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Studies on the Structural Properties of NAMI-A in Aqueous Solution by
Combined QM and ABEEM/MM Method

Zou, Huiyuan Zhao, Dongxia* Yang, Zhongzhi*
(Chemistry and Chemical Engineering Faculty, Liaoning Normal University, Dalian 116029)

Abstract Since 1970s carried out by Warshel ef a/. QM/MM method has been successfully applied to a wide range of reac-
tions in solution, enzyme and proteins. Up to now, QM has been combined with some popular force fields, like OPLS-AA,
Amber or CHARMM. In this work, QM has been combined with ABEEM fluctuating charge force field (ABEEM/MM).
ABEEM/MM is a polarizable force field in which the ABEEMor method has been fused. ABEEMoz method, the atom-bond
electronegativity equalization method, was proposed and developed by Yang et al. based on electronegativity equalization
principle in density functional theory (DFT). In order to further improve the feasibility of combining QM with ABEEM/MM,
the properties of anticancer drug imidazolium [trans-tetrachloro(DMSO)(imidazole)ruthenate(III)](NAMI-A) in aqueous
solution have been investigated, such as structures, polarization energies, charge distributions and radial distribution func-
tions. All the configurations were optimized at B3LYP/6-31G(d,p)//LanL2DZ (for Ru) level by using the Gaussian 03 pro-
gram. The isoelectric focusing polarized continuum model (IEF-PCM) with UAHF atomic radii was employed for PCM
model, and the dielectric constant of water (¢=78.39) was used to approximate the effect of aqueous solution. In QM/MM
method, QM and MM regions were optimized by using different methods. The convergence criteria that the maximum gradi-
ent of energy is less than 5>X 10™* a.u. in QM region and the RMS gradient is less than 1X 10> kcalemol '*A™" in MM re-
gion was adopted for the iterative optimization. After MM minimization, MM region participated as point charges to impact
the optimization of QM. No cutoff was introduced to QM and MM interactions. Iterative optimizations have accomplished
until reaching the convergence criteria. All the MD simulations were performed by using the modified Tinker program in the
NVT ensemble at 298 K with Berendsen thermostats, the velocity Verlet integrator, and a time step of 1 fs. To prepare a rea-
sonable structure of solvent, the periodic boundary condition and the minimum image convention were used. The cutoff ra-
dius for nonbonded interactions was 9.0 A. Dynamic simulations consisted of 150 ps of equilibration run and 50 ps of aver-
aging run. Comparisons of structure for NAMI-A obtained by PCM model, QM/MM (OPLS-AA) and QM/MM
(ABEEM/MM) methods have been carried out. Our results show that NAMI-A interact with aqueous solution by forming
hydrogen bonds, and the solvent does have a great impact on both structure and atomic charge of NAMI-A by polarization
effect. How to deal with the polarization plays a key role in accurately describing the properties of NAMI-A. Since
ABEEM/MM can fast and accurately describe the electrostatic interaction between molecules, thus combining QM with
ABEEM/MM has been further proved to be a development of QM/MM method.
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Figure 1 Illustration for the QM/MM method. NAMI-A, displayed as
ball and bond type was treated at the QM level, and the surrounding of
aqueous solvent and a counter cation displayed as wireframe were treated
at the MM level

THEAEZN ISR, A, M. U
Tl A2 RS A, SR AR LA P A T AN S5
A M on TR S, BALER T 2N E4E
JEET LA DIE B 7y 1, WREE T AT W +2
+3 BAMAAS. LR Sy ORAR 1 AR T AR
J%(PDB) A S M dis A %445 22 (CCDB), A7 #5> 2% 41 5%
SCERE A S B2, N ab initio STO-3G 77, R
F Mulliken A7 Jii 43 B H 53K £ 53— 1R AT 43 A0 CA )R
i STO-3G 1 THHE WGk, SR, #4143 3 (B
XTI A AR HL Bk ¥ i R v, R e R
BRETE S E Y ", 5 NAMI-A AR g
o 2550 T K 2 .

FIF B 2 s 2501543 21 ABEEM HL4 43 A1 FA
ST VESRAF I AT 20 A AT LA (P 3), R AR SC RALR
09932, £k k7 FEMAREE 4 0.0007319, 1t B FI
ABEEM o7 )y i1 HAS BN I 45 R 5 MK 45 50
RGP —2, XL Hn] LU T ABEEM/MM Ji37+4
T H A B i R A
3.2 MR

1 AHM RS 4R Ru B R 705
KAF S, RO 7 A SRR AR I, o
ML PCM B R 444k, QM/MM (OPLS-AA)LL A,
QM/MM (ABEEM/MM) 5 iEIEARACAL. SERE R X
ST NAMI 25973 2102 IR b ol vl LU
BB IR E] NAMI-A 1 R4 B B A 33 Lb sz 56 il
13 BB R EE, HEVEAR A, Ak, kK
BHRRATRIL, BT Ru—N(6)& A28k, HAWAHM 15
FIMY Ru HEANE K AR E K, SR
AR, H QM/MM (OPLS-AA)i MW &, QM/MM

Acta Chim. Sinica 2013, 71, 1547—1552

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

B2 NAMI-A PR K S HR R ¥ ABEEMy F 25 AL TR
WHTTHTIECA o, RIS 29", 88 2400 L T I S B ks
)

Figure 2 Sketch map of NAMI-A with parameters y* and 27 in
ABEEMor model (the former in brackets denotes the y* and the later is
27", and those parameters of bonds and lone pairs have been pointed out
by arrowheads)
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Figure 3 The relationship of charge distribution for NAMI-A obtained
by ABEEMor model and ab initio calculations
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Table 1 Some bond length (in A) and bond angle (in °) parameters that
directly connected to the Ru atom. The structures were obtained from gas
phase QM, PCM, as well as fully QM/MM (OPLS-AA) and QM/MM

(ABEEM/MM) iterative optimizations. The corresponding RMSD of
bond length and bond angle were also listed in the table, respectively

QM/MM QM/MM  Experimental
GAS PCM

(OPLS-AA) (ABEEM/MM)  values

Ru—Cl(2) 244 243 2.49 2.45 2.32
Ru—CI(3) 240 242 2.47 2.45 2.36
Ru—Cl(4) 243 243 2.46 2.47 2.34
Ru—CI(5) 246 244 2.44 2.44 2.34
Ru—N(6) 2.10 2.10 2.10 2.10 2.08
Ru—S(7) 240 243 2.48 2.44 2.30
RMSD 0.09030.0923  0.128 0.109 —
Cl2—Ru—CI(3) 89.6 89.3 87.8 90.0 89.3
Cl2—Ru—Cl(4) 177.2 1785 1782 178.6 176.0
CI2—Ru—CI(5) 90.1 90.6 90.0 90.7 90.2
Cl(2—Ru—N(6) 88.5 89.4 91.1 89.2 87.7
Cl(2—Ru—S(7) 91.2 90.5 89.3 88.7 91.5
CI(3)—Ru—Cl(4) 90.9 89.9 90.6 88.7 89.3
CI(3)—Ru—CI(5) 178.1 179.1 177.7 178.5 179.1
Cl(4)—Ru—CI(5) 89.3 90.1 91.7 90.5 89.5
CI(5—Ru—N(6) 89.6 90.0 87.3 88.6 89.6
CI(5—Ru—S(7) 88.8 88.5 88.4 88.4 87.4
S(7)—Ru—N(6) 178.3 1785 175.6 176.3 176.9
RMSD 0.943 1.166  1.907 1.404 —
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Table 2 Polarization energy (in kcal/mol) and its components of QM

region obtained by QM/MM (OPLS-AA) and QM/MM (ABEEM/MM)
methods, respectively

Egestab Egab Epol
QM/MM (OPLS-AA) 2.82 —27.80 —24.98
QM/MM (ABEEM/MM) 1.52 —15.92 —14.40

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

34 BEHH

h T ST BT L B B R R, FRAT 40 v
ST NAMI-A LR AR P ) e, o8 R Eics 41T
3 oh, o e 2 40 I QM/MM (OPLS-AA)
1 QM/MM (ABEEM/MM) P FAN ] J ik 4835k 200 ps 4
TEN AU R ARV 5 NAMI-A 1/ FAar 73 A
Fh il SRAE T MM X IAEEE QM X [T
B EPAT T oA, 0t R B s T LUK B, v
Ru (1 1F FLfr 22 L ASAR R A AT 19K, DA SRR ) £
HIAT R 3G 0, 1 NOFI S (47 v A A I HLer 2 ) ALK
T Cl BCAR B3 S AR Ak, DR 0 iy 70 A1 52 3150
WA K. A6, X QM/MM (OPLS-AA)F1 QM/MM
(ABEEM/MM) 43 2 () 848, AR AT BUA I QM/MM
(ABEEM/MM) it 5 43 2| (1) 3 47 3 A 2 L QM/MM

AT A RERG b R B QM X 145 K.
3.5 EENHEE

T T R NAMI-A 5 JE K0 A AR
H, TAgeit Tiem s kL. T NAMI-A 1 2 Cl

Acta Chim. Sinica 2013, 71, 1547—1552



W F F R

#£3 SAM. QM/MM (OPLS-AA)K QM/MM (ABEEM/MM)5i 3 )
5548 Ru BN 51 1 R 43 A B

Table 3 Comparison of atomic charge distributions corresponding to
the gas phase, QM/MM (OPLS-AA) and QM/MM (ABEEM/MM) meth-
ods

Charge Gas  QM/MM (OPLS-AA)  QM/MM (ABEEM/MM)
Ru  0.7854 0.8234 0.7864

Cl2) —05779 —0.6191 —0.5886
CI3) —0.5602 —0.5834 —0.5776
Cl(4) —0.5731 —0.5923 —0.5956
CI(5) —0.5835 —0.6024 —0.5916

N —0.3029 —0.2957 —0.2987

S 07092 0.6870 0.6960
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Figure 4 The radial distribution functions g(r) of chloride ligand in
NAMI-A with water
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