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FMO4 Approximation

N-2)(N-3)(N-4
BUE T )za

- E {"iEUKL - ﬁEU - ﬂEﬁ( - ﬁE{L - ﬂEﬁ{ — ﬂEjL — ﬂEﬂ
I=]>K=>L

—[AEyk — AEy — AEg — AE] — [AEy — AEy — AEy — AE;]

\
~[AEww — AE — AEy — AEi]—[AEja — AEy — AEy — AE]} h
I N TAL AL AL AL 1 \

*ﬁEﬂKL EEUKL — E; —EJr —EK —EL

AR T ZT AN ETHEZBIZANTFMOFHE 1T,

' TR —KEE DR _E
77 A Ny EIDOTEHAL

(T. Nakano et al., Chem. Phys. Lett. 523 (2012) 128.)



FMO4-MP2/ES2: HIV-17vn77—%

EX VAR =Ea FHESE (IBH)
Total energy Main/side frg. (total 363) Main frg. (total 203)
HF MP2 HF MP2
-77554.2779  -77709.0268  -77589.3751  -77744.7417
35.4754 36.1544 0.3059 0.3737
-77590.0557  -77745.5971  -77589.6024  -77745.0359
-0.3024 -0.4159 0.0786 0.0796
-77589.7533  -77745.1812  -77589.6810  -77745.1155
-0.0723 -0.0657
Monomer 356.0 359.2 252.0 253.1 +198 7k
s 120.8 141.2 131.7 175.3 - 1K Fn7K
Trimer 765.3 1040.1 648.2 1110.0 U RA55E
Tetramer 2352.3 3374.4 1358.2 2663.2 - 322571
Total 3594.4 4914.9 2390.1 4201.6 17423855
Diff.(M)" 1204.3 713.3

a Relative to the corresponding FMO4 energy.
b Breakdown timing analysis of the FMO4 jobs with 1024 processors of ES2.

‘FMO2 CI3FEH/MEHS T TIIRESR=T7 =P HTLED (HFE[E)
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s EEFTRAEWIZET (Fedorov) = GAMESS/FMO
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o'\ RIERKFE (CA)I6)= PAICS
» UNRF (FEED)= OpenFMO
'm JST-CREST7 =Y =7k = ABINIT-MPX
, http://insilico.h.kobe-u.ac.jp/tanaka/
n CISST7 vy =7t R RAEEMZEFT) = ABINIT-MP

CISSABARZ v m—F (1)
http://www.ciss.lis.u-tokyo.ac.jp/dl/index.ph
(FMO-HF, FMO-MP2, FMO-MP3, FMO-MP2.5,
CMM, MP2= /)L —45)fid, BSSEMIE, IFIEAZAT,
IFIE Map, FILM###T etc.)
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S. Obara and A. Saika, J. Chem. Phys. 84, 3963-3974 (1986).
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J. Nucl. Sci. Tech. 39, 195-199 (2002).
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BioStation Viewer* CHPI7 11/ ‘9.&0)5@“

Trp6-Tyr3
Glyl1, Prol2, Prol18(2A), Pro19-Typ6

« Y. Umezawa, M. Nishio, Bioorganic Med. Chem. 6, 493-504 (1998).
« M. Nishio, M., Hirota, Y. Umezawa, “The CH/n Interaction Evidence, Nature, and Consequences
(Wiley-VCH, New York, 1998).
WRICZE TR A0 7-005rF 7 A | GEZfL. 2008)
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DNA Base Pair Stacking
WMEAZ XTI OEEME

““Eytosine auanine TIF OF DFT cannot

describe the weak
Weakly Attrartinn A 'I'r\ \/N

CALLI abLIUII UUC LU VQLU
bound

Guanine \naals (dispersion)

Cytosine Interaction appropriatel

V )
4}’ K

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



Electron Correlations X

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

o Watson-Crick pair
e Ligand binding
e DNA base stacking

Energy tkeal/mol)

4.0
30

10N

eIt
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0.0

~1.6
2.0
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m==> Implementation of MP2 and MP3 into FMO

IR "'"@""xpw d-34

-'%—'xpw d=4. 9

| prw d-4 4 I

Distance (A)

28 30 32 34 36 38 40 42 44 46 48
Figure 1 Potentlal energy curve of Cytosine-Cytosine



FMO Calculations with MP2 and MP3 M
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EMP2(2p-2h) _ Z <|J I ab><ab” |J>

MP2(2p-2h)
Aim &€ +E,—€,— & Eye, =E Q__O ﬁ
cd Iij) ‘

\ EMP3(4p-2h) _ Z <” ”ab><ab”Cd><

8iiaped (& +& —¢&, —&,)(¢ +&; — & —&4) O_O 66 O G

"\
EMP3(2p-4h) _ 1 Z <|J ”ab><ab” K ><k| "'J

il (& T &) —€a—&)(Ex + 6 — €, &) Cost for MP3 is higher by ‘
= 8-10 times @ PC cluster/
- _ _ = less than 2 times @ ES2
EMPAzE-2H) _ 3 (ij Il ab)(kb]| ¢ ){ac |ik) (efficient vectorization)
janc(& T & —€,— &) & + & —&, &)

- integral direct |,
- DGEMM )

| S

EMp3 — EMP2(2 p—2h) + EMP3(2 p—4h) + EMP3(4p—2h) + EMP3(3p—2h)

(Y. Mochizuki et al., Chem. Phys. Lett. 493 (2010) 346.)



Interaction energy

MP2.5 Approximation

Scaled MP3 Non-Covalent Interaction Energies Agree
Closely with Accurate CCSD(T) Benchmark Data

Michal Pitonak,”™ Pavel Neogrady,™ Jifi Cerny,® Stefan Grimme,

Scaled MP3 interaction energies calculated as a sum of MP2/CBS
(complete basis set limit) interaction energies and scaled third-
order energy contributions obtained in small or medium size
basis sets agree very closely with the estimated CCSD(T)/CBS in-
teraction energies for the 22 H-bonded, dispersion-controlled and
mixed non-covalent complexes from the 522 data set. Perfor-
mance of this so-called MP2.5 (third-order scaling factor of 0.5)
method has also been tested for 33 nucleic acid base pairs and
two stacked conformers of porphine dimer. In all the test cases,
performance of the MP2.5 method was shown to be superior to

3

xlc] ¥[al

and Pavel Hobza

Chem. Phys. Chem. 10 (2009) 282

the scaled spin-component MP2 based methods, e.g. SCS-MP2,
SCSN-MP2 and SCS(MI)-MP2. In particular, a very balanced treat-
ment of hydrogen-bonded compared to stacked complexes is
achieved with MP2.5. The main advantage of the approach is
that it employs only a single empirical parameter and is thus
biased by two rigorously defined, asymptotically correct ab-initio
methods, MP2 and MP3. The methad is proposed as an accurate
but computationally feasible alternative to CCSD(T) for the com-
putation of the properties of various kinds of non-covalently
bound systems.

Comparable accuracy to CCSD(T)
S

. Stacked E(MP2.5) = E(MP2) + 0.5 Eco"(MP3)
f“#ﬂﬂ_“ . E(MP2.5/large basis) = E(MPZ2/large bas
A cesom | + AE(MP2.5-MP2/small basis) 0
MP2.5 — __%
\'IPZ MP3 MP4

¢



MP2EHED i AF i RI & CDAM

d— ’ — -

P Q
P, Q: Auxiliary basis functions

(T. Ishikawa et al., J. Phys. Chem. Lett. 3 (2012) 375.)

Acceleration of fragment molecular orbital calculations with Cholesky
decomposition approach

Yoshio Okiyvama ®*, Tatsuya Nakano #¢, Katsumi Yamashita9, Yuji Mochizuki <€, Naoki Taguchi ¢,

Vi
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/bio/photo/

Allen et al., Proc. Natl. Acad. Sci. USA 84 (1987) 5730.

http://mcdb.colorado.edu/courses/ (B RR)
3280/lectures/class14-2.html
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Multi-Layer FMO (MLFMO) Method “

CE=Y|| DET+ DAES |+ Y DY AES

L || ley 1>J L>L lel Jel,

DU B } -
Layert O >

Layer2 O G

' E, : Monomer energy, E,, : Dimer energy
'E, =E,+Tr(D'V'), E,=E,+Tr(D"V")
AE',=E',-E',-E',, AD”" =D" -D'®D’
AE,, = AE',+Tr(AD"V")

®Layer 2: Important region to which accurate (correlated) methods are

applied. |
®Layer 1 is analyzed by FMO-HF or MM (XUFF) method, while layer 2 i,
analyzed under the environmental electrostatic potentials by layer 1. " 7

= MLFMO-MP2, MLFMO-CIS, MLFMO-CIS(D) methods available.
D.G. Fedorov and K. Kitaura, J. Chem. Phys. 122, 054108 (2005).
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(Y. Mochizuki et al., Chem. Phys. Lett. 433 (2007) 360; N. Taguchi et al., J. Phys. Chelh.
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Bioluminescence Spectra of Fireﬂ;M

(A. Tagami et al.,, Chem. Phys. Lett. 472 (2009
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Large-Scale MP2 Calculations on the Blue Gene Architecture Using
LT ' 1ayinicrit wivicouial viviwal ivicuivu
Graham D. Fletcher," Dmitri G. Fedorov," Spencer R. Pruitt,§ Theresa L. Wll‘ldus,§ and Mark S. Gordon®®

"Argonne Leadership Computing Facility, Argonne, Illinois 60439, United States

*National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan

$Towa State University and Ames Laboratory, Ames, Iowa 50011, United States

A\

|- Chem. Theory Comput. 2012, 8, 75-79

ABSTRACT: Benchmark timings are presented for the fragment molecular orbital method on a Blue Gene/P computer.
Algorithmic modifications that lead to enhanced performance on the Blue Gene/P architecture include strategies for the storage
of fragment density matrices by process subgroups in the global address space. The computation of the atomic forces for a system
with more than 3000 atoms and 44 000 basis functions, using second order perturbation theory and an augmented and polarized

double-{ basis set, takes ~7 min on 131072 cores.

Table 1. The Performance of FMO2-MP2 Force Calculations on the Blue Gene/P*

racks: 1 2 4 8 16 32
cores: HES 8192 16 384 32768 65 536 131072
waters atoms basis functions wall time (min)
128 384 2432 0.5 0.4
256 768 4864 11 0.7 0.5
512 1536 9728 36 2.0 1.2 0.8 o7
1024 3072 19 456 10.7 6.3 34 21 15 12
2048 G144 38912 M6 18.5 111 61 a7 26
“The atomic basis set is 6-31G{d).
Table 2. The Performance of FMO2-MP2 Force Calculations on the Blue Gene/P*®
racks: 1 2 4 8 16 32
cores: 4096 B192 16 384 32768 65 536 131072
waters atoms basis functions wall time (mm}
128 384 5504 7.3 4.8 2.7 1.8
256 768 11 008 19.8 10.5 5.8 3.4 22
512 1536 21016 289 154 8.6 49 3z
1024 3072 44032 41.1 o 122 7.1

“The atomic basis set is aug-cc-pVDZ,

Mumber of Cores

Figure 1. FMO2-MP2/6-31G(d) forces calculation of 12 288 atoms on
Blue Gene/P.



Ab Initio FMO-MD

<{>Ab initio molecular dynamics

Forces by FMO @ ABINIT-MP < Trajectory @ PEACH
= FMO2-HF (MP2 and FMO3 in progress)

Comparison with Car-Parrinello MD ¢

FMO input
parameter / ||

Blue shift in excitation energy [Vaveatz » o
= Benchmark system | can rorntrruoy St
Droplet model with 128 waters | Vovsasz - e FuQy

FMO-HF/6-31G
= 1 step/1.5 min. @ 20cores
= several thousands step MD (
Hundreds of sampling VY s
= MLFMO-CIS(D)/6-31G* -

Good agreement with experiment




400 samples

MD for gas-phase FRM
= 4.56eV @ CIS

= 4.08eV @ CIS(D)
(Expt.: 4.07eV)

Blue shift: +0.14eV @ CIS(

Vi
B

(Y. Mochizuki et al., Chem. Phys. Lett. 437 (2007) 66. )



Periodic Boundary Condition for F ' "
Eeell — ZEM—F ZZIAE’W’ +Z Z "AE g,k

n I{I’J n.n’ f“J Knr

K H DOFMOr
RHEIIE oL
F L L L r/ . T .( amnloKorwrlal Ko \‘i
a direct sum h cutoff

(T. Fujita et al., Chem. Phys. Lett. 506 (2011) 112.)



p
FMO-ESP charges

In estrogen
' receptor

FMO: Excellent reproduction of MO electrostatic potential



FMO-ESP charge: Difference in lisand binding pocket of E 'v\\\ .

(2) AV = Vigulliken — VMO (b) AV = VAMBER 04— VMO

.

Light:
Small diff.

-0.02 poz (a.u.) (Y. Okiyama et al., Chem. Phys. Lett. 449 (2007) 329.);";



MK vs. AMBER Charges in Crambin M

Accuracy of ES poteﬁtia

Charge Deviation from Q
|

Merz-Kollman 1.9%

AMBER 94 27.5%

MK vs. AMBER charge

.

crambin (PDB ID: 1CCM)
46 residues (642 atoms) ﬂ



| Restrained Fitting

W. Cornell et al., J. Am. Chem. Soc. 115 (1993) 9620.

Add a cost function due to the deviation from
reference charges

\

|
| 2 ) ) Xhm'mn*
' XESP = XEsP T Xharmonic

iInimization

r 2 __k
Xha.rmomc
Reference charge

Force constant (welght)

T

Reference charge: AMBER 94
-AMBER: well established force field
-Use of ESP charge (RESP)



Reproducibility of ES & Similarity of Char“

120

Deviation from AMBER

ol |

100

Discrepancy (%)

Deviation from ES by
FMO

DI %

40

o
@

Deviation from dipole
" moment by QM

charges without lossjof
accuracy in ES *4

|
=- L~
Restraint weight {(a.u.)
k

Merz-Kollman AMBER 94




i
L

-4

ESP vs. AMBER charges

Force toward AMBER charge

k=0 k=0.0001

Good reproduction of
ES without significant
deviation from AMBER

YA/ Ve

(Y. Okiyama et al., Chem. Phys. Lett. 467 (2009) 417.)
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Hemagglutinin

\

MNeuraminidase

- HAIZD AV ADHIREAZ AREIZ 15 0 iR

- HAIZHUREL THRIPLRIZEER S LD
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Host cell invasion and replication by influenzaM

Virus )
(invasion)

Antibody

HA | |«

Sialic acid receptor

Sialic acid
Virus
(escape)

NA inhibitor
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HA3E/K —Fabyiis (1KEN;23515% %) NA_5i7/1/%’E/EI\ﬂg(2Hu4;386%§ <

HA3E{K : 128/ — K (§t10247 8 v )& L\'CFMO-MP3/6-31G75§5.83%Faﬁ
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Hybrid Parallelization with MPI-Open

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

Target system

Parallelized by fragment <:> F

indices fag(r(f)lre g?nT(frTer
000 G600 ::{663:: 000 <OpenMP

Parallelized by integral
indices

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

Processor group

ﬁ WEFR DA F(MPI) / SMPif 51]{k.(OpenMP)
AEY \

CPUO CPU1 CPU2 CPU3 CPUO CPU1 CPU2 CPU3 A€

| ro - .
P pooe 1 1 | I
——————————— e e e e it sl = : b v Y
| ——
_______________ F-1------p R e o E_ ! 1 ! 1 1
|____4: 1 ' ! 1
---------- =, L

_________________

& v v v MPL/(Z J Vy v v 4

ES2 was used as a massively parallel-vector computational platform\"



HHERS I —# (ES2) TOE-E IR
% HELAL J— R EERmG) f£%  TFLOPS

HAT  FMO-MP2 64 1.7 0.97
FMO-MP3 64 2.7 (x1.6) 2.21
FMO-MP2x 64 4.4 1.19
FMO-MP3x* 64 8.7 (x2.0) 3.02
FMO-MP2 128 0.8 2.1 2.06
FMO-MP3 128 1.3 (x1.6) 2.1 4.6]7

HAS  FMO-MP2 64 9.4 0. 83
FMO-MP3 64 11.9 (x1.3) 1. 66
FMO-MP2 128 4.3 2.2 1.83
FMO-MP3 128 5.8 (x1.3) 2.1 3. 44

NA FMO-MP3 64 1.0 3. 04
FMO-MP3x* 64 4.4 3.09

« 64/ — K=512VPUs. Cys-CysiZ1 754 A > kb, NAIZS S T ILAH .
- HA1 (14086/RF. 9217EE. 9117545 A2 k. 78390B5% (121314: 6-31Gx))
- HA3 (36160/EF. 23515, 23257545 A > k. 201276E9%) 4
-NA ( 5792[EF. 386W&E. 3787354 A k. 325498%k (50447: 6-31G%))
- % [TEER#ME LT6-31G*#F -2 ¢ xR,




HAEE%&FLW&@%%%@FMO-MP3§PM

2RI

AVTIVIHHAZ INDE
EARDEENRK

23515% X 36160[&F ,
FMO calculation 7

(A. Yoshioka et al., J. Mol. Graph. Model. 30 (2011) 110,
\
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[FMO-MP3/6-31G]

EE RS

\
>His274Tyr, Asn294SerlT. 237 LTl
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IRDOEAE -« « IFIE(kcal/mol)

Y. A= > v 2y AN
BF A kIS KO 7 VTR BAR DA EL A AN
: -MP2/6-
Wild Type HIS274TYR IO 2
ASN294 ASN294 |
2.11 \
416 Y “
' S~. - TYR274
' "fé,;;— HIS274 -12.61
-17.59
-=-- GLU276
-14.12
GLU276
IFIE-SUM =) AE,
ASN294SER | 4
|
SER294 Wild Type His274Tyr Asn294Ser
IFIE-SUM
(ecalimol) -321.31 -318.80
i 17.66
\ , RRIEEETH) 1 265
~~~~~ 795 HIS274 IFIE-SUMEBRIED ik
13.73 GLU276 ]
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Systems Approach to Photosynthesis

Oxygen-evolving photosynthetic system

ATP
synthase

PS II

IGEE YT I}
T BDIES
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antenna system (chlorosome/baseplate) with the reaction center i

sulfur bacteria.

Quantum beat in two-dimensional
Fourier transform electronic spectroscopy

(Engel et al., 2007)

Vi
The FMO complex has recently become a paradigmatic model system irt”
terms of the long-lived electronic quantum coherence associated with |
highly efficient excitation energy transfer that has been experimentally
observed in photosynthetic systems.




Description of excitation energy transfer (M

Homodimer embedded in biomolecular environmen

Hy = Hp|D){D|+ Ha

ANA

Hp and H, contain phonon mods

. . \
Liouville-von Neumann equ

L

P, Q=1-P : Projection operators



Description of excitation energy transfer (IM

1

?(VDA(QVAD(Q) + Vpa(t1)Vap(t)) Renormal
1 (Reduceq
?(VAD(t)VDA(tl) T VAD(h)VDA(t)) Equation

Ansatz form for memory function:

1+0

V .
GME can be analytically solved through solution to quartic equatiomi ;
while essential features can be grasped in the limit of d >> 1.

m=) Cubic equation:



Description of excitation energy transfer (II

—~ T g . N

\ _ (a+1/70)% + w%em n (B4 1/70)* + w§ N (v + 1/79)% + w? 1
(a = B)(a—7) (B—a)(B—7) (v —a)(y = B)

Here, for notational simplicity, we introduce parameters, a= (1/

.V’J'
When A >0, «,B,%
real. Otherwise, (B and'y
become complex conjugg

\.



Description of excitation energy transfer (M

12 1.0 -
() —— 1000 fs
| a - C
10 (a} 1000 08
—A00fs
0a ——1001s
Am o s
-:; 06 ":‘;'t
04
0.4
0.2 4
02
0.0 0.0 - : : :
o 200 400 GO0 BOO 1000 1200 4] 200 400 00 200 1000 1200
t[fs] t[fs]
12
10 {b) —— 1000 fs
—— 400 fs
08 | 100fs
—10fs
= 08 ! =
e =
0.4
0z j/
0.0 —'—'—'_'_'_'_'_-_-_-_-_-_-_-_- : -
a 200 400 00 a00 1000 1200 ] 200 400 GO0 BOO 1000 1200
t[fs] t[fs]

Figure 1. Temporal evolutions of the population density of exdton at the acceptor site, Pa(t), for o= 100 s and hjja= 1000 {blue), 400 (red), 100 (green), 10 (purple) fs. {a)
g = 1000 fs. (b} mz® = 100 f () wg' = 30 fs. (d) wz" = 10 fs

(ST, Chem. Phys. Lett. 508 (2011) 139.)



Nuclear Quantum Effect on Electron Transﬂ

¢ ET In DNA
@t i
Tt T
R
T-......--.u.u- A. G...u-......
N |
R
T—A T—A
| | | |
—— A& T—A
T
T——A T—A
5 3 5 3
GC1 GC3

(F.D. Lewis et al., J. Am. Chem. Soc. 122 (2000) 12346.)



Hole transfer in DNA

2.0
215
E i
E 1.0
2
v 0.5

0.0

0 1000 2000 3000 4000
Frequency (i:m'l}

spectral density
AV=H,—H;.

Microscopic information is incorporated

through some parameters (V, A, AG) ;Jﬂ
and functions (J(w)). »

(ST & Y. Sengoku, Phys. Rev. E
68 (2003) 031905.)



Electron Transfer Rate in Biomolecular SystM

Spectral density
Electronic tunneling

Bath coupling

ET rate can be estimated in terms of temporal
correlation functions obtained through MD and FMO. "'

(ST and E.B. Starikov, Phys. Rev. E 81 (2010) 027101.) = *
\



y=1/7,.

(inelastic electron tunneling and nuclear quantum effects)

Test calculations using the dielectric function of water

\
!

= 10 ™ ; 1DI

- T T T T T T Py Yo

lASRICAL I‘

inverted
region
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=

Structure-Based Drug Design
Drug design based on protein-ligand 3D structure

Recent technological developments

\ - Advancement of computer power

= Elucidation of protein 3D structures
= Advances in X-ray crystallography & NMR

= Developments of associated infrastructures
(SPring-8, K-Computer, etc.)

8-

Efficient computer-aided (in silico)
protein-ligand docking simulation

¢
Benefits of computer-aided SBDD )

= Calculation of protein-ligand interaction (free) energies {’

= Detailed analysis of intermolecular interactions due to 47
three-dimensional binding information |




Accurate description of
molecular force field is
a prerequisite for SBDD.

Bilx 1L, VAT ROfEE B =RV X—AG%E 1 kcal/mol LT OR5EET
_§+%‘§—6L\Z‘go



oo Tww T <

Bond stretching Angle bending Torsion
2
_ V
b%SKr (r req) E K, (6’ — Oy, )2 > —2(1+cosng—y

angles dihedrals

@ ~~—>9 @< H>@ Parameters should depend

on global conformations a
surrounding environment.

Z 4 9; Z AJ' B'J' Problem: Significance of.

12 Q6 PR B
atoms ER”- oS Rij Rj quantitative accuracy |

Electrostatic interaction van der Waals




|
Classical molecular mechanics/ Q
dynamics based on conventiona
force fields often give inaccurate
results for ligand docking.

WD I Torsion, ES. vdWZAR Y DRk 35 £ B AN EDREISHILTUNVA
Fio NGB EEZDEACGHE DSHWELT D0, [ 7 ahAREEIZE > TAG |

EDL WAL T B0 | Z 1T H EVFEL SRRV TR, {,

7 )



A\

Protein-Specific Force Field Derived from the Fragment

nn.—.ln.—- I—u n L L_I nﬂAI-L .l - II“'I.-. AAAAAAAAAA IM—“J

3.

Accurate computational estimate of the protein-ligand secondary structure. Computing the binding affinities of
binding affinity is of central importance in rational drug dodecin with five ligands by MM PBSA protocol with the FMO-

U R U U O —— Y [ R [p——— . | ¥ ] ¥ 11 [ Y o ol T [P S | Y (Y ————— o Y ¥ .ol . -L-“T.




Available online at www.sciencedirect.com
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Backbone torsional energie“
in various force fields are 2

diverse substantially.

Only torsional parts are differen
between AMBER94 and AMBERS

Torsion terms are a main cause
for the difference in preferred |
secondary structures among
various force fields.

(T. Yoda, Y. Sugita & Y. Okamoto,
Chem. Phys. 307 (2004) 269. )

(a) C-peptide for ribonuclease A (13 residues)
(b) B1 domain of streptococcal protein G

(G-peptide; 16 residues) zorce 1C’:eld
= ependence

C-peptide prefers « -helix structure. is significant.
G-peptide prefers B -hairpin structure.



' method can provide a nice
compromise between cost and

1 accuracy for the description of
molecular force field.

AR E 5 F ORIV 15 A TFELL TEMOE LB 5280 TE D,



Fragment Molecular Orbital (FMO) metM

T
LN

Problems of existing approaches to biomolecules:

- Classical force field is empirical for inter-molecular interactions.
-Conventional quantum mechanical calculations is too expensive.

\ Our approach: The FMO method

.+ FMO method was proposed by Kitaura et al. (1999).
- Molecules are divided into fragments.

R, O R3 o) Rs
H 1 H /
/H‘/Nﬁdl\ /S‘/N\'?J\ )\H/OH
HoN e N d N
H H
O R, O R, O
-Whole molecular energies are calculated by the sum of fragment and
fragment-pair energies.

— Drastic speed up has been attained !
-Error of FMO total energy is within 0.4 kcal/mol for crambin (46 residues

Advantage of FMO method: Molecular interaction analysis {‘ _»

-Molecular interaction analysis : receptor-ligand binding
-Inter-fragment interaction energy (IFIE) analysis




FMO Method and Its Energy Analysis (IIM

a
-

Q O Divide a molecule into fragments,

N pieces of fragments

} Q IK ® -[N(N-1)/2] pieces of fragment pair

trimer, tetramer > FMO3, FM0O4

Total Energy:Calculated from energies of fragments and fragment pairs '

E= ZE”—(N Z)ZE (FMO2) E, : energies of afragment and a

1> fragment pair

_ Vy : Electrostatic potential fro
Inter-Fragment Interaction Energy (IFIE): surrounding fragments

AE,;=(E'\;—E|—Ej) + Tr(AP,}V,, =x = B Vx




Incorporation of electron
correlation effects iIs essential
In the accurate description of
biomolecular interactions.

L7l EBEMP2DFT-DL L | AJHEZRBHIXCCSD(T)L ~L D E 44



HF/6-31G 1,2-stacking MP2/6-31G 1.2-stacking
2A e -L1ss | 2T enargies : 1679 | T enargies
23 . A15 1.93 3.70 -11.98

8.45 =715

e
i

8.45 =493

5,60

-8.85

S
L 2 ra
b » =
L |= LT AT AT,
5 E= = X

9,30

15,15

K. Fukuzawa et al., J. Comput. Chen
27 (2006) 948. 'S
I. Kurisaki et al., Biophys. Chem.
130 (2007) 1.

JI
7




Binding Energy Calculations Between ER and Liga

MODEL1 (green) (241residues, whole LBD)
MODEL2 (blue) (50 residues)

\j o
oA ‘\\ HO ______
Glu353 % N
Q .
His524
H2‘<,J:;-------------£Ho
’ 1 S Pid

/\% ’i,r/// \\O (l:a
Arg394 it T

/_/—NH Ca,NH Leu387
|

Hydrogen bond network among ER and ligand

Estrogen, Phytoestrogens, Synthetic estro
Industrial chemicals

-

OH 0
oy Sh
OH O O
oH| O

Diethyistilbestrol (DES)

Genistein (GEN)

Q |

X
O HO
s
)

4-hydroxytamoxifen (OHT) Tamoxifen (TAM)

Lo LC
o
I S

J J

4-hydroxyclomifene (OHC) Clomifene (CLO)




IFIE analysis with various methods and basi

FMO-HF/STO-3G FMO-HF/6-31G

10 10
LEU525 LEU525
0 _.V_,J\,\M ‘—..rAfLV\N—:\N/\/L %M 0 V'AJLVV‘V _V__AA POV w%
= ARG394 HIS524 — THR347 VgR6394 HIS524
o -10 2 -10
£ £
S S
 -20 < -20
L L
-30 -30
GLU353 GLU353
-40 -40 ‘
0 50 100 150 200 0 50 100 150 200 |
amino acid residue _ amino acid residue
Eer-ligana=-42.456 Eer-ligana=-45.476

\

FMO-HF/6-31G(d,p) FMO-MP2/6-31G "

—_
o

—_

o

LEU525 LEU525
0 ww J\'J\N_VW 0
= THR347 RG394 = THR34u ARG394 h
© -10 o -10 |
£ £
g E
< -20 < -20
w w
_30 _30
GLU353 GLU353
-40 -40 :
0 50 100 150 200 0 50 100 150 200
amino acid residue EER-Iigand='39'34o amino acid residue EER-Iigand='93'



Interaction with surrounding hydrophobic re
FMO-HF/6-31G FMO-MP2/6-31G ~

\Attractive
<-1kcal/mol

Repulsive
E>+1kcal/mol

Electron correlation effect is important in ER-ligand binding. (Fukuzawa et al. 2006

\



FMO can be applied to fairly
large systems composed of
biomolecules.
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Structure of Influenza Virus

Hemagglutinin
(HA)
Neuraminidase Membrane Protein 2
(NA) (M2)

Matrix Protein
(M1)

Lipid Bilayer

Nucleoprotein (NP)

1 2 Polymerase
(PB1,PB2 PA)
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Avian to Human Infectious TransmisM

/FMO—MP2/6-31G calculations for the complexes of
Avian HA: H7N3 (A/Turkey/Italy/214845/2002)

1 Human HA: H7N9 (A/Anhui/1/2013)

Avian receptor: 3'SLN (a2-3) (S. Anzaki et al., J. Mol. Graph.

Human receptor: 6'SLN (a2-6) Model. 53 (2014) pp. 48-58.)

!
Crystal structures are available from: |
Shi et al. Science 342 (2013) 243.

3'SLN 6'SLN

AH_H7TMG HA [ awvian rarantnr

¢

AL U7RA UA | horvan samsmarmdos

Binding of

avian receptor
and H7ZN9-HA

Binding o
human receptor
and H7N9-HA




Avian (3’SLN) and human (6’ SLN) receptors wit

Mutations of G186V and Q226L (hydrophilic to
hydrophobic) in H7N9 play important roles for binding.

H7N3 (Avian type) Binding H7N9 (Human type

.

Val186

Leu226

GIn226

Vall186

HA
Leu226

GIn226




|
FMO provides novel methods toQ
decompose ligand-protein
interactions.
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FMO4 Approximation

6

- E {"iEUKL - ﬁEU - ﬂEﬁ( - ﬁE{L - ﬂEﬁ{ — ﬂEjL — ﬂEﬂ
I=]>K=>L

—[AEyk — AEy — AEg — AE] — [AEy — AEy — AEy — AE;]

\
~[AEww — AE — AEy — AEi]—[AEja — AEy — AEy — AE]} h
I N TAL AL AL AL 1

(N=2)(N-3)(N-4) ZEI
[

*ﬁEﬂKL EEUKL — E; —EJr —EK —EL

FMO calculations up to four-body terms

— Improvement of energy accuracy ()
More refined fragment divisions

(T. Nakano et al., Chem. Phys. Lett. 523 (2012) 128.)



Various Interactions in ER-EST Compl;;“
(a)

hudranhahis racidnac ) | Tl AT

Estrogen Receptor (ER) — Estradiol (EST) Complex‘






CH-nt Interactions by Electron CorrelatM

HF MP2 .

.V’AJV
(C. Watanabe et al., J. Mal”
Graph. Model. 41 (2013) 3.



PIEDA

(Evotec) Hsp90 x

W=

NH

N

ICS[} =1.5mM




Inclusions of solvent effects
and entropic contributions |
are important for quantitatively |
dependable predictions.

WD R hae =2 R OFLlk 13— R & LT ERE 2 EIROFMOED
G5~ THDON ., BT IR 2 IR BAZES TN,



FMO-PB (Poisson-Boltzmann) “

Step1. Perform FMO calculation
without surface charges

—» Step2. Calculate atomic charges

l

Step3. Solve PB equation :
v AG™ = (W' H W) — (WF[H %) + 5 [(W°IH 1) +H)

Step4. Calculate surface charges

v

Step5. Perform FMO calculation
with surface charges

Step6. Evaluate solvation energy

Step7.
Solvation energy
is converged?

Terminate the calculation

(H. Watanabe et al., Chem. Phys. Lett. 500 (2010) 116.)



Comparison among Various Docking Scores MP2/6-31
by GAMESS/%

CDK?2 (cyclin-dependent
kinase 2) inhibitors

MM score functions on MQOE
EMO in comparison with experin

Observed 4G Observed AG Observed 4G Bindlng free energy

FMO

(Mazanetz et al.,
J. Cheminf. 3 (2011) 2.)



Detailed descriptions of ligand-
receptor interactions based on |
FMO provide a nhew perspective

\ \

for ligand screening.

FMO#HE DT 7 THAIFIE (Inter-Fragment Interaction Energy) i
&AL 2R 72 AT SR A B DT L TREA e LWV A B 2 TLub,



VISCANA: Clustering due to IFIE patteM

AN

N —~ i~
dy =Y (AEIK — AEJK)Z Distance matrix

K=l




Extended clustering methg@

I I W W BN W W W v——--v——--

+ Multi-dimensional visualizations with SOM (Self-
Organizing Map) and MDS (Multi-Dimensional
Scaling)

+ Inclusion of molecular information due to MDL
MACCS keys in addition to FMO-IFIE

(Kurauchi et al. 2015)

SOM sL

==) Reduction of false positives and false negatives; Agonist vs. Antagolw



|
Accurate “PDB” structures are Q
still essential as a starting *

point for reliable in silico
screening.

XA b S DR B DB DIZFMOIEZfE X 720 ) 2



Refinement of Protein-Ligand Complex StructM

+ Self-consistent determination of electron i
density and atomic coordinates in X-ray
crystallography

+ Hydrogen atoms
+ Conformers

HSUEL (46BR) DEFHE - EIZFMO-MP2/6-31G*HE . BlIIXBEREN






Ab initio quantum-mechanical
dynamics would be realized
in the future in the framework
of FMO.

Ab initio MDOZE (435~ i (BESRICIS: . JEBUE72.E) IEFMO: )
B L

‘!

|



+ Visualization of “real-time” chemical
reactions in biomolecular systems

¢ FMO-MD: ab initio dynamics

¢ FMO-LCMO (linear combination of

MOs): efficient description of frontier
orbitals (HOMO, LUMO, etc.)




FMO-LCMO
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The Nobel Prize in thsiolon
or Medicine 2015

Satoshi Omura William C. Campbell

TIN=RATF ) (VAT TF -
(BET/ — L) (A7 FH> : Merck) !:

for their discoveries concerning a novel therapy against infections
caused by roundworm parasites

(1Bl 3R] £ 72 DIRGUIE DA 2k o7 D FE LR IR IR D BA3E)
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