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(1)Link atom method
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Lin and Truhlar, Theor. Chem. Acc. 117, 185-199 (2007)
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QM/MMiﬁﬁFﬂEEG)E§1Bﬁ§EJ‘B‘EL: ! RGB=(1-LRF, LRF, 0.5)/max LRF

Ueda et al. Int. J. Quantum Chem. 113, 336—341 (2013).
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static effects (I§:&§E 4. FHEHEEIER)

dynamic effects (B 5 ¥)

) ¥ Fo7OLdE{EBEZEDAL ain CCOO Takano and Nakamura,
2] ffgt&' L ? /] \7;537—) 9, J. Comput. Chem. (2010)
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Kurashige, Y.; Chan, G. K.-L.; Yanai, T. Nature Chem. 2013, 447, 660—666.




Density Functional Theory (DFT)

E=|Er* Ene* Enn *|Eee

Approximation

In DFT

Eper = Eq

S

+ Engt Enn TIE) T Exc

B 75 3SR R A R U D 5 TR L

E-. : kinetic energy of non-interacting system
E.c : exchange-correlation energy



Exchange-Correlation Energy

The exchange-correlation energy has the form:

Correction of electron-electron interaction

Eyc =|(Ex — Eqg) [t kEEE — E,)

Correction of kinetic energy

DFTD#5E I 3B A B EUIRICIXTF T 5




performance

cost

DFTO# =

Excellent performance-to-cost ratio !

DFT
HF
MP2
cC

DFT
HF
MP2
cC

ex. Mean absolute error of heat of formation
for the G2 dataset (kcal/mol)
3.0 (B3LYP), 7.1(BLYP), 90.8 (SVWN)
149.2
23.8
11.5
ex. Benzene (C4zH;) single point
O(N3)~O(N4) 1 min 38 sec (SVWN), 2 min 20 sec (BLYP)
O(N%) 1 min 48 sec
O(N>) 2 min 36 sec
O(N') 2 hours 29 min 20 sec

Xu, X. and Goddard III, W. A. , Proc. Natl. Acad. Sci. U.S.A. 2004, 101,2673-2677.
Jensen, F. Introduction to Computational Chemistry, 2nd ed. Wiley (2007)



DFTOXR =

Obscure systematic improvability

There is not clear path to the exact solution of the Schrodinger eq.,

since DFT show very good accuracy for a wide range of applications
due to the error cancellation.

-

DFTO3HAERABEERDF v 7 H A E |
FICEREER)



H-1. BPfEEEY 7o b20o07«0 F
ZcliEE (DPOR)HRO)
[4Fe-4S]7 5 AR —

Takano, Y.; Yonezawa, Y.; Fujita, Y.; Kurisu, G.; Nakamura, H. Chem. Phys. Lett. 2011, 503,
296-300.



DPOR
70871 IVOEGEICHOD DS EEER

Stereo-specific reduction of

un ’

N

o)
COOH COOCH;,
protochlorophyllide

N

Y c / COOH S00CH,
Dark-operative protochlorophyllide
oxidoreductase (DPOR)

', )

chlorophyllide a

—

Electron transfer

reduced [4Fe—4S] cluster oxidized

Muraki, N.; Nomata, J.; Ebata, K.; Mizoguchi, T.; Shiba, T; Tamiaki, T.; Kurisu, G.; Fujita, Y. Nature 2010, 465, 110-114



DPORDZEH > I=[4Fe-4S17 T A7 —

chelated by the carboxylate group of Asp36

Muraki, N.; Nomata, J.; Ebata, K.; Mizoguchi, T.; Shiba, T; Tamiaki, T.; Kurisu, G.; Fujita, Y. Nature 2010, 465, 110-114



D36C(Convenhonan
g BehN-C51 B
- Q—w;'\f .

N-C26)

D36C: almost no activity

g

How is the Asp ligation involved in
the enzyme activity?

BchB-C95 ', _

Muraki, N.; Nomata, J.; Ebata, K.; Mizoguchi, T.; Shiba, T; Tamiaki, T.; Kurisu, G.; Fujita, Y. Nature 2010, 465, 110-114



D36A D36C D36S

D36A (fourth ligand ?)
BchN-C26 )

D36A: small activity (13 %)

4

What is the fourth ligand?

D BchNAC1 AJ )

Muraki, N.; Nomata, J.; Ebata, K.; Mizoguchi, T.; Shiba, T; Tamiaki, T.; Kurisu, G.; Fujita, Y. Nature 2010, 465, 110-114



[edied

Q1: How does the Asp ligation affect the
electronic structure of the [4Fe-4S] cluster?

Q2: What is the fourth ligand of the [4Fe-4S]

cluster in the D36A mutant?

Q3: How does DPOR affect the electronic
structure of the NB cluster?

=

Quantum chemical calculations
QM/MM calculation

Takano, Y.; Yonezawa, Y.; Fujita, Y.; Kurisu, G.; Nakamura, H. Chem. Phys. Lett. 2011, 503, 296-300.




Electronic states:

Fe,S,(SCH;);R]
Fe,S,(SCH;);R!

Fe,S,(SCH;);R!

1- (Fe"'3Fe"1)
2—- (FeIIIZFeIIZ)
3- (Felllll:ell3)

Cys26
J Yy

(R = CH,CO0-, SCH,", OH-, and CI)



IR B AR E IR

Niu, S.; Nichols, J. A.; Ichiye, T. J. Chem. Theory Comput. 2009, 5, 1361-1368

Computation of the vertical and adiabatic detachment energies for [Fe(SCH,),]?7*70
and [Fe(SCH,),]*/°
"B3LYP gives the best balance of accuracy in energy and geometry and is
comparable to coupled cluster methods."

"Addition of diffuse functions to only the sulfur significantly improves the
energies."

Szilagyi, R. K.; Winslow, M. A. J. Comput. Chem. 2006, 27, 1385-1397

Computation of the atomic spin densities for [Fe,S,(SEt),]* and [Fe,S,(SEt),]*
"The most reasonable agreement for atomic spin densities is obtained by a
hybrid functional 5 % HF exchange and 95% P86."

"The basis set seems to saturate only at the triple-zeta level with polarization
and diffuse functions."



Methods

st/ AE
UB3LYP
EERIEX
IXIVEF—5H
Fe: wachters +f
C, N, O, H: 6-311++G(df,pd)
WmEmEb. IRENEET
Fe,C, N, O, H: 6-31G(d,p)

BT
total charge  -1:[Fe'';Fel,]
'2: [Feszellz]
-3: [Fell,Fell;]
2NV BIRIE

Polarizable continuum model (¢ = 4.0, 10.0, (protein) and 37.0 (DMF))



Fe,S,(SCH,);R]

Which d orbital is
doubly occupied?

Fe!'ion (d°) Fe' ion (d61

:Fe4S4(SCH3)3R: 1-.
Fe,S,(SCH;);R]*:

= 15 combinations
= 450 combinations

= 1500 combinations

Which the Fe sites have
up spin?




AIRAHBI AR E DEIR

OEEME (AL RT Vv IV EBLETEMN LD

)'7:) lonization Potential, IP
QQM IP(1-/2-) ., .= 0.29 eV

IP(1-/2-),, = 0.29  0.10 eV (°[Fe,S,(SC,H:),])

calc

exp

Redox Potential E°

-19‘ F°(1-/2-),,,. = —0.068 eV (DMF (PCM, ¢ = 37.0))
«PC';:H F(1-/2-),,, = 0.1eV  (°[Fe,S,(S(t-Bu)),] in DMF)
J E%(2—/3-).,. = -0.79 eV (DMF (PCM, ¢ = 37.0))

Y E(2/3-)ey, =—1.05 eV (c[Fe,S,(SCH;),] in DMF)

D36C model [Fe,S,(SCH;),]

The computational procedure reproduces the experimental redox potentials.

aWang, X.-B.; Niu, S.; Yang, X.; Ibrahim, S. K; Pickett, C. J.; Ichiye, T.; Wang, L.-S. J. Am. Chem. Soc. 2003, 125, 14072-14081
®Mascharak, P. K.; Hagen, K. S.; Spence, J. T.; Holm, R. H. Inorg. Chim. Acta 1983, 80, 157-170
‘DePamphilis, B. V.; Averill, B. A.; Herskovits, T.; Que, L., Jr.; Holm, R. H. J. Am. Chem. Soc. 1974, 96, 4159-4167



Redox Potential / eV

-0.2

-0.4

-0.6

Redox potential

[Fe,S,(SCH;);R] (2—/ 3-)

[Fe,S,(SCH;);R] (1-/ 2-)

-0.8 B NBcluster (R = CH,COO0)
B D36C (R=SCH)
9 [ D36A_OH (R = OH) ,
B D36A _Cl(R=Cl)
1.2t Protein Protein DMF
(¢ =4.0) (¢=10.0) (¢ =37.0)
weak<€ >strong

hydrophilicity

-0.5
-1
>
)
8-1.5
[
Q
o
a
x -2
o
©
C(I]ZJ B NBcluster (R = CH,COO)
o5 B D36C (R=SCH,) |
’ @ D36A_OH (R =0H)
B D36A Cl(R=Cl)
3k Protein Protein DMF
(e =4.0) (¢=10.0) (¢ =87.0)
weak<€ > strong

hydrophilicity



Electron-donating character

state E electron-donating character
e=4.0

1-/2—- £=10.0 D36A_OH > D36C > D36A_CI > NB cluster
£=37.0
e=4.0 D36A_OH > D36A Cl > D36C > NB cluster

2—/3- £=10.0 D36A_OH > D36A_Cl > NB cluster > D36C
£=37.0 D36A_OH > NB cluster > D36A_CI > D36C

In the 2—/3— reduction reaction, in a hydrophilic environment

NB cluster mp a better electron-donor



Comparison to other
[4Fe-4S] proteins

HiPIP (1-/2-) Ferredoxin (2—/3-) DPOR (?)
),

2 H-bonds and 0 water 7 H-bonds and 1 water 8 H-bonds and 2 water

In DPOR, the [4Fe-4S] cluster would be exposed in a high dielectric
environment and reduced from the 2— to 3— oxidation states.



Electron-donating character in

DPOR

state E electron-donating character
E=4.0

1-/2- €=10.0 D36A OH > D36C > D36A_Cl > NB cluster
e=37.0
e=4.0 D36A OH > D36A Cl > D36C > NB cluster

2—- 3- £=10.0 D36A OH > D36A_Cl > NB cluster > D36C
e=37.0 D36A_OH > NB cluster > D36A_Cl > D36C

DPOR

NB cluster m) a better electron-donor
Cl- ion m the fourth terminal ligand of the D36A mutant




Effects of protein environment

structural distortion electrostatic interaction

» |

- 7 &
-
Yoy vy e ;
- A |
) /" i N >

X-ray structure point charge model

optimized
structure



Effects of protein environment

Redox potential (¢ = 10.0)

structural distortion electrostatic interaction

/

-145V -1.65V -1.89V

weak € : > strong
electron-donating character

DPOR enhances the electron-donating character of the NB cluster



Rl

Q1: How does the Asp ligation affect the electronic structure of the
[4Fe-4S] cluster?

Al: The Asp ligation to the [4Fe-4S] cluster provides a better
electron-donating character.

> Reduction of the protochlorophyllide in DPOR

Q2: What is the fourth ligand of the [4Fe-4S] cluster in the D36A mutant?

A2: Redox potential and enzyme activity

» ACI ionis more likely to be the fourth terminal ligand to
the [4Fe-4S] core of the D36A mutant than an OH™ ion.

Q3: How does DPOR affect the electronic structure of the NB cluster?

A3: The structural distortion and electrostatic interactions of DPOR
enhance the electron-donating character of the NB cluster.
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Yamasaki, H.; Nakamura, H.; Takano, Y. Chem. Phys. Lett. 2007, 447, 324-329
Yamasaki, H.; Takano, Y.; Nakamura, H. J. Phys. Chem. B 2008, 112, 13923-13933
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v Special pair (SP)
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chromophores
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ANV YIWVRTAFFVSIAIVD
EVEE

wild type

Leu(M160)His |
Leu(M160)His + Phe(M197)His
Arg(L135)Glu

R LR
A /’V}L 7 Arg(L135)Leu . .
SPM ) SPL Leu(M160)His + His(L168)Phe : :
Leu(M160)His + Leu(L131)His - SP,
4 Phe(M197)His SPM
Arg(M164)Leu

Arg(M164)Glu
Leu(L131)His
His(L168)Phe

His(L168)Phe + Phe(M197)His

Leu(L131)His + Phe(M197)His
Leu(L131)His + His(L168)Phe

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%

ANV IWNTHAFF S IHIVDRE ZBEIXIEXTHR

Lubitz et al., Acc. Chem. Res. 2002, 35, 313
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2V INVIZDIHR
SP/gas phase

SP+axHis/gas phase |
am/mm  SPraxHis/PCH (=4. 0)

SP+axHis/point charge | —
LP+axH is/PCM(c=4. 0)+point charge ::==
Wild tyoe (exptl.) | [E00 SO I T |
80% 70% 60% 50% 40% 30% 20%
e AL VEEDRYHBIRTN
¢ ANV ¥ |INTBEETHLAEVREIRYDELCTWNS
o 2NV ENHEHEIEAD AV BEDIENHEDHH S

Yamasaki, H.; Nakamura, H.; Takano, Y. Chem. Phys. Lett. 2007, 447, 324-329

L SPL
SPw

[QM] A% UB3LYP £ & Bi%16-31G(d)(0.25) [MM] AMBER96
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Acetyl group

CH,CH;

Nonpolar groups

SP_No side group

SP Nonpolar

| SP_Acetyl

SP_13keto carbony|

CH;

13keto carbonyl
group

Methyl ester
(Mes) group

Phytyl-1 (Phyt) group

H3C\C/O
{ £t
S N
H3C‘ A
N N=
Mg
N
N NC
/[ D\
S A
- E
C=0 (f=0
0/ O-CH
AN
’ CH,
HC\\
CH
/
R

Phytyl-ll (Phyt) group

SP_Methy!l ester

P Phyty|-|

SP_Phytyl-I|

$P

10% 65% 60% 9% S0% 40% 40% 3o% 30%

[ ]
SPm SPL

MesE & PhytEDERIDEWL T K Y
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laig 2i5n leys 2axt
Rhodobacter Rhodopseudomonas  Themochro- Thermosynecho-
sphaeroides viridis matium tepidum coccus elongatus

Purple bacteria Cyanobacteria
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Side view Gly280

Met248
H7II 284 HG

Ser244
L6 L5

Rb. sphaeroides (red)
Rh. viridis (blue)

T. tepidum (green)

T. elongatus (yellow)

N

Leu156—ﬂ*( :

Top view

M-side L-side
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FEINTWLS

Phe/Phe

L-R.sphaeroides
L-T. tepidum
L-R.viridis
L-R.denitrificans
L-C.vinosum
L-R.gelatinosus
L-C.aurantiacus
L-R.castenholzii
Dl-A.marina
Dl-Synechocystis_sp.
Dl1-Nostoc-7120
Dl1-P.patens
Dl-A.thaliana
Dl1-C.vulgaris
Dl-C.caldarium
D1-G.violaceus-7421
Dl-P.marinus-9313
D1-T.elongatus

Leu/Val

~ 180 1 200
veleossloesaa]ecnnlanaal
TAFAFAILAYLTLYLFRPVMMGA
TAFSFAIGAYL FVRPLLMGA
JAFCVPIFMEFCVLLDVFRPLLLGS
"GFAAAITAYMNLVIFRPLLMGA
TAFAFAIGAYL RPILMGA
[(AFSFAILAYVT IRPILMGA
[AFGVAFSAWLVLOVIRPIALGM
[AFGAVVSSWITILOQWLRPIAMGA
JAYSAPLAATYSVFLIYPLGQGS
IAYSAPVSAATRA LIYPIGQGS
JAYSAPLASATAVFLIYPIGQGS
IAYSAPVARATAVFLIYPIGOGS
IAYSAPVAAATAVFLIYPIGQGS
JAYSAPVARATAVFIIYPIGQGS
/AF SAPVARATAVFLIYPIGQGS
[AYSAPVAAARPR LIYPIGQGS
JAYSAPLSAAFAVFLIYPVGQGS
JAYSAPLASAFAVFLIYPIGQGS

Phe/Val

FIrNALALALHGAL'
FI'NCLALSMHGSL!

NAMALGLHGGL

FI'TTLALALHGGL.
FI'NCLALSMHGSL.
FI'TTLAMSMHGGL
FRSTWLLACHSGSL!
FRSTLFLHMHGSA'

-GS LEAAMHGSL'

-GS LESAMHGSL'
FI-GSLFSAMHGSL'
[F-GSLFSAMHGSL'
F{->5LFSAMHGSL!
F-GSLFSAMHGSL!

>GALFSAMHGSL!

F{-5SLFSAMHGSL'
-GS LESAMHGSL!
F{-GALFCAMHGSL'

lle/lle

~ 310

320

LLSLSAVF---
FLALSAAF -—--
FLASNIFL---
LLAINAGL---
FLALSAVF---
FLALSAAF ===
IFAIGGIL---
NTGAASVL---
FLGAWPVVCIW
FLGAWPVIGI
FLAAWPVIGI
FLAAWPVVGI
FLAAWPVVGIW
FLAAWPVVGI
FLGLWPVVGIW
FLAAWPVIGI

FLAAWPVVG

Ser/Thr

IR
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Leu or Phe/Val

M-R. sphaeroides
M-T. tepidum
M-R.viridis
M-R.denitrificans
M-C.vinosun
M-R.gelatinosus
M-C.aurantiacus
M-R.castenholzii
D2-A.marina
DZ2-Synechocystis_sp
D2-Nostoc-7120
D2-P.patens
DZ2-A.thaliana
D2-C.vulgaris
D2-C.caldarium
D2-G.violaceus-7421
D2-P.marinus-9313
D2-T.elongatus

~

160 170

LGFIRF:
LVLGFIRPY
LCIGCIHP!
LVLGLFRP:
LSLGFIRPY
LVLGFIRPY
LVIYIIRPY
FVIYLFHP]
YSVFLIYP]

LACFLIYP)
VSVFLIYP]

~

Leu/Val Tyr/Leu

200 210

o.lo.o.loo-.'.

LVHGNLFYNPFHG
IRYGNLYYNPFHM
IRYGNFYYCPWHG
IRYCGNLYYNPFHCL
JRYCNLYYNPFHML
LRYGNLFYNPFHAL
VRYGNFYYNPFHML
IHWGNFYYNPFHML
A-EHNILMHPFHMF|
5—FHNWT LNPFHMNM

5=-FHNWT LNPFHMMG

>=FHNWTLNPFHMM

5=FHNWT LNPFHMMG
5=FHNWT LN PFHMMG
5—FHNWT LNPFHMMG

5—-FHNWTLNPFHMM

5-FHNWTLNPFHMMG

S=-FHNWTLNPF

220 230

nl-n.-'o..-loo

Y|-SALLFAMHGATILA
(-SALLFAMHGATILS

(|>CGLLFARHGATILA
Y|-SVLLEFCMHGGTILA
Y|-SALLFAMHGATILA

FATLLEFAMHGCATILA
sSTLLLAMHAGTIWA
*STLLLAMHGATIVA
-GSLEFAARMHGSLVSS
sGALLCAIHGATVEN
*GALLCATHGATVEN
-AALLCAIHGATVEN
SAALLCATIHGATVEN
:AARLLCAIHGATVEN
sGALLCAIHGATVEN
SGALLCAIHGATVEN
SGALLCGIHGATVQON
SGALLCATHGATVEN

?/Leu

280

'MEGIHRWAIWMAVL
'MESIHRWAWWCAVLT
'IESVHRWGWEFS
'MEGIHRWAWWEFAVLT
IMESTHRWAWWCAVLT
'TESIHRWAWWF AV LG
IAYSTHLWAFWFAWLJG
ISYNIHIWAWWFAAFT]
ISRSLHF F LGAWPVV(
TKRWLHFFMLFVPVTA
IKRWLHFFMLEFVEVT(
IKRWLHFFMLFVPVT
TRRWLHF FMLEVEVT(
TKRWLHFFMLEFVPVT(
JKRWLHFFLLFVPVTG
TKRWLHFFMLFVPVT(
IKRWLHFFMLFVPVM
IKRWLHFFMLFVPVT

~

Gly or Ala/Leu
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JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Symmetry Break of Special Pair: Photochemically Induced Dynamic
Nuclear Polarization NMR Confirms Control by Nonaromatic
Substituents

Karthick Babu Sai Sankar Gupta,” A. Alia,”¥ Huub JM. de Groot,” and Jorg Matysik* "

"Institute of Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden, The Netherlands
“Institut fiir Analytische Chemie, Universitit Leipzig, Linnéstr. 3, 04104 Leipzig, Germany
*Institut fiir Medizinische Physik und Biophysik, Universitiit Leipzig, Hartelstrafle 16-18, 04107 Leipzig, Germany

© Supporting Information

ABSTRACT: Despite the high structural symmetry of cofactor
arrangement and protein environment, light-induced electron
transfer in photosynthetic reaction centers (RCs) of the purple  car
bacterium Rhodobacter sphaeroides runs selectively over one of
the two branches of cofactors. The origin of this functional
symmetry break has been debated for several decades. Recently, a
crucial role of the substituents has been proposed by theoretical
studies [Yamasaki, H.; Takano, Y.; Nakamura, H. J. Phys. Chem. B
2008, 112, 13923-13933]. Photo-CIDNP (photochemically
induced dynamic nuclear polarization) MAS (magic angle
spinning) NMR demonstrates that indeed the peripheral atoms show opposite electronic effects on both sides of the special
pair. While the aromatic system of P receives electron density from its periphery, the electron density of the aromatic ring of Py,
is decreased.

Gupta, K. B.S.S.etal.J. Am. Chem. Soc. 2013, 135, 10382—-10387
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V. Photoactive Yellow Protein|cC
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H/DEMuFIR (Rl 12IS/7 )

BKERERICK > THFDIEE
DIANYT M UICE CBHNE ﬂ:

Geometry Absorption spectrum
Photon Energy [eV]

100 95 90 85 80 7.5 7.0

10k ... DO Gas — D0 Ice

Y OF —.H,0 Gas — H,0 Ice ]

° o8fF A ]
B

% 0.6 ‘ B

S R ]

£ 04F N

7 i .“‘\ ]

n 0.2 \-

5 \

o ]

R(OH) = 0.990 _ SN
R(OD) — 0985 .12:0 130 140 150 160 170 180

Wavelength [nm]

o
o
[T 1
L ,Il .

)??V@g?ﬁé%j?d) 20V [ BR
BFIREOEHLFETRITIT CIXEETAEE

J. Phys. Condens. Matter 24, 284126 (2012), MNRAS 439, 2370-2376 (2014)
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Multi-Component Quantum Mechanics (MC_QM)
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Multi-Component Quantum Mechanics (MC_QM)
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Photoactive Yellow Protein (PYP)

IR S R AE E H. halophila® B O FE F M % ] #

g

EOENRE +BDENE
FKEAONEREL s
OSowILEEpCA) T .
(5) ) p GSIfSA_y \fs—ps
i ! . 70 hVBEHR
Pl PYPOD ° 35+ ) ARE?
o ) A 7| s
H N S us Iot
H / pR A/ns

(1)

Cys69

J. Bacteriol. 175 3096 (1993)



Photoactive Yellow Protein (PYP)

\ 4 %I:I EE*ﬁLﬁﬁF*ﬁ
O 1KFEEEKEES (LBHB) HDETE
@ik @ArgSZb\HFD O k>t

2 R \
SUT Active site | Arg52 /N\I/N\H
: @ lR7O k1L J
() y

pCA
Tyrd2 <C>S>—0. /@
&
H

ROH=1.21A/
" [@LBHB ]

Gluas ~ I
N : /

Proc. Natl. Acad. Sci. 106, 440 (2009)




Photoactive Yellow Protein (PYP)

_nHHﬁL'F*Fl'

\ &=
@

—RIEKERR S DERE

@ EBEDArg52H 70O /1t

Active site [ o \
~x N -
YT ctive site Arg52— \|/N ’
y 0 ° < /N\

@ 70 bR e

pCA
Tyrd2 <o >— 0. /@

Roy=1.00A
PYP Zf

\ GIu46/\ﬂ/ [@not LBHB ]

v RER . fE_an:EE%T”E%:T 2N

Biochemistry, 51, 1171 (2012)
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MC_QMEZ BNl K Y . H/DREMERNR
EWVWSEEHSPCALGIUA6DREIDKERE &«
Arg52m 70O k MBIREEIC DWW THRET T 5

H H
N U~
Arg52 ~ "

N<

HT =

Tyr42 <>>—0. ’

:.O_

H
o/
Gluas ~ Y Rop = ?
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e

VYV &7l . y
e QMnELEL N Ne  Xgo = Null
BRI Arg52~ " > 7’0 k1E(DP)
H’N\ X52 = H+
ONIOM ; Xs2 > 70 RVAE(P)

ONIOM/PCM O

Low | pCA
e Tz &=>=0) @

Middle

or O@ ERE(L(EFHEO RN
High

Iayer/ Gludo

> Vax A
V st HE e
- low layer:  AmberAi% (MMBE OIS ZEE)

+ high layer: MC_CAM-B3LYP/6-31+G(d,p) °~ HEERMGR: 1s GTF

- middle layer: HF/3-21G - BEME: CPCM - NMREH&: GIAO

+ layering high middle low &
ONIOM Y42,E46,R52,C69,pCA,(I31, T50)* - BRODEE -
ONIOM/PCM Y42,E46,pCA 131,T50,R52,C69 O D%EE PCM

* Only for protonated model ** main chains are assigned into middle layer
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V ZEEICGlu46DOHED
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LIRENTISRAE (<Rep) !

> PESOIEFAFIME Z /2 bR
1.2 R
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REGRBEHRRITEESTL
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ONIOM  ONIOM/PCM

v iGmEBEETIc RS IELDIE
fZ~’0 b >1LArg52MDE 7 /L (ONIOM-DP)

Proc. Natl. Acad. Sci. 106, 440 (2009)
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Inside-out 77 70— F

1. ERHER D FERDEFIBEZHNS (QM)
2. 2V N7 EPRTOEFIZEZFANS (QM/MM)
3.1L2% &I S

——
static effects (I§iEEH. FHEHREIER)
dynamic effects (b 5 ¥)

—
FREBRNDFHEEIC KL S5QMEBP DEE(L

+
B Fab initio QM/MM-MDEREIR 705 S L
Platypus®DRi %




V-1. FiEEBRRI D FIEEIC L S
QMER 3 DEE(L

Saito, T.; Kitagawa, Y.; Takano, Y. J. Phys. Chem. A 2016, 120, 8750-8760.



QM/MM-MD/ a2l —/3 /0
HEIX B

time for QM/MM T

single point calculation / s
600

UDFT/DZP level

—> size of QM region

Provided that every QM/MM energy and force

number of steps in MD run computation takes 10 min.,

e.g.,) 1ns = 1x10° step
it adds up to the 1,000,000 QM/MM computations

— one MD run takes 20 years !



Semiempirical Molecular Orbital (SE-
M?) model

time for QM/MM
single point calculation / s UDFT/DZP level
600
" roughly 2 or 3 orders of
magnitude faster
0.1

N
/—> size of QM region

e.g.,) 1ns = 1x106 step 1ns MD run requires 70 days.

K

number of steps in MD run

M. 1. S. Dewar and W. Thiel, J. Am. Chem. Soc. 99, 2338 (1977).
W. Thiel, WIREs. Comput. Mol. Sci. 4, 145 (2014).



SE-MOZDIRE

GMTKN30-CHNOF database
(430 reactions mostly involving closed-shell molecules)

L. Goerigk and S. Grimme, J Chem. Theory Comput. 6, 107 (2010).
L. Goerigk and S. Grimme, Phys. Chem. Chem. Phys. 13, 6670 (2011).

MAEs (kcal/mol)* Supporting T™M

MNDO 27.3 No
AM1 14.7 No
PM3 11.3 No
PM6 10.2 YES
OM3 6.3 No

*mean absolute errors, excluding the MB08-165 subset

P. Dral et al., J. Chem. Theory Comput. 12, 1097 (2016).

Given the applicability to a wide range of molecules,

we chose PM6, which supports 70 elements in the periodic

table. 3. 3. P. Stewart, J. Mol. Model. 13, 1173 (2007).



What about Opens-shell Systems ?

=methylene (13 CH,)

bent
Oﬁr‘% H-C-H = 1uz.57 (s glet) linear with the H-C-H angle of 180°

= 134.0° (triplet)
= cyclobutadiene (*C,H,)

)

square planar (D,,) non-planar

The spin-unrestricted PM6 (UPM6) computation
does not work for open-shell diradical molecules.
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Our primary purpose is to improve the accuracy of PM6 in describing
electronic and geometric structures of organic open-shell
species, for which a slight modification was made.

reparameterized PM6
(rPM6)

tieioniginatBMo training set containing (di)radicals using

the UB3LYP/6-31G* model as reference data

O 0O .
l

part of GMTKN30 was also included to maintain
the performance for general-purpose applications

The number of optimizable electronic and core-core parameters adds up to
43 (P) for the basic elements (H, C, N, O).

T. Saito, Y. Kitagawa, Y. Takano, J. Phys. Chem. A, 120, 8750 (2016).



Application to Methylene

(included in the training set)

Method 3CH, S-T gap
C-H H-C-H [kcal/mol]?
UAM1 1.068 140.6 1.062 151.7 34.1
UPM3 1.067 131.3 1.063 149.9 42.7
UPM6 1.018 180.0 1.019 180.0 31.5
UrPM6 1.081 111.9 1.039 152.6 11.2
UB3LYP/6-31G* 1.090 113.5 1.082 133.1 6.0
Expt. 1.107 102.3 1.077 134.0 9.0

a With the AP correction

It is not surprising that the present UrPM6 shows great improvement
over the original UPM®é.

The standard SE-UMO calculations are likely to provide strong diradical
characters that entail the significantly large S-T gaps.



Application to Heptazethrene Derivative

c‘o ’_’ @
N0 & &S
Open Shell Open Shell

Singlet Biradical Triplet Biradical

Z. Sun et al. J. Am. Chem. Soc. 133, 11896 (2011).

<S2>BS | <S2>Hs | S-Tgap/ | OS - CS gap/ IRERUUEIE
kcal mol-t kcal mol-1 (serial mode)

UAM1 3.767  4.027 -14.7 -34.0

UPM3 3.399 3.604 -13.6 -30.7

UPM6 2.708  3.190 -11.5 -19.5
UrPM6 1.591 2.436 -8.1 -6.4 23
UBHandHLYP 1.273  2.254 -8.7 -7.5 > 150 000
UB3LYP 0.355  2.061 -8.0 -0.3 > 150 000

UrPM6 displays similar behavior to UBHandHLYP rather than to UB3LYP,
showing a slight exaggeration of diradical character.



V-2. §8:Flab initio QM/MM-MD
EBRETE 7075 4
Platypus

Takano, Y.; Nakata, K.; Yonezawa, Y.; Nakamura, H. J. Comput. Chem. 2016, 37, 1125-1132.



BT ab initio QM/MM-MDEREIE 7O S L
PlatypusDEIH

(PLATform for dYnamics Protein Unified Simulation)

Coordinate
Force

Platypus QM
(RHF,UHF,DFT,
CAS)
Calculation
Unit

FRfERICLSBAFIFE

Platypus
Integration Unit

Platypus MM
Calculation
Unit

dina

Coor
Force

te

q

k,//

E = EQM + E{\4M + EQM/MM

Platypus-QM
HF, DFT, CASSCF, CIS,
MP27 07 5 LD

N
Platypus-MM

5 MEREICEBNT-HTIR
RIERT > v IVORERE

ELFHLIC K BERIL (zero-multipole®)

+
Chain-of-Statei% (BRfE S XFIFHE)

A7y > 0aO— F% (R1EIXPlatypus-QM®D FEi7h)
http://www.islim.org/islim-dl_j.html




IREE TOMREFHERER

- RDF, UHF, R-DFT, U-DFT, CIS, CIS(D), CIS-DFT, MP2, CASSCF (D=3

« IXIVF— - NERICEIFEBABHEDINL T v FAF{EESIMDIE
BFRATEDORFIEEED S 3 FIEEENDERTIDOEEL
-« CASSCFErEICH T Adirect Cl EFRDEZE(E (CAS(16,16)F THIEE

=) QMEBSOEE(L - BLFL

¥HiE S (chain-of-stateik) = F A L fciBat5{t,
m) BAFLEThI-QM/MDEHEIc L B RISABIXIVE—



R COAFITERE(QM)

U =A%

AH{EER 99.9888% o e e
RHF/cc-pVDZ :
932,768 7

WFHLs 99.9888% :

EITHE 7.27~2.24% |

(819237 : 4.26%) T e

o & CASCI(16,16)/6-31G** o e
Y& RRISHD $8016,38407
ANY ¥ VN7 YHLsR 99.9728% |
(280FF) (T 15.43~6.809¢

(81927 : 7.85%)

0

1 1
256 512 1024 2048
Number of CPUs
|

L | |
2048 4096 8192 16384
Number of cores



Rl CTOAFEEE(QM/MM-MD)
98,3047 M/\A 7V v FiiFlopse(F =10

8thd—e—

RHF/cc-pVDZ Strong scaling
L WHHESR 1 99.7893%

MFLOPS/Peak [%]

% wj$ 10 60~1 94% ’ 1 64 1;8 256
Weak scaling (Chain of State)
)i #$98,30407 |
S s 128704 A x768LF U T
ACE'AI:I-A'NME % 3,‘7]* 3.42~3.20% : 6606 O—9o
1,080 K5 F Weak scaling®hs€ : 93.36% ,| soads —&—

Number of cores



FhtciKREQM/MD/ = 2 l/—v 3V
smus%@.lﬂ

siriusH

=a] S

(1,374/RF)

-643.2

-643.2 |

-643.3 |

Total energy / a.u.

-643.4 |-
-643.5 |

-643.5
0

QM: #&

SA-CASSCF(8,8)/MINI-4 MM: 7K

-643.3 |
-643.4 |

-643.4 |

— Ground state

—— 1st excited state |-

3T

5

10 15 20 25

Time / ps

At=0.25fs
120,000 7w 7
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Protein as amplifier
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