BTEiL . EAfHLowdinExR b
Fragment A Fragment B

#4 CERFIZKAZHREFDEA
(N**4, 2B FimAI7TIERL)
#5 B8 ﬁ:mﬁul*)l/#‘—éﬁﬁ

EFDIEED
KEFEE(CT) FRRUVE
kDR EIT RDBEE
Tneth FE CHEEfTTE
-1.9kcal/mol, 3P
-1.4kcal/mol \

Table CAFI efergies (in hartree) for Gly3 — Gly5 hydrogen bonding in glycine pentam

No. EiergW(CT) Energy (POL) Donor orbital Acceptor orbital Occupatio
number
1 -0.003055 0.000023 o© lone—pair ¥\ 0.00245

2026/6/3 2 —-0.002260 0.000057 7 lone—pair o*yy 0.00332 99




Ref.; Y. Okiyama et al.,. Chem. Phys. Lett. 509 (2011) 67./ BSSEDEtE Tld, "MEHE ZE K STEZ2EEBMTITS. {/':F' IJ.I ]

| BSSEQ®IEH

_ . 248% 6-31G 176%
Thymme (1'T) > 211% _yeor I -67%
31% 90%89% e
-2 T 2A1T 1T2T  mpF
. - PP
Adenine (1A) S ®P) ok (P)
S~
H H-"H g 71% = MP2
=
. MP2 (CP)
'.-l"
. H H-Bondin
H:}’_J\K'T‘Mf g 25
' - *
244% 6-31G 197%
5 313%
o | 89% 89% 13%
1A m HF
S > (P
E . = HF (CP)
E " MP2
X -
= MP2 (CP)
-20
-25
5 -126%
0 85% 86%
T ﬁ T
_ s 1A 1A-2'T = HF
Qo - P
E 0 o = HF (CP)
g 75% = MP2
MP2 (CP)
-20
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Ref.; Y. Okiyama et al., J. Phys. Chem. B 122 (2018) 4457.

FMO-PB#8EE

ARTICLE | March 20, 2018

Fragment Molecular Orbital Calculations with Implicit Solvent Based on the Poisson—
Boltzmann Equation: Implementation and DNA Study

Yoshio Okiyama®*, Tatsuya Makano, Chiduru Watanabe, Kaori Fukuzawa, Yuji Mochizuki, and Shigenori Tanaka

L Open PDF ‘ © Supporting Information (1)

Abstract

FTEAXMDITF2I5E L 6

In this study, an ab initio fragment molecular orbital (FMO})

methodology was developed to evaluate the solvent effects on i . w0 = -
_— . . . \ . . t.:‘»-—--... (@BG =l o . in sokvant
electrostatic interactions, which make a significant contribution to the - ﬂ:;g " &t e l’“"t‘
physical and chemical processes occurring in biological systems. ?q__ a@c,'i;;‘zc}.‘?;’ouﬂ}“ ,f, - il
Here, a fully polarizable solute consisting of the FMO electron density ‘5’5‘1&*{- & o] P opee e o . .
B S =

was electrostatically coupled with an implicit solvent based on the
Poisson—-Boltzmann (PB) equation; in addition, the nonpolar

contributions empirically obtained from the molecular surface area .
(SA) were added. Interaction analysis considering solvent-screening S 3 ul 4

and dispersion effects is now available as a powerful tool to determine s — 2B . @\\1‘#’:@ of° E 2__'EM
the local stabilities inside solvated biomolecules. This methodology is o= e

applied to a deoxyribonucleic acid (DNA) duplex known as the b

Dickerson dodecamer. We found that excessively large electrostatic

interactions inside the duplex are effectively damped by the screening,

and the frontier molecular orbital energies are also successfully lowered. These observations indicate the stability of highly
charged DNA duplexes in solution. Moreover, the solvation free energies in the implicit model show fairly good agreement with
those in the explicit model while avoiding the costly statistical sampling of the electrolyte distribution. Consequently, our FMO-
PBSA approach could yield new insights into biological phenomena and pharmacological problems via this ab initio methodology.

2026/6/3
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Ref.; Y. Okiyama et al., J. Phys. Chem. B 122 (2018) 4457 & 123 (2019) 957.

| FMO-PBZaJmAAs27fl

## ESTIMATION OF NONPOLAR SOLVATION ENERGY

SASA of whole molecule / Angstrom 2 =

Elapsed time = 0.0 sec

## SOLUTE TOTAL ENERGY

SCF / Hartree
=77621. 87317209
=77625. 72587377

-3. 85270168
-4. 60614784

FMO2 in vacuo
in solvent
difference
( ES correction

## SOLVATION FREE ENERGY

FMO2 / Hartree
-3. 85270168

0. 11409050

-3. 73861118

Electrostatic
Nonpolar
Total

## Time profile

Number of cores (total) = 512
Number of cores (fragment) 1

THREADS (FRAGMENT) = 32
Total time = 123455. 4 seconds

2026/6/3

9943. 45412248

MP2 corr. / Hartree
—226. 58605103

—226. 07846056

0. 50759048

FMO2 / kcal/mol
-2417. 60678689

71. 59286968
-2346. 01391721

- & I[XHIV-Protease + Lopinavir
FMO-MP2/6-31G*L )L

Oakforest Pacs (OFP)M64./—K %% F
TS5 AVREEZYRAL YR, /—RIZIE
87Ot RE/NA/IN\—RL YR TILTT:
IR F TH#E B EFR X34 305 H
BEIFRETILEOHLIONERBIMN . - -

Total / Hartree
=77848. 45922312
-77851. 80433433

=3. 34511121

(]

Iter. Total Energy / Hartree

Difference / Hartree

1 —77625
2 —77625
3 —77625
4 —77625.
5 —77625
6 —77625.
7 —77625
8 —-77625
9 —-77625
0 —-77625
1

1
1 =77625.

1635597274
6117971116
6982569271
7183753774
7236744650
7251996845
7256641467
7258196045
7258510916
7258686437
7258737697

. 2903876412
. 4482373842
. 0864598155
. 0201184503
. 0052990876
. 0015252195
. 0004644622
. 0001554578
.0000314871
. 0000175522
. 0000051260

* Solvation calculation was successfully converged
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Ref.; Y. Kato et al., CBI-J. 14 (2014) 1. & J. Yamamoto et al, CBI-J. 14 (2014) 14.

| FMO-UHF&tE

IRILF—5 (MD) LAl AE

R EF DI AV E/Y—IXUHFETE — SCCET

2
3 FMO2 1 1 FMO3
1 Open .

@ I s E/Vv—%550 s E/v—%52D
. - FTA<T—3 (GEEE) N)<—8 (aiE)

1-3,2-3, 31, == 1-2-3, 2-3-1, 3-I-] , =+

FARD IS AU IFBEDHFA R

MHETRILF—ZRDHAHMP2/UMP2E EIFUHFET EINRZ TR TTEITIT S

EFMO2 — ZEIJ _(N_Z)Z EI AE?fpz = E}‘\]/IPZ . E}\/IPQ, _EyPZ AE]I:]IF+MP2 — AEEF + AEII\‘;H)z

I>J 1

N-=2)(N-3
ETMO3 _ ZEIJK _(N_3)ZEU+( )2( )ZEI AEZIIEZ :EMPZ_E?APZ_EyP2_E24P2
I

LUK
I1>J>K 1>J

T"HF+MP2 __ A 7-HF MP2 MP2 MP2 MP2
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BAZEMP2D 7 )L T 1) R L% BEEE L TEE., FH3EZE# % 3E1T. / <S> Ref; B. Schlegel, J. Phys. Chem. 92 (1988) 3075.

FMO-UMP2&1 &

FUMP2 _ paa(2) | pasR) | pas() Eoe2) _ 1 Z (ia, fb)[(ia: fb)_(ib: ja)]

25 &+E —&,—¢&,

g Ly badpliap)-(@5a)] e 1o liasb)

205 &teE e, g 2l & E 8,
b la, ;l_?
<S2>UHF = <5Uo ‘Sz‘%> = 522 +5 T, _;(Sij)z aif'b B g + (E'j —ea)—é‘b
(5% s = (5 D + 2 a5 IS ) ()=, 8

Compute aa-correlation energy ! jj-batch / parallel
Compute Bp-correlation energy ! ij-batch / parallel
Compute af3-correlation energy and <5?> ! i-batch / parallel
Accumulate UMP2 results for FMO summation

AEVBRICITTIENED (BBRERAA U OHEATIEELLY)

2026/6/3
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Ref.; T. Tsukamoto et al., Chem. Phys. Lett. 535 (2012) 157. / MP2-grad. Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 504 (2011) 95.

| MP2E S EEREEDH

Trp-CageD I (6-31GEE)

[ FMO-HF; & FMO-MP2 / #[ENMRMM)IZ k5 iE&]

=D 7—RATVAT7 FZZEIRMI(ZxEE 5

0 E + 0
aq 54049 4

Nucl.
VAB

‘BDAY U IL-BREDWAIEETE g(q,) = 88 ET" = Za_E” ~(N-2)
- BB A (L BFGSAVZ 1 1= z
-HFL AL TlEnntB EEAILEE R A 1] o . i
"MP2L AL TIEEERDIEEEREF Aq=B"""Ag Ag=g(q"")-g(q”")
-CH/mBE ERIZ DLV TH XIS AT BE

REPHRGETHRDRMIEZL \gBEGS _darg” B agng” B

ATAg  AgT B Ag
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Ref.; M. Sato et al., J. Amer. Chem. Soc. 130 (2008) 2396. / FMO-MD®DEAF (X EEAR D HEAh KD Bk A K.

| FMO-MDOHI

KIGEEATICE AL =51

RETURN TO ISSUE PREV. COMMUNICATION  NEXT> JACS
How Does an Sy2 Reaction Take Place in Solution? Full Ab Initio MD Simulations for the
Hydrolysis of the Methyl Diazonium lon

Makoto Sato, Hiroshi Yamataka, Yuto Komeiji, Yuji Mochizuki, Takeshi Ishikawa, and Tatsuya Makano
View Author Information >~

@ Cite this: J Am. Chem. Soc. 2008, 130, B, 2396— A oy

2397
Publication Date: February 2, 2008 + g 54 - 68 @ Journal of the American

https://doi.org/10.1021/ja710038¢ LEARN ABOUT THESE METRICS Chemical Society
Copyright © 2008 American Chemical Society

RIGHTS & PERMISSIONS " Subscribed

PDF (458 KB) 9 Supporting Info (1) » SUBJECTS: Bond cleavage, Chemical reactions, Computational chemistry, v

Abstract Hzo + [CH3(N2)]+

An important goal of mechanistic studies of chemical reactions iz to understand how atoms in

reacting molecules behave at the molecular level. Toward this goal, full quantum mechanieal

molecular dynamics (MD) simulations, which employed the recently developed fragment molecular ; I 1. |

-
orbital (FMO)-MD method, were carried out for the hydrolysis of the methyl diazonium ion in water. 2 Y "'},__,?_ — f ot = o

o 2843 - 2wy bams '
The simulations illustrated for the first time how the solvent water molecules participate in the E"“ **;s-':*; DN - t 1
reaction and how the C—N bond cleavage and O—C bond formation take place during the reaction. It ng'gﬁ%;;: e e S
was revealed that this typical Sy2 reaction does not always proceed through the energetically .gf.:é:ﬁ.f*# A ° Jou d
- S . . e b, BN aaar =
favorable synchronous pathway, but that it shows mechanistic diversity. pia ¥ " "%;:t‘m'\_ﬁ }i{
v L o
23Eps 239 pa s
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| FMO-MDODHI(fEE1)

Tight S\2344 T TOEBEBEIDFRF: CAFI
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| FMO-MDOD#I (FiE2)

Tight S\22(1 7 TO B EEBRIDZEL 10 DENBRD 2R 5T &It EERE T Ak

12.0 —3180.0 4.0 T
<100} 0 - et
g {1500 £
€ 80| 3 3.5 [
B 11200 5 -
= - 90.0 g 3 -
4.0 4 © 30
2.0 - - 60.0 i
0.0 30.0 25 |-
3081B  dons
] M 20 -
S 0.6 : )
Q.
6 04/ qu | g H(/ ({ 15 -
0.2 e\ f W Y b/ [
" G20 ol vty v b e ey
0.0 o NN A e 1.0 15 20 25 30 35 40
55 56 57 58 59 60 61 62 63 64 65 Re.nvA

time (ps)

3 Lbtight SQDIWBRIIRYII>TLVEL (RIGERBOSHE)
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Ref.; D. G. Fedorov et al., J. Chem. Phys. 122 (2005) 054108.

% EFMO (MFMO)

E-Y|| S el TAB [+ XY Y AB

L || IeL I>J L,>L; IeL; JeL,

P !

E, :Monomer energy, £, : Dimer energy

E, =E,+T+(D'V'), E,=E,+Tr(D’V")
AE',=E',-E',-E',, AD” =D" -D'®D’
AE, = AE', +Tr(ADY V")

- B2 ELANILEEE, (FIZRIET77—<a747)
- MP2%E7=[EMP3%[E2|ZE FH

- B1XE/v—SCCEHZEZRLI-HFLR)LTEHE
- 3B DHF/NEATRE

- CIS/CIS(D)IZ kAR Ik REET E LS R AT REIC
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| MFMO-MP3E+H D%l

ChignolinZfill=F R k. &E(X6-31G
B2(Z(%{Tyr2, Pro4,Trp9} vk

&CNTRL

METHOD=" MFMO’
ReadGeom="Chignolin. pdb’
Gradient=" NO’
Memory=2000

Nprint=3
- HF/monomer-SCCIZfE1L B2 &HhHE T y
- MP3%jE2(Z:E A &FMOCNTRL
- FMO="ON’
- IRDIFIEIXZE2IZREAL T R+ Nbody=2
Np=1
AutoFrag="ON’
## READ NAMELIST “MFMO” : TOSTAT = 0 g -
MethodLow = HF (‘w‘Y . gLBASIS
FragLow =1,2,3,4,5,6,7,8,9,10 v . 1 S ,
MethodMiddle = Pro=Asp=Tyr%Gly=NH3+ BasisSet=6-31G
Fragiliddle = r e : QOPTCNTRL
MethodHigh MP3 (;l s as® Rt . :
FragHigh = 2,4,9 B & a g -
(] . s =
Thr S - MethodLow="hf"
: . ' Fraglow="1,2,3,4,5,6,7,8,9, 10’
"""" \ . . 10 MethodHigh=" MP2’
G|y =Thr=Trp= Gly=coo- FragHigh="2,4, 9’
## MP3-TFIE /
IJ-PAIR  DIST DIMER-ES ~ HF-IFIE  MP2-IFIE GRIMME-MP2 MP3-IFIE GRIMME-MP3 PADE[2/1]
/ A APPROX. / Hartree / Hartree / Hartree / Hartree / Hartree / Hartree
4 2 2.509864 F -0. 000475 —0.004102 —0.003321 -0.003373 —0.003139 -0.003179
9 2 1.990745 F 0.014420 —0.018544 -0.015018 —0.015330 -0.014215 —-0.015128
9 4  3.180956 F 0.003585 —0.001458 -0.001232 —0.001109 -0.001145 —0.000977

2026/6/3
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Ref.; M. Head-Gordon et al., Chem. Phys. Lett. 219 (1994) 21.

| CISO)DAREUEEIZLBER

w; CIS energy , b"; CISvec

tor U, DHEE (BhEEM)
. | (uijab)z / -
@ :_ZZE +& —& —& —a)+zbi &

jjab € T &y T 6 T8 TN LU, OB 5 (Z5HEE)

= S kbl g ~(ablcips, [+ 3 kal e, ~ bl

v, = %Z<jk | bc>[bibajkca +bjaaik0b T 2bjbaikac]

ab (ab||ij) \ STEaRNETITA=HIZE%
Tt te-¢ iy RS ZE->TUIET S

Fe = b - REZEBIEDHFZREBEEED THEE
- Zal] (i | ab) « ABINIT-MP/[Z[ZMP2 /LT YL E I HL TEHE
&  DAXPY*DDOT#Z/H (R&EHZL)
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Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 433 (2007) 360. / MFMO-CIS Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 406 (2005) 283.
MFMO-CIS(D) Ref.; Y. Mochizuki et al., Theor. Chem..Ace.117(2007) 541.

| DsRedDfiE/ XTI RILF—HTE
FhigikEEEtE [IVer. 2 Rev. STIEEIDFE
<DsRed
MEBRFEOFRERLEZA /INIE (BHET—H—)

= KIN558nm(2.22eV) . FI583nm(2.13eV)
GIn66-Tyr67-Gly68M HE RIGIZLHBFRAERK r67-Gly68

= Pheb5&I1E-C=N-CO-{5& 4

~ O\,

[e}

N

QE‘I‘%:&%% S\, Ser69
FEFE2: “E % +Phe65+Ser69"F T3 Y\l
6-31G*EE (3553 F. 220057 A0k) 5 Ll

=> EERELDE(L0.1eVLLA Phons
IRAR (eV) CIS CIS(D) FIt (eV) CIS CIS(D)
pig 3.39 249 pig 3.25 2.41
pig+Phe 3.27 2.30 pig+Phe 3.20 2.21
pig+Phe+Ser 3.26 2.28 pig+Phe+Ser 3.18 2.21
1BK : EERE 2.22 B EER(E 2.13

6-31GRE TEHIZIZEICIE BFEEILCISRE LB EZBIE
112
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Ref.; N. Taguchi et al., J. Phys. Chem. B 113 (2009) 1153.
PR-CIS(Ds) Ref.; Y. Mochizuki et al., Chem. Phys. Lett:

ﬂi mFruits (BXZERFP) D2 TR IILT—EE

CIS CIS(D) CIS(Ds) PR-CIS(D) PR-CIS(Ds)
mCherry Glu215
pigment (X) 3.32 2.40 2.44 2.27 2.31 WEIANT O~ AL
F65+X 3.19 2.22 2.26 2.09 2.13 ) ol
-10DEE a7
F65+X+S69 3.24 2.27 2.31 2.13 2.18 — 2 33eV
Experiment 2.11
‘mStrawberry
pigment (X) 3.13 2.32 2.37 2.17 2.22
F65+X 3.01 2.20 2.25 2.05 2.10
F65+X+S69 3.04 2.22 2.27 2.07 2.12
Experiment 2.16
‘mOrange
pigment (X) 3.56 2.66 2.68 2.53 2.55 ~
F65+X 3.47 2.54 2.56 2.41 2.43
F65+X+S69 3.48 2.56 2.58 2.43 2.45
Experiment 2.26  (eV)

PR-CIS(Ds) TIZMP2IRIED & 73 BB ILEREIBEMTRILF—NEESIND: 6-31GFEETDEHE
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Ref.; N. Taguchi et al., Chem. Phys. Lett. 504 (2011) 76.
Self-energy Shift Ref.; Y. Mochizuki, Chem. Phys. Lett. 453.(2008) 109 & 472 (2009) 143.

| BFPEYFPORIETRIILX—HE

Fragment Number

42 62 64 66 67 92 94 119 146 148 201 218 220 228 229 230 232 233
0.02

0.01 BFP YFP
= -0:01 I I I I I “iE I " A o fi%o
5_’; -0.02 INWN} \ o
g 003 —N _ X
;& :g'g: |T/7r62| |G/f79-ll N\<H N N N NG
| -0:06 KC\ T ’
= o
Fragment Number (e V) BFP YFP
59 60 61 62 64 65 90 92 117 141 144 146 163 199 201 218 227 228 CIS(D) 355 283
PR-CIS(D) 3.43 2.70
S oo PR-CIS(D) & SS(2) 3.36 2.93
<o Exptl. 321,325 241
|, -0.04
8‘_

o - EEGAEO3BREEAHTHE
- GF24EAYCIS(D)At £ <M<

-0.08

- YFPTIETyr2030&F 5N K=Y
CIS(D)®H#HIEIZ & 5 E5E(6-31G*)
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Trp—CageD R D TrpD IR TR IL X —HE#1
Ver. 2 Rev. STEHE T

PR-CIS (DS) CORRECTION WITH U2, T2*Ul AND T1*Ul CONTRIBUTIONS AND PR-SCALING CC'DVDZ%E

@ MP2 ENERGY OF GROUND STATE BY T2 =  -1.916060 . == =2
PARTIALLY RENORMALIZED VALUE -1. 876168 iiifﬁmﬁo)%%_i1;'i4 ev$£r_
P BEREE. FEERNEEY

@ SINGLET RESULT : NUMBER OF VECTORS = 2

NO.  CIS ENERGY U2 ENERGY  T2%Ul ENERGY TI%Ul ENERGY CORRECTION CIS(DS) ENERGY  RATIO
1 0.199111  -0. 134334 0. 093789 -0.001342 0. 041887 157224 0.79
( 5.42EV ) ( 4.28EV )
PR 0. 090764 -0.001283  —0. 044853 154258 0. 77
. 20EV )
2 0.204845  —0. 142929 0. 129297 -0.000116  -0.013748 T 0.191097  0.93
( 5.57EV ) ( 5.20EV )
PR 0.125157 -0.000107  —0.017879 0.186966  0.91
( 5.09EV )

> O B~ O

@ TRIPLET RESULT : NUMBER OF VECTORS = 2

NO.  CIS ENERGY U2 ENERGY  T2#Ul ENERGY  TI1*Ul ENERGY  CORRECTION  CIS(DS) ENERGY  RATIO

1 0.115950  -0.090265 0. 120964 -0.001211 0. 029488 0. 145438 1.25
( 3.16EV ) ( 3.96EV )

PR 0.117222 -0.001168 0. 025789 0.141739 1.22
( 3.86EV )

2 0.154984  -0.106875 0.127951 -0. 000472 0. 020604 0. 175588 1.13
( 4.22EV ) ( 4.78EV )

PR 0.123916 -0. 000449 0. 016592 0.171576 1.11
( 4.67EV )
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| Koopmans®EEES ) — Ba%k

[Koopmans D FE &)
—IP~s, « G,(E)=(El-¢)" HF3f {5L1E B R O GreenBA 41248 2

[GreenBH#IZ &k A4H1E : Dyson FFER )
~1P=6,+("Eey—""Ec,, ) " Ep() & G(E)=6y(E)+G(BZ(E)G(E)

_ 502, $0)
EAHEIRILE—EEMTRILE— =243 ;...
HEIRILX—DEEREERH

RrECIRILF— REVEEIZKDERK]

Z(2)(1;:):lZ:<ti||ab><czb||ui>+lZ:<ta||i‘]'><z"]'||z,ta>
“ 24 E+e—¢,—&, 2% E+és,—¢& —¢,

FR . EFHBEBENZEZRR

(B IRV —DEFENFEUEBEE]

dz,(E)Y"
E=¢ +X,(E) |#VEF@HETIRYS | P :(1— ;E j ZtED HRIF0.8

(NRARIZ&KY2,3[EID RETINET 5)
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Table Ref.; Y. Mochizuki., Chem. Phys. Lett. 435 (2008) 109.

R —U T RELI2RY ) — B

[BB3RODBEEIARILT—P3) BT RI/ILT—DHE]

' / <ta|ij>\<ij||ta>+W . +U .(E
ST LI LS 47> (<l ta>+,, +U,,(E)

2% E+eg-—¢,—¢ ija E+‘9a_gi_‘9j

( Ortiz, JCP 104(1996)7599)

RRDODEEIRILT—DAREVHART—12] -
pGW2RT—1)> 9

. 2p—h - 2p—h|,- .
) < (a, tb)(}/S (ia,tb)+ - [(za, tb) —(ib, ta)]) o by
SO(E)=Y - b gt =y =0.96
iab + € —&€,7 ¢, 2p—h p—2h 0
o Dhya, Y P . Yr =Vr =
3 (it, Ja)(7§’ (it, ja)+ vy |(it, ja) - (ia, Jt)])
ija Et+e, —& - €; ( Hub, J.Elec.Spec.Rel.Phen. 85(1997)39 )
Molecule Orbital KT GF2 pGW2 P3 Expt.
HF 17 17.67 14.38 15.58 15.94 16.05
30 20.78 18.66 19.51 19.81 20.00
H,O 1b; 13.86 11.23 12.16 12.45 1262 | 2R TCIIEMZ B EIFEH
3a 15.87 13.59 14.46 14.72 14.74
1b, 19.41 17.91 18.62 18.77 18.51

( BfilZeV, & IEMP2/6-31G* 5z 1L %, IPETE TIE6-311++G**)
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Ref.; Y. Mochizuki, Chem. Phys. Lett. 453 (2008) 109.

CIS(D)DHHLERRFIHDEIE

Excitation energy of formaldehyde
N X * CIS(D) [V KRS IR BE TIB /N4
c ; " [aiazvan || ¥2RT)—CBABOBECS I RILT—FHHIE
> N~ = 5 s B [ — 43
: | 182 () | B R DIEBHRE M HRAH
Y —— 9|+ CIS(D) TR AL 5 R AR
3 ' ' ' ‘ * [ RFRETEREZRE
S %%@ & & * MLFMO-CIS(D)g, &L CH| eI &t

* AF AT S L DR BT I AT A

(A=0 setting) Method 6-311(2+,2+)G**
ab 2
i)

CIS(D)ss —_ E

+Zbl.avia
4= ¢, +8b—€ —e, Ao G

¢ =& +2,(¢) /
5 ) :lz<pill abab || pi) +lz<pa 177 || pa)

2% e, e —¢g,—g, 207 e e, —& —€&,
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Ver. 2 Rev. 2TIEMP2ICH HE I RILF—2 T FZFEATEE /Y. Mochizuki., Chem. Phys. Lett. 472 (2009) 143.

ADTroDEIEIRILT—HTEH2

| Trp—Cage(F

@ LAMBDA DAMPINGS OF CIS ENERGY FOR U2 :

*% SELF-ENERGY SHIFT :

@ SINGLET RESULT :

NO. CIS ENERGY

1 0.199111
( 5.42EV )

PR

PR

PR

2 0. 204845
( 5.57EV )

PR

PR

PR

2026/6/3

U2
-0

PGW2 %

ENERGY
. 140667

. 130630

. 122141

. 148244

. 139067

. 131167

NUMBER OF VECTORS =

T2%U1

0.

0.

1.00 0.50 0.00

2

ENERGY
093789

090764

. 090764

. 090764

. 129297

. 125157

. 125157

. 125157

CORRECTION

-0.

046878

. 049903

. 036841

. 039866

. 028352

. 031377

. 018947

. 023087

. 009770

. 013910

. 001870

. 006010

cc-pVDZEE

‘PGW2HEZIRILF—TEDER

-FZDGF2TIEITAYTES

CIS(D) ENERGY  RATIO
0. 152233 0.76

(4. 14EV )
0.149208  0.75

(4. 06EV )
0. 162271 0. 81

( 4.42EV )
0. 159245 0. 80

( 4.33EV)
0.170759  0.86

( 4.65EV )
0.167734  0.84

( 4.56EV )
0.185898  0.91

( 5.06EV )
0.181758  0.89

( 4.95EV )
0. 195075 0.95

( 5.31EV )
0. 190935 0.93

( 5.20EV )
0.202974  0.99

( 5.52EV )
0.198834  0.97

( 5.41EV )

119



JKFIEE F=UbiqutinD Tyr&f 43

BROINDEDIPD

a8 7

Ver. 2 Rev. ST E Akt

FMO-HF&GF2/6-31G*T& &

2026/6/3

QP GREEN FUNCTION (IP) RESULT

NUMBER OF TARGET OCCUPIED ORBITALS =

ITERATIVE SOLVING = YES

sk KOOPMANS THEOREM s

NO.

O N O U1 > W N~

= e e e e e e
O 00 1O Ul W —= OO

POS.
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

-IP

VALUE

. 786556
. 703379
. 664768
. 648260
. 645418
. 619581
. 601884
. 596749
. 571902
. 547152
. 532246
. 512331
. 508945
. 500393
. 483462
. 388602
. 380923
. 347929
. 336190

19 :

THRESHOLD = -0. 800

: STATUS = COMPLETE

-21.
-19.
-18.
-17.
-17.
-16.
-16.
-16.
-15.
-14.
-14.
-13.
-13.
-13.
-13.
-10.
.365 )
. 468 )
-9,

-10

403 )
140 )
089 )
640 )
563 )
860 )
378 )
238 )
562 )
889 )
483 )
941 )
849 )
616 )
156 )
574 )

148 )

*% NORMAL SECOND-ORDER (GF2) RESULT / OK FLAG = 1 *x

NO.

CO 3 O U1 v W N —

POS.
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

VALUE

. 686201
.601090
. 574999
. 550784
. 550918
. 518404
. 507267
. 508080
. 484631
. 468994
. 453970
. 429817
. 436472
. 420589
. 406054
. 309469
. 284350
. 330536
. 320539

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

.673)
.356 )
. 647 )
.988 )
.991 )
.106 )
.803)
. 826 )
.188)
.762)
.353)
. 696 )
877 )
. 445 )
.049 )
.421)
.738)
.994 )
.722)

PL. ST.

** PARAMETERIZED GW2 RESULT / OK FLAG

NO.

O N O U1 = W N~

POS.
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

-IP

VALUE

. 724863
. 642948
. 614015
. 589644
. 590154
. 563164
. 547481
. 547838
. 524784
. 504271
. 490140
. 461836
. 459240
. 460347
. 442530
. 341051
. 323869
. 338620
. 328439

e e e e e N e e e e e e N e N N e N

725 )
. 496 )
.708 )
.045 )
.059 )
.324)
.898 )
.907 )
.280 )
.722)
.337)
.567 )
. 497 )
.527)
.042 )
.280 )
.813)
.214)
.937)

Scoocoooooooooo00000S

8646
8373
8674
8635
8600
8484
8634
8651
8631
8832
8863
8708
8407
8732
8669
8780
8799
8840
8832

0K

—_

b b e e e e ek e e e et e e ek e e

LW WWWWWWWWwwWowWwwWwksWwwwks k"

=1 / OSPPH, PSPPH, OSPHH,

PL. ST.

S e R

. 9044
. 8878

9116
9044
9040
8993
9065
9107
9105
9230
9253
9072
8680
9201
9102
9163

.9193
. 9206
. 9206

0K

—_

= b e e b e e e e e i e e e e

LW W W LW WWWWWwWowWwwWwwWwwwwowoww:*
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Ref.; T. Fujita et al., J. Phys. Chem. A 122 (2018) 3886. [ i
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ARTICLE | March 28, 2018

Development of the Fragment Molecular Orbital Method for Calculating Nonlocal
Excitations in Large Molecular Systems
Takatoshi Fujita*, and Yuji Mochizuki

‘ © Supporting Information (1) FMO_LCMOO):)’E? I\jé*ljﬁﬁ

Abstract

We developed the fragment-based method for calculating nonlocal Solid lines: Conventional CIS

excitations in large molecular systems. This method is based on the Circles : FMO-CIS

multilayer fragment molecular orbital method and the configuration

interaction single (CIS) wave function using localized molecular s ot T T T T

orbitals. The excited-state wave function for the whole system is W 80F, . ..o i o :
described as a superposition of configuration state functions (CSFs) § L W S eI

for intrafragment excitations and for interfragment charge-transfer & o "~ ]

excitations. The formulation and calculations of singlet excited-state 'E' & —~, . ] '
Hamiltonian matrix elements in the fragment CSFs are presented in -% :z a P ‘%’0 &1
detail. The efficient approximation schemes for calculating the matrix & .o S

elements are also presented. The computational efficiency and the Q3 30 32 34 36 38 40 42 44

accuracy were evaluated using the molecular dimers and molecular R (A)

aggregates. We confirmed that absolute errors of 50 meV (relative to

the conventional calculations) are achievable for the molecular

systems in their equilibrium geometries. The perturbative electron correlation correction to the CIS excitation energies is also
demonstrated. The present theory can compute a large number of excited states in large molecular systems; in addition, it allows

for the systematic derivation of a model exciton Hamiltonian. These features are useful for studying excited-state dynamics in
condensed molecular systems based on the ab initio electronic structure theory.

[
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Ref.; Y. Mochizuki et al., Chem. Phys. Lett. 418 (2006) 418.

| BMaBROHE

Ver. 2 Rev. 4 Gt & Al gE
Dodecane® it & 5!l (cc-pVDZ)

-CPHF/LRIZ &5 3%

- AO-driven/g3E 2% flat MPITili 54k
-FMOD2A R TERE. **Fhliﬁﬁu.wﬁ%t
-FZREIRIRFELE (SHG) DEEZFRET+
-OpenMP/MPI i 5|1t % [its F 7E

A—wl B N; V

— | H @ DYNA
A+ol)\ N, ) |V,
A, =2ia| jb)~(if |ab)+8,5,(,

Bza,]b _ 2(161 | ]b) (lb | ]a)
0{

—_ 2( N + + N /; )VV @ DYRAMIT
=Yl -M-2Y al)]
X>Y X
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Table Ref.; Y. Mochizuki., Chem. Phys. Lett. 435 (2008) 109.

| SEEFEOATIEHREIRILE—T

2026/6/3

ABINIT-MPT D EEZ &5t

Self—energy 2 pGW2 P3

LR LRss LRss LRss MP2 CCSD
Methane
Ay =0, =0, 14.92 15.60 15.24 15.46 15.22 15.07
Ammonia
o= 0o, 11.64 12.47 12.09 12.08 12.07 11.94
a,, 11.90 13.35 12.76 12.68 13.72 13.27
Water
a 6.71 7.78 7.34 7.19 7.93 7.63
a,, 8.48 9.23 8.89 8.79 8.89 8.81
o, 7.33 8.15 7.80 7.68 1.97 7.83
Hydrogen fluoride
Ay = Ay, 3.06 3.50 3.32 3.26 3.44 3.35
a,, 5.31 5.84 5.62 5.54 5.71 5.67

( Bifsildau, #E&EIIMP2/6-31G* &

b F, ZEIE(X6-311+G(2d,2p): MP2ECCSDDIEIZG03IZLS )

HREE A L-MP2X>CCSDDE (238

ELVERDE

Fond!!

(.-\.—ful B ) N,
B A+ wl N,

)=~

[

e

) Aru.,ﬂ’r - ‘\'I ﬂm’r(

Bra.,ﬂ’: — .::U”gf;}

— &) + (ajl||ib),

123



Ref.; S. Matsuoka et al., J. Comp. Chem. 45 (2024) 898.
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Abstract

Energy decomposition analysis is one of the most attractive features of fragment
molecular orbital (FMO) calculations from the point of view of practical applications.
Here we report some enhancements for PIEDA in the ABINIT-MP program. Cne is a

separation of the dispersion-type stabilization from the electron correlation energy,

traditionally referred to as the “dispersion interaction™ (D). Another is an alternative
evaluation of the electrostatic (ES) interaction using the restrained electrostatic
potential (RESP) charges. The GA:CT stacked base pair and the Trp-Cage miniprotein

were used as illustrative examples.

KEYWORDS
dispersion interaction, energy decomposition analysis, fragment molecular orbital method, RESP
charge

124



LRD Ref; Sato et al., J. Chem. Phys. 131 (2009) 224104. / #{EHED E P 12— ILITBEFRKDSMASHO E P 12— )L EFIH, ['a‘% 7-]< ]

| BFiSE S8k DM IELRD: HF+D)

P -

A B nB AB2
dlsp + disp fdamp( ab)
pr— a)m wn

a>b n=6

NEAD22RIEFIRIT K . BEEESEEEE

« RNy NDHEIREE
. WYHAUEVY

Ar-ArDRTU v LT R )L F—HIER DT AR

6-31G* 6-31+G*
0.2 Tt 0.2 \
= 0.15 X = 0.15
o \ e \
£ o \ £ ol \
S 0.05 E 0.05
-
) )
%”-0.05 %”-0,05
S 01 ——HF H 5 -l ——HF |
£0.0.15 -B—HF+D(6) || £0.0.15 ~B-HF+D(6) ||
E 0.2 ~4—HF+D(8) | 'E 0.2 XX —+~HF+D(8) |
R 025 —XSME ——HFD(10) R 025 —<HF+D(10)
0.3 ! ! ! ! ! 1 1 -03 L L
3 35 4 45 5 55 6 65 7 335 4 45 5 55 6 65 7
R (A) R ()

(MP2? & /IMiE1£-0.21 kcal/mol @ 4.06R)
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| LRDZ ANT-PIEDADEEHI

6-31G*EE
Pair Type Dist. IFIE ES EX CT+mx DI(LRD) DI(Rest) % LRD
GA:CT
1G-2A Stackmg  3.27 -10.59 -3.48 3.52 -2.08 -7.36 -1.19 86.1
1G-1'C H-bond 1.80 -45.47  -59.84 33.75 -10.65 -3.05 -5.68 34.9
2A-2'T H-bond 1.85 -18.53  -23.30 16.31 -5.58 -2.42 -3.54 40.6
I'C-2'T  Stacking  2.88 -4.66 -1.10 4.28 -1.75 -5.32 -0.77 87.3
Trp-Cage
Trp6 - Tyr3 /T 2.20 -11.66 -7.56 6.58 -3.11 -5.41 -2.16 71.5
Trp6 - Prol2 CH/n 2.41 -6.49 -6.33 3.69 1.36 -4.32 -0.89 82.9
Trp6 - Prol8 CH/n 2.70 -6.84 -2.34 6.08 -3.18 -6.03 -1.37 81.5
Trp6 - Prol9 CH/n 2.59 -3.17 -2.65 2.2 1.07 -3.39 -0.4 89.4

2026/6/3

1G § i ==
IW‘\
2A =
2°T

e

1°C
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ES(RESP)Z{§>71-PIEDA®D 5+ & #I

[#R=])

Pair IFIE  Dist. IFIEMM) ES  ES(RESP) ES(MM)
GA:CT
1IG-2A  -1059 327  -1013  -348 214 219
IG-1'C  -4547 180 2478 -59.84  -27.94  -26.37 iﬁf’gfg
DA-2T 1853  1.85  -12.84 2330 946 1199  (1@ils
I'C-2T  -466  2.88  -406  -110 018  0.63
Trp-Cage
Tip6 - Tyr3  -11.66 220 960  -7.56  -7.80  -5.36
Tip6 - Prol2  -649 241 493 633 301  -1.62
Tip6 - Prol§  -6.84 270 584 234 434 125
Tip6 - Prol9  -3.17 259 347 265 136 -0.62
AE; = — zf7;N;‘O_1O ~ 332.06 X q;_q_’
0'ij ij (kcal/mol)

- PIEDAMESIE M8 X &T i RE <3t 9 2/ Z X1 2R

- FMO-ESPZ=H3IH9 HRESPERI CTHHMGHX THERE

- BHCETLSEBELTORNAZEHE

2026/6/3

127



ECP module was imported from SMASH developed by Dr. Kazuya Ishimura with kind permission.

| ECPOF,

## FMO TOTAL ENERGY

FMO2-HF
Nuclear repulsion =
Electronic energy =
Total energy

E (FMO2-MP2) =
Electronic energy =
Total energy =

Partially renormalized MP2 energy:

-3.
-5348.
-1791.

E (FMO2-MP2) =
Electronic energy =
Total energy

EER: CNFETIE
MCP®) & H¥A] 5E

2026/6/3

{4 : Hg (IN-(H,0) ..,/ KFIET JL

Ver.

3556.
—-5345.
-1788.

-3.
—-5348.
-1792.

$DATA
MERCURY
S 2

END

A= O N =T TN - TTU— DN
—

2 Rev. 12 CEtE &k

7856416915
5610594178
7754177263

2485893578
8096487757
0240070841
Type 1

2139038299

7749632478
9893215562

0. 5275000
0. 2334000

0. 0686100

0. 6503000
0. 1368000

0. 0425600

1. 4840000
0. 5605000

0. 1923000

KIZ6-31GEE

-0. 4911676
0. 6044070

1.0000000

-0. 0672271
0. 4979023

1..0000000

0. 4899927
0. 4932711

1.0000000

$ECP
HG-E

[op}

$END

CP GEN 68
————— g-ul potential

-0. 1703372
—-24.5189676
—-28. 2305328
-50. 2160217
—-13. 8325534

-1. 3977261

_____ s—g
2. 7440421

68. 8671343
246. 8006073

97. 7864206

26. 5465894

_____ p~8
1. 9446525

64. 9315822
272.3521790
138. 5794426

41. 2158199

15. 1712756

,,,,, d-g
3. 1153493

44. 5580217
230. 2588307

98. 5271156
-43. 3718937

-0. 3260880

,,,,, f-g
4. 0027249

53. 9600220

25. 2756026
145. 9184228

11. 7637636

-0. 6759736

4

0

DO DD — O = DD DN = =

DO DD DD DD — O H DD — O = DN DN — O =

[(F%. k=]

. 3460385
. 6187191
. 5652631
. 6336796
. 0025515
. 1004827

. 0082018
. 9782063
. 9444668
. 8681457
. 3345231

. 5481365
. 5728959
. 1461441
. 4960359
. 71833475
. 9041993

. 0586232
. 8768738
. 6556989
. 4386734
. 7552072
. 4923262

. 9008481
. 3844809
. 5683319
. 6046957
. 2121230
. 7670500

LANL2DZ / GAMESS-USIZ{ifi>7=4+ &8 A 73

128



F=EDH

2026/6/3 129



| ABINIT-MPIZk%FMOEHE (Z0D1)

OABINIT-MPO) ¥ 5E
FIFEMND25FEFENERE ., W7 (XOpen Ver. 2%~ &x#Hhk(ERev. 12
MEERAIRILE—FERICIEBEL 5. FMO-MP2(E/L—F U EIT Rl BE

OZRN\AVDFI A
[EEISOHPCIHLE 12D —THARELES/403)705 5 LELTESHE
FMO-MP3itE+ERARIIZ [ 5E

O2E B THO TN
MD-FMOE#ND LY T ILEHEIZ LA EI00/# 5T R AR B E R AR AR
HBEXKREBIZT AR DKL
[EENEXTIHE#HLI=-GPULIEADXIE (FMO-XDEEFEAN AL —])
B EE A/ T—2REIZ 05 B
TILFRT—ILIZalb—arEADER

REFHO IR, BENSETITVET . HYBESTESNVELL,
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