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[Abstract] The reaction of carbon dioxide with aqueous diethanolamine (DEA) has been
investigated using ab initio molecular dynamics (AIMD) simulations. The standard AIMD
simulations predicted two different final products: the ionic product of DEA carbamate ion
and the protonated DEA, and the molecular product of DEA carbamic acid and DEA molecule.
The free-energy barriers for the elementary reactions were computed to elucidate the final
product using both blue moon ensemble and metadynamics approaches. The stable DEA
zwitterion intermediate was observed in the standard AIMD simulations, and was supported
by the free-energy profile of blue moon ensemble technique. For deprotonation of the
protonated DEA, the predicted free-energy barrier reproduced the value estimated by the acid
dissociation constant for the protonated DEA. The free-energy calculations indicated that
formation of ionic product should be dominant over formation of DEA carbamic acid. The
highest free-energy barrier was found to be the CO, binding for the CO, absorption and the
deprotonation of the protonated DEA for the CO, desorption.
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Fig. 1 Schematic free-energy profile of overall reaction of CO, with aqueous DEA
Schematic structures of molecules relevant to reactions are shown in the balloons.
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Abstract

One of the most common procedures for constructing polymer hallow fiber membrane is the non-
solvent induced phase separation process. In this technique, solvents play a very important role in
determining the membrane morphology. Since the filter performance of the material depends mainly
on the morphology, understanding the thermodynamic phase equilibrium of the polymer/solvent/non-
solvent mixture is important. To reveal the underlying physical nature of the solvent-polymer
interactions and predicting the phase equilibrium of the ternary system, in this study, we investigate the
miscibility of the PVDF/NMP/water ternary system, using a combination of molecular dynamics
techniques and multicomponent Flory-Huggins theory. We quantify the affinity and association of
PVDF as a function of NMP/water concentration by calculating, for example, the free energy of mixing
and the scaling properties of PVDF.

Introduction

Poly(vinylidene floride), PVDF, hollow fiber membranes have been used to effectively remove
suspended solids and micro-organisms during water treatment. Such polymer membranes are
commonly constructed following the non-solvent induced phase separation process [1]. In this
technique, solvents and non-solvents play a very important role in determining the membrane
morphology. Since the performance of the material depends mainly on the morphology, a complete
understanding of the thermodynamic phase equilibrium of the PVDF/solvent/non-solvent mixture is
required.

Although PVDF/solvent/non-solvent systems have been used widely in industrial membrane
applications, few experimental studies that construct the phase diagram of PVDF/solvent/non-solvent
systems are present in literature [2,3]. Furthermore, to the best of our knowledge, there is only one
molecular (or atomistic) level study that focus on such systems [2]. For this reason, in this present work,
we investigate the miscibility of the PVDF/NMP/water ternary system using a combination of
molecular dynamics (MD) techniques and multicomponent Flory-Huggins theory. Additionally, the
effect of solvent/non-solvent concentration on the structural properties of PVDF is evaluated.

Methodology

All-atom MD simulations were carried out using the OPLS-AA force field for PVDF and NMP,[4]* and
the TIP4P/2005 water model [5]. Initial configurations were generated by arranging these molecules
randomly in a cubic box. After equilibration simulations, a production MD run was carried out in the
isothermal—isobaric (NPT) ensemble, maintaining the temperature at 298 K with a velocity rescaling
thermostat and a coupling time of 0.1 ps. Isotropic pressure coupling was used for all the systems under
investigation using a Parrinello-Rahman barostat with a reference pressure of 1 bar, coupling time of
1.0 ps, and compressibility of 4.5 x 107 bar . A time-step of 2 fs was employed, and bonds were



constrained using the LINCS algorithm. Long range electrostatics were calculated using the particle
mesh Ewald summation (PME) with a Fourier spacing of 0.12 nm and a fourth-order interpolation. The
van der Waals and Coulomb cutoff was set to 1.2 nm. All simulations were performed using
GROMACS 5.1.4 MD package.[6]
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Figure 1: PVDF in water and NMP
Result and discussion

MD simulations has been carried out to quantify the miscibility of PVDF with NMP and water by
calculating the composition dependent Flory-Huggins interaction parameter (y), which is given by

= VyerAHp,
kT Vm ¢A¢B

where V.. is the reference volume, which is taken as the volume of PVDF monomer and V, is the total
volume of the mixture. AH,,,/V,, is the change in enthalpy upon mixing per unit volume.

x can be either negative (favorable interaction) or positive value (phase separation) for polymer in good
solvent and in a poor solvent, respectively. The results in figure 2 shows that PVDF and NMP are
mutually soluble while PVDF and water are insoluble. In Literature, the solvent/polymer and non-
solvent/polymer interaction parameters are normally taken as a constant. However, our result shows
that there is a clear dependency on the composition of PVDF and it rapidly increase or decreases when
¢ > 0.6. This information can then be used to calculate the Gibbs free energy of mixing of the 3 binary
systems and predict the phase equilibrium of PVDF/NMP/water ternary system.
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Figure 2: Flory-Huggins interaction parameter (y) of NMP/PVDF and water/PVDF with increasing
volume fraction (¢) of PVDF, and y of NMP-water with increasing ¢ of NMP.

The structure of the PVDF is also quantitatively analyzed through the calculation of its radius of
gyration (Rg). From MD simulations of PVDF with increasing number of monomers (N) in pure NMP
and water, the scaling laws R; ~N" was obtained. The resulting Flory parameter v of PVDF in NMP
is comparable with existing polymer scaling theory for polymers in good solvent v = 0.61. However,
v achieved for PVDF in water is much lower than the theoretical value for polymer in poor solvent,
v = 0.13. This is because PVDF is highly hydrophobic polymer and takes very ordered structure in
water.
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Molecular dynamics study of water structure formed by interaction
between solid polymer and water
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[ Abstract] Recrystallization behaviors of water sorbed into four poly(meth)acrylates;
poly(2-methoxyethyl acrylate) (PMEA), poly(tetranydrofurfuryl acrylate) (PTHFA),
poly(methyl acrylate) (PMA), and poly(methyl methacrylate) (PMMA), are investigated by
molecular dynamics (MD) simulation. The aim of this study is to correct the glass transition
temperature about the influence of cooling rate and to analyze interaction between the solid
polymer and water molecules. The crystallization of water during a heating process in the
polymer-water binary systems, the so-called "recrystallization of water”, was observed by
previous differential scanning calorimetry (DSC) measurement. As a result of the calculating
water diffusion, we indicated that the recrystallization controlled "diffusion mechanism". The
result of the present study shows that corrected glass transition temperature in MD simulation
and number of water cluster can be calculated, supporting the recrystallization process is raised
by the "diffusion mechanism". Detailed molecular processes of recrystallization and hydrogen-
bonding states of water in the polymers are also discussed.
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Tab. 1. The calculated values about the each glass transition
qosi temperature
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Classical ion-water force field parameters determined to reproduce the
hydration free energy and the coordination number
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[Abstract] We determine Lennard-Jones parameters for Li*, Na*, K*, Rb*, Cs*, F-, CI-, Br,
and I~ in aqueous solutions of SPC/E water. Although the coordination number of ion is an
important characteristic property of ion hydration, it has been rarely used in optimization of
ion-water interaction parameters for monovalent ions because of the low accuracy of
experimental data. Instead, we choose the coordination numbers of quantum mechanical
molecular dynamics simulations, which are presumably more reliable than experimental data,
as the parameterization targets together with the experimental hydration free energies,
ion-water distances in aqueous solutions, and potential energies of salts. The obtained
parameter set is compared with 11 previous ion-water parameter sets. We also discuss
limitations of the 12-6-1 type potential.
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Thermodynamics of three-phase equilibrium by van der Waals equation of
state
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[Abstract] The phase diagram for a three-phase equilibrium was derived using van der
Waals (vdW) equation of state (EOS) with respect to pressure. Aside from the typical
liquid-gas vdW EQS, a new solid-gas vdW EOS was introduced. The new vdW EOS had
the same functional form as the original equation of state and only the van der Waals
coefficients were different. The thermodynamic EOSs were integrated to obtain the internal
energy and the integral constants were given explicitly. The calculated phase diagram was
consistent with that for argon and the Lennard-Jones system.
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[f812]
PLEDS Gibbs =R VF— ¢ ORDBELND, (b, ) ZRTHMEZESZHIZ TR
DORE BUEHNC RN T,
pl(\/l’T) = pz(vz’T)’

G(V,T) _G,(V,,T) (8)
Nl N2
BONEHNERICTYT, RRFLICEASNEZEHIIMMOME L E_RFRETH S,
100
107 solid
1 L
% 0.1 ey
= ‘T |—=-qL
S 001" ——SG -
——[22], GS
0.001 ' T3 ——[22], SL |
0.0001 | Gas 1
~=-[15]
107 ‘ ‘

0 0.2 0.4 0.6 0.8 1
Ti(elk)
Phase diagram in the (p, T) space. The calculated result is compared with the experimental
data on argon, the EOS and the free energy calculation. Tc and T3 are the critical point and the
triple point.
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Development of divide-and-conquer based coupled-cluster theory
at finitetemperature

oTakeshi Yoshikawa Hiromi Nakat 2 3 4
1 Department of Chemistry and Biochemistry, Waseda University, Japan
2 Research Institute for Science and Engineering, Waseda University, Japan
3 JST-CREST
4Elements Srategy Initiative for Catalysts and Batteries, Kyoto University

[Abstract] The characteristic feature of the DC method is tise of the overlapped
fragmentation that is managed by introducing th#ebuegion with the assistance of the
finite-temperature (FT) HF formalism. The auth@up has extended the DC method to the
post-HF correlation theories, in which the coriielatenergy corresponding to each subsystem
is evaluated using the subsystem molecular orbik4@3s). However, the subsystem MOs are
completely separated into occupied and virtual oRegsently, Kobayashi and Taketsugu have
proposed DC-MP2 methods based on the FT Greerctidartheory and improved the errors
of the DC-MP2 methods. In this study, we have agldgheir technique to treat the DC
coupled-cluster theories based at finite tempeeatuwwvard higher accuracy.

(&S] KRB IR EZTREE T 572 (a) DC-HF/DFT
DIZ, DEEIBOCNEIZIE S BB A r—1 L
VO RERB L CX72[1,2), DCIETIE, 4 ——
@@ Fermi @1ﬁ EF cE Fermi F%%Z%Hﬂb A Zf) Z 3: —— ”””1’:’6”’
THBMICEFREEVIED Z LR T 2, jqu
Flo, WO RNOEFHEEERILTDHZ &

T, BRFOAC VNIRRT L=Ricxt LT () DC-MP/CC: SBGR L
LREBICHATE 5, EBERTHE ATRE —
THIdICE AR A DCE~LIEL
oo ULHNLANG, @ OB MR Tk :
B0 5 BRI IR b D720, AE

FORE TR MR I E TR A BT _
(01 1), R, A - B %GO e e OOSCF
& Mgller-PlessefE Ehiam(MP2) 2kt L CTHBRIR

FEFT)OEEEEA L, BEILEPIC X 2R EZDONEEIT S 72[3], AL TIE, 5
D EE AW THERIRE A TRIBERSS 7 7 A % —Miaa B% L, T 2 mks
ZHfg L7,




[EE4] DC EIZ 2R EZ WL ONOESRICHT TR ZIT) 2L Ta A MR
LHETH D, W $mm7b@A/??%W%&@ﬁ%fﬁﬁﬁ@ﬂﬁ%% 7 S
Z T, BEOMREZTD AL Z k73>fé°%6 DC % %1@%‘5# I, ZOEGFHRD
WLE &2 W CE BRI R 217 5. DC & HHBEF R \_@% >R DEE %
TEHEEHAEZITI, L, 4A¥’aiﬁéﬂ/77ﬁﬂi@ﬁ@%Afbi
TEND, BFHEOE T vNEL D, ZORBEEZ RIS 72012, 4
n%f%%éﬂtIXW#~&VMWEWWM%%PTEﬁ@@ﬁ%$%% S(a)
7 OB L ¥ —% K H, DC-CCSDIED LA DM R L —%2 L FIZET,

AEDC® = 3" Z C"F(ui” a'b’) (27, ~17.) (s = ) 1)
I T, {ﬂ,v,...},{I,J,...},{a,b,..},{p,q,...}&i\ FNENRFEGE, SAEE. IEE A

B, R FELEERT,
—ﬁﬁime%ﬁ%%%ALtDGﬂﬁam%ﬁ

1 subsystenMO(a

AEDCFT-Cos0 = Z Z D; p< s”>( A A RIS K R )
a pars

f, = |1+ exp{ -4 ﬁ:—gp»Jl (f,=1-1,)) 3)
A

[FER - B8] HriocBRE L o
DC-FT-CCSDik% AT, —hy o \ pecesea
J ) F 2 — 7 (CNDIZ X7 2 H i % 8 % N\ - DC-CCSD (3,3)
WAEETT o2, CNT ihA 748§ | N ¥DCFTCCSDE3I
5 Ch= MN)IC Lo THENKE 5
Bieh, (m-mA3OFEHKOL T o af
SREMEE AL ThEsNT ke S|

LToOMELER>, M 212, Ch= Y
(32)LBIAD L XD Ny 7 7H A ol
KR AENE 2 R T, B RO utor sve I

6-31G™E M e Ch=(@E2AD 2T L o tersize depend f DC-CCSD and
éj: . El:/: %; ,leg ‘l‘i 75_’ /_,]—— _gA 71,: &) 19. Z. urrer-size ependence o - an

- . DC-FT-CCSD correlation energy errors from
HOMO-LUMO ¥ » 73K & <, standard results for CNTSs.

BHALIC L DB ET /I N,

DC-CCSD, DC-FT-CCSD& D ZE1T/NE L, Ny 7 7% A4 XM 8 [AIBL EThHiviX, 1
mhartreell T & 72~ 72, &EMEZRT Ch= (3,30 & XX, HOMO-LUMO ¥ % v 7'
0123 728, Ny 7 79 A X310 [A]D#4E T DC-CCSDED AT 3 mhartree
UETH%, —J7. DC-FT-CCSDIETIL, fAZEDBHE REN R 6L, Ny 7 73 A
X% 10[AlE 3% & 1 mhartreel FORRELE D,

[3% 3Cik]
[1] W. Yang,Phys. Rev. Lett. 66, 1438 (1991).
[2] M. Kobayashi and H. Nakai, in Linear-Scaling Teittues in Computational Chemistry and Physics:
Methods and Applications (2011, Springer), pp. 27-1
[3] M. Kobayashi and T. Taketsugtheor. Chem. Acc. 134, 107 (2015).
[4] H. Nakai,Chem. Phys. Lett. 363, 73 (2002).
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Large-Scale Automated Exploration of Reaction Pathways
by Quantum Chemical Calculations: Visualization and IRC Analyses

oKoichi Ohno, Hiromasa Watanabe, Hiroaki Tokoyama
Institute for Quantum Chemical Exploration, Japan

[Abstract] Automated entire explorations of reaction pathways were performed for CeHs,
H3CNO3, and HeC302. Efficient and reliable levels of calculations for exploration on potential
energy surfaces were studied. A new visualization tool of explored structures and reaction
pathways was developed. Interesting spatial reaction pathways were discovered, e.g. acetylene
trimer directly produces a benzene molecule via only one transition structure without catalyst.

[F] b2s0&. 84 OJF 103 2 Sl &2 (L & 28 2 7208 B 28R OGRS » C
AT 208, FEBRIZ X ABUNIE S T, L,ﬁ??%&d“f//wvi@lﬁﬁm&ﬁ IRC
1T, B LS EICESWTHENER T2 2 &N TE 5[1], 4, CeHs 2D\ T
FOSHERE A BHERR 1TV, ZORERZ LT 5 & & HIZ IRC T 24T 9 2 & T, Hl
BRSO 2 L L7z 0 T3 5,

[FE] FroBihafix, 9 (5 FEcikis+5, JBgsho ho7 =7 K
UFRNT 2 AR DT 72 LCTh, I 5 2HBORERFIOFRIZE EE5, B
XE (TS) DBEEZ BIX, T 20D OHMELA A T X 7 AENTMT 2 D03, IR, FIH
SR TFT %, IRC X, TS 25 SUGEEFRE A SEBR/ N O R CRENT 28K CTH

IR 72 bkt % 2 b OGS D ZEMBOCREK # RET 5, 272, &2 955K
E®T5110&i@%&w FOGRRISIE RN E L < RIN L TWABARTIE, SRR
HEAE ONEFRIIRER & MBS 2 E T D IRC OFEMIZR T NIFE ChH 5, AT v
Ty MERIT, TXAETHERICEL ZENEEN I, BV LUV TILEE AR N
WKIZZ2 D, ARWFZETIX, KISREHEOREESR 2 EOREDOFHE L~ TITH D)
M THDHNHEWT 5725, HeCs 33 L TN HCNO3 iz & - Thagt L 7=,

FOSE M O RTESRIZIL. GRRM 712 77 4 (GRRM11) [2]% Fvy, E1-iRAES
B2 1% Gaussian 7' 777 1 g09 ’Sfﬁﬁﬁ L7z, 16 27 3EE 16 62 HW, Z2H0=7
2 X B KB FNIRZE 21T 9 7212 NeoGRRM [1]% FII A L 7=,
Jimiﬂﬁﬁ%@}_ﬁ%%?éﬁ%fazh5ﬂ?f§eﬁ%iﬁ(EQ)@iﬁt7ﬁiiﬁtﬁ%tz>:>k B
(TSP, T77bb, RSWBEOEIL, BTFHOETICHEL, WRARERGERD
fiftT % PAEETIT Y & BUELLED D EPRREND, 2D, GRRM 7'u 75 A
12X DRSO SERE R A BB LT Web 7S UH LIk RrEEL 7 s
2 GRRM-GDSP[3, 4] % {# il L 7=, GRRM-GDSP Ti%., BHFE4HI 2009 £EH 5, Ak
RGO ARG Imol [B]1ZEA L C&E N, X2V T 4 F = v 7 Ot THEGLH
\ZfE 5 Java o7 T U I EHT Version OFHNER D X 912720 IJmol ZHW 5
GRRM GDSP OFAMNE L RMEIZ /R oT-, 2T, L 0BEICAHbT 5720, K
9T, GLmol [6]%FIH 3 5 =izl v # 2. GRRM-GDSP D Hihk & 1ERk L 7=,

[#ER - 2] CeHs 256 = 7 O RBREE TGRS HE O R ETER 21T > 72, RHF/6-
31G C. 11.9 H T EQ2728 fl, TS23566 f# % f%7-, DFT/6-31G*ClX, 66.4 H C EQ1644
. TS13489 % 157=, 155172 EQ XN TS %%, LLHii SCC-DFTB T 872 H %5



L CHE 7= 56l > EQ7062 fH . TS

TS26663 i L 0 272 0 72N, SCC- T a 1 s800.60
DFTB Ti, BHEREOM S IChR | F 20 N e
THMENRERICEHAELNTE i o} e B

D, LeULE BRI AT D : ;% { 600.00
L EQ R TS OEAKIFICHAT 5, PR B X ¢ | o000
EHERROFERIT, MmO~V TH | Y g Say F
il L CREET D ENH D, / T s e
W RAELENT T T 58, BUELE | - A N PP
WHERNDW LSO ELBRTWS, £ }u’ { e
Ol TEFLY3HEnLR [ L0 ) 1 2%
LR UL B SUBBIEA, RHF R | 1 100,00
DFT L)L OEREETIIfG DL h» - ., , _ J
7273, DFTB TORRTRHINT-, Reaction Path '

B3LYP/6-311G, B3LYP/6-311++G**,
MP2/6-31G**, MP2/cc-pVTZ T TS O
itk 21T 7205 IRC T 21TV, Dan D7 & F Lo 3 BIKIEE NS Den DX
VB UNEL DGR O EE MR Lz, 7T L2 3 BIREEIX. DFTB Tk
FAH—L L TROLNEN, LVELILTHE, Ty ERoTHY, 2
D7, RHF° DFT TOHRKETIX, ZORBIEOLNR T bDEEZ HND,
HsCNOs BIERMEFHES Lo MR L 2 b O ARSI O 238 & LT,
FOGKEBEREDIRZR BT o T2, BERBYERD 1 5TH D HN-O-COOH (22T, 37
RELREERE 2 SR OFHE L~V TITUV, @O0 LoUL ERIBROFE R % 5 2 5 30319725
BL~L & LT, BALYPE-3IG* N H Y TH DL Z L &HAH L, £D L1 T HsCNO3 D
PR Z N L7z, 16 =27 OFHEME 15T 361 HAZZ L C, EQ676 ff, TS5181 {
DO, RIUEEL-~LT, 16 27 OFHEH 16 512 L 2 5IERRE Tid, [
TR 124 H TRONZ, SO TS Z WG L LT, FHE L~ % B3LYP/6-
3114++G**|C RIF CHME R 21T o7& 2 A, EQ ¥, TS# & bicb Lz, 7 7
AL — R RO LT2 EQ #Rid. 465 {Eh 5 452 Ik L7z, 13 E O X i
L CHR—fEEICESE L Chamfb Sz, TS #kid, 2T 5181 flH 5 4556 fiH~ & J&
ML, K 12%0 TS BEte s LUIXEEA LI, 12001 L A5 EQ O%ux, &
BLvE EFTHM3% LN LiholoZ Linh, REMEDRERITIL,
B3LYP/6-31G*D L ~L THREVERBE TETND Z LN ER SN, . TSDOFH b,
B3LYP/6-31G* CHJ 88%MMEIE TE CTWD Z &b hotz, 7k, iE TIX, FIHEL
NI LT, BONDRINRE~ v I ED XD 7B B DD iEm T Do
HeC302 16 =7 16 5 C. B3LYP/6-31G* L~ L CTOAMIER ZFT\ >, 39.7 H T,
EQ1369 ff. TS10104 {HZ157-, 7'w &AL CoHsCOOH 43175, —=F L 2 CaHa, 7K
H.O, —F&{bikFE CO @ 353+ DEZEC L 5D 1 BePEOIEFE TH R X 5 28 ] SO FE
RV AZETERNTZ b7 a4 UEROEEE A TV 1 BT T X 52K
JERREE 72 & BRTR O BOS SRS ZHAL H S Tz,

[#E3R] SR CIImMR S TV e W BRI OEZE UG FIRFE R, GRRM 7’1 75 A
12 & B BUSTREE HEER & Al Y — 1 c L B IRC @t TR ST,
[253Cik]

[1] K. Ohno, Chem. Rec. 16, 2198-2218 (2016), and references cited therein.

[2] GRRML11, S. Maeda, Y. Osada, K. Morokuma, K. Ohno (2011).
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Fig. 1. Explored Reaction Channel of 3C2H2 into Benzene.
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A theory of physical time evolution for chemical reaction system in Red
Moon methodology: application to reversible second-order reaction

oSuzuki Yuichi!, Nagaoka Masataka’?3

1Graduate School of Informatics, Nagoya University, Japan
2Elements Strategy Initiative for Catalysts and Batteries, Japan
3Core Research for Evolutional Science and Technology, Japan

[Abstract] Instantaneous and microscopic structures of a whole chemical reaction system
offers important insight into understanding unknown chemical phenomena. In accordance with
the progress of a number of simultaneous elementary reactions, the Red Moon (RM) method is
capable to simulate atomistically complex chemical reaction systems. In the present study, we
propose a theory of physical time evolution for the systems in the RM methodology. For a
demonstration of the theory, we chose the gaseous reaction system in which Ho+1,=2HI occurs.
First, the process of chemical reaction was simulated from the initial system containing a
number of Hz and I> molecules. Then, we applied the theory to the system, and showed that the
calculated half-lives 7’s of [H2] reproduce well the analytical one. Therefore, the application of
the present theory with the RM method makes it possible to atomistically analyze the time
evolution of complex chemical reaction systems to chemical equilibrium.

[FF] Foxid, KEBARESLAUSRDOT I AT 4 v 7 v alb—a raHiE
9572912, RedMoon (RM) % (JBA MCIMD KJisiE) [1]&BI% L. 2 E Tlg,
KFEL, YREREE LTHWONDHELRY 7 I FE[2]° R E O ARR 2
AR S D REHREWEIR[3,4] 72 & OIVAGERFRIZEH L, 1 SEA RS OEHTE
L CT&E 7o, AR TIE, 20D X 5 AL FRIGHR DR E(LE R L~ T
FENTT 2 7212, RFIEICBT DL MOGETE 2 ZRRIZ R & LTI 2 B & 42
FT2[6]. AEFROBEHAGIE LT, KURIRED RO TSR (Hat22HI) A%
LUBRY, ZODOEESM (300K, 500K, 700K) IZBIFAERM Y 2L — 3D
fERZ b LK B IR E O SRR ORI b O fiFHT 2 78 A7 [5].
[HEE] RM V2 2 b= U R & U TRIRT 272012, T, Ho(es
BUSRIZBNTH DRFEDR A DIREZALIZER T 5. 20L&, — RIS, R
FEZA A[A WSR3 2 0 Ref dt 1k, d[A] &, Rt & A D RS D BUG
@EE@%&W&U&E%ﬂaﬂ®%ﬁm%ﬁmf&ﬁ@iiﬁ%ﬁa
dt=d[A]/ . (t{5 AT 1)
WIZ, Ry ACBET 28 % MCIMD YA 27 b k TOA IR 22257 AL, & LTERT



£, VY TAMTTYLIL OV A 7 Vi COMERIEA(A]) ELOFA 71k
TORERE{([A] ) ERATD Z Licky, AtAkirkit@otac:ﬂw;%hé.

M =MAL)/ ({1 {(TAL)]) @

RIS, ZOAL, & MCIMD YA 7 VEIN ypee CHEFT 5 Z LICE Y, KD X
Tt NRETES.

t = ZL\‘_I\;C/MD cycle At (3)

[##55R - Z 21X (a)12, 500K . EHARIEIT I 5 ARFES) T I [Haleg M OVPHIEHK Keg

Z % DL %) RM 1\ b= [Hﬂeq (=[|2]eq) eq (=[H|]eq /[Hz]eq[lz]eq)
3 U CIFBLAVIZET Ho &

k) =X M2 Temperature calc. exp. calc. EXP.

HI & MC/ “;ITD TA TS 300K 086 083 834.0 912.0
AT SRS Kjf—’ LT 500K 193 199 119.6 129.0
TRDDREZALND, 700K 280 2.8 56.0 54.9

~3000 A 7 VLI TIE%
zﬂﬁﬁaﬂﬁ*b CELELERES. F2T, F @
BRIRBEIZ IS VT D IKFBE I TR EE[Ho]eq & EATE

e Analytical [H1]/[H,],

ko ([HIT )" = k¢ (TH, 1 (01,1,

ST ke b ko R ENERIERIE RSO /
HWETEHAERT. ZO@h)XEHWLZ LI 0.0 1.0 20 30 4.0
L0, ROICATRES Ho & HI ORIk Hime [hl710%
R R A R
S 3 B I & AT B R W T IR EE R b & & di) (%
CHBLLI-. LIsioT, RMIEIC R oA | 0 EARIEE CORTH

B, (LSRRG R O LSRR 2 T 5 L CIMc R T Th b L E2 5.
%%éai RM 51530 & ERRIREIAIC WL C L 0 3 MIcsaT 5 TETh 5.
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[2] Y. Suzuki, Y. Koyano, M. Nagaoka, J. Phys. Chem. B, 119(22), 6776 (2015).
[3] N. Takenaka, Y. Suzuki, H. Sakai, M. Nagaoka, J. Phys. Chem. C, 118(20), 10874 (2014).
[4] N. Takenaka, H. Sakai, Y. Suzuki, P. Uppula, M. Nagaoka, J. Phys. Chem. C, 119(32), 18046 (2015).
[5] Y. Suzuki, M. Nagaoka, J. Chem. Phys, 146, 204102 (2017).
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An Exploration Method of Free Energy Reaction Paths
by Umbrella Integration

oYuki Mitsuta, Shusuke Yamanaka, Takashi Kawakami, Mitsutaka Okumura
Department of Chemistry, Osaka University, Japan

[ Abstract] Describing potential of mean forces (PMF) along chemical reaction paths is
essential to analyze mechanisms of the chemical reactions theoretically. Umbrella sampling [1],
[2] 1s one of the standard methods to calculate free energy differences along reaction
coordinates. In our study, we proposed a new method based on the umbrella integration [3][4]
to explore PMFs along the reaction paths. In this method, we use the scaled hypersphere search
method [5],[6],[7] to obtain saddle points. After we found saddle points, free energy reaction
paths and new equilibrium points are calculated by umbrella integration [4]. To show
applicability of our method to chemical reactions in high-dimensional reaction coordinates, we
calculated the 4 dimensional PMF on the Ramachandran map of alanine tripeptide in water.

[FF] AH= VX —OGRREIL, KOC0ERY) OfE, BT RLX—22, BH
TRV F—FREE L W o T AL UGS OB 2 T 57O O EERFIETH D, X
JSEEAEIZIR S T A =RV X =B TH D B IR T v v V(PMF) & 5585 5 Fik
BT T LT U US)E [ RERR TED 1 > Th S, Bother &%
T U7 VIR UNE BI1ERIAT S Z LT, ZIRIE PMF _EOZERE L OO
R LB LB R VX —CRE O EZ T2 FIEEZHRE L72[4]. Zhick-
T, US ZFIH LA =X VX —SREEFHEN R E 2 o7c, L, ZOFE
Tl RO E N LETH Y | SOSHEEE O HEIRRITEBL L TWieno T,
ZDO—F T, RT ¥ VIENRIZE T 2 OGS O B 8hiE 5% 18 ERm B 5= 15 [5),[6].[7]
IZE > TEASNTWS, I TARIFFETIX, UIEEZFIH L7=2 Kot PMF 8ER £
HRIEIZ L > T, HEHZ RV X —RSRERRTFELRIE L, ZOFELES 2L T,
DT ENIFEHEIC L D BT RV — KGR O BEHRR D ARE L 72 o 7,

[BF&] UliEIZ. USEETHREHLWELZ T 5 KD 1 DTHY, {7 4 RUDSAhi%
BB EEET 2 HETH D, BEREZHLELTIZY 4> U 1 DI2 Ul iE% 0 A
43457 LT PMF FAFEEN T RT3 v L2 EBAHZ LNk A, = OfE & A3D PMF
EEEZEDHZ LT, PMF EOERTM T HEAEZFRE L, THNDELDRKEIWHRIC
BRL, AEHEATHENDTFIEN, AEIOZKRIEC PMF BEKEHERRIETH D, 5
U SN DA D TR LI~ 7 o 7 LT Z 8T, HEZ XLV X—K
SRR S Te Y TV o T e LWEE RO AN RS, ZnaiiKd = & T,
25t PMF ORGSR B BNWRR D FIHE & Ir o Tz,
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Fig. 1. The structure of alanine tripeptide.
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Fig. 4. The RMSD average structure of EQscet.
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[Abstract] We will present some of our recent studies on hybrid molecular dynamics
simulations of complex chemical reactions in aqueous solutions. The focus will be on
chemical processes which do not take place so easily in normal ab initio molecular dynamics
simulations. One such reaction is the process of transamination. Transaminase is a PLP
(Pyridoxal 5'-Phosphate) dependent enzyme which reversibly catalyzes the transamination
reaction. Aspartate Transaminase (AspTase) is a key enzyme of amino acid metabolism
process. In the present talk, we will discuss our recent studies on the mechanism of the
transamination reaction in the active site of AspTase using hybrid quantum-classical
(QM/MM) molecular dynamics simulation with the aid of the metadynamics techniques.
Preliminary results will also be presented for the transimination reaction for the Aspartate
substrate which precedes the transamination reaction and also for another transamination
reaction involving Serine Hydroxyl Methyl Transaminase (SHMT).

[Introduction] Transamination is an important enzymatic reaction where an oa-amino acid
gets converted to an a-keto acid and another a-keto acid gets converted to a different a-amino
acid reversibly [1]. The Aspartate Transaminase, also known as Aspartate Aminotransferase or
AspAT, is a dimeric protein which converts aspartic acid to a keto-acid with the help of its
co-factor Pyridoxal 5’-Phosphate (PLP) whose structure is shown in Fig.1. Apart from acting
as a key reaction for amino acid metabolism and synthesis, this reaction is also involved in
many medicinal applications. Hence, it is important to understand the mechanism and
energetics of this reaction in aqueous media. The present work makes a contribution toward
this end.

ASpAT is a dimeric protein comprised of two identical subunits. Each subunit is divided into
two domains: one small and one large. ASpAT has two active site pockets located at the
subunit interface and domain interface. Crystallographic studies have shown that the PLP
forms a covalent bond with a lysine residue which is usually referred to as the internal
aldemine state. Subsequently, the PLP enzyme complex reacts with the substrate amino acid
where the bond between the active site lysine and PLP is broken and a new Schiff base is
formed between the PLP and the substrate amino acid which is referred to as the external
aldemine state [2]. This step is commonly known as the transimination step which is a
prerequisite for the transamination reaction. The majority of the PLP catalyzed reactions are
initiated by abstraction of the a-proton of the substrate from the Schiff base by a Lys residue
leading to the formation of a carbanionic intermediate which subsequently adopts a quinonoid
structure. Subsequently, the reprotonation at the C4A atom of PLP results in the formation of
ketamine. The first issue that had to be resolved is the protonation state of PLP as it can stay
in two tautomeric keto and enol forms (Fig,1). Subsequently, once this issue is resolved, the
transamination reaction is studied and the free energy pathway of the reaction is found out.



[Methods] The X-ray crystal structure of AspAT [3] complexed with pyridoxyl-aspartic acid
5’ monophosphate was used as the initial structure for the current calculations. The enzyme is
a homodimer containing 396 amino acid residues in each subunit. To perform the molecular
dynamics simulations, the enzyme system was solvated in a rectangular box containing
29,833 TIP3P water molecules. The resulting system had a net negative charge of -22 and 22
positively charged sodium ions were added to achieve electroneutrality. After proper
equilibration, the NVT simulation was carried out for 2.5 ns using generalized AMBER force
fields. For studying the chemical reactions, we treated the active site part of the system
(PLP-substrate complex together with Lys of the enzyme at its active site) quantum
mechanically and the rest through force fields (the so-called QM/MM method [4] with QM
part treated through Car-Parrinello method [5,6]). In order to accelerate the chemical reactions
so as to see them happening within the finite simulation run length, we employed the
metadynamics technique [7] in QM/MM simulation.

[Results and Discussion] We first discuss our results of the protonation state of PLP-Asp
complex (Fig.1). It was found from the metadynamics simulations that the keto-form of PLP
Is more stable than the enol form

[8]. The activation barrier for - o0
conversion from keto to enol ooc. /u OOCWA
form was found to be about 7.5 1@/

kcal/mol. Hence, we took the H7S —

keto form as the starti ng b@ tautomerism I
configuration for our \/® [ OPOs? ———
metadynamics studies of the H;C lf H;C
transamination reaction which H

involves the formation of  Nproonaied kelocamne Orprotonated encimine

quinonoid  through proton

abstraction as an intermediate.

Our results show that the transamination Fig.1 Two tautomeric forms of PLP-Asp complex
reaction takes place through multiple

steps. The rate limiting step is the one where Lys258 of the enzyme abstracts the a-proton of
the substrate and it is followed by reprotonation at C4A atom of PLP Shiff base from Lys 258.
The free energy barrier for this proton abstraction is found to be 17.85 kcal/mol [9]. The
present study also revealed interesting conformational changes of the Lys258 residue during
the course of the reaction.
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