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Theoretical Calculations of Interaction between Four
Deoxyribonucleotides and Hydrated Uranyl Ion in Aqueous Solution

MOU Yong-Xiao CAO Jian-Ping CHEN Yuan-Yuan WEI Tao WANG Chao-Jie*
(School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou, Zhejiang 325035, China)

Abstract: The geometric structures, energetics and electronic structures of [UO,(dNMP)(H,0);]** (AINMP=deoxy-
nucleotide monophosphate) in aqueous phase have been studied using density functional theory (DFT) method
MO06-2X with RLC ECP and ECP60MWB-SEG basis sets. Solvent effects of water was simulated by the polarized
continuum model. The results showed that the most stable coordination uranyl ions formed by P=0 bond of the
phosphate group in ANMP, except the dTMP coordination ion. The bond lengths of U=0 in four coordination
uranyl ions were almost the same, but the coordination bond lengths were significantly different. The
deoxyadenosine monophosphate  (dAMP) coordination ion had the maximum binding energy among all the
coordination ions, however, the coordinated dAMP possessed the smallest deformation energy. Concerning the
differences in the calculation results of the two basis sets, the U=0 bond lengths calculated by the ECP60MWB-
SEG basis set were slightly longer than those obtained by the RLC ECP basis set, while the lengths of the
coordination bonds showed opposite tendency. Additionally, the binding energy values calculated at the
ECP60MWB-SEG basis set level were more negative than the RLC ECP basis set. The stretching vibrational
frequencies of the U=0 and P=0 bonds exhibited a general red-shift, and the stretching vibrational frequencies of
dAMP coordination ion decreased significantly. The topological analysis of electron density indicated that the

coordination bond showed ionic character. It revealed that the charge transfer was from ligands to uranyl ion
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during the coordination process, and the maximum number of charge transferred by ligands in the dAMP

coordination ion. Moreover, the molecular orbital composition demonstrated that the high-lying occupied

molecular orbitals were actually contributed by 7 orbital of dNMP ligands, while the 5f atomic orbitals of

uranium center mainly contributed to the low-lying unoccupied molecular orbitals. The frontier orbitals energy

gap of deoxyguanosine monophosphate (dGMP) coordination ion was much smaller than any other coordination ions.
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Fig.1 Schematic structures of the four kinds of deoxynucleotide monophosphate (5'-dNMP)
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Fig.2 Structures of hydrated deoxynucleotides coordination uranyl ions in aqueous phase obtained from

the M06-2X/6-31++G** (ECP60OMWB-SEG) level
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Table 1 Equilibrium structure parameters of hydrated deoxynucleotides coordination uranyl ions at the
M06-2X/6-31++G**(RLC ECP) and M06-2X/6-31++G**(ECP60MWB-SEG) levels, the results of
the M06-2X/6-31++G** (ECP60MWB-SEG) are in parentheses

Bond length / nm

Bond angle / (°)

Complex

U=0 U-Our U-OH, 0=U=0

UOL(H,0)2 0.169 8(0.172 6) — 0.251 6(0.243 2) 178.4(174.4)
UdA-1 0.170 3(0.173 3) 0.244 4(0.237 9) 0.254 7(0.247 5) 172.6(171.3)
UdT-3 0.169 9(0.172 6) 0.239 7(0.234 0) 0.258 8(0.253 5) 175.9(177.0)
UdG-1 0.170 3(0.173 0) 0.242 2(0.237 8) 0.253 9(0.249 1) 173.4(173.7)
UdC-1 0.170 3(0.173 1) 0.242 3(0.237 0) 0.253 1(0.246 9) 173.2(175.2)

AR M U-Opp B KA AR i K22 1H
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TR P, X — R R O G 1K A Rl BB A U-
OH, I 5 75 [l o2 14385 1 s UdT-3 Bl & 1
i) U-OH, # e K, UdC-1 B & 1Y U-OH, $ i, 4
FBC B 19 0=U=0 M 171.3°~177.0°Z 1] , i
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R TC B 10 23 D BB B | SRR TR K 2y
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Binding energies and deforming energies of hydrated deoxynucleotides coordination uranyl

ions at the M06-2X/6-31++G**(RLC ECP) and M06-2X/6-31++G** (ECP60MWB-SEG) levels

b

Comnl Erga / (k] -mol™) E o / (kJ-mol™) Ep [ (kJ-mol™)
omplex
RLC ECP ECP60MWB-SEG RLC ECP ECP60MWB-SEG RLC ECP ECP60MWB-SEG
UOL(H,0),* -116.8 ~194.1 — — — —
UdA-1 -200.5 -249.3 -94.8 -1135 12.3 16.3
UdT-3 -116.9 -172.4 -42.9 -79.7 38.3 44.7
UdG-1 -181.0 -224.2 -104.3 -124.6 38.3 42.0
Udc-1 -186.6 -230.5 -107.8 -128.7 48.2 57.5
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Fig.3 Infrared spectra of hydrated deoxynucleotides coordination uranyl ions at the M06-2X/6-31++G**(RLC ECP)

and M06-2X/6-31++G** (ECP6OMWB-SEG) levels
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Table 3 p(r) and V’p(r) at the bond critical point of hydrated deoxynucleotides coordination uranyl ions
calculated at the M06-2X/6-31G**(RLC ECP) and M06-2X/6-31G**(ECP60MWB-SEG) levels,
the results of the M06-2X/6-31G** (ECP60MWB-SEG) are in parentheses

U-OdNMP U-OH,

Complex -
p(r) I au. Vo(r) / a.u. p(r) [ au. Vp(r) / a.u.
VOL(H,0)* — — 0.047(0.056) 0.189(0.236)
UdA-1 0.053(0.061) 0.226(0.262) 0.047(0.053) 0.176(0.206)
UdT-3 0.059(0.066) 0.253(0.288) 0.041(0.045) 0.159(0.177)
UdG-1 0.057(0.062) 0.235(0.258) 0.046(0.051) 0.183(0.202)
vdc-1 0.057(0.063) 0.234(0.262) 0.047(0.052) 0.184(0.208)
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Table 4 Mulliken charges of each ligand in hydrated deoxynucleotides coordination uranyl ions
at the M06-2X/6-31G**(RLC ECP) and M06-2X/6-31G**(ECP60MWB-SEG) levels
Comples uo> dNMP H,0
RLC ECP ECP60MWB-SEG RLC ECP ECP60MWB-SEG RLC ECP ECP60MWB-SEG
UO,(H,0),* 1.272 1.284 - - 0.182 0.179
UdA-1 1.066 1.178 0.427 0.376 0.169 0.149
UudT-3 1.191 1.233 0.296 0.295 0.171 0.157
UdG-1 1.095 1.210 0.434 0.374 0.157 0.139
UdC-1 1.099 1.205 0.409 0.363 0.164 0.144
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Fig.4 Partial frontier molecular orbitals energy level diagrams of hydrated deoxynucleotides coordination uranyl

ions at the M06-2X/6-31G**(ECP60MWB-SEG) level, and the orbital isovalue is set to 0.04
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Table 5 Contribution of hydrated deoxynucleotides coordination uranyl ions to frontier molecular orbitals
at the M06-2X/6-31G**(ECP60MWB-SEG) level

HOMO

LUMO

Complex H-1 L+1
Molecular orbitals contribution / %
UdA-1 28.6(2p)N1 15.8(2p)N3 98.5(5/)U 98.7(5/)U
14.6(2p)N3 16.9(2p)C5
12.3(2p)C5 26.0(2p)N10
UdT-3 23.1(2p)0s 22.1(2p)N1 99.4(5/)U 98.4(5/)U
28.5(2p)03’ 32.1(2p)C5
13.7(2p)C6
9.9(2p)07
UdG-1 18.8(2p)N9 16.0(2p)N3 98.6(5/)U 98.9(5/)U
10.8(2p)0s 11.5(2p)C4
18.2(2p)03’ 23.0(2p)C5
17.0(2p)C8
10.3(2p)N11
UdC-1 38.1(2p)N3 21.0(2p)N1 99.3(5/)U 99.0(5/)U
37.7(2p)N8 35.7(2p)C5
15.4(2p)07 15.4(2p)07
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