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Stabilization of Telomere DNA, and Mechanism of Apoptosis of
Tumor Cells Induced by Ruthenium Complexes
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Abstract Telomerase is highly expressed in tumor cells, which has become an important target of anticancer drugs. Since
many tumor cells were rich in G4-DNA, we investigated the capabilities of these two ruthenium complexes to stabilize
G4-DNA. Two ruthenium(I) complexes were synthesized and characterized via electrospray ionization-mass spectrometry.
Since many tumor cells were rich in G4-DNA, we investigated the capabilities of these two ruthenium complexes to stabilize
G4-DNA. The interactions of these compounds with G-quadruplex DNA have been studied by fluorescence spectroscopy and
circular dichroism (CD) spectroscopy. The stabilization of quadruplex DNA to complex 2 was better than complex 1, and
complex 2 can induce telomeric G-quadruplex to occur conformation transformation, while complex 1 cannot. The results
showed that the interaction of ruthenium complexes with G-quadruplex DNA was related with the plane of ligand. A novel
visual method has been developed for making a distinction between ct-DNA and HTG21 by our Ru complexes binding hemin
to form the hemin-G-quadruplex DNAzyme. The results showed that in the presence of complex 1 or 2, HTG21 can fold into
a G-quadruplex, but CT-DNA cannot form the G-quadruplex structure. The anticancer activities of these complexes were
evaluated by using the MTT assay. Interestingly, the anti-tumor activity of complex 2 exhibited greater inhibition to HepG2
cells, suggesting the ruthenium complexes were much less toxic towards normal cells, and speculated that it targeted the te-
lomeric G-quadruplex was play a role on anti-tumor effect. To further evaluate the characteristics of the death induced by
complexes 1 and 2-treated cells staining with Hoechst is analyzed by fluorescence microscopy. These results indicated that
complex 2 revealed antiproliferative activities by apoptosis. We also used PI staining and flow cytometry to assess whether
the ruthenium complex 2 affected cell cycle progression in HepG2 cells. Complex 2 is a potential antitumor drugs that can
induce cancer cell death by acting on cell cycle arrest in G1 phase and the formation of DNA fragments (apoptosis character-
istics).

Keywords telomerase; G-quadruplex DNA; ruthenium(II) complexes; anti-tumor activity

* E-mail: tliuliu@jnu.edu.cn (Jie Liu); Tel./Fax : +86-20-8522-0223
Received October 25, 2013; published January 14, 2014.
Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by the National Natural Science Foundation of China (Nos. 21171070, 21371075), the Planned Item of Science and Technology of Guang-
dong Province (No. ¢1211220800571), the Natural Science Foundation of Guangdong Province and the Fundamental Research Funds for the Central Universi-

ties.
T H 52 5 AR 4 (Nos. 21171070, 21371075) | KA BHE TR H (No. ¢1211220800571) ) 448 HAREI £ HE AR rh Je s e ARl 45 9%
LI 4 .

Acta Chim. Sinica 2014, 72, 473—480 © 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 473



W F F R

1 318

sk e LR G AR AR S () DNA B 751, S RIE
Yt R (R A0 e 2 110 B2 A 1) 42 0% B B A% R 11 45 4.
i RO 18— A B T 6 A2 R G € Ak A i 110 ity ok £ 20 1
st NSk K AE 5~15 kB 21, DNA FE5IHES)
753 TTAGGG,, J7lH N 5'-3', FE WAL 2000 7).
FEIEF ARG MR, b 23 Bt 41 M 93 2458 Wi 4 4, R 5
241 R4 50~200 bp, Stk e S8 < 25 6 1 it b (46 56
(1 sty oL EC 40 52 T i 0 52 BRE), A T 4 5 Ak 1 4 i g 34
AT Sk AR IE 5 AR SN (i Mg, A
AN R S R IA, WS, SRS ] RE S
Beth. [Nk, MEREE G-DUBETR DNA [0 BRI
LI (3% P L O 29 i — AN T B,

— LN AR AN Y BESS. BTk, EB
K. OB, ZEMARK. telomestatin!1EE D4 W IE S
THABENRGE G-VUBEA DNA IRES). BR T ik
HHVNF AN, —HEER A ERE TS5 G-VUsE
14 DNA AT ELAE F LB 080 st b e (135 1 i 7191, Rick-
ling SF4RIE T — AN XUAZ B %7 L & ) [(tap).Ru(tpac)-
Ru(tap),]* fEf% “ 45 G-UEE AT SR, S5 kekr
it £+ #) [Rug(arene)s(m-tpp-H,)»(m-CsH,04),]° * il i 1
PEFIEH T G-PUEE/K DNA 1 4 XUE DNA.

ETTC A AT DUR LA 100 9o, xR gT e
H e — P\ AR LA Z5 ), BRIIL A2 7] 43 S e 44 )
AlRE; FLEAT AR RCAR A e Bl R e
ARG RO R IOVE R, nT LA 1T () 4 T 4 Ak ok
ET(); A AMET A 7K T e

AT A T AN BE S (R 1), BT
METAY S G-DUsEA DNA 1EH 8 UL S PuhR g
PEISE R,

2 #REHE
21 BEEMMAREFFS) DNA BIEFE M

N TWIRERL A5 & & G Py DNA &EE G
JF¥ 5] DNA A HAEH B SEPE, AS8iE M T HTG21
F ds26 PiFH DNA, KRG HE ST &S
DNA J% N HI J& 58 6 0m E HA2 k.

WE 1 FR, a1, 2 4595 HTG21 Hil ds26
DNA A B AR R, % esismt™, S &% 5
G4-DNA J XU DNA 46668 KA HAER, (HEA
L DNA EHJE 28 agsmfe B i 5 HTG21 IFEH
W KT ds26 1EH, UEHARC G4 1, 2 5 G4-DNA 1)
BGOSR, REWIEREMEN S G4-DNA MHEAEH. Fik
E 2 G I SEE FP AR HTG21 BRIt %, % EL K
1(A, B), fLLE 5 HTG21 1EHJA, BeAH 2 96
TngE R FRCAY 1, W2 5 HTG21 (84 fig ) 58 5.

ail

474 http://sioc-journal.cn

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

| X
Y
=N, | B
"Ru~
X /N |
AN
1
X
L.
| N
/N/,/, | B
N
B
N\
=
2

B 1 [Ru(bpy)x(dmopip)]” (1)FI[Ru(phen)y(dmopip)?* (2)f145 K
Scheme 1 Structural schematic diagram of [Ru(bpy),(dmopip)]*™ (1)
and [Ru(phen),(dmopip)]** (2)
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Figure 1 Emission comparison of the Ru complex 1 (A) and 2 (B) in
the presence of HTG21 and ds26

The concentration of 1 and 2 was 2 umol/L, and the concentration of the
DNAs was 1 pmol/L in Tris-HCI (pH 7.4) and 100 mmol/L KC1
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Figure 2 Emission spectral traces of complexes 1 (A) and 2 (B) in
Tris-KClI buffer (10 mmol/L Tris-HCI, 100 mmol/L KCl, pH 7.4) at in-
creasing ratios of [HTG21]/[Ru]=0~5, [Ru]=2 pmol/L. Arrows indi-
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Acta Chim. Sinica 2014, 72, 473—480

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

23 BEEYWE HTG21 HHEER%E S LM R

RFFLEY LS DNA BRI AA, N SRR A
Y15 DNA [EE/RLL, 98 Gom 25 R AEAR Y. (1)
. MIRATATE N AR A AR, DR R LA
Y BEIR T 43 LA R AA AR AL-X JE. WU B 4
HIL— N AL XA RUERC S5 DNA A HAEH]
Mg o, X — R B FRATT LA A 5
DNA M EAEH M4 & L.

Wil 3 PR, 8 KCl i, BEE Rl S
W) EEIR B 43 L BN, A JR 2 B o R S AR KR AR
AN EFECEY) 1, 2 MR8 X=0.58, X=0.49 .
VRS 1, 2 5 HTG21 A EAEH 454 Tl
1381 #10.96 : 1.

800~
HTG21 +1
600+ A HTG21+2

S 400-

200+

00 02 04 06 08 10
X[complex]

B3 Tris-KCI PP, BLad 1 M2 5 HTG21 M EAEFH k%
A 2

Figure 3 Concentration dependent melting curves for complexes 1 and
2 upon binding to HTG21 in Tris-KCl buffer (100 mmol/L KCI, 10
mmol/L Tris-HCI, pH 7.4)
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Figure 5 CD spectra of HTG21 (2 umol/L) with: A, B) Complexes 1 and 2 in Tris-HCI buffer (10 mmol/L, pH 7.4, 100 mmol/L KCl), respectively. C,
D) Complexes 1 and 2 in Tris-HCI buffer (10 mmol/L, pH 7.4, 100 mmol/L NaCl), respectively
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Figure 7 Characterizations of the DNAzyme functions of HTG21 DNA in the presence of 2 mmol/L K*, 500 nmol/L 1 and 500 nmol/L 2 in the

TMB-H,0, system.

Conditions: TMB, 266 mmol/L in Tris-MES buffer (25 mmol/L MES, pH=5.10); H,0,, 794 mmol/L; DNA, 500 nmol/L; hemin, 500 nmol/L
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Table 1 Growth inhibition of complex 1 and 2 on various human cancer cell lines

Cytotoxicity (ICs, pmol/L)

Complexes

MCF-7 A549 CNE-2Z HepG2 HUVEC Hs68
1 5154137 42341.46 46.841.48 3324242 76.8+2.81 >100
2 16.441.85 2254236 33.6+2.78 7.6+3.75 7234256 >100
Cisplatin 222+1.96 2444252 17.440.93 6.6+1.09 2574143 11341.85
Complex 1 Complex 2
Control 40 pmol/L 5 pmol/L 10 pmol/L

B8 A1 R 2 7S HepG2 4T
Figure 8 Complex 1 and 2 induces apoptosis in HepG2 cells

Representative photomicrographs of DNA fragmentation and nuclear condensation in response to complexes treatment as detected by Hoechst staining. HepG2 cells

were treated with complex 2 at different concentrations for 48 h
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Figure 9 Quantitative analysis of complex 2-induced apoptotic cell death by flow cytometry

HepG?2 cells were treated with complex 2 at different concentrations for 48 h
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409.0 [M—2PF¢]*".

42 BMEYMAEFFI DNA BIEESE

HTG21 AL # 20 OD ) HTG21 % 1220
920 uL ", KFERINIE 95 CIHAREE 5 min J5 AR
HRER, WBKFET 4 CRAE2 d, ZJGU0RAERE, i
T 1) DNA S0 B T VKA FPARA7 45 .

FHZZ %8 9(10 mmol/L Tris-HCI, 100 mmol/L KClI,
pH=7.4 ML) KL H] 2 pmol/L (W4T Be & Wi
W, 2 pmol/L I &4 55 4 pmol/L HTG21 FIR & ¥R, 2
umol/L Bt &4 4 umol/L ds26 DNA IR &, TR&
B5y, Ve E a. WET, AR R A T
E 20 min. % 460 nm J6YREKR, £ 500~800 nm i)
Y0, [ T SR R SR G W AN R i
43 BWEYS HTG21 HEERARR AL XIERE

EFEFMPRE 2 mL ZM% % (10 mmol/L
Tris-HCI, 100 mmol/L KCIl, pH=7.4 /M), F
SIFESS IO S uL 5T B & %57 (2 mmol/L), 7£ 1 mL
¢ Hb A0 LA 0 36 5 2 pmol/L A i, 2 Ja
IR 88 2 K IR R I AR RAARRRY) HTG21 BE,
ff HTG21 SE&E LL[HTG21]/[Ruld%— & Hu i
W, HEVOLMERAR ! RRETEEYE
HTG21 R &39%21%5 10 min J&, %) 460 nm YeyEHEk,
7 500~700 nm 76 FHE KL A P A BRI . 2R
JE£ (93 52 SR ] Shimadzu RE-5000 74756 5% 6164 (] 628
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nm JGUIRIEKR, £E 500~800 nm i HlC 3 K B G ).
53 I LSS (R RIR A 20 5 Bl UE A FF IR
M), HE TR EREAF e
4.4 BEYME HTG21 HHE/ERESLLHAR

TAc ) 94 2

S, 2HEC 10 umol/L FIBL S 0, 100,
200, 300, 400, 500, 600, 700, 800, 900 F1 1000 uL - 1.5
mL B0, AL % (10 mmol/L Tris-HCI,
100 mmol/L KCl, pH=7.4 [AZEMHK), (R H A
FRh 1000 pL, JRA4), 10 min i SR AR EOGR
.

5L, o B B — A R AR R R I A
TN HTG21 (500 pumol/L)ff &3 AAR ) 1000 L,
WA VLI 2 R

VBRI 9 B D 25 AT N B — 4 ) e B
(BRI 5 ), 1321 BERA Y B R LX) IE SR 4L
[ RV B AR, i A-X 1) Job plots
K.
45 BEYS5 HTG21 #HE/EMAA CD Hiki R

[ —ai%(CD Jei%)A JASCO-J810 [5 — fa il
i, WERE ST, SR PR SRR I A
HHRCE 2 umol/L (1) DNA ¥ 2.0 mL, i HURE 83 4F
DAV FE it oI AR [ FRBC S 0%, A DNA 5
B & Pk i FUAB (Cona/ Cro) 15— € LU 6 35, E 2] CD
JERE i B AR e AR, IRA WA 5 min G, 1
200~400 nm 3t [l A I AL CD Jei 1481k,
4.6 MR

43 30 mL ({28 % (10 mmol/L Tris-HCI, 100
mmol/L KCl, pH=7.4 [ZZM ¥ B)ICHI 7 20 pmol/L i
AW 1. 20 pmol/L Fe&4) 2+ FIASEL A1 2 pmol/L
1) HTG21, BANUKFE . AR A v e i R (25
+0.1) ‘C 1 h. WX DNA [ASPEI, {6 F 220 (2)
AL, JFHHAZ L, WE DNA RS04 T
PAFVERS, i IR O A 1 L kO F S L.
7E30~100 ‘CYa[lA, AR —EAROE 295 nm 4
IS PIHT S If HTG21 (1 CD {5 5 7484k, i ik
FETHRBAEE N 1 C, FHEGEE X 1 °C/min,
47 BEYMS HTG21 MEBKRM

1 DNA FBEP MBS 7 el 2 il &4, Refefd
® G ] DNA SEZIFRIE K G4-DNA I, BB A
hemin Hi& K% G4-DNA-hemin-DNAzyme 8. X
FRAPIINAN S A XEKE TMB #H, sta R s
A U ARSI R B A, T 1 PRI T DU DAL 1)
W ORIV

BET AN SRR HTG21 ##(20 pmol/L
i) DNA, 10 mmol/L ] Tris-HC1 A1 100 mmol/L ] EDTA,
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W F F R

MR

pH=28.00)"", 1l DNA 5% H IRIK AL %~ 40 min
% G-PURESS L. AR5 4 S AR I LT 2 (il /. DMSO
FIIAN S R s b, JFAE S0 R OREF 2 h TR
4 AZ R, BEJS, B 180 pL ) TMB-H,04(1.76 mmol/L)
FHUMN 20 pL i S A0 T SE AR A & b IR S
JCEAE W N 1.5 h 5, WEEe Az, JF AR AL
(REEE:2

4.8 TR EYIRIIRINR BRI TR 1%

4.8.1 mIHRAB A

A FUIRFE AN B (MCE-7) Al I 41 e (A549). A
SRS L(CNE-2Z) AP 40 (HepG2). A S ik
W 52 41 ML (HUVEC) A1\ Y5 7 1E 3 £ 3k 41 i (Hs68) 1l H
ATCC A #]. Ffhdi's: BEw ek 1, a2 idh
2 R
4.8.2 MTT tb &R R LS It I8 &t

F MTT V5 Kas: 0.25%0 & AREHL 5
min S5, AN, BORE AR A A Tl e g A
PL 2.5X 10*/mL 40T 96 FLE5 M, 441 100 uL,
FREA B 5 A TATAL. WBE 24 h J5 T AR S A3, AbFEZA
AN TR P (R AT BiE 440100, 80, 40, 20, 10, 5 pg/mL),
IF HIRI s 2 FL B H X AL BT 37 C, 5% CO,
(PREFRAE h 4R BEEEFE 48 h, A MTT (5 mg/mL) 20 pL,
ReRfE37 CHiF 4h G, FbR B3, LI H W
L(DMSO) 150 uL, #=¥%HZ) 2 min, BEECGRBZEAIL(SE
[l Sigma 22 7)7E 570 nm ARKE Al & OD fH(A {H). 4%~
HI 08 XUE S A i A K ) % = (0D X i —OD sE
%)/(OD X —OD 7)), ¥z 5 Yk AR,
PRI SO 2k, TR H TCS0 ROk B A
4.8.3  #| Hoechst33342 & . & LA Rt e B ©

I 1 15 3% A 70% L R0 5 min B 5G],
TCHEB G AT BT JC B ) PBS VR DR — i, 15
SN MG TR VRS — . B E T 6 FLIRA, P4l
W EE R, AHL R 50%~80%iii. £k 25 Ak #E 41
fo 48 h, WREEFRIL, AN 0.5 mL 7 4%% 5% FEELk
70% LB 2 W, 52 10 min B K A)(AT 4 Cid
). EBEW, FH PBS Yepiila, £FK 3 min, WS4,
VR B RRIR, BCF3h5%3). iA 1 mL 10 pg/mL [¥)
Hoechst33342 Jetai, 37 CHft 15 min. W5 HIRIK,
T3 ah Bk, LGy t, H PBS UM, REIK 3
min, WK, T PLoOGEE K E il T8 b,
LA 40 1R 56 3% B /N Do i AR AR 1 b, L4 i e
R, RS, PO B MBS (HA Nikon AF) T
FHRAMEBOR, AR B 5 08 (A AN Mz, R 40 e i
RS IE R SR A 1550 FE R A T 40 i T L.
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4.9 RRAMEIUENEEY 2155 HepG2 41 AR E BAFA
AT

B S I 4 FI0T HEZH HepG2 40 it 3% 8 X 10° AN
BT 30 mm® (SR, R 0040 G BE I E R A EUE K
IS 2R TR, GRS 48 h G, WEERG IR
MIAN MRk, 25 1000 r/min 35382500 5 min, 37287
FEEMAE 2 k. TR PBS WWE BN, .0, 1000
r/min F&3E 0 5 min, TR IR R4 ik
4 CHIAK 15% LEEEE, 4 CRAT, VKEERL FEA
L HURTAE G b3

(1) BN 2 010 A0 i 2500 e, 37 25 T e ¥
H PBS S v i ix.

(2) A 200 uL PI ZR & Geii(pH="7.4)E 4 CUKH
FR, Gefh 25 min.

(3) 1 400 H 9 Pk gE— vk, BT =4l A
(FACS Aria, 3£ BD Bioscience 24 )i & I K 488
nm, KHFHA 630 nm, K, THEL 10000 /40, AT
401} 4 AT DNA & 5207
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