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static effects (I§:&§E 4. FHEHEEIER)

dynamic effects (B 5 ¥)

) ¥ Fo7OLdE{EBEZEDAL ain CCOO Takano and Nakamura,
2] f?%ﬁt& L ? /] \7;537—) 9, J. Comput. Chem. (2010)
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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.



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.
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Takano, Y.; Yamaguchi, K.; Nakamura, H. Int. J. Quantum Chem. 2013, 113, 497-503
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Hr is an oxygen transport protein found in several marine
invertebrates.

DeoxyHr OxyHr hydroperoxide
[Fe(u-OH)Fe] 0 [Fe(u-O)Fe] H/O\
His77 H 2

[ O e "7 His54
HiS73— ot His73— o~ gt

His101 f\o w His25 His101 f\o / IFHiS%

o
Glus8
USS Asp106 G'”58 Asp106
Jp=-13 cm™ Jp=—77 cm™

In the reaction with molecular oxygen, two electrons from the Fe'-Fe'' center and a
proton from the bridging u-OH group are transferred to O, binding to the five-
coordinated Fe center, yielding the u-O bridged diferric site possessing a terminal
hydroperoxide (oxyHr).



ZERETER

Diiron active sites with u-O and/or u-OH bridges are found in many

proteins.
4 Hemerythrin (Hr) 0 Metane monooxygenase \( Ribonucleotide reductase h
o (MMO) (RNR)
His
/
\o \His \\O// / \ / TGl
Glu ASp Glu Glu
Oxygen transport Oxygen activation Oxygen activation
(Conversion of methane (Conversion of ribonucleotide
\_ PAR to methanol) I\ to deoxyribonucleotide) y

The structure of the active site are similar to each other,

but the functions are different.
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Takano, Y.; Isobe, H.; Yamaguchi, K. Bull. Chem. Soc. Jpn. 2008, 81, 91-102
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How do we determine an appropriate broken-symmetry
theoretical treatment?

1. Use a method which many people use.
- UB3LYP
UB3LYP provides very accurate results for organic systems.
But how about transition metal systems?

2. Use a method which can reproduce experimental data.

Magnetic coupling constants (J,,) were reported.
(OxyHr: =77 cm™!, DeoxyHr: —13 cm™)

How to calculate magnetic coupling constants?
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€ Example (H, molecule)
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i 0.2
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0
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Interatomic distance / angstrom



Magnetic Coupling Constants, J,,

Heisenberg Hamiltonian

O
ft\FL\/ \ﬁ\li/i [H=—22Jab S.' S, }
\OO\I/ O & J, values

)

J,, > 0: ferromagnetic
J,, < 0: antiferromagnetic

Each iron site is regarded as a spin site.

Magnetic coupling constants, J,, can be calculated using the Heisenberg hamiltonian.



STRAE

€ Electronic Energy

E=ET+EV+EJ+E

ET
EV
EJ

E

Kinetic energy term
Nuclear-electron attraction
Coulomb integral
Exchange-correlation functional

EXC = C,EHF + C,ESter 4 C,[Becke 4 C,FVWN 4 C,FLYP

C, C, C, C, C.
UHF 1.0 0 0 0 0

UB2LYP 0.5 0.5 0.5 1.0 1.0
UB3LYP 0.2 0.8 0.72 1.0 0.81
UB3LYP*  0.15 0.85 0.72 1.0 0.81
UBLYP 0 1.0 1.0 1.0 1.0




OxyHr (PDB ID: 1+{MO)

e
His77 ‘ His54
O is
His73— ||||/ S’
_Fe Fe\
His101”~ \O His25
G'“58 Asp106
DeoxyHr (PDB ID: 1HMD)
His77 H
Hi854
His73— |../ ~_ 1
_Fe Fe\
His101” \O His25
GluS8 Asp106
His —> methyl imidazole

Asp, Glu —— acetate



Magnetic Coupling Constants, J,,

DeoxyHr (Exptl.: =14 cm™)

Solvation UHF UBHandHLYP  UB3LYP UBLYP
Rz -3.49 -10.4 -145.1 -396.1
PCM -3.59 -10.6 —128.2 -326.4

PCM + MM -3.58 -10.6 -137.9 -398.8

UBHandHLYPIZ R YT WHEE/EREHT-25




Magnetic Coupling Constants, J,,

OxyHr (Exptl.: =77 cm™)

Solvation UHF UBHandHLYP  UB3LYP UBLYP
BEZ -14.1 -49.0 -145.1 -396.1
PCM -17.2 —64.0 -128.2 -326.4

PCM + MM -16.7 —64.4 -137.9 -398.8

PCM + MM, PCMIEZ YL R E B 1E

1%H1-25



Orbital Energy Gap

Table 5. Orbital energy gap (AE)*™ between d,, orbital at the Fe2 ion
of 2 and =n* orbital of O, molecule at the UBHandHLYP level of theory.

Solvation AE
Gas (e = 1) (opt) - 884
Gas (e = 1) (X+ay) ~827\
PCM (e = 4) =
PCM (e = 10) -658
Point charge (e = 1) ~ 782
Point charge + PCM (e = 4) ~6.71
Point charge + PCM (g = 10) ~-654

[a] Orbital energy gaps are shown in eV. \

ANV ERRICESFHEMREFERILFEFDLD,
EEDIMEDIRILF—ELZHIHLEEESICTEELTLS



Orbital Energy Gap
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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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wild type

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

Rx LR
A /"(’)lf 7 Arg(L135)Leu
SPM i SPL Leu(M160)His + His(L168)Phe . :
Leu(M160)His + Leu(L131)His - SP,_
’ Phe(M197)His .,
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%

AN Y )UINTAFFZTAHIVDRAE Y BEITIEXTTR

Lubitz et al., Acc. Chem. Res. 2002, 35, 313
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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
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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
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Methyl ester
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Phytyl-1 (Phyt) group
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Phytyl-ll (Phyt) group
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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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L-R.sphaeroides
L-T.tepidum
L-R.viridis
L-R.denitrificans
L-C.vinosum
L-R.gelatinosus
L-C.aurantiacus
L-R.castenholzii
Dl1-A.marina
Dl-Symechocystis_sp.
Dl-Nostoc-7120
Dl1-P.patens
Dl-A.thaliana
Dl1-C.vulgaris
Dl-C.caldarium
Dl1-G.violaceus-7421
Dl-P.marinus-9313
D1-T.elongatus

Bl D2

Leu/Val

~ 1|80 1 | 2?0
P T I LV T Y
TAFAFAILAYL LFRPVMMGA
TAFSFAIGAYL FVRPLLMGA
SAFCVPIFMFCVLRQVFRPLLLGS
TCFAAATTAYMTILYVIFRPLLMCGA
TAFAFAIGAYL RPILMGA
(AFSFAILAYVTLYVIRPILMGA
[AFGVAFSAWLVILOVIRPIALGM
[AFGAVVSSWITILRQWLRPIAMGA
/AYSAPLAATYJVFLIYPLGQGS
/AYSAPVSAATAVFLIYPIGQGS
JAYSAPLASATAVFLIYPIGQGS
JTAYSAPVAAATAVFLIYPIGOGS
/AYSAPVAAATAVFLIYPIGQGS
JTAYSAPVARATAVFIIYPIGQGS
/AFSAPVARATAVFLIYPIGQGS
[AYSAPVAARRNVELIYPIGQGS
ITAYSAPLSAAFAVFLIYPVGOGS
JAYSAPLASAF LIYPIGQGS
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lle/lle

Phe/Val

Phe/Phe

250

FI'NALALALHGAL'
FI'NCLALSMHGSL!

NAMALGLHGGL

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

-GS LFAARMHGSL!

[F{-5SLFSAMHGSL'

>GSLFSAMHGSL!

-GS LESAMHGSL'
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>GALFSAMHGSL!
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-GS LESAMHGSL!
F{-GALFCAMHGSL'

~ 310

320

LLSLSAVF---
FLALSAAF —--
FLASNIFL--~-
LLAINAGL---
FLALSAVF ---
FLALSAAF -=--
IFAIGGIL—--
NTGAASVL---
FLGAWPVVCIW
FLGAWPVIGI
FLAAWPVIGT

FLAAWPVVGI
FLGLWPVVGIW
FLAAWPVIGI

Ser/Thr

L M 1 [ 1 4,1 | £.1 () M
R



Bd[RDiE

Leu or Phe/Val

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

MesE & PhytEDEC[R % RS T
FLFREFEETNTLS
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160

EWVE5Z%
7 S /EREIIFREFEINATVLS

Leu/Val Tyr/Leu

?/Leu

170 200 210 220 230 280
coleeMloecnloes ™~ iilueeelooealoce s albeleseclocaaloes ~ulaveslocan|at
LGFIRF: LVHGNLFYNPFHGUS AjZY;SALLFAMH3ATILA 'MEGIHRWAIWMAVL

LVLGFIREY IRYGNLYYNPFHMIYSEAFUYFSALLFAMHGATILS "ME SIHRWAWWCAV LT,
LCIGCIHFE! IRYGNFYYCPWHGHSIGFAYFCGLLFARHGATILA 'IESVHRWGWFFS
LVLGLFRP.  IRYGNLYYNPFHCUSEVHUY/ESVLLFCMHGGTILA  'MEGIHRWAWWFAVLI
LSLGFIRPEY IRYGNLYYNPFHMIS AR SALLFAMHGATILA 'MESIHRWAWWCAVLT
LVLGFIRPY LRYGNLFYNPFHALSEAFLYATLLFAMHGATILA 'TESITHRWAWWFAVLQ
LVIYIIREY VRYGNFYYNPFHMUSEFF LS TLLLAMHAGTIWA IAYSTHLWAFWFAWLJG
FVIYLFHP] IHWCNFYYNPFHMUYSFELLESTLLLAMHGATIVA ISYNIHIWAWWE AAFT]
YSVFLIYP]  A-EHNILMHPF FAGVLEGSLEAAMHGSLVSS ISRSLHFF LGAWPVV(
VSVFLMYP) 5-FHNWTLNPF AJILIEGALLCAIHGATVEN TKRWLHFFMLFVPV T
VSVFLMYP] 5=-FHNWTLNPF VAGQVLEGALLCATHGATVEN IKRWLHF FMLEVEPV T
VSVFLIYP] 5=-FHNWTLNPF AQVILFAALLCAIHGATVEN IKRWLHFFMLFVPVT
VSVFLIYP] 5-FHNWTLNPF VAGILEAALLCATIHGATVEN TKRWLHF FMLEFVEVTJ
VSVFLIYP] G=FHNWTLNPF A :AALLCAIHGATVEN KRWLHFFMLFVEVTJ
VSVFLLYP] 5-FHNWTLNPF AVAJILEGALLCAIHGATVEN TKRWLHFFLLFVPVT]
VSVFLMYP] 5-FHNWTLNPF AQVILIGALLCAIHGATVEN TKRWLHF FMLFVPV T
LACFLIYP] 5-FHNWTLNPF AVAJIOLEGALLCGIHGATVON IKRWLHFFMLFVPVM
VSVFLIYP) 5=-FHNWTLNPF A :GALLCATHGATVEN IKRWLHFFMLEVEVT

Ser/GIy

Gly or Ala/Leu
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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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Inside-out 77 70— F

1. ERHER D FERDEFIBEZHNS (QM)
2. 2V N7 EPRTDEFIZEZFNS (QM/MM)

3.1L2% LT %

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

— =

RiRRE(t LI ERN D FIEEICEL S
QMEBL DEZE(L

+
BT ab initio QM/MM-MDERRHE 7045 5 L
PlatypusDBIH
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Saito, T.; Kitagawa, Y.; Takano, Y. J. Phys. Chem. A 2016, 120, 8750-8760.
Saito, T.; Takano, Y. Chem. Lett. 2017, 46, 1567-1569.



QM/MM-MD
Zab—=YavOEEIRB

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 MO) model

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

/—> 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)* BREEEANDXIL

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.

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



Some problems using SE-MO?

W methylene (13 CH,) radical

. O>—@—0
H” \H
bent : H-C-H = 102.3° linear with the H-C-H angle
B cyclobutadiene (1C,H,) radical of 180
H H ‘(
N —.C/
I %‘g
H’ NH J
square planar (Dy,) non-planar
B transition state of C=C epoxidation with a Mn complex
X
Q e
Mn(N4Py) fail to find a TS

The spin-unrestricted PM6 (UPM6) computation does not work.
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Our primary purpose is to improve the accuracy of PM6 in describing
electronic and geometric structures of 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 0 .
)

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.



rPM6 shows great improvement
over the original UPM6

Hl methylene (13 CH,) radical

s
O H-C-H = 111.9°

B cyclobutadiene (1C,H,) radical

H H d,
“Cc—cC

.~ —C Square planar (Dj,)

B transition state of C=C epoxidation with a Mn complex

H
Q CPU time ratio (vs. DFT)
: - force calc. 1 :4608

(ID I\ Hessian calc. 1 : 3559
Mn(N4Py) N

Saito, Takano. Chem. Letftt. 2017, 46, 1567—-1569.

o planar




IV-2. #&dl5l ab initio QM/MM-MD
ERETR 7075 L
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)

BfERICLbmALSIEE
Platypus — —
Integrat»ilsn Unit iﬁQM T EMM T EQM/MM

Coordinate ‘ ‘ Coordinate \
=" | Platypus-QM Platypus-MM

<‘F!E‘{f1§f3ﬁ”1, s HF, DFT, CASSCF, CIS, WA MEgElTBNTHTiE

ciciin Uni MP27 07 < LD RIEBERT > v IVORRE

SFHbic K 2E#E{E (zero-multipolex)

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




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
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siriusF
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Total energy / a.u.

-643.4 |

-643.5 |

-643.5

QM: &

=

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

-643.3 |

-643.4 |

-643.4 | T

—— Ground state

—— 1st excited state |-

0

5

10 15 20 25

Time / ps

At=0.25fs
120,000R 7w 7

30



V.E&O



2 I\7ENDQM/MME1HE

N2VINTEIFEXRT ANTOT. 212V 77%R
2) 2NV BOWEEDOFREITF/FTELIOEFREIMKTF T S

rEnL>

ICLTETIVIET DD

I ETEEDED vs. IE | IBERDXIE

* QM/MM’;§QEJ

B

EraEAL LT RN D FEEEIC K 2QMER D D ER1L,
BT 5ab initio QM/MM-MD:ERETE 7 07 = LPlatypusDRFH

- DFTRBISODIRE (BEE S VNV H)
. SEIRS FOBUR—PCM7z &



Protein as amplifier
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Protein as amplifier

I

http://www.michiba-shunsara.jp/menu/sz044.html
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ALIYR)Y PlatypusBaH
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