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Stabilization of G-quadruplex structures in the promoter region of certain oncogenes is an emerging field
in anticancer drug design. Humaamycgene is one of these oncogenes, and G-quadruplexes have been
proven to be the transcriptional controller of this gene. In the present study, the interaction of quindoline
derivatives with G-quadruplexes mymycwas investigated. The experimental results indicated that these
derivatives have the ability to induce/stabilize the G-quadruplexesiyc which lead to down-regulation

of the c-mycin the Hep G2 cell line. It was found that derivatives with terminal amino groups in their side
chains would selectively bind to the isomers with the double nucleotide loops in the absencévufl&cular
modeling studies revealed the binding mode between the derivatives and the G-quadruplexes is end-stacking
at the 3-position, and the positively charged side chain on the quindoline derivatives may contribute to the
selectivity to certain loop isomers of topological quadruplexes as well as the improved stabilization action.

1. Introduction /f/ %
Humanc-mycgene or its product is a central regulator of 2 m
’

- |
cellular proliferation and cell growth. The aberrant overexpres- \I o T e
. : . . . . ranscription
sion ofc-mycis associated with a variety of malignant tumars. /—l/ *’ P
The nuclear hypersensitivity elementI{NHE? 111 1), upstream G _quadru‘;lex
of the P1 promoter o€-myc,controls 86-90% of thec-myc t c-myc
transcription leve?—6 The NHE lll;, a G (guanine)-rich strand Po  \HE m, P1P2 Exon 1 P3 Exon2 Exon 3 Poly A

of the DNA containing a 27 base-pair sequence, can form

intramolecular G-quadruplex structures and functions as a - 1
transcriptional repressor elemé(igure 1). The transcription ~ 5'-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3' Pu27-mer
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activity of c-myccan be inhibited by the formation/stabilization AGGGTGGGGAGGGTGGGG Pu18-mer
of the specific G-quadruplexes using some telomerase inhibitors, 7B BIONITII ST 0 19 20 21 22 2
such as telomestathTMPyP4? and Se2SAP? The nature Figure 1. Location of the NHE II{ in the c-mycgene and proposed

198 . ot i\11b.12 biological function of G-quadruplex in this region. The numbering of
product cryptoleping€2and its derivativess(—j) have been the purine-rich Pu27-mer sequence and the truncated Pul8-mer are

identified by our group as telomerase inhibitors by inducing/ ghown below. When the G-quadruplex structure formed in the promoter
stabilizing the G-quadruplex structure in the telomeric DNA region ofc-myg the transcription will be blocked.

(Figure 2). In the present study, the interactions between these

quindoline derivatives and NHE HIDNA were investigated  structure in NHE 11} DNA and inhibit the expression afmyc
using polyacrylamide gel electrophoresis (PAGE), circular in hepatocellular carcinoma cell line Hep G2. Quindoline
dichroism (CD), polymerase chain reaction stop assay (PCR derivatives with different terminal groups on their side chains
stop assay), proliferation assay, reverse transcriptase PCR (RTwere also studied to probe their selectivity toward binding of
PCR), and molecular modeling study. different nucleotide loop isomers. Furthermore, molecular
As will be shown below, our results indicated that quindoline  modeling studies were also performed to understand the binding
derivatives have the ability to induce/stabilize the G-quadruplex mode between the quindoline derivatives and the G-quadru-
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Figure 2. Structures of the quindoline derivatives.
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Figure 3. Polyacylamide gel electrophoresis of the oligomer Pu27 (15 in each of the four loop isomers are the number of bases in the
uM) without (lane no drug) and with (lanes-§ quindoline derivatives loops, which are 1:2:1 (A), 2:1:1 (C), 1:2:2 (B), and 2:1:2 (D),
a—j (15uM), respectively. The major bands were identified as higher respectively (Figure 4). Among them, isomers A and C have
prder structures (higher order), smgle-strgnd structures (ss DNA), andthe same total number of bases and isomers B and D have the
intramolecular G-quadruplex structures (intra-G). (a) Pu27 was treated . .
with derivatives in a Tris-HCI buffer. (b) Pu27 was treated with Same number of bases in loops. According to the reported data,
derivatives in a Tris-HCI buffer containing 100 mM KCI. the four loop isomers could form two bands corresponding to
the intramolecular G-quadruplexes because of the different gel
According to previous gel-shift data obtained under similar shift ability of the two classes of parallel loop isomers. The
experimental conditions and the mobility standards of the bottom band corresponds to isomers A and C, and the upper
G-quadruplex induced by potassium idis215the major bands ~ band corresponds to isomers B and®D.
were identified as higher order structures (higher order), single- It was interesting to note that the quindoline derivatives with
strand structures (ss DNA), and intramolecular G-quadruplex different side chains may induce/stabilize different kinds of loop
structures, (intra-G; Figure 3). isomers in the absence of the potassium cation. The derivatives
All the derivatives showed interaction effects on oligomer with terminal hydroxyl groups in their side chains, including
Pu27 based on the change of mobility shift of Pu27 in the a—d, showed two intra-G bands, which were almost equivalent,
presence of the derivatives without potassium cation (Figure indicating that they might induce/stabilize all types of loop
3a). There appeared three major bands in the control lane (noisomers. On the other hand, the derivatives with terminal amino
drug) representing higher order, single strand, and intramoleculargroups in their side chains, includiegj, only induced the band
G-quadruplex structures, respectively. The former two bands with slower shift ability, which implied that they might induce
were quite obvious, whereas the latter bands were less distinctonly two of the loop isomers B and D. It was evident that the
(Figure 3a). In contrast, bands representing intramolecular selective effect on loop isomers B and D by compouet
G-quadruplex structures in lanes-jawere more distinct than  was not enough to change the equilibrium between the four loop
the control sample (no drug), which indicated that derivatives isomers induced by a high concentration of the potassium cation.
a—j might induce the formation of two forms of intramolecular 2.2 Thermodynamic Stability of G-Quadruplex in the
G-quadruplex. Presence of Quindoline Derivatives.The stabilization of
It has been previously reported that the Pu27 oligomer could quindoline derivatives to the G-quadruplex structure was studied
form an intramolecular quadruplex structure in the presence of by CD spectroscopy through measuring the thermodynamic
100 mM KCI7 In the present study, no significant difference stability profile of the Pu27 oligomer incubated with quindoline
of major bands between the treated samples and the controlderivatives in the presence or absence d¢f Khe change in
sample could be found after incubation in the presence of 100 absorption at 262 nm was monitored, which is a typical index
mM KCI (Figure 3b), indicating that all the quindoline deriva- for the parallel G-quadruplex structure in NHE;I[DNA.15
tives could not change the quadruplex structure of Pu27 induced The CD spectra of Pu27 incubated with derivativien the
by KCI. absence of KCl showed a positive peak around 262 nm at room
It has been reported that the biologically relevant G- temperature, indicating that the major fraction was a parallel
quadruplexes of NHE l{lexisted as a dynamic mixture of four ~ G-quadruplex structure. The CD spectra of Pu27 showed a
different loop isomers A, B, C, and D, as shown in Figure 4, diminution of this peak at high temperature, indicating the
which had been defined through dual-mutant studies, and all destruction of the G-quadruplex structure (Figure 5A).
four isomers contribute to the stability of the silencer element  Figure 5B showed the normalized CD intensity of Pu27 at
in the NHE Ill; of the c-mycpromotert® Each of the four dual- 262 nm with 54M f in a Tris-HCI buffer (10 mM, pH 7.4) as
mutant Pu27 DNA could only fold into one specific loop isomer. a function of temperature. The melting of the native Pu27
This model study clearly demonstrated that all four loop isomeric quadruplex in 10 mM Tris-HCI occurred at 3€. TheT, value
structures existed in native Pu27 DNA. The major differences (53 °C) for the G-quadruplex structure of Pu27 inducedfby
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Figure 5. (A) CD spectra of Pu27 with &M f at 25°C (O), 55°C (@), 75°C (2), and 95°C (a) in the absence of KCI. The solid line was the
spectra of Pu27 without any derivatives at°25 (B) CD melting profiles of Pu27 with GM f. All spectra were collected in a strand concentration
of 5 uM in Tris-HCI buffer (10 mM, pH 7.4).

Table 1. Ty, and ATy, of the G-quadruplex in Pu27 Induced by

Pu27 G-quadruplexes
n

Derivativesa—j e ST m— L Hybridization inhibition
T, AT, T T AT T.a rmcmmc'recrcncec;m;?ms- *" (no PCR products)
m m m m m m uLirev
derivative  °C °C °C derivative  °C °C °C no G-quadrupl l Tag Polymerase

no drug 34 82 f 53 19 >95 ligand dNTP

a 48 14 84 g 56 22 >95 N

b 47 13 85 h 54 20 >95

c 49 15 86 i 59 25 >05 3-ACCCCTCCCACCCCTCCCACCCCTTCCTGCTCTTCGCTAGETA-S

d 48 14 85 i 55 21 >95 43 bp double-stranded hybridization product

e 55 21 >95

aTny values of Pu27 incubated in the presence of 100 mM KCI.

Figure 6. Principle of the PCR stop assay. Test oligomer was amplified

with a complementary oligomer overlapping the last G-rep&ag

polymerase extension resulted in the formation of a final 43 base pair

was calculated from the CD melting curves at 262 nm using a (bp) double-stranded PCR product. In the presence of a ligand that

sigmoidal fitting. It is clear thatf can raise the melting stabilizes test oligomers into a G-quadruplex structure, a_nnga_ling of
oligomer and, thereforeTaq polymerase extension was inhibited.

temperature of the G-quadruplex by about°? indicating an

Underlined sequence corresponds to overlap between the two oligomers.

obvious stabilizing effect of on G-quadruplex in NHE Il
DNA.

The changes of th&, values of Pu27 by derivatives-j in

way. TheT, andATy, values are summarized in Table 1. From &
the data obtained in the absence of KCI, derivatizes €, g,
andi, which all contain a pyrrole ring, showed a comparatively
higherTn, value versus derivatives d, f, h, andj, which contain

a furan ring. This indicated that the relatively strong electron-
donating of the nitrogen in the pyrrole ring contribute positively
to the binding affinity with G-quadruplex DNA. More interest-
ingly, the structural difference in the side chains showed i
significantly different effects on the binding affinity with
G-quadruplex DNA. According to thé&,, value, derivatives
a—d, with side chains containing the terminal hydroxyl group,
showed a comparatively low8, value versus derivatives-j,

a b [ d - f £ h i i
Figure 7. Effects of quindoline derivatives—j on the PCR-stop assay
with G-quadruplex forming Pu27 oligomer. Different derivatives with

"

A a b [ d e f g h i j nodrug
- NNNL NN
the absence or the presence of KCI were calculated in the same product
a b [ d e f g h
C a b c d e f g h
M

j nodrug

i j mnodrug

. 3

j nodrug

which had terminal amino groups in their side chains. It is clear a certain concentration at:M (A), 18 uM (B), and 36uM (C) were

that the derivatives containing a pyrrole ring and an amino group added to Pu27 oligomer, as indicated according to the Experimental
side chain demonstrated higher binding affinity with G- Section. The band (arrow) presented the 43 bp double-stranded PCR

L . : . roduct. Parallel experiments were performed using all these derivatives
quadruplex DNA, resulting in an increase in the s stacking P 0 P 9

. . - . . in oligomer Pu27-13,14 at a concentration of /@@, shown in D.
ability of the core and the positive charges in the side chain.

All the Ty, values of Pu27 incubated with the derivatives in  jn the promoter region could inhibit the action of the DNA
the presence of 100 mM KCI showed an increase of at least 2 polymerasé® In the presence of the derivatives, the single strand
°C when compared to th&y, value of 82°C for Pu27 inthe  pu27 was induced into a G-quadruplex structure that blocked
presence of 100 mM KCl, indicating that the derivatives could hybridization with a complementary strand overlapping the last
increase the stabilization of the quadruplex structures of Pu27G repeat (Figure 6). In that case, theté 3 extension with
induced by KCl, although they could not increase the percentageTaq polymerase was inhibited, and the final double-stranded
of the quadruplexes, as shown in Figure 3b. DNA PCR product could not be detectéd.

2.3 Inhibition of Amplification in the Promoter Region Different concentrations of derivatives at 6, 18, anduB6
of c-mycby Quindoline Derivatives. The induction of biologi- were used in this assay. Derivativehowed an inhibitory effect
cally relevant G-quadruplex formation in Pu27 by quindoline on the hybridization of oligomer Pu27 and Pu27rev when the
derivatives was investigated using PCR stop assay. The specificderivative concentration was M (Figure 7A). Other deriva-
binding of ligands with intramolecular G-quadruplex structures tives with terminal amino groups in their side chains, including
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Figure 8. Results of competition dialysis experiment. AulM solution of c or i was dialyzed against eight different nucleic acid structures (40
uM) for 24 h. The amount o€ or i bound to each structure was plotted as a bar graph. The structures of these two derivatives were also shown
above the bar graph, respectively. Left, bar graph and structure of derieatight, bar graph structure of derivative

c i

derivativese, f, g, h, andj showed an inhibitory effect on the | ESHMM'@ marker

hybridization when the derivative concentration was increased e W 67p
to 18 uM (Figure 7B). Furthermore, derivatives having a = "™ I S0 00 S o= O
terminal hydroxyl group in their side chain, including derivatives =
a—d, showed a weaker inhibitory effect on the hybridization ruz7-14.20 aligomer h ?
and inhibited the hybridization only at a higher concentration . o B,
of 36 uM (Figure 7C). These results were correlated toThe -

values in Table 1, which indicated that the stability of G- """ """ | U g L o8 b... e

qguadruplexes induced by quindoline derivatives is an important

factor for inhibiting the gene e?(pr.es_,smn. _ . Pu27-11,20 ohgomer.... - . N ) ap . =
To further demonstrate the inhibitory effects of quindoline £ o Effects of uindoline derivati di on the PCRst
ivati i . it igure 9. Effects of quindoline derivatives andi on the -stop
derivatives against the G-quadruplex stabilization of Pu27, a assay with four mutant Pu27 oligomers. The two derivatives with a

parallel experiment using an oligomer PUZ7'1_3'1'4T(GGG' certain concentration at 3.5, 6.3, 7.5, 15, andu®®b were added to
GAGGGT-GGAAAGGGTGGGGAAGG-3, which could not different mutant oligomers of Pu27, as indicated according to the

form the G-quadruplex structure was performed. Under such Experimental Section. The band presented the 43 bp double-stranded
circumstances, no inhibition was observed even at the highestPCR product. Parallel experiments were performed in the oligomers
concentration of 3¢:M (Figure 7D). without drug treatment.

2.4 Competition Dialysis. To evaluate the selectivity of
quindoline derivatives for G-quadruplex and other DNA struc- TSG4. These indicated that derivativhas a better selectivity
tures, we performed a competitive dialysis experiment using for G-quadruplex DNA, especially for those in Pu27, than
different types of DNA. Among the DNA used in the present derivativec.
study, Pu27 and TSG4 could form the G-quadruplex structures, 2.5 Selectivity for Binding Loop Isomers of G-Quadruplex
HTC 21 could form the i-motif structure, (dT21)A21 was by Quindoline Derivatives of Different Structures. Four
associated to a triplex structure, dT21/dA21 was associated tomutant oligomers were used for the PCR stop assay, including
a duplex structure, dA21 and dT21 were single-strand purine ligomer Pu27-14,23 forming isomer A, Pu27-11,23 forming
and pyridine structures, respectively, and calf thymus DNA was 'SOmer C, Pu27-14,20 forming isomer B, and Pu27-11,20
a native duplex DNA structure. Higher binding affinity was

forming isomer D (Figure 43> Two derivativesc andi, were
reflected by the higher concentration of ligands accumulated chosen for studying their effects on inducing/stabilizing different
in the dialysis cassette containing the specific form of DNA.

parallel loop isomers of G-quadrulex. A decrease in PCR
R : i products associated with the interaction between quindoline
The data in Figure 8 were shown as bar charts in which the gerjyatives and mutant oligomers occurred. The decrease in PCR
amount of bound ligand was plotted for eight structurally products were observed after the isomers had been incubated
different nucleic acids. In this assay, the various nucleic acids yith derivativesc ori at specific concentration, but interestingly,
were dialyzed simultaneously against a free ligand solution. The the two derivatives showed different inhibitory behaviors on
amount of bound ligand was directly proportional to the binding each of the four loop isomers (Figure 9). The minimum
constant for each conformer of DNA. As shown in Figure 8, concentration of derivativé for effective interaction with
the amount of bound ligand in derivative did not vary oligomer Pu27-14,20 and Pu27-11,20 was significantly lower
significantly for different types of DNA, whereas derivative  than that for oligomer Pu27-14,23 and Pu27-11,23. On the other
interacted preferentially with G-quadruplex DNA in Pu27 and hand, the interaction concentrationscofrere relatively higher

67bp

3dbp
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Figure 10. Effect of derivatives or i on cell proliferation. In vitro growth curves of the Hep G2 hepatocellular carcinoma cells untrégtedd
treated with 0.2M), 0.5 (&), 1 (x), 5 (¥), and 10 ®) uM of derivativesc or i. The derivatives were added to the culture medium at days 1 and
5 of culture.
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Figure 11. RT-PCR to determine the expressioncafycin the HepG2 cell line treated with derivativesandi. (A) 5 x 10° Hep G2 cells were
treated in a 25-cAflask with medium (no drug), 6.25, 12.5, 25, 50, and 100 of derivativec or i for 24 h, and the total RNA was extracted and
subjected to reverse transcription, followed by PCR danycand -actin (control). Amplified products were 191bp farmycand 541bp for
f-actin. (B) The optical density of each band by using Quantity One software (Biorad). The graph showed the relative expressigoas
compared with the “no drug” sample for each time point versus concentration of the derivgiyeandi (O).
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and did not show distinct difference in the four mutant hepatocellular carcinoma cell line Hep G2 treated with deriva-

oligomers. The results indicated that derivativieound selec- tivesc ori of increasing concentrations, ranging from 0.2 to 10
tively to isomers B and D, and could not show a distinct  u«M. A decrease of cell proliferation was found on day 2 after
selectivity of the four isomers. treatment, and a dose-dependent decrease of cell proliferation

The selectivity of quindoline derivatives to certain G- was evident after treatment with both derivatives on day 3. In
quadruplex isomers may be correlated with the interaction five-day growth inhibition assays, the 4¢value of derivative
pattern between the derivatives and the loop isomers. There weree was ~1 uM and i was ~0.2 uM. In seven-day growth
two types of interactions involved in the binding of ligands to inhibition assays, the I§ value of derivativec was~1.3 uM
G-quadruplexes: a stacking-type interaction between the quin-and i was ~0.3 uM. According to these data, the treated
doline core and the G-tetrad guanines and an electrostaticconcentrations of expression assay were chosen as 6.25, 12.5,
interaction between the positive charges of ligand and the 25, 50, and 10M to minimize the cell toxicity effect of the
negative charges of phosphate backbone of DNA. As reported,derivatives.
the G-tetrad arrangement and the orientation of the loops are For the expression assay @imycin cancer cell lines, about
important factors for the interactidfi,and the electrostatic 5 x 10P Hep G2 cells were seeded into six-well plates, incubated
interactions between the ligand side chains and the DNA for 1 day, and then treated with derivativer i at 6.25, 12.5,
phosphates play a significant role in selecting its topolsgy. 25, 50, and 10@M for 24 h. The total RNA was extracted and
As electrostatic interaction between the quindoline derivatives reverse transcripted to cDNA. This cDNA was then used as a
and the DNA contributes strongly to the inducing/stabilizing template for specific PCR amplification of tlhkemycsequence
ability, the orientation difference of the loops in the isomers and controlled bys-actin.
could result in the selectivity of quindoline derivatives. The decreasing/disappearing ofmyc PCR products was

2.6 Inhibition of the Expression of c-mycin the Cancer significant when treated with either derivatiger derivativei
Cell Line. To evaluate the inhibitory abilities of derivatives on  (Figure 11). As shown in Figure 11B, 128/ of derivativei
the expression o€-mycin the cancer cell line, proliferation  started to inhibit the expression ofmycand total inhibitory
assays were carried first. Figure 10 showed the cell viability of behavior was observed at o, while 25 M of c started to



1470 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 7 Ou et al.

a b
CA46 v CA4B Ramos CA46
[ |ncdrug € I Hnndluu c 1 I
G-quadruplex comye
Cu € €1y, Cn, € CY €5 € JDV Po nHEM P1P2Exon1 P° Exon2 Exon3 Poly A
3 | 5 & I 3
N
Ramos G Ramos

Figure 12. Effect of the quindoline derivatives andi on c-mycexpression in two different Burkitt's lymphoma cell lines. (a) Diagram of the
rearrangements involved in the Ramos and CA46 Burkitt's lymphoma cell lines. (b) RT-PGRrfgc and 5-actin in Ramos (lanes 43) and
CA46 (lanes 4-6) cell lines after no treatment (lanes 1 and 4) and after treatment withML6f derivativesc (lanes 2 and 5) and(lanes 3 and

6) for 24 h.

inhibit, and the total inhibitory behavior af was observed at
100uM. The results were consistent with the results in the PCR
stop assay.

To further confirm that the derivatives targeted the quadrulex
structures in the promoter region @imycand hence produced
the inhibition of the expression ot-my¢ two Burkitt's
lymphoma cell lines with different translocation break points

Lo
o e
= -y )
CARF T e
T r."'.'.f,l'f {l e

L . . Pu18B-Derivative ¢ Pu18B-Derivative Pu18B-Derivative i
within the c-mycwere tested. The Ramos cell line retains the complex complex ¢ ! comeprI:: vel
NHE 1ll; during translocation, which the CA46 cell line has i ii iii

lost this element together with the P1 and P2 promoters (Figure Figure 13. View onto the plane of the' 3urface of Pu18 G-quadruplex,
12a)1920 With the NHE llI; element deleted, as in the CA46  showing the interactions between quindoline derivatives and G-
cell line, both derivativeg andi showed no effect or-myc quadruplex. For clarity, hydrogen atoms and potassium ions are
expression, whereas in the Ramos cell line, which retained thisfemoved, and the phosphate diester backbone atoms in G-quadruplex
element, both derivatives could lower tbenycexpression, and and loop nucleotides in the binding side are colored in red. Pictures

. ’ S . S were created with PyMOE>
a difference in inhibition orc-mycexpression by derivatives

andi was observed. were used as initial models to perform molecular docking
2.7 Molecular Modeling Study on Interactions between  simulations and study their interactions with quindoline deriva-
Quindoline Derivatives and G-Quadruplex Structures in the tives.
NHE Il 1. To further investigate the binding modes and  Derivativesc andi were docked into the modeled structure
selectivity between the quindoline derivatives and the intramo- of isomers A and B, respectively, utilizing the ICM program
lecular G-quadruplex loop isomers of NHE illimolecular  (Molsoft) 22 Binding modes of these complexes were found to
modeling methods including molecular dynamics and docking be consistent, and both of the derivatives preferred stacking on
simulations were performed. As previous reports indicated that the exterior 3 surface of G-quadruplex. The chromphore
nucleotides G2 G5 in the Pu27-mer were not involved in the moieties of the derivatives could form aromatie-7r stacking
G-quadruplex structuréthe truncated sequence Pul8-mer (A6- interactions with G-tetrads, while the positive center of 5-N
G23 in Pu27-mer, Figure 1) was used for subsequent studies placed over the highly negative charged central carbonyl channel
Job plot* with the oligomer Pu27 showed a stoichiometry of and formed strong electrostatic interactions. Side chain oxygen
one quindoline derivativec(or i) bound per quadruplex (See atoms and nitrogen atoms were able to form hydrogen bonds
Figure SI-18 of Supporting Information). Models of two possible - with phosphate diester backbone. This also explains why'the 3
loop isomers of Pul8 parallel G-quadruplex, namely, isomers surface, which favors electrostatic interact®rend has more
A and B (Figure 4), were built. The main difference between exposed phosphate diester atcthds more favorable for
isomer A and isomer B was the number of bases in their loops. binding.
Isomer A adopted a loop pattern of 1:2:1, while isomer B had  Cluster analysis of the docking result of liganBNA
one more double-nucleotide loop and adopted a loop pattern ofcomplexes showed that there were two major binding conforma-
1:2:2. tions distinguished by the direction of the side chain. As
After molecular dynamics simulations, the parallel G-qua- illustrated in Figure 10, the side chain hydroxyl or amino group
druplex structures A and B were found to be stable and did not can form a hydrogen bond with the phosphate diester backbone
undergo major conformational rearrangements. The G-tetradsin either the G-quadruplex in Figure 13) or the loop nucleotide
were found to be relatively stable through the course of (ii andiii in Figure 13). It is worthy to note that the hydroxyl
simulations, but the position of loop nucleotides changed or amino group on the side chain of the quindoline derivative,
significantly and exhibited more variance. Single-nucleotide side when interacting with a loop nucleotide, could only reach the
loops and double-nucleotide side loops behaved differently in phosphate backbone atoms in double-nucleotide lobEn(l
both of the loop isomers. The strong tension of backbone atomsiii in Figure 13). In single-nucleotide loops, the phosphate
in single-nucleotide side loops decrease the flexibility of the backbone atoms were away from the center of the G-tetrad and
loop, while in the double-nucleotide loops, the backbone atoms directions were unfavorable for binding (Figure 14). Moreover,
had fairly good flexibility. Distance analysis on G-tetrads the lack of flexibility of single-nucleotide loops made changing
showed that the hydrogen bonds remained stable, but tensiorof this unfavorable conformation relatively difficult. In this way,
from single-nucleotide side loops slightly influenced their the different action of double-nucleotide loops and single-
planarity and made the neighboring tetrad nucleotides relatively nucleotide loops with the ligands’ side chain may lead to the
unstable. The global minimum conformations of isomers A and selectivity on different isomers of quindoline derivatives. These
B were extracted from the trajectory records of molecular findings are in accord with a previous study on the solution
dynamics simulations. After further refinement, these structures structure of the biologically relevant G-quadruplexdsmyc
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Table 2. Calculated Binding Energies (in kcal/mol) for Derivatives
andi Bound to Different Binding Sites of the Pul8 G-Quadruplex Loop

Isomers A and B
PO
e
o

OR ¥

binding energy (kcal/mol)

end stacking intercalation intercalation end stacking
complex at3 ®a near3®@2  near5®? at5 @a

Pul8A-i —44.84 56.23 126.62 —39.21
Pul8A-c —43.00 30.39 54.15 —39.63
Pul8B-i —56.66 140.80 88.93 —41.85
Pul8B-c —44.96 55.43 62.17 —40.74

aBinding sites.

enough to change the equilibrium between the four loop isomers,
as a previous study indicated that the shorter loop isomers
(isomers A and C in Figure 4) were more thermodynamically
Figure 14. Structure of a single-nucleotide loop (left) taken from the ~ stable!® Molecular modeling studies revealed that the presence
modeled structure of Pul8 isomer A and a double-nucleotide loop (right) of an amino group in the side chain could strengthen the
taken from the modeled structure of Pul8 isomer B. The distance g|ectrostatic interaction between the derivatives and the phos-
between the central carbonyl channel and the phosphate diester atomg, 516 packbone and hence contribute to the inducing/stabilizing
;;‘y,{;‘gL'SSP nucleotide was measured. Pictures were created with oo ot o G-quadruplexes and the selectivity toward certain loop
' isomers of G-quadruplexes.

p.romotet’-6 apd suggest that isomers with more double-nuqleo- 4. Experimental Section
tide loops (isomers B and D) will favor binding to the side
chains of quindoline derivatives. However, derivatovaid not
show selectivity on loop isomers b"_ised on our expenmental in Table 3. Acrylamide/bisacrylamide solution amdN,N',N'-
resglts, because the hydrogen bond mteracyon between the 5'd?etramethyl-ethylenediamine were purchased from SigiagDNA
chain hydroxyl group and the phosphate diester backbone hasyolymerase was purchased from Sangon, China. The total RNA
only a minor contribution to the binding compared to the strong isolation kit and the two-step RT-PCR kit were purchased from
electrostatic and aromatic interactions between the quindoline SBS Genetech, China. All the derivatives were synthesized as
scaffold and the G-quadruplex. Thus, the small influence of the previously reported! Stock solutions of all the derivatives (10 mM)
side chain hydroxyl group on the selectivity of loop isomers were made using DMSO (10%) or double-distilled water. Further
could not be detected in the aforementioned experiments_ Fordilutions to Working concentrations were made with double-distilled
derivativei, with stronger interactions between the side chain Water. _ . :

and he phosphate dieter backbone, It did show a_good PSS OFl Eletonte e The dlgomer Fuz ot o
selectivity on isomers B and D. Compouineihibits the highest

binding i . d by the bindi fTris-HCI buffer (10 mM, pH 7.4). After the solution was gradually
inding interaction (as measured by the binding energy of 45164 to room temperature, ad stock solution of the derivatives

—56.66 kcal/mol) toward Pul8B, it is end-stacked at thef3  \yas added to each sample to produce the specified concentrations
the G-quadruplex DNA. This finding is consistent with the at a total volume of 1QiL. The reaction mixture was incubated
proposed specificity from the PAGE and PCR stop assay. overnight at 4°C. After incubation, 2uL of loading buffer (50%
Furthermore, the unfavorable binding energies of 380 kcal/ glycerol, 0.25% bromophenol blue, and 0.25% xylene cyanol) was
mol suggested that the interactions between these two quindolineadded to each mixture. Ten micro liter aliquots of each sample

derivatives and G-quadruplex DNA should not be intercalative Were subsequently analyzed by native 15% PAGE. The gels were
in nature (Table 2). silver-stained and photos were taken. The same assays were repeated

as above in a Tris-HCI buffer (10 mM, pH 7.4) containing 100
mM KCI.

Circular Dichroism. The oligomer Pu27 at a final concentration

In summary, a series of quindoline derivatives have been of 5 uM was resuspended in Tris-HCI buffer (10 mM, pH 7.4)
investigated on their interactions with G-quadruplexes-myc containing the derivatives to be tested. The samples were heated
It was found that derivatives with different structures had to 95°C, then gradually cooled to room temperature, and incubated
different abilities to induce/stabilize the G-quadruplexes in at 4°C for at least 6 h. The CD spectra were recorded on a Jasco
c-myg leading to a different degree of inhibition on thenyc ~ J-810 spectropolarimeter, using 16 scans at 100 nm/enif s
gene in the hepatocellular carcinoma cell line. Furthermore, "éSPonse time, aha 1 nmbandwidth. The CD spectra were
derivatives with an amino group on the side chain would obtained by taking the average of two scans made from 200 to 400

lectivelv int t with the | | . . B and nm. In the melting studies, the temperature of the sample was
selectively interact wi e longer loop isomers (isomers B an maintained by a Jasco Pelter temperature controller. The melting

D in Figure 4) in the absence of the potassium cation, and the ¢rves of the G-quadruplex were measured with the intensity at
selectivity of the interaction was suppressed in the presence 0f262 nm. Before the CD spectroscopy, all the samples were thermally
the potassium cation. It could be inferred that the binding of treated as described above. The same assays were repeated as above
the compounds to the less stable isomers B and D was not strongn a Tris-HCI buffer (10 mM, pH 7.4) containing 100 mM KCI.

Materials. All oligomers/primers used in this study were
purchased from Invitrogen (China), and their sequences were listed

3. Conclusion
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Table 3. Sequences of Oligomers (Primers) Used in the Present Study

name of
oligomer sequence description

Pu27 5TGGGGAGGGTGGGGAGGGTGGGGAAGG-3 Partial sequence in the promoter of oncogemaycthat
may form G-quadruplex.

Pu27-11,20 5TGGGGAGGGTTGGGAGGGTTGGGAAGG3 Dual mutant of Pu27, whose mutant sites were 11 and 20.

Pu27-11,23 5TGGGGAGGGTTGGGAGGGTGGGTAAGG3 Dual mutant of Pu27, whose mutant sites were 11 and 23.

Pu27-14,20 5TGGGGAGGGTGGGTAGGGTTGGGAAGG3 Dual mutant of Pu27, whose mutant sites were 14 and 20.

Pu27-14,23 5TGGGGAGGGTGGGTAGGGTGGGTAAGG3 Dual mutant of Pu27, whose mutant sites were 14 and 23.

Pu27-13,14 5TGGGGAGGGTGGAAAGGGTGGGGAAGG-3 Mutant oligomer of Pu27 that may not form G-quadruplex,
whose mutant sites were 13 and 14.

Pu27rev 5ATCGATCGC TTCTCGTCCTTCCCCA-3 Complementary sequence of Pu27 in PCR stop assay.

Pu27rev-2 5ATCGATCGC TTCTCGTCCTTACCCA-3 Complementary sequence of Pu27-11,23 and Pu27-14,23
in PCR stop assay.

Pu27rev-3 S5ATCGATCGC TTCTCGTCCTTCCCAA-3 Complementary sequence of Pu27-11,20 and Pu27-14,20
in PCR stop assay.

TSG4 8-GGGTTAGGGTTAGGGTTAGGG-3 Partial sequence in human telomere that may form the
G-quadruplex structure.

HTC21 B3-CCTAACCCTAACCCTAACCC-3 Complementary sequence of TSG4 that may form an
i-motif structure.

Pul8 5AGGGTGGGGAGGGTGGGG-3 Truncated sequence of Pu27 that involved in the G-quadruplex
forming.

c-mycA 5-TGGTGCTCCATGAGGAGACA-3 Upstream primer foc-mycin RT-PCR.

c-mycS 5-GTGGCACCTCTTGAGGACCT-3 Downstream primer foc-mycin RT-PCR.

p-actinA 5-GTTGCTATCCAGGCTGTGC-3 Upstream primer fof-actin as control in RT-PCR.

p-actinS 5-GCATCCTGTCGGCAATGC-3 Downstream primer fof-actin as control in RF-PCR.

Table 4. Nucleic Acid Conformation and Samples Used in Competition Dialysis Experiments

€

conformation DNA/oligonucleotide (M~Lcm™1)
single strand purine dA21 255400
single strand pyriminde dT21 170 700
duplex DNA calf thymus (42% GC) 12 824

dT21/dA21 12 000

triplex DNA (dT21)p/dA21 17 200

quadruplex DNA Pu27 (STGGGGAGGGTGGGGAGGGTGGGGAAGGB 223920

TSG4 (B-GGGTTAGGGTTAGGGTTAGGG-3 172 000

i-motif HTC21 (8-CCCTAACCCTAACCCTAACCC-3 148 720

PCR Stop Assay.The PCR stop assay was performed with a spectrophotometrically using an aliquot of the dialysate solution.
modified protocol of the previous studySequences of the test The amount of bound ligand was determined by the difference
oligomers, including Pu27, Pu27-13,14, Pu27-11,20, Pu27-11,23, between the total ligand concentration and the free ligand concen-
Pu27-14,20, and Pu27-14,23, and the corresponding complementaryration C, = C; — &).
sequence used in the current study were presented in Table 3. The Cell Culture. The hepatocellular carcinoma cell line Hep G2
reactions were performed inxXPCR buffer, containing 1@mol and the Burkitt's lymphoma cell lines, Ramos and CA46, were
of each pair of oligomers, 0.16 mM dNTP, 2.5Tdqpolymerase, obtained from the American Type Culture Collection (ATCC;
and the indicated amount of the derivatives in Figures 6 and 8. Rockville, MD). The cells cultures were maintained in RPMI-1640
Reaction mixtures were incubated in a thermocycler, with the medium supplemented with 10% fetal bovine serum, 100 U/mL
following cycling conditions: 94°C for 3 min, followed by 30 penicillin, and 10Q«g/mL streptomycin in 25 cfculture flasks at
cycles of 94°C for 30 s, 58°C for 30 s, and 72C for 30 s. 37 °C humidified atmosphere with 5% GO
Amplified products were resolved on 15% nondenaturing poly-  Proliferation Assay. For the proliferation assay, about 5000 Hep
acrylamide gels in ¥ TBE and silver stained. G2 cells were seeded in a 24-well microplate, and at 24 h after

Competition Dialysis Assay.A Tris-HCI buffer (10 mM, pH plating, increasing concentrations of freshly dissolved compound
7.4) containing 100 mM NaCl was used for all experiments. c ori, ranging from 0.2uM to 10 uM, were added to the culture
Derivativesc andi were respectively used in this assay. For each medium, which were then left for 4 days. Then, at day 5, the
competition dialysis assay, 400 mL of dialysate solution containing compounds were re-added to medium and left for an additional 4
1 uM derivative was placed into a beaker. A volume of 0.5 mL (at days. Cell counts and viability (trypan blue dye exclusion) were
40 uM monomeric unit) of each of the DNA samples was pipeted determined daily, from day 1 to day 8 of culture. The compounds
into a separate 0.5 mL Spectro/Por DispoDialyzer unit with a 1000 dose inhibition cell proliferations by 50% (i) were calculated
molecular weight cutoff tubing (Spectrum, Laguna Hills, California). at days 5 and 7 of treatment.

A panel of eight different nucleic acid structures used was listed = RNA Extraction. For RNA extraction, about 5 10° Hep G2

in Table 4. The entire dialysis units were then placed in the beaker cells were seeded in 6-well plates, and at 24 h after plating,
containing the dialysate solution. The contents were allowed to derivativesc andi were diluted in the medium to the concentration,
equilibrate with continuous stirring for 24 h at room temperature. as noted in Figure 11. Cells were washed once with PBS, and new
At the end of the equilibration, DNA samples were carefully medium containing the derivative was added directly to the flask.
removed to microfuge tubes and were taken to a final concentration About 1 x 10° CA46 and Ramos cells were seeded in 6-well plates,
of 1% (w/v) sodium dodecyl sulfate (SDS). The total concentration and derivativeg andi were diluted in medium to 10M and added

of derivative C;) within each dialysis cassette was then determined to the flask. Cells were harvested 24 h after initial treatment
spectrophotometrically using a wavelength of 413.6 nm and an concurrently with untreated cells. Cell pellets were lysed in Redzol
extinction coefficient of 10 210 M-cm™* for derivativec and a solution from the Total RNA Isolation Kit. RNA was extracted
wavelength of 414.8 nm and an extinction coefficient of 11 420 according to the protocol included with the kit and eluted in distilled,
M~%-cm~tfori. The free ligand concentratio®{) was determined deionized water with 0.1% diethyl pyrocarbonate (DEPC) to a final
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volume of 50uL. RNA was quantitated spectrophotometrically and Grants Committee Areas of Excellence Scheme in Hong Kong
stored at—80 °C. (Grant AoE P/10-01), and the Hong Kong Polytechnic Univer-
RT-PCR. Total RNA was used as a template for reverse gjty Area of Strategic Development Fund for financial support
transcription using the following protocol: each g2D-reaction of this study. The authors are grateful to Prof. An-long Xu of

contained XM-MLV buffer, 500 uM dNTP, 100 pmol oligo dT School of Life Sci Sun Yat Uni ity f idi
primer, 100 units of M-MLV reverse transcriptase, DEPC in water choo 0 e Clgnce, un vat-sen University, for F,“OV' Ing
the facilities for this work. And we thank Dr. Jun-min Quan

(DEPC-H,0), and 1ug of total RNA. Mixtures were incubated at : ] - )
42 °C for 60 min for reverse transcription and then at’@2for 10 from the Graduate School of Peking University for his self-

min to inactivate the enzyme. PCR was performed according to giving technical support for our work.
the following protocol: each 2@t reaction contained 2PCR

buffer, 500uM dNTPs, 0.15«M f-actin primers, 1.5uM c-myc Supporting Information Available: CD spectra and CD
primers, 1 unit ofTaq polymerase, 0.1% DEP€H;O, and 3ul melting profiles of Pu27 witha—e and g—j, Pu27-11,20 withc
of the cDNA template. The reactions were incubated in @ DNA gndi, Pu27-11,23 witte andi, Pu27-14,20 witle andi, and Pu27-

Engine Peltier Thermal Cycler as follows: & for 5 min, 14,23 withc andi, and Job plot. This material is available free of
followed by 36 cycles of 98C for 1 min, 50°C for 1 min, and 72 charge via the Internet at http:/pubs.acs.org.

°C for 1 min. The amplified products were separated on a 1.5%
agarose gel, and photos were taken on a Gel Doc 2000 Imager
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