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ABSTRACT: DNA sequences with repetitive G-rich structural motifs, which form special structures called
G-quadruplexes, widely exist in the human genome. Here we report the general peroxidase activity of
G-quadruplex—hemin complexes and discuss the connection between peroxidase activity and G-quadruplex
structures. The high peroxidase activity of hemin complexed with intramolecular parallel G-quadruplex-
forming sequences in gene promoters (such as c-Myc, VEGF, c-Kit21, HIF-1a, and RET) may imply a
potential mechanism of hemin-mediated cellular injury. This peroxidase activity has also been demonstrated
to be applicable for screening G-quadruplex ligands (potential anticancer reagents) using colorimetric and

visual detection strategies.

DNA and RNA sequences with repetitive G-rich structural
motifs can fold into G-quadruplex structures, which are
composed of stacked guanine tetrads (/). Interest in this
structure has intensified in recent years because of its involve-
ment in many important biological processes and its applica-
tions in supramolecular chemistry and nanotechnology (2).
Genome-wide bioinformatic searches have revealed that
376000 potential G-quadruplex-forming sequences exist in
the human genome (3, 4), more than 40% of human gene
promoters contain one or more quadruplex motifs (5), and
these sequences are less common in tumor suppressor genes
but highly present in proto-oncogenes (6). Evidence of the
presence of the G-quadruplex motifs in vivo is accumulating,
with them being found in c-Myc' (7), VEGF (8), c-Kit (9),
HIF-1a. (10), RET (11), and Bcel-2 (12) gene promoters, as well
as in telomeres (/3). G-Quadruplexes are believed to be
essential in some biological processes (for instance, in the
regulation of oncogene transcription) and can be targeted as
promising antitumor therapies (3—13).

Some aptamers (artificial nucleic acid ligands) are known to
have G-quadruplex motifs. One of them, PS2.M, when com-
plexed with hemin, has been reported to possess high peroxidase
activity (/4—16). Since then, PS2.M has been investigated as a
DNAzyme on several occasions (/7—21) and even used as a
model to screen G-quadruplex ligands (22). Other G-quadru-
plexes, thrombin binding aptamer (TA, 15-mer) (23), AGRO
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100 (24, 25), and human telomere (HT) (22), have also been
shown to possess weak peroxidase activity. We recently observed
that, besides PS2.M, some G-quadruplex-forming sequences in
gene promoters also formed complexes with hemin and displayed
high peroxidase activity, which made us think about whether all
G-quadruplex—hemin complexes exhibit peroxidase activity and
what types of G-quadruplex—hemin complexes possess high
peroxidase activity.

Hemin, the oxidized form of heme released from hemoglobin
during several pathological states, has been reported to cause
undesirable toxicity leading to organ, tissue, and cellular injury
by promoting the formation of oxygen radicals that act as a
catalyst in the oxidation of lipids, proteins, and DNA (26—29).
Additionally, oxidative damage to PS2.M in the reaction of the
PS2.M—hemin complex and H,O, has been reported (30). Thus,
if the general peroxidase activity of G-quadruplex—hemin com-
plexes is confirmed, it may imply a potential mechanism for
hemin-mediated cellular injury.

In this work, we have investigated the peroxidase activity of
different kinds of G-quadruplex structures and discussed the
relationship between peroxidase activity and G-quadruplex
structures. The application of the peroxidase activity of G-quadru-
plex—hemin complexes in screening of G-quadruplex ligands has
also been demonstrated.

MATERIALS AND METHODS

Instrumentation and Reagents. All DNA sequences
(Table 1) were synthesized and purified by Sunbiotech Co. Ltd.
(Beijing, China). They were dissolved in Tris-HCl buffer (25 mM,
pH 7.6) containing 150 mM NaCl, 20 mM KCI, 0.03% Triton
X-100, and 1% DMSO, heated to 95 °C for 5 min, cooled quickly
on ice, and then stored at 4 °C. All DNA stock solutions were
20 uM. Hemin was obtained from Beijing XinJingKe Biotech-
nology Ltd. (Beijing, China). A hemin stock solution (10 mM)
was prepared in DMSO and stored in the dark at —20 °C. ABTS
was purchased from Amresco. Ethidium bromide (EB) and
luminol were from Sigma. H,O, (30%) and other reagents were
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Table 1: Kinetic Parameters for (Per)oxidation of ABTS Catalyzed by G-Quadruplex—Hemin Complexes
name sequence (5 to 3') keat (571 ko/ky” G-quadruplex structure description
Go6 TaGeTs 0.245+£0.024 54+£0.5 intermolecular parallel (34)
G8 T4GsTy 0.312+£0.030 6.94+0.7 intermolecular parallel (34)
TA G->T,G,TGTG,T,G, 0.045+0.009 1.0+£0.2 intramolecular antiparallel thrombin aptamer (46)
TA2 G4T-G4TGTG4T,Gy 0.143 £0.013 32403 intramolecular antiparallel (47)
HT AG;5(TTAG;); 0.105£0.011 23402 intramolecular antiparallel human telomere (/3)
Oxy28 GyT4GuT4GuT4Gy 0.28740.030 6.4+0.7 intramolecular antiparallel Oxytrichia telomeric (13)
Bcl-2 G3CGCG;AG,A,G5CGy 0.625 £0.060 14+1 coexisting or mixed type hybrid B-cell CLL/lymphoma 2 (12)
PS2.M GTG3TAG;CG;T,G, 1.114+0.011 25+0.2 coexisting or mixed type hybrid hemin aptamer (15)
EA2 CGAGG(TG;);A 229+£0.22 51£5 intramolecular parallel designed sequence
EAD C(TG3),A 3.624+0.28 80+6 intramolecular parallel designed sequence
EAD2 CTG;(AG;)5A 428 +£0.24 95+ 5 intramolecular parallel designed sequence
EAD3 CTG3(CG3):A 2.97 £0.30 66+ 7 intramolecular parallel designed sequence
EAD4 CTG;(TTG;):A 2.85+0.15 63+3 coexisting or mixed type hybrid designed sequence
EADG6 C (TGy)sA 2.78+0.14 62+3 intramolecular parallel designed sequence
VEGF (G30),CG5CG; 2.96 £0.22 665 intramolecular parallel vascular endothelial growth factor (&)
c-Myc TGAG;TG4AG;TGLA, 4.184+0.22 9345 intramolecular parallel human c-myc gene (7)
c-Kit21 (CG3)2(CG)2(AG;),G 1.18£0.12 26+3 intramolecular parallel c-kit gene promoter (9)
HIF-1a (G3A),GAGsCG; 1.24 £ 0.047 28+ 1 intramolecular parallel hypoxia inducible factor la (10)
RET (G30),G(CG3), 1.75£0.17 39+4 intramolecular parallel RET oncogene (/1)

“koJky equals keay/kuncat Kear values were obtained from the equation ey = Vinax/[E], and kypea was the “blank” (hemin) catalytic constant. All the kinetic
measurements were repeated at least three times and were found to agree within £5—10%.
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FIGure 1: CD spectra of G-quadruplexes and G-quadruplex—hemin complexes [concentration ratio of 2:1, at certain DNA concentrations

(4—10 uM)].

purchased from Beijing Chemical Plant (Beijing, China). The
perylene derivative TelO1 (yield of 86%) was synthesized accord-
ing to recent reports (31, 32). Tel01 product was confirmed by
MALDI-TOF [caled for C34H3,04N4 m/z 560.24, found for
Tel0l m/z 559.8 [M — H]]: "H NMR (1:1 D,0/CD;COOD,
400 MHz,25°C) 6 7.78 (d,4H), 7.50 (s,4H), 4.14 (s,4H), 3.38 (m,
4H), 3.05 (m, 12H), 1.91 (s, 4H). All solutions were prepared with
deionized water purified by a Milli-Q system (Millipore). Hemin,
luminol, ABTS, and H»O, working solutions were freshly pre-
pared with Tris-HCI buffer (25 mM, pH 7.6) containing 150 mM
NaCl, 20 mM KCl, 0.03% Triton X-100, and 1% DMSO before
being used.

Catalytic Kinetics Experiments. Using SpectraMax M5
(Molecular Devices) at room temperature, kinetics were followed
by monitoring the appearance of the radical anion (ABTS"")
at 414 nm over 3 min for peroxidations catalyzed by either
G-quadruplex—hemin (concentration ratio of 2:1) complexes or
hemin alone (blank experiments, without G-quadruplex). All
kinetic experiments were conducted in microplates containing
buffer, hemin (or G-quadruplex—hemin complex), and ABTS.
Reactions were initiated by the addition of H,O,. Increases in
absorbance at 414 nm were measured as a function of time. The
initial rates were calculated from the slope of the initial linear

portion (usually the first 20 s) of the increase in absorbance. All
kinetic measurements were repeated at least three times and were
found to agree within £5—10%. The Ae value used was 36000
M~" em™" (I5). Kinetic parameters (K, and V) of the
peroxidase-catalyzed reactions were obtained using the Michaelis
equation.

CD Spectra. CD spectra (220—320 nm) were recorded on a
Jasco J-815 circular dichroism spectropolarimeter (JASCO Ltd.)
at a rate of 500 nm/min using 400 uL of 1 cm fused quartz cells.
Measurements were taken in 25 mM Tris-HCI (pH 7.6) contain-
ing 150 mM NaCl, 20 mM KCI, DNA at certain concentrations
(4—10 uM), and the DNA—hemin (concentration ratio of 2:1)
complex at room temperature. To facilitate comparisons, the CD
spectra were background subtracted, smoothed, and calibrated
for concentration so that molar ellipticities could be obtained.

Thermal Denaturation. UV and CD melting curves of G-
quadruplexes or G-quadruplex—hemin (concentration ratio of
1:1) complexes in the absence and presence of K+ were monitored
at 295 nm for absorbance and 260 nm for CD signals using a
Jasco J-815 circular dichroism spectropolarimeter (JASCO Ltd.).
The samples were heated from 5 to 95 °C at a rate of 2 °C/min.
Before measurement, all the samples were heated at 95 °C for
5 min, cooled quickly on ice, and then stored at 4 °C overnight.
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FIGURE 2: Peroxidase activity of G-quadruplex—hemin complexes. (a—c) Catalytic kinetics of each G-quadruplex—hemin complex within 60 s
(absorbance change at414 nm). (d) Photographs of oxidation of ABTS by H,O, in the presence of G-quadruplex—hemin complexes. Photographs
were taken 5 min after mixing. Twenty microliters of different G-quadruplexes at 20 uM and 20 uL of 10 uM hemin were mixed at room
temperature for 2 h, and then ABTS and H,0, were added until the volume reached 200 uL. The final concentrations were as follows: 2 uM
G-quadruplexes, 1 uM hemin, 2 mM ABTS, and 2 mM H,0,. Each well or curve is marked with the corresponding G-quadruplex name.

Table 2: Effect of K™ on G-Quadruplex—Hemin Peroxidase Activity”

Vobs (IIM Si])
G-quadruplex without K with 20 mM K*

blank 2.17 7.50
G6 10.8 46.7
G8 19.5 733
TA 7.17 13.0
HT 10.3 26.2
PS2.M 30.2 205
c-Myc 23.2 465
VEGF 15.7 327
Bcel-2 15.8 116
EA2 28.8 340
EAD 29.0 452

“Twenty microliters of 10 uM hemin and 20 uL of different G-quad-
ruplexes at 20 uM were incubated at room temperature for at least 2 h, and
then ABTS and H,0, were added until the volume reached 200 uL to give a
final concentration of 2 mM for both. Vs values were calculated from the
slope of the initial linear portion of the increase in absorbance.

RESULTS AND DISCUSSION

To reveal the connection between peroxidase activity and G-
quadruplexes, we have investigated many different G-quadruplex
structures found in human gene promoters (c-Myc, VEGF, RET,
HIF-1a, c-Kit21, and Bcl-2), human telomeres (HT), and
thrombin aptamer (TA), including parallel, antiparallel, and
mixed antiparallel/parallel G-quadruplex structures (Table 1).
It is well-known that G-quadruplexes exhibit characteristic CD

Table 3: Ty, Values (1 °C) of G-Quadruplexes or G-Quadruplex—Hemin
Complexes in the Absence and Presence of K or Hemin”

G-quadruplex K* (=) K'(+) K*(—).hemin(+) K*(+),hemin(+)
EA2 31 44 41 68
EAD 43 >80 47 78
VEGF 48 >80 45 04
c-Myc 43 79 41 77

“Legend: K*(—), buffer without K*; K¥(+), buffer containing 20 mM
K*; K*(—).hemin(+), buffer without K™ but containing hemin
[concentration ratio of 1:1, with a certain DNA concentration (4—10
uM)]; K*(+).hemin(+), buffer containing 20 mM K™ containing hemin
[concentration ratio of 1:1, with a certain DNA concentration (4—10 uM)].

signals depending on their strand composition. Antiparallel
G-quadruplexes have a CD spectrum characterized by a positive
ellipticity maximum around 295 nm and a negative minimum
around 260 nm, while parallel quadruplexes have a positive
maximum around 264 nm and a negative minimum around
240 nm. CD spectra with peaks at both 264 and 295 nm could
indicate either the coexistence of distinct parallel and antiparallel
folded species in solution or a single mixed-type hybrid quad-
ruplex structure (33). The structure determination of all quad-
ruplexes in this report under the experimental conditions was
confirmed by CD spectra (Figure 1 and Figure S1 of the
Supporting Information).

The peroxidase activities were measured on the basis of the
(per)oxidation of ABTS?™ in the presence of hydrogen peroxide
to produce the colored radical anion (ABTS""). As shown in
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Figure 2 and Table 1, different types of G-quadruplex structures
exhibit different peroxidase activities: all intramolecular parallel
structures investigated here possess strong peroxidase activities,
most of which (such as those of ¢c-Myc, VEGF, EAD, EAD2,

Scheme 1: Proposed Structural Models for (A) the Intramole-
cular Parallel Quadruplex—Hemin Complex, (B) the Intramo-
lecular Antiparallel Quadruplex—Hemin Complex, and (C) the
Intermolecular Parallel Quadruplex—Hemin Complex

Cheng et al.

EAD3, and RET) are much higher than that of the widely used
DNAzyme, PS2.M, while the intramolecular antiparallel G-
quadruplex structures (as in TA, TA2, HT, and Oxy28) have
only very weak activities. The coexisting or mixed-type hybrid
parallel and antiparallel structures (as in Bcl-2, PS2.M, and
EAD4) also exhibit strong peroxidase activities, and the se-
quences with a higher ratio of parallel to antiparallel structures
(ratio of the CD peak at 260 nm to that at 295 nm) exhibit higher
peroxidase activity (Figures 1 and 2 and Table 1). In addition,

J— the intermolecular parallel-stranded G-quadruplexes (G6
M and G8) (34) show only very weak peroxidase activity. All
‘ peroxidase activities were also confirmed with a chemilumines-
< cent assay based on peroxidation of luminol in the presence of
S\ ! hydrogen peroxide (data not shown). These results indicate that
Hemin = < G-quadruplex—hemin complexes possess general peroxidase
A B P activity. The intramolecular parallel G-quadruplex structures
may be essential for catalysis.
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FIGURE 3: Inhibiting ability of Tel01 or EB on the peroxidase activity of G-quadruplex—hemin complexes. (a—e) Catalytic kinetics of each G-
quadruplex—hemin complex within 60 s (absorbance change at 414 nm): (a) c-Myc, (b) VEGF, (c) c-Kit21, (d) HIF-1a, and (e) RET gen
promoters. (f) Photographs of the oxidation of ABTS by H,O; in the presence of G-quadruplex—hemin complexes. For Tel01 (top) and EB
(bottom), photographs were taken 5 min after mixing; each well is marked with the corresponding G-quadruplex name. Twenty microliters of
different G-quadruplexes at 20 uM, 10 uL of 20 uM hemin, and 10 uL of 20 uM TelO1 or EB were mixed at room temperature for 2 h, and then
ABTS and H,0O, were added until the volume reached 200 L. The final concentrations were as follows: 2 uM G-quadruplexes, 1 «M hemin, 1 uM

TelO1 or EB, 2 mM ABTS, and 2 mM H,0,.
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K" is well-known to play an important role in the formation
and stabilization of G-quadruplex structures, or even alter the
conformations of G-quadruplexes (35). Therefore, the influence of
K™ on the peroxidase activity was investigated. As shown in
Table 2, the catalytic rates in the absence of K™ are found to be
much lower than those in the presence of 20 mM K. The thermal
denaturation assay also showed a much lower melting tempera-
ture (T of G-quadruplex structures in the absence of K™ than in
the presence of K" (Table 3). These two sets of results indicate that
stable G-quadruplex structure is essential for peroxidase activity.
The additions of hemin to G-quadruplex solutions did not have a
significant influence on the CD spectra of the parallel and
antiparallel G-quadruplex structures (Figure S1 of the Supporting
Information) except for slightly decreasing the magnitudes of the
295 nm peaks and increasing those of the 264 nm peaks (Figure 1)
of the mixed antiparallel/parallel sequences (Bcl-2, PS2.M, and
EAD4) under our conditions. However, additions of hemin
changed the T, values of some intramolecular parallel G-quad-
ruplexes (Table 3). These results suggest that the interaction of
hemin with G-quadruplexes influences their thermal stability but
may not alter the conformation of the G-quadruplex structures.

Intramolecular G-quadruplex formation requires three loops
to link the G-tetrads. For the parallel structure, the loops adopt a
propeller-type form (36) to link two adjacent parallel strands
from the top to the bottom G-tetrads; namely, loops distribute on
the side faces of the G-quadruplex. For the antiparallel structure,
loops bridge either two diagonally opposite (diagonal loops) or
two adjacent (edgewise loops) antiparallel strands (33); namely,
loops distribute on the top and bottom surfaces. Many small-
molecule ligands have been proposed to interact with G-quad-
ruplexes on their ends by end stacking (34, 37). Additionally, the
peroxidative activity of the PS2.M—hemin complex has been
suggested to be a result of the interaction of specific guanines of
PS2.M with the bound hemin cofactor (30). Clearly, the parallel
structure is in favor of the end stacking of ligands, including
hemin, which could explain the high peroxidase activity of
parallel G-quadruplex—hemin complexes (Scheme 1). The dif-
ference in catalytic activities among the parallel G-quadruplexes
might be due to small steric hindrances caused by their different
loop structures. On the other hand, antiparallel G-quadruplex—
hemin complexes had weak peroxidase activity, which might be
caused by the large steric hindrance of the loops which obstructed
the interaction of specific guanines in G-quadruplexes with the
bound hemin cofactor. For the intermolecular parallel-stranded
G-quadruplexes, G6 and G8, their T4 termini at the two ends of
the G-quadruplexes also hinder the end stacking of hemin,
leading to weak peroxidase activities. Since hemin and heme
(reduced state of hemin) are complexes of iron with protopor-
phyrin IX that serve as the prosthetic group of numerous
hemoproteins (e.g., hemoglobin, myoglobin, cytochromes, gua-
nylate cyclase, and nitric oxide synthase) and play an important
role in controlling protein synthesis and cell differentiation (38,
39), this general peroxidase activity of G-quadruplex—hemin
complexes may suggest a previously unknown biological role of
G-quadruplexes in cellular functions. Additionally, oxidative
damage to PS2.M in the reaction of the PS2.M—hemin complex
and H»O» has been reported (30). Hemin has been found to have
a cytotoxic effect by promoting the formation of oxygen radicals
that act as a catalyst in the oxidation of lipids, proteins, and
DNA (26—29); therefore, the general peroxidase activity of G-
quadruplex—hemin complexes may also imply a new mechanism
of cellular injury.
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Table 4: Catalytic Constants of Oxidation of ABTS by H,0, in the
Presence of Hemin, Parallel G-Quadruplex Sequences in Gene Promoters,
and Tel01 or EB?

G-quadruplex—hemin complex Keat Telol sh KearEB )
c-Myc—hemin 1.32+£0.243 3.22+0.14
VEGF—hemin 0.47540.057 1.51£0.167
c-Kit-21—hemin 0.528 +0.087 0.940 £ 0.022
HIF-1o.—hemin 0.2254+0.017 1.2240.032
RET—hemin 0.3724+0.090 1.24 +£0.047

“Twenty microliters of different G-quadruplexes at 20 uM, 10 uL of 20
uM hemin, and 10 uL of 20 uM Tel0l or EB were incubated at room
temperature for at least 2 h, and then ABTS and H,O, were added until the
volume reached 200 uL to give a final concentration of 2 mM for both.

We next explored the application of the peroxidase activity of
G-quadruplex—hemin complexes in studying G-quadruplex—
ligand interactions. Despite the fact that G-quadruplex-forming
sequences occur throughout the genomes of most organisms,
their exact functions are not yet well understood. The search for
small-molecule ligands that can interact with specific G-quad-
ruplexes and regulate their biological activities is a challenge with
major implications for both fundamental studies and drug
discovery. For example, some organic molecules that recognize
G-quadruplexes have been demonstrated to inhibit telomerase,
an enzyme that is crucial for sustaining many cancer cells and
thus an important target for cancer therapy (40, 41). The
techniques for studying ligands of G-quadruplexes include
NMR (42, 43), MS (31, 44), telomeric repeat amplification
protocol (TRAP) assays (49), etc. Though these methods can
give definitive evidence of the interactions of G-quadruplexes
with ligands, when applied for ligand screening, they are time-
consuming and, expensive and often rely on complex instru-
ments. Herein, we describe a high-throughput method for screen-
ing active G-quadruplex ligands on the basis of the high
peroxidase activity of G-quadruplex—hemin complexes. Ligands
competing with hemin for binding to G-quadruplexes can reduce
the colored product generated by the (per)oxidation of ABTS* .
Consequently, the G-quadruplex binding capability of the given
ligands can be monitored by “the naked eye” at room tempera-
ture according to the decrease in the color intensity.

In our experiment, intramolecular parallel G-quadruplex-
forming sequences on important human gene promoters
(c-Mye, VEGF, ¢-Kit21, HIF-1a, and RET) were used as model
targets, a positively charged end stacking G-quadruplex binder
with a large s-aromatic surface, perylene derivative Tel01 (2, 31,
32), was used as a model positive ligand, and a typical duplex
binder ethidium bromide (EB) was used as a model negative
control. As shown in Figure 3, positive agent Tel0l strongly
competed against hemin and greatly reduced the deep color
of radical anion (ABTS"") compared to the negative control
EB. The catalytic rates of G-quadruplex—hemin complexes
in the presence of Tel0l decreased by 44—82% (Table 4)
compared to that in the presence of EB. The inhibiting abilities
of different G-quadruplex—hemin complexes are different. These
results demonstrate that the proposed method can be used as
a primary technique for high-throughput screening of potential
ligands (potential anticancer reagents) for specific G-quadruplex
sequences using colorimetric and visual detection strategies.
Compared to using PS2.M as a model sequence to screen
G-quadruplex ligands (22), using the specific G-quadruplex
sequences would have better specificity and accuracy since
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our results have demonstrated the different responses of the same
ligand (such as hemin and Tel01) to different G-quadruplexes.

CONCLUSION

In conclusion, we have shown the general peroxidase activity

of G-quadruplex—hemin complexes. The intramolecular parallel
G-quadruplex structure favors the end stacking of hemin, there-
fore possessing high peroxidase activity. This peroxidase activity
of the hemin complexed with G-quadruplex-forming sequences
in gene promoters may imply a potential mechanism of hemin-
mediated cellular injury. The structure-dependent peroxidase
activity has also been demonstrated to be applicable for colori-
metric screening of G-quadruplex ligands.

SUPPORTING INFORMATION AVAILABLE

CD spectra of G-quadruplexes and their G-quadruplex—

hemin complexes (Figure S1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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