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Molecular Dynamics Simulations on the Stability of (3+1) Mixed-Type
Hybrid G-quadruplex in Human Telomere

SHEN Xin-Yuan LU Yang LI Shen-Min~
(Liaoning Key Laboratory of Bioorganic Chemistry, Dalian University, Dalian 116622, Liaoning Province, P. R. China)

Abstract: We used molecular dynamics simulations to investigate the structure and stability of a mixed-type hybrid
guanine-quadruplex complex in human telomere. The effects of coordinated K* ions, drug ligands (TMS) and solvent
molecules on stability are discussed. Our results show that coordination between K* ions and O, in guanine bases
decreases the electrostatic repulsion of the diagonal O;—O,. As a result, planar G-tetrads are stabilized by Hoogsteen
hydrogen bonds that are formed by four neighboring guanine bases. On the other hand, stacking interactions between
G-tetrads as well as the G-tetrad and the drug ligand lower the total energy of the G-quadruplex complex and thus
stabilize it. In addition, water molecules are mainly located around TTA loops, the backbone and sugar rings which
result in larger root mean square deviations (RMSDs) compared with other G-quadruplex fragments. However, since
water does not enter the G-quadruplex complex cages during the 3 ns simulation, the influence of solvent on the
stability of the G-tetrads is insignificant.

Key Words: G-quadruplex; G-tetrad; Hoogsteen hydrogen bond; #—7r stacking interaction; Molecular
dynamics simulation; Telomestatin

Ui R FUZ A MR M Y (B AR B 1 — B RFRRSS DNA ZE IR 40 /32 rh, Bk 294 50-200 />0 5
Fy, e SRS ) DNA FIAHSCES S A4l R, @ B2, IR BB 46 6 2 ik 5K
N HESI I Sk DNA JE 1 5'd(TTAGGG),3"  JERS, AT R T, SR, 18K 2 %0(80%-90%)
BCEE 41 15 BB A AR, R BEZA Ry 515 Kb diikn TR R At M e, A TE — ol S 2 S i L

Received: November 4, 2008; Revised: December 11, 2008; Published on Web: January 13, 2009.

“Corresponding author. Email: shenmin@dl.cn; Tel: +86411-87402384.

K A ARBHE5E42(20573012,20633050), 3L T4 A T34 (05L027) FLL T4 1 75 A A 57351140 (2007R02) ¥ Bh 70 H
© Editorial office of Acta Physico-Chimica Sinica



784 Acta Phys. -Chim. Sin., 2009

Vol.25

B RE RS A8 i R R i 2 1 B EE DNA Ry 5 |9 48 4K i
R, AMERLE 9 A4 R 5 0%, DTS B0 b
AREIRENIG G T AR, B —Fh K AAL” A2,
35— 7 T, PRGNS K B0 iy R g 2% M
DNA HLEE | iy 5 W08 1 L, 76 B4 el 45 )R &+
K* Na" (27, 5 A e al H e 5E [ 5 R4
i Hoogsteen & # 25 & 7 2V L 2 A7 i - 101 25 44
#9 G-PUF 1 (G-tetrad, WNE 1 fizR). 20X BEAF
1A XA LLE 3 r—ar HERRAE P AT J2 IR S5 H0 1Y
G-VUEEIAR(G-quadruplex). {HAS I ER &, FaE ) G-
VUSSR AN BEAE A v L A4 5 | 4, DA T A0 ) T St it
I, BT R 25 W A A AR, 4R
REAZ TR G-DUBEIABOMES#) 5 G-IUFEIATE i
HA MY/ N T, U TR E R
JHIRE TG IT B i AR
B TF RN AN R R, LI+ J1% o
-3l 712 g PR FE R A TSR B 25 M B e AR
Yy 25 R F7 T ROR B M E AR . 433
1 2E R RLE B TR WX FE 7 2590 53 F 5 52 1K 4y
TR EAE FH A SO BIL I =220, A R 5 R 300 i
TR 5, Sk 2 (TMS) 5 G-IUBEIR I ZE & =X
KR EAAERC 5 T Fh2E 5 038 OG-,
I, (RS SE5 & 5 A AR SRR G G-DY
BEARGE AT —F: 1) FA7ET Na 8§ FI i i F
TTEER ™, 2) fEAETF KB iR b i A T 45 #4 1on
3) B RIAAET KB FHER TG+ DIR A4S
FaB ATt — 45 i DNA Zed 9r & e sl i)
SASEAT G-DUAFE A HERR S b, H2E S AR
G-PU-F-TH A% B9 S AS 5 DA Je G-PU-F-Tii 3] TTA
W AT, T4 K2 Fic b Natg
FF 0, L, WFR KB TR G-DUEE AR 1O
Gt ke) S RS P TRl R T & J LA G- D 4% R Ay L i
R —APU 25 9 Ul SR, AR LG TR
RIS G- DUREAR S 14 1) 35 22 4 neaesesl,
KTFB+)IRE L G-DUFEA, Fesl eIt 5259/
TYEF S5 SR PR 5T 20 i T HE.
ASCLAG+)IR A LM G-DUEE AR BT 4,
FIA 4> 30 1 2B 7 0T G-I BEAph R i il
MZEH SEE VR C R, FHEBL K& T W
T B RIK 5 R R X G-IUEE A Hoogsteen &
FEEER AN a7 —ar HERRUWE FH 052 ).

1 =T

N3

H
N M
/K . Hz/ 21/ 9
G | H

—No G\N7 N /
Hi 1! N7

06

o H

. g
\ B NrH
N\1 Nl‘«
b b pg
i, e .0 N
: H
N 1
/ 7 NT N N—
! ‘ G)\ g 7\( 9
H
N = -2
|9 H

B 1 G-MTHELHIF Hoogsteen S
Fig.1 Structure of G-tetrad and Hoogsteen
hydrogen bonds
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Fig.2 Structures of (3+1) mixed hybrid G-quadruplex and drug molecular telomestatin (TMS)

(a) G-quadruplex, (b) telomestatin (TMS); Those big and small atoms unlabeled in (b) are carbon and hydrogen atoms, respectively.
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Fig.3 Docking structures of drug ligand (TMS) with G-quadruplex
(a) TMSs and G-quadruplex, (b) TMS and G-tetrad; Those big and small atoms unlabeled in (b) are carbon and hydrogen atoms, respectively.
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Table 1 Average of Hoogsteen hydrogen bond parameters and distances of diagonal O—0,

System G-tetrads L(O¢+-H)) L(N;---Hy) AN—H,"--Oy) A(N;—H;*-N,) L(O—0)
@ Tetl 0.199(0.008) 0.200(0.005) 159.48(4.77) 162.16(4.55) 0.469(0.020)
Tet2 0.225(0.014) 0.201(0.006) 146.12(4.84) 163.55(4.77) 0.427(0.023)
Tet3 0.201(0.009) 0.202(0.006) 159.51(4.92) 160.65(4.72) 0.472(0.020)
) Tetl 0.204(0.011) 0.268(0.015) 147.48(4.66) 126.65(4.26) 0.590(0.035)
Tet2 0.204(0.021) 0.284(0.017) 143.28(4.84) 122.60(4.08) 0.608(0.037)
Tet3 0.215(0.014) 0.202(0.006) 140.08(5.61) 116.63(5.06) 0.606(0.037)
(1II) Tetl 0.195(0.007) 0.211(0.007) 160.47(4.76) 154.20(5.68) 0.484(0.018)
Tet2 0.232(0.021) 0.206(0.013) 143.92(5.78) 159.12(6.26) 0.426(0.027)
Tet3 0.206(0.012) 0.202(0.006) 156.84(6.06) 159.08(5.29) 0.465(0.026)
aIv) Tetl 0.221(0.009) 0.213(0.007) 155.08(4.73) 161.04(4.72) 0.468(0.019)
Tet2 0.222(0.014) 0.212(0.011) 148.33(4.55) 162.25(4.43) 0.446(0.019)
Tet3 0.228(0.011) 0.209(0.006) 146.67(4.59) 159.44(4.84) 0.456(0.017)

The data in the parentheses are the standard deviations; bond length in nm, bond angle in degree
®2 WABRKHETENERA(C)
Table 2 Torsion angles (°) of the two diagonal guanine bases
System Tetl Tet2 Tet3

@ 11.43(5.68) 12.52(5.68) 10.27(5.14) 10.44(5.08) 13.60(6.28) 17.94(6.65)

(1) 8.30(4.26) 19.34(6.44) 10.24(5.50) 26.59(7.77) 30.52(7.87) 27.24(8.61)

aIv) 8.99(4.92) 9.67(5.11) 19.99(5.53) 8.35(4.19) 14.63(4.82) 19.34(6.01)

The data in the parentheses are the standard deviations.
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Table 3 Average energies of 77— stacking

System Energy Tetl-TMS Tetl-Tet2 Tet2-Tet3 Tet3-TMS
@ AE,q, -161.19(6.75)  -180.95(4.73)  -180.39(5.44) -160.42(5.49)
AE, 51.71(9.64) 115.66(10.64)  106.40(12.41) 52.70(9.99)
AE,, —-109.48(9.32) —65.29(11.00)  -73.99(12.65) -107.72(9.97)
av) AE,4 -153.38(6.38) -168.04(7.30) -167.58(6.34) —151.88(7.35)
AE, 64.64(10.87)  109.62(10.29) 83.96(11.05) 77.41(11.13)
AE,., —88.74(9.74) -58.42(11.05) -83.62(11.76) -74.47(12.09)

energy in kJ-mol™; the data in the parentheses are the standard deviations.
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Fig.5 Comparison of the relative position of tetrads between the experimental structures® (a,b) and the
calculated average structures (c,d) in 3 ns MD simulation
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Table 4 Number of water molecules around O, N atoms in G-quadruplex

O1p* O2P N, N, N N,
Nog 3.75(0.24)° 3.55(0.20) 0.04(0.04) 0.97(0.13) 0.17(0.09) 0.05(0.07)
Noa 3.74(0.24) 3.37(0.22) 1.41(0.41) 1.32(0.41) 1.47(0.37) 0.25(0.26)
Nor 3.74(0.24) 3.37(0.22) 0.11(0.11) 0.86(0.26)

DG: deoxyguanosine, DA: deoxyadenosine, DT: deoxythymidine; a) the oxygen atoms in the phosphate group; b) beyond the atoms listed in
Table 4, the number of water molecules around the other atoms are given, in DG, N,: 0.63(0.17); Og: 0.04(0.04), in DA, Ng: 1.94(0.60), in DT,
0,: 1.67(0.29); O,: 2.15(0.30); c) the data in the parentheses are the standard deviations.
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phosphodiester backbone; (d) TTA loops; and (e) drug ligands(TMS).
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