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ABSTRACT: G-quadruplexes are formed by association of DNA strands containing multiple contiguous
guanines. The capability of drugs to induce formation of or stabilize G-quadruplexes is an active area of
investigation. We report the interactions of CuTMpyP4, the Cu2+ derivative of 5,10,15,20-tetrakis-
(1-methyl-4-pyridyl)-21H,23H-porphine, with the parallel-stranded G-quadruplexes formed by d(T4G4T4)
(1) and d(T4G8T4) (3). Absorption titrations of CuTMpyP4 with (1)4 or (3)4 cause both bathochromicity
and hypochromicity of the porphyrin Soret band, with larger changes observed for the longer
oligonucleotide. An approximate binding constant for (1)4 and CuTMpyP4 according to the Scatchard
model is 5.6× 106 M-1 in terms of quadruplexes and according to the McGhee-von Hippel model is 1.3
× 106 M-1 in terms of potential binding sites. An approximate binding constant for (3)4 and CuTMpyP4
according to the Scatchard model is 5.2× 107 M-1 in terms of quadruplexes and in terms of the McGhee-
von Hippel model is 2.4× 106 M-1 in terms of potential binding sites. The site size for CuTMpyP4 and
(1)4 is four using the McGhee-von Hippel model. We find a 2:1 binding stoichiometry for CuTMpyP4
and (1)4 and a 3:1 binding stoichiometry for CuTMpyP4 and (3)4 using the method of continuous variation
analysis. Induced emission spectra of CuTMpyP4 with (1)4 or (3)4 indicate a mode of binding in which
the ligand is protected from the solvent. Electron paramagnetic resonance spectra of CuTMpyP4 with
added oligonucleotide show an increase in the Cu-N superhyperfine coupling constant as the length of
the oligonucleotide increases. On the basis of these data, we propose that for both (1)4 and (3)4, CuTMpyP4
molecules externally stack at each end of the run of guanines, similar to other planar G-quadruplex ligands.
For (3)4, our data are consistent with intercalation of a CuTMpyP4 molecule into the G-quadruplex.

Telomeric DNA is the noncoding DNA located at the end
of linear eukaryotic chromosomes (1). The majority of
telomeric DNA is double-stranded, but a significant portion
of the 3′ end is single-stranded and guanine-rich (2). In Vitro,
the single-stranded guanine-rich portion of telomeres can
form inter- or intramolecular quadruple helices, called
G-quadruplexes (2, 3). A guanine quartet is composed of a
planar layer of four guanines, where each guanine accepts
and donates two Hoogsteen hydrogen bonds (Figure 1A) (4).
When the single-stranded 3′ end of a telomere folds into a
G-quadruplex, it is no longer available to act as a primer for
the enzyme telomerase (3). Telomerase is deactivated in most
somatic cells at birth, but in 85-90% of human tumors, it
acts to extend telomere length, thus rescuing cells from cell
crisis (2). The potential application of G-quadruplexes to
cancer treatment has been the driving force for investigation
of ligands that stabilize G-quadruplexes and/or induce their
formation (3-18).

The behavior of both inter- and intramolecular G-quadru-
plexes with planar, aromatic DNA-binding ligands has been
investigated with G-quadruplexes containing three or four
stacks of guanine quartets (1, 3, 4, 10, 12, 16-22). The mode
of ligand binding to G-quadruplexes is classified as end
stacking, when a ligand binds to one face of a single guanine

quartet in the G-quadruplex, intercalation, when a ligand
binds between two guanine quartets in the G-quadruplex, or
groove (external) binding (9, 18). For the majority of ligand
and G-quadruplex interactions investigated, end stacking
predominates (4, 9, 12, 16, 17, 19-22). The possibility of
intercalation between guanine quartets in a G-quadruplex
containing more than four sequential guanine stacks has not
been investigated. The free-base porphyrin 5,10,15,20-
tetrakis(1-methyl-4-pyridyl)-21H,23H-porphine (H2TMpyP4),1

which is similar in width to a guanine quartet, has been
proposed to bind to G-quadruplexes both by end stacking
and intercalation, although the existence of the latter binding
mode is under dispute in the literature (1, 9, 18-20). The
binding of H2TMpyP4 to G-quadruplexes has been empha-
sized because this porphyrin stabilizes intramolecular G-
quadruplexes and retards tumor growth, presumably through
telomerase inhibition (6, 15).

Unresolved issues relevant to the mode of action of free-
base porphyrins in telomerase inhibition are the number and
locations of porphyrins bound to G-quadruplexes. The
binding of the free-base cationic porphyrin H2TMpyP4 to
the parallel-stranded G-quadruplex formed by d(T4G4) has
been investigated principally by two groups. Although the
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behavior of H2TMpyP4 with the same G-quadruplex was
investigated under different solution conditions, a similar
12-13 nm red shift and 40% hypochromicity of the Soret
band of the porphyrin is reported (1, 18). In contrast, the
binding constants for H2TMpyP4 and [d(T4G4)]4 differ by
almost 2 orders of magnitude: the binding constant (in terms
of quadruplexes) determined by Haq et al. is 17× 104 M-1

(18), while that reported by Anantha et al. is 2.7× 107 M-1

(1). Using the method of continuous variation analysis, Haq
et al. report a binding stoichiometry of three molecules of
H2TMpyP4 per mole of [d(T4G4)]4 (18). By Scatchard
analysis, Anantha et al. determined that the binding stoichi-
ometry is one porphyrin per [d(T4G4)]4 (1).

In contrast to the free-base porphyrin, the interactions of
metalloporphyrins with G-quadruplexes have not been
investigated intensively (4). Recently, it was discovered that
the binding constant for H2TMpyP4 with poly(rA)‚poly(rU)
or with poly(rA)‚poly(dT) was increased when Cu2+ was
inserted into the core of the porphyrin (23). We use
CuTMpyP4, the Cu2+ derivative of H2TMpyP4 (Figure 1B),
because it does not have axial ligands, making its behavior
similar to that of H2TMpyP4, and like the free-base porphy-
rins, CuTMpyP4 is easy to monitor spectrophotometrically.
Using CuTMpyP4 instead of H2TMpyP4 has the advantage
that both emission spectroscopy and electron paramagnetic
resonance (EPR) spectroscopy can be used to discern the
environment of the porphyrin when bound to G-quadru-
plexes. EPR spectra clearly show when two CuTMpyP4
molecules interact at distances of<4 Å (24, 25). A further
advantage to investigating the interactions of CuTMpyP4
instead of H2TMpyP4 with G-quadruplexes is that, for
porphyrin and duplex DNA systems with low porphyrin to
base-pair ratios, the binding mode of CuTMpyP4 is less
sensitive to changes in ionic strength than that of the free-
base porphyrin (26). In addition to using a G-quadruplex
with four guanine quartets, we have employed a G-quadru-
plex containing eight guanine quartets (Figure 1C) to test
the hypothesis that a ligand can intercalate between guanine
stacks if longer runs of guanines are available. Using a
combination of UV-visible, emission, and EPR spec-
troscopies, we propose a model for the binding of Cu-
TMpyP4 to the parallel-stranded G-quadruplexes formed by
d(T4G4T4) and d(T4G8T4). In both cases, we propose that
CuTMpyP4 end stacks between guanines and thymines on
both the 3′ and 5′ sides of the G-quadruplexes. For d(T4G8T4),
we propose that the third molecule of CuTMpyP4 intercalates
between guanine quartets.

MATERIALS AND METHODS

Materials.Water was obtained from a Milli-Q Academic
A10 system with a resistivity of 18.2 MΩ-1 and a total
organic content of less than or equal to 34 ppb. H2TMpyP4
(tetra-p-tosylate salt) was purchased from Aldrich (Milwau-
kee, WI). The copper derivative of H2TMpyP4 (CuTMpyP4)
was synthesized according to the procedure of Pasternack
et al. (27). CuTMpyP4 solutions in H2O were stored in the
dark to prevent photodegradation. Herring-testes DNA was
purchased from Sigma Chemical Company (St. Louis, MO)
and was suspended in water prior to use. Mono- and dibasic
potassium phosphate and glycerol were purchased from
Fisher Scientific (NJ), and potassium chloride was purchased
from Acros.

The oligonucleotides d(T4G4T4) (1), d(A4C4A4) (2),
d(T4G8T4) (3), and d(A4C8A4) (4) were purchased from the
W. M. Keck Facility (Yale University, New Haven, CT).
They were resuspended in water and stored at-13 °C.
Denaturing polyacrylamide gels were run of a sample of each
oligonucleotide to ensure strand-length homogeneity (28).
The concentration of each oligonucleotide was determined
by measuring its absorbance at 260 nm using the following
extinction coefficients: herring-testes DNA) 6600 M-1

cm-1 (28), 1 ) 106.4 mM-1 cm-1, 2 ) 128.6 mM-1 cm-1,
3 ) 146.8 mM-1 cm-1, and 4 ) 157.4 mM-1 cm-1.
Concentrations of oligonucleotides (single-stranded or G-
quadruplex) are per strand unless stated otherwise. Extinction
coefficients for the oligonucleotides were calculated by the
nearest neighbor method (29).

Circular Dichroism (CD). CD experiments were per-
formed at room temperature using a Jasco J-710 spectropo-
larimeter coupled to a 486 personal computer for data
collection. A quartz cuvette with a 0.1 cm path length was
used for all CD experiments. Each spectrum collected was
an average of three scans. In addition, the spectrum of the
corresponding buffer was collected and subtracted from that
of the sample.

Solutions containing 40.7µM 1, 40.7µM 1 plus 34.8µM
CuTMpyP4, 40.7µM 1 plus 40.3µM 2, 42.8 µM 3, 42.8
µM 3 plus 46.4µM CuTMpyP4, and 42.8µM 3 plus 42.6
µM 4 each in 10 mM KPi and 49 mM KCl at pH 7.0 were
prepared for CD analysis. Each sample was heated to 95°C
for 10 min and slowly cooled to room temperature over 2-3
h. A CD spectrum of 50µM herring-testes DNA in 50 mM
NaPi at pH 7.0 also was collected.

UV-Vis Absorbance Titration Experiments.Absorption
spectra were collected at room temperature using a Jasco

FIGURE 1: (A) Structure of a guanine quartet. (B) Structure of CuTMpyP4. (C) Sequences and schematic diagram of G-quadruplex-forming
oligonucleotides1 and3.
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V-560 UV-vis double beam spectrophotometer connected
to a Dell Celeron computer for data collection. Methacrylate
cuvettes with a 1 cmpath length were used for all absorbance
studies; the reference solution was 10 mM KPi and 50 mM
KCl at pH 7.1.

All absorption titrations were performed by adding a stock
solution of oligonucleotide in 10 mM KPi and 50 mM KCl
at pH 7.1 to a cuvette containing approximately 1µM
CuTMpyP4 in 10 mM KPi and 50 mM KCl at pH 7.1. All
solutions were prepared either on the day of the titration or
on the day before the titration. Oligonucleotide solutions were
stored overnight at 4°C, and porphyrin solutions were stored
in the dark at room temperature. The concentration of
CuTMpyP4 at the beginning of a titration was determined
by measuring its absorbance at 425 nm and using the
extinction coefficient for free CuTMpyP4 of 2.31× 105 M-1

cm-1 (27).
Spectra were collected from 350 to 800 nm to monitor

the position of the absorbance bands of CuTMpyP4. The
titration was terminated when the wavelength of the Cu-
TMpyP4 Soret band ceased to shift upon five successive
additions of oligonucleotide. Multiple titrations were per-
formed for1 and3 to give average extinction coefficients
for bound CuTMpyP4.

The total CuTMpyP4 concentration was corrected for
dilution effects ([CuTMpyP4]corrected) resulting from the
change in volume incurred by the addition of oligonucleotide.
The fraction of CuTMpyP4 bound (R) was found using eq
1 (30) where Abs CuTMpyP4free is the absorbance of the

porphyrin in the absence of oligonucleotide, Absmix is the
absorbance at any given point during the titration, and Abs
CuTMpyP4bound is the absorbance of the fully bound por-
phyrin as measured at the Soret maximum of free porphyrin
(425 nm). Equations 2 and 3 were applied to calculate the
concentration of free CuTMpyP4 ([CuTMpyP4]free) and the
concentration of bound CuTMpyP4 ([CuTMpyP4]bound).

The extinction coefficient for the bound porphyrin (εbound)
was found from eq 4 andεbound was used subsequently to

determine the % hypochromicity of the Soret band of the
porphyrin (eq 5).

Continuous Variation Analysis. Stock solutions of 30µM
CuTMpyP4, 30µM (1)4 in terms of quadruplexes, and 30
µM (3)4 in terms of quadruplexes were prepared in 10 mM
KPi and 50 mM KCl at pH 7.1. Three series of solutions
were used for the experiments: one with varying mole
fractions of CuTMpyP4 and (1)4, one with varying mole

fractions of CuTMpyP4 and (3)4, and one with varying
concentrations of CuTMpyP4. The sum of the porphyrin and
quadruplex concentrations was always 30µM.

Absorbance difference spectra were collected from 350
to 800 nm with 0.1 cm path-length quartz cuvettes. For each
spectrum collected, the CuTMpyP4 solution without oligo-
nucleotide was placed in the reference compartment and the
corresponding CuTMpyP4 solution with oligonucleotide was
placed in the sample compartment. Cuvettes were washed
with 10% HCl between measurements on solutions contain-
ing greater than a CuTMpyP4 mole fraction of 0.7 because
the porphyrin adsorbs to quartz (18).

The difference in the absorbance values at two wave-
lengths was plotted versus the CuTMpyP4 mole fraction to
generate a Job plot. The wavelengths were 444 and 420 nm
or 446 and 422 nm for (1)4 and (3)4, respectively. Data points
for a CuTMpyP4 mole fraction of 0.95 with (3)4 and
CuTMpyP4 mole fractions of 0.9 and 0.95 with (1)4 were
omitted because of aggregation at these high porphyrin mole
fractions. Linear regression analysis of the data was per-
formed in Microsoft Excel.

Emission Spectroscopy.Emission spectra were collected
at room temperature using a Jobin-Yvon-Spex Fluoro-
Max-2 fluorimeter. A 1 cm path-length quartz cuvette was
used for all experiments. Emission spectra were collected
for 5 µM CuTMpyP4, 5µM CuTMpyP4 with 24µM (1)4,
and 5 µM CuTMpyP4 with 24 µM (3)4. The excitation
wavelength was 434 nm, and the emission spectrum was
collected from 650 to 850 nm. The 434 nm excitation
wavelength corresponds to the absorption maximum for
porphyrin fully bound to (1)4. Use of 437 nm [i.e., the
absorption maximum for porphyrin fully bound to (3)4]
instead of 434 nm as the excitation wavelength for Cu-
TMpyP4 with (3)4 produced an identical emission spectrum
(data not shown). Therefore, the excitation wavelength
corresponding to the absorption maximum of porphyrin fully
bound to (1)4 was used because the absorption titrations do
not show tight isobestic points and because only end-stacked
or intercalated CuTMpyP4 emits. Each spectrum is a sum
of four scans collected with an integration time of 0.5 s, an
excitation slit width of 3 nm, and an emission slit width of
7 nm.

EPR Spectroscopy.EPR spectra were collected on a
Bruker EMX 6/1 X-band spectrometer equipped with an
Oxford Instruments ESR900 liquid He cryostat. Instrumental
parameters were the following:T ) 20 K, microwave
frequency ) 9.37 GHz, microwave power) 0.5 mW,
modulation amplitude) 5 G, gain) 5 × 104, time constant
) 81.92 ms, conversion time) 81.92 ms, and number of
scans) 8. Spectra were collected for 200µL solutions
containing final concentrations of 50µM CuTMpyP4, 50
µM CuTMpyP4 plus 300µM (1)4, or 50 µM CuTMpyP4
plus 500µM (3)4 each in 10 mM KPi and 50 mM KCl at
pH 7.1 with 50% glycerol (v/v). Glycerol is added as a
cryoprotectant and also because it eliminates spectral con-
tributions from dimeric porphyrin species formed in solution
(31). EPR spectra also were collected for a duplicate set of
samples only differing in that they had equimolar concentra-
tions of (1)4 or (3)4. The spectra are identical to those
collected for the samples described above (data not shown).

R ) (Abs CuTMpyP4free - Absmix)/

(Abs CuTMpyP4free - Abs CuTMpyP4bound) (1)

[CuTMpyP4]free ) [CuTMpyP4]corrected(1 - R) (2)

[CuTMpyP4]bound)
[CuTMpyP4]corrected- [CuTMpyP4]free (3)

εbound) Abs CuTMpyP4bound/[CuTMpyP4]bound (4)

% hypochromicity) [(εfree - εbound)/εfree] × 100 (5)
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RESULTS

CD. The CD spectra of annealed1 and annealed3 both
display a positive CD band near 260 nm and a negative CD
band near 240 nm, characteristic of parallel-stranded G-
quadruplexes (32). The addition of CuTMpyP4 to1 or 3 did
not affect the position of the positive bands at 269 and 264
nm, respectively, or the position of the negative bands at
245 and 242 nm, respectively (Table 1 and Figure 2). For1,
the positive 269 nm band was broader in the presence of
CuTMpyP4 than in the absence of CuTMpyP4. In contrast
to 1, the overall shape of the CD spectrum for3 did not
change in the presence of CuTMpyP4. However, an induced
CD band for CuTMpyP4 appeared at 429 nm. Upon binding
to its Watson-Crick complement (2), the CD spectrum for

1 changed to give the characteristic CD spectrum for B-form
duplex DNA (29, 33). Similar shifts were observed for3
after annealing to its Watson-Crick complement (4).

The ability of1 or 3 in 10 mM KPi buffer containing 50
mM KCl to form a G-quadruplex at room temperature was
investigated. The CD spectra (not shown) collected for1 or
3 in 10 mM KPi and 50 mM KCl at pH 7.1 before and after
annealing are nearly identical. Therefore, both oligonucle-
otides form parallel-stranded G-quadruplexes at room tem-
perature, indicating that1 and3 do not need to be annealed
to form a G-quadruplex prior to absorbance titrations when
they are in 10 mM KPi and 50 mM KCl.

UV-Vis Absorption.To ensure that the CuTMpyP4/
oligonucleotide system was at equilibrium, an absorbance
titration was performed by collecting two spectra after each
oligonucleotide addition: the first spectrum was collected
immediately after adding oligonucleotide, and the second was
collected 10 min after adding oligonucleotide. No difference
was observed for the red shift or hypochromicity of the
CuTMpyP4 Soret band (data not shown) with and without
the wait time, demonstrating that the system reached equi-
librium during the 2-3 min between oligonucleotide addi-
tion, mixing, and spectral collection.

Absorbance spectra from the titrations of CuTMpyP4 with
(1)4 or (3)4 are shown in Figure 3 and from the titrations of
CuTMpyP4 with2 or 4, the Watson-Crick complements
of 1 and3, are given in the Supporting Information. Table
2 shows a summary of the results for the titrations of
CuTMpyP4 with (1)4, 2, (3)4, or 4. The largest red shift (12
nm) of the CuTMpyP4 Soret band was induced by binding
to (3)4, with the next largest red shift for binding to (1)4.
Smaller red shifts were observed for titrations of CuTMpyP4
with 2 and4. The binding of CuTMpyP4 to (3)4 resulted in
a higher hypochromicity of the CuTMpyP4 Soret band than
the binding of CuTMpyP4 to (1)4.

Table 1: CD Parameters for CuTMpyP4 with DNA

nucleic acid

[nucleic
acid]
(µM)a

[CuTMpyP4]
(µM)

negative
CD band

(nm)

positive
CD band

(nm)

herring-testes DNA 50 246 276
1 41 245 269
1 41 35 245 269
ds(1:2) 41 249 276
3 43 242 264
3 43 46 242 264
ds(3:4) 43 244 276

a Nucleic acid concentration is in strands for oligonucleotides and
in nucleotide phosphates for herring-testes DNA.

FIGURE 2: CD spectra of annealed G-quadruplex-forming oligo-
nucleotides1 and3 in 10 mM KPi and 49 mM KCl at pH 7.0. (A)
(1)4 contains 41µM strand; ds(1:2) contains 41µM 1 and 40µM
2 (the Watson-Crick complement of1); and (1)4 + CuTMpyP4
contains 41µM (1)4 and 35µM CuTMpyP4. (B) (3)4 contains 43
µM strand; ds(3:4) contains 43µM 3 and 43µM 4 (the Watson-
Crick complement of3); and (3)4 + CuTMpyP4 contains 43µM
(3)4 and 46µM CuTMpyP4.

FIGURE 3: Absorbance spectra of 1µM CuTMpyP4 with oligo-
nucleotide (A)1 or (B) 3 in 10 mM KPi and 50 mM KCl at pH
7.1. Additions range from 0 to 10µM strand for1 and from 0 to
9 µM strand for3.
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Binding curves for CuTMpyP4 with (1)4 or (3)4 plateau
at approximately the same concentration of added oligo-
nucleotide (Figure 4). It is important to remember that the
binding curves shown in Figure 4 cannot be used to
determine the number of CuTMpyP4 molecules bound per
mole of G-quadruplex because the nucleic acid lattice
containing the potential binding sites was titrated into a
solution of the ligand (34). In other words, the final
concentration of bound CuTMpyP4 depends on the total
concentration of CuTMpyP4 so that the position of the
binding curve plateau is not indicative of saturation of lattice
binding sites. Instead, data must be analyzed using an
appropriate binding model.

The Scatchard binding model determines the number(s)
of equivalent binding sites and the affinities of ligands for
those sites (1, 35, 36). Data from each absorbance titration
were cast into Scatchard plots,r/[CuTMpyP4]free versusr.
In our Scatchard analysis,r is the number of moles of bound
CuTMpyP4 per mole of quadruplex. The Scatchard plots for
the titrations of CuTMpyP4 with (1)4 or (3)4 are shown in
Figure 5, and a similar analysis for CuTMpyP4 with2 or 4
is given in the Supporting Information. None of the Scatchard
plots is linear.

In an attempt to determine a binding constant,Ka, for
CuTMpyP4 in terms of quadruplexes, data points betweenr
) 0.6 and 2 for (1)4 and betweenr ) 0.3 and 0.54 for (3)4

were fit to the Scatchard model using the computer program
NFIT (37). The fit gave approximateKa values of 5.6× 106

and 5.2 × 107 M-1 for CuTMpyP4 with (1)4 or (3)4,
respectively.

Another method to determine association constants for
ligands binding to macromolecules containing multiple
potential binding sites is application of the McGhee-von
Hippel model (38). McGhee-von Hippel plots were gener-

ated for the absorbance titration data by redefiningr as moles
of bound CuTMpyP4 per mole of potential binding sites on
(1)4 or (3)4. We assumed that the number of potential binding
sites corresponded to the oligonucleotide length. Thus, the
number of potential binding sites for (1)4 and (3)4 were 12
and 16, respectively. The McGhee-von Hippel plots have
the same shape as the corresponding Scatchard plots. When
NFIT and the McGhee-von Hippel model assuming non-
cooperative binding were used to determine binding con-
stants, an approximateKa for CuTMpyP4 and (1)4 was
determined to be 1.3× 106 M-1 and an approximateKa for
CuTMpyP4 and (3)4 was determined to be 2.4× 106 M-1,
both in terms of potential binding sites.

Chaires has suggested that for ligands binding to oligo-
nucleotides in multiple equivalent, noninteracting sites, the
appropriate expression to determine the binding constant and
binding stoichiometry is eq 6 (39) wherer is moles of bound

ligand (CuTMpyP4) per mole of macromolecule (G-qua-
druplex),K is the association constant, andn is the number
of ligand-binding sites on the macromolecule (39). Rear-
rangement of eq 6 yields the standard equation used for
Scatchard analysis. A plot ofr versus free ligand concentra-
tion should yield a parabolic plot that can be fit with eq 6 to
obtain the number of ligand-binding sites and the association
constant of the ligand for DNA. Our plots ofr (in terms of
quadruplexes) versus free CuTMpyP4 concentration (Figure
6) from the absorbance titrations of CuTMpyP4 with (1)4 or
(3)4 are sigmoidal, with the plot for the titration of Cu-
TMpyP4 with (1)4 showing the most sigmoidal curvature.
The sigmoidal shape of both plots indicates that the binding
of CuTMpyP4 to (1)4 or (3)4 is cooperative (36, 40) and
means that eq 6 is not sufficient to evaluate binding of
CuTMpyP4 to (1)4 or (3)4. As a result of the observed
cooperativity, NFIT and the McGhee-von Hippel equation
accounting for cooperative behavior were used to fit the data.
This model yielded a binding constant of 1.2× 106 M-1 for
CuTMpyP4 with (1)4 in terms of potential binding sites;
however, use of the model to determine the binding constant
for CuTMpyP4 with (3)4 was unsuccessful.

Continuous Variation Analysis.The method of continuous
variation analysis (Job plot) was used to determine the
number of molecules of CuTMpyP4 binding per quadruplex
(Figure 7). The difference spectra used to generate the Job

Table 2: Absorbance Titration Parameters for CuTMpyP4 with
Oligonucleotides

oligo-
nucleotide

[CuTMpyP4]
(µM)

[oligonucleotide]a

(µM)
Soret band
shift (nm)

% hypo-
chromicityb

(1)4 0.978 9.8 9 50
2 0.965 9.3 5 25

(3)4 0.996 12.6 12 58
4 0.996 7.5 6 27

a Oligonucleotide strand concentration.b Soret band hypochromicity
calculated using the average extinction coefficient for bound CuTMpyP4
derived from multiple titrations of (1)4, εbound ) 1.16 ( 0.03 × 105

M-1, and (3)4, εbound) 9.98( 0.67× 104 M-1; see eq 5 in the Materials
and Methods.

FIGURE 4: Binding curves for CuTMpyP4 with (1)4 (b) or (3)4
(O). [CuTMpyP4]boundwas calculated as described in the Materials
and Methods.

FIGURE 5: Scatchard plots for CuTMpyP4 with (1)4 (b) or (3)4
(O). r is moles of bound CuTMpyP4 per mole of quadruplex.

r ) (nK[ligand]free)/(1 + K[ligand]free) (6)

G-quadruplexes with CuTMpyP4 Biochemistry, Vol. 43, No. 50, 200415895



plots in Figure 7 are in the Supporting Information. The point
of intersection of the two best fit lines for the Job plot for
CuTMpyP4 and (1)4 is 0.66, giving a binding stoichiometry
of 2 mol of CuTMpyP4/mol of (1)4. The point of intersection
of the two best fit lines for the Job plot for CuTMpyP4 and
(3)4 is 0.73, yielding a binding stoichiometry of 3 mol of
CuTMpyP4/mol of (3)4.

Emission Spectra.As shown in Figure 8, solutions
containing CuTMpyP4 and oligonucleotide displayed emis-
sion spectra between 690 and 850 nm when excited at a

wavelength of 434 nm. The corresponding CuTMpyP4
solution without oligonucleotide did not emit under the same
experimental conditions. CuTMpyP4 with (3)4 has an emis-
sion intensity peak at 785 nm, and its emission spectrum is
symmetrical. In contrast, CuTMpyP4 bound to (1)4 has an
emission maximum at 805 nm, and its spectrum is less
symmetrical than that displayed by CuTMpyP4 with (3)4.
When all of the CuTMpyP4 is bound (i.e., when a large
excess of G-quadruplex is present), the emission intensity
of CuTMpyP4 with (3)4 is about twice as large as that for
CuTMpyP4 with (1)4. The 2-fold observed difference in
emission intensity is not due to the difference in absorptivity
of CuTMpyP4 bound to (3)4 versus (1)4 at 434 nm because
that ratio is 1.4 [%T for 5 µM CuTMpyP4 with (3)4 at 434
nm is 28%, and %T for 5 µM CuTMpyP4 with (1)4 at 434
nm is 20%].

EPR Spectroscopy.Low-temperature spectra of Cu-
TMpyP4 show increased resolution in the high-field region
of the spectrum in the presence of oligonucleotide (Figure
9). The main features in EPR spectra of monomeric Cu2+

porphyrins arise from hyperfine coupling between the
unpaired electron on Cu2+ and the63,65Cu (I ) 3/2) nucleus
and from superhyperfine coupling with14N (I ) 1) atoms
of the porphyrin (24, 41). The spectra in Figure 9 haveA|

FIGURE 6: Plots of r (moles of bound CuTMpyP4 per mole of
quadruplex) versus [CuTMpyP4]free for the absorbance titrations
of CuTMpyP4 with (1)4 (b) or (3)4 (O).

FIGURE 7: Job plots resulting from the method of continuous
variation analysis for (A) CuTMpyP4 with (1)4 and (B) CuTMpyP4
with (3)4.

FIGURE 8: Emission spectra (λex ) 434 nm) of 5µM CuTMpyP4,
5 µM CuTMpyP4 with 24µM (1)4, or 5 µM CuTMpyP4 with 24
µM (3)4. All solutions contain 10 mM KPi and 50 mM KCl at pH
7.1.

FIGURE 9: X-band EPR spectra (20 K) of 50µM CuTMpyP4 in
the presence or absence of 300µM 1 or 500µM 3. (A) Unscaled
and (B) expanded spectra showing the increase in the average
Cu-N superhyperfine coupling constant as a function of added
oligonucleotide. Spectra are in the same order as in A. The vertical
line at low field shows that the superhyperfine peaks are aligned
in all spectra. The vertical line at approximately 3340 G illustrates
the lack of alignment of the superhyperfine peaks at high field.
Spectra were scaled so that the lowest field peaks are the same
intensity. EPR instrumental conditions are in the Materials and
Methods.
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values of 199.4( 4.7, 201.2( 3.0, and 202.9( 4.6 G for
free CuTMpyP4, CuTMpyP4 with (1)4, and CuTMpyP4 with
(3)4, respectively. Theg| values decrease from 2.209 for free
CuTMpyP4, to 2.203 for CuTMpyP4 with (1)4, to 2.199 for
CuTMpyP4 with (3)4. For CuTMpyP4 in buffer solution, our
A| value compares well to a publishedA| value of 213.4 G
(598 MHz) and theg| value exactly matches that reported
for CuTMpyP4 in a 1:1 (v/v) mixture of water/dimethyl
sulfoxide at 4 K (42). TheA| values for CuTMpyP4 bound
to (1)4 or (3)4 are slightly smaller, and theg| values are
slightly higher than those reported for CuTMpyP4 bound to
long strands of random-sequence DNA (31, 43, 44). The
average nitrogen hyperfine coupling constant (AN) increases
from 15.8( 0.62 for CuTMpyP4 in buffer to 16.4( 0.04
and 16.9 ( 0.64 for CuTMpyP4 with (1)4 and (3)4,
respectively (Figure 9B). These nitrogen hyperfine coupling
constants are very similar to those used for spectral simula-
tions of CuTMpyP4 bound to calf thymus DNA in gels and
published previously (43).

DISCUSSION

Interaction of CuTMpyP4 with (1)4 and (3)4. The oligo-
nucleotides used in our study form parallel-stranded G-
quadruplexes in 10 mM KPi and 50 mM KCl, as expected
based on the similarity of these oligonucleotides to other
sequences that form parallel-stranded G-quadruplexes (8, 17,
45-47). As observed for other DNA-binding ligands and
G-quadruplexes, binding of CuTMpyP4 to (1)4 or (3)4 is rapid
and does not disrupt the G-quadruplex structure (1, 3, 12,
17-19, 48).

A characteristic of porphyrin-DNA systems is that
intercalative binding results in ag15 nm red shift and a
g35% hypochromicity of the porphyrin Soret band. A
negative-induced CD band at a wavelength corresponding
to the porphyrin Soret region is observed also. External
binding results in ae8 nm red shift and either hyperchro-
micity or e10% hypochromicity of the porphyrin Soret band.
In this case, a positive-induced CD band at a wavelength
corresponding to the porphyrin Soret region is observed (26,
27, 49). For the titrations of CuTMPyP4 with (1)4 or (3)4,
the Soret band red shifts by 9-12 nm and displays a
hypochromicity ofg50%. These red shifts do not fall in the
range for either external or intercalative binding, but the large
hypochromicities signal intercalation. It is important to
remember that the red shifts and hypochromicities given
above for different binding modes were determined for long
pieces of duplex DNA, where end stacking is insignificant.
As a result, a conclusion as to the binding mode of
CuTMpyP4 to (1)4 or (3)4 cannot be made from absorbance
measurements alone. The fact that the CD spectrum for
CuTMpyP4 with (3)4 contains a negative-induced CD band
in the CuTMpyP4 Soret region indicates intercalation of the
porphyrin into this G-quadruplex assuming that conclusions
regarding CD bands of CuTMpyP4 with B-form DNA (27)
can be applied to G-quadruplexes, an assumption that may
or may not be valid.

The guanine-cytosine (G-C) content of the DNA also
plays a role in the electronic spectroscopy of porphyrins
bound to DNA. Pasternack and co-workers have shown that
with calf thymus DNA, poly(dG-dC), and poly(dA-dT),
the % hypochromicity and red shift of the Soret band of

either H2TMpyP4 or CuTMpyP4 increase as the G-C
content of the nucleic acid increases (27). We observe a
similar trend for the absorbance titrations of CuTMpyP4 with
(1)4 or (3)4 (Table 2). Oligonucleotides1 and3 contain 33
and 50% guanine, respectively, and the red shift and the
hypochromicity of the CuTMpyP4 Soret band both increase
with the corresponding increase in the guanine content of
the oligonucleotide. On the other hand, absorbance titrations
of CuTMpyP4 with 2 (33% cytosine) show the same
magnitude red shift and hypochromicity of the CuTMpyP4
Soret band as titrations with4 (50% cytosine). Therefore, it
appears that the DNA guanine content and not the cytosine
content controls the magnitude of the red shift and hypo-
chromicity of the CuTMpyP4 Soret band. This conclusion
implies that the type of binding of porphyrins to GC sites in
random sequence DNA is similar to that for porphyrins
binding to G-quadruplexes.

While the free-base and Cu2+ forms of TMpyP4 are similar
in their interactions with DNA, they do not display identical
behavior in all instances. The CuTMpyP4 Soret band red
shift and hypochromicity are smaller than those for the H2-
TMpyP4 Soret band in titrations with calf thymus DNA,
poly(dG-dC), or poly(dA-dT) (27). We observe a smaller
red shift of the CuTMpyP4 Soret band with (1)4 compared
to the H2TMpyP4 Soret band red shift observed by Haq et
al. (18) and Anantha et al. (1) for titrations of H2TMpyP4
with [d(T4G4)]4 [a quadruplex similar to (1)4]. However, the
CuTMpyP4 Soret band exhibits a larger % hypochromicity
with (1)4 than Haq et al. (18) and Anantha et al. (1) observed
for the H2TMpyP4 Soret band with [d(T4G4)]4. The larger
% hypochromicity could be due to the fact the ionic strength
of our buffer is lower than that used by either Haq et al. or
Anantha et al. (1, 18). A decrease in hypochromicity has
been reported for both H2TMpyP4 and CuTMpyP4 binding
to calf thymus DNA as ionic strength increases, with a
significantly smaller decrease observed for CuTMpyP4 as
compared to H2TMpyP4 (43).

To determine binding stoichiometry using the method of
continuous variation analysis, the reactant concentration sum
must be much greater than the dissociation constant, requiring
at least an approximate value forKa (50). We obtainedKa

by analyzing absorption titration data for CuTMpyP4 with
(1)4 using either the Scatchard or McGhee-von Hippel
models. The literature on the applicability of the method of
continuous variation analysis to ligand binding to macro-
molecules is inconsistent. According to Chaires, this method
can be used to evaluate stoichiometry independent of the
assumed binding model (39). Ingham (51), as cited by
Nakatani et al. (14), states that the method of continuous
variation analysis can be used only to determine the binding
stoichiometry for ligand binding to independent equivalent
sites; however, no theoretical or experimental evidence was
offered to support this statement (51). In contrast, Huang
mathematically demonstrated that the method of continuous
variation analysis is applicable for cooperative ligand binding
with the exception of the case where the ligand binds to a
single macromolecular conformation (52).

By Scatchard analysis, the approximate binding constant
for CuTMpyP4 and (1)4 is approximately 2-fold smaller than
that determined by Anantha et al. (1) by Scatchard analysis
for H2TMpyP4 with [d(T4G4)]4. This similarity in binding
constants coincides with the previously reported similarity
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in the binding constants for CuTMpyP4 (Ka ) 8 × 105 M-1)
and H2TMpyP4 (Ka ) 7.7 × 105 M-1) with poly(dG-dC)
(27). The binding constant that we determined for Cu-
TMpyP4 with (1)4 using the McGhee-von Hippel model is
an order of magnitude smaller than the one we obtained using
the Scatchard model. This result is logical because the
Scatchard equation calculates the binding constant in terms
of quadruplexes, whereas the McGhee-von Hippel equation
calculates the binding constant in terms of potential binding
sites per quadruplex.

Scatchard plots are linear only for ligand binding to
independent and equivalent sites, with any curvature being
due to the existence of more than one type of binding site,
ligand-ligand interactions, or neighbor-exclusion effects
(38). When ligand binding exhibits any of the latter three
behaviors, Scatchard analysis cannot be used to determine
binding constants accurately (38). The fact that we observe
cooperativity means that the binding constants that we
determined by fitting only the linear portion of the Scatchard
plot for CuTMpyP4 with (1)4 or (3)4 are approximate. The
McGhee-von Hippel equation accounts for neighbor-exclu-
sion effects and a modified form of the McGhee-von Hippel
equation accounts for cooperative binding. Because ligand
binding to long sequences of DNA is subject to neighbor-
exclusion effects, binding constants determined using the
McGhee-von Hippel equation are more accurate than values
determined by Scatchard analysis. It is important to remem-
ber that the McGhee-von Hippel model was derived for an
infinitely long homogeneous lattice, a condition oligonucle-
otides do not satisfy (39). For the method of continuous
variation analysis, we accounted for the shortcomings in both
the Scatchard and McGhee-von Hippel models by using a
total reactant concentration that was much greater than the
smallest dissociation constant determined by either model.

Binding Mode of CuTMpyP4 with (1)4 and (3)4. Although
crystal structures of (1)4 and (3)4 are not available to guide
us in developing a model for CuTMpyP4 binding, our
spectroscopic information can be combined with the available
structures of other parallel-stranded G-quadruplexes to
generate a model. Crystal structures of [d(TG4T)]4, a G-
quadruplex similar to (1)4, show that thymines point away
from the helical axis of the G-quadruplex (46, 47), implying
that they do not contribute to the overall structure. Similarly,
the NMR structure of [d(T4G4)]4 in the presence of K+

showed that the first three thymines of each strand were
flexible and experienced multiple conformations (45); how-
ever, thymines directly adjacent to the 5′-guanine tetrad in
[d(T4G4)]4 maintained the right-handed helical structure (45).
Thus, models of ligands bound to parallel-stranded G-
quadruplexes do not include significant interactions between
bound ligands and thymines. For example, for 1,4-bispip-
eridino amidoanthraquinone bound to [d(TG4T)]4, the dif-
fraction pattern indicated six planar species in the structure,
which were assigned to four guanine quartet planes and two
ligand molecules (3). Subsequent molecular modeling de-
termined that the energetically most favorable state contained
one amidoanthraquinone molecule end-stacked on the 5′ side
of the first guanine quartet and a second end-stacked on the
3′ side of the last guanine quartet (3). The crystal structure
of daunomycin bound to [d(TG4T)]4 shows that a “dauno-
mycin sandwich” forms between two molecules of [d(TG4T)]4:
three coplanar daunomycin molecules stack externally at the

5′ end of two molecules of [d(TG4T)]4, which in turn are
stacked 5′ end to 5′ end (17). The crystallization process
most likely induces stacking to maximize hydrophobic
contacts so that this structure might not represent the
dominant solution species. Finally, two NMR-based models
for N,N′-bis[2-(1-piperidino)ethyl]-3,4,9,10-perylenetetracar-
boxylic diimide (PIPER) binding to parallel-stranded G-
quadruplexes have been proposed: one in which a molecule
of PIPER is sandwiched between the 3′ ends of two
molecules of [d(TTAGGG)]4 and a second in which one
PIPER molecule is bound between the guanine and the
thymine in [d(TAGGGTTA)]4 (16). All of these structures
indicate that a reasonable model for CuTMpyP4 bound to
(1)4, a parallel-stranded G-quadruplex, should include end
stacking of the porphyrin on the G-quadruplex.

Assuming that (1)4 has a similar structure to [d(TG4T)]4

and given that we obtain a 2:1 binding stoichiometry for
CuTMpyP4 bound to (1)4, one molecule of CuTMpyP4 could
be stacked at each end of the guanine stack in (1)4. Our site
size of four is consistent with this proposed location for the
two CuTMpyP4 molecules in (1)4. External binding of
CuTMpyP4 in the grooves of (1)4 is not expected because
the parallel-stranded G-quadruplex formed by d(TG4T) has
four nearly equivalent grooves that range in size from 2.2
to 3.3 Å (47). These grooves are significantly smaller than
the minor groove of duplex DNA (53), which is where
externally bound porphyrins reside (54). Because (3)4 has
twice as many stacks of guanines as (1)4, a ligand might be
able to intercalate into (3)4 without significant disruption of
the helix. In fact, Read and Neidle have suggested that “full”
intercalation of a ligand into a quadruplex containing more
than four consecutive guanine quartets might be possible (3).
Therefore, we propose that, for the 3:1 binding stoichiometry
of CuTMpyP4 to (3)4, two molecules of CuTMpyP4 stack
externally at ends of the guanine run and one molecule of
CuTMpyP4 intercalates between guanine planes. Although
other binding arrangements are possible, these suggested
CuTMpyP4 binding locations are the most likely based on
published drug-guanine quadruplex structures and our
spectroscopic evidence.

The observation of an emission spectrum for CuTMpyP4
provides support for end stacking and/or intercalation into
the G-quadruplexes. Emission spectra of CuTMpyP4 with
mixed sequence DNA, poly(dG-dC)‚poly(dG-dC), or poly-
(dA-dT)‚poly(dA-dT) led Hudson et al. to conclude that
intercalation prevents solvent quenching of the CuTMpyP4
excited state by protecting Cu2+ axial ligand-binding sites
(55). We observe an emission spectrum for CuTMpyP4 with
(1)4 or (3)4, indicating that CuTMpyP4 is protected from
solvent. If two CuTMpyP4 molecules end stack on (1)4, two
of the total four Cu2+ axial ligand-binding sites would be
protected from solvent by interaction with a plane of
guanines. The other two Cu2+ axial ligand-binding sites
would be partially protected from solvent by thymines. The
ascribed role of partial protection from solvent by thymines
is supported by the NMR model of [d(T4G4)]4 showing that
the thymines adjacent to the guanine quartet stack maintain
the right-handed helical structure but that they are not as
ordered as guanines in the neighboring guanine quartet (45).
The net effect is that, for two CuTMpyP4 molecules bound
per (1)4, two Cu2+ axial ligand-binding sites are completely
protected and two are partially protected from solvent,
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leading to the observation of an emission spectrum for
CuTMpyP4.

The emission intensity of CuTMpyP4 bound to (3)4, which
contains eight guanine quartets, is increased significantly over
that observed for CuTMpyP4 bound to (1)4, which contains
four guanine quartets. This increased emission intensity is
consistent with the report that CuTMpyP4 emission intensity
increases as the GC content of DNA increases, thereby
increasing the number of possible intercalation sites (55).
By analogy, we ascribe the increased emission intensity of
CuTMpyP4 bound to (3)4 as compared to that for CuTMpyP4
bound to (1)4 to increased protection of Cu2+ axial ligand-
binding sites from solvent. Because we propose that both
oligonucleotides have the same number of end-stacking sites
(two per G-quadruplex), the increased emission intensity for
CuTMpyP4 bound to (3)4 can be ascribed tentatively to
intercalation of one CuTMpyP4 between guanine quartet
planes in the quadruplex. Two of the three CuTMpyP4
molecules bound to (3)4 end stack on each end of the run of
eight guanines. The third molecule of CuTMpyP4 would
intercalate into (3)4, a situation that protects both of its Cu2+

axial ligand-binding sites from the solvent, causing an
increase in emission intensity for CuTMpyP4 bound to (3)4

over that observed for CuTMpyP4 bound to (1)4.
Similar conclusions regarding the CuTMpyP4-binding

environment can be drawn from the EPR spectra. Both
spectra for CuTMpyP4 with (1)4 or (3)4 show increased
Cu-N superhyperfine coupling relative to CuTMpyP4 in
buffer solution. The increase in the average Cu-N super-
hyperfine (AN) coupling constant indicates a stronger interac-
tion between the unpaired electron on Cu2+ [in a dx2-y2 orbital
(41, 56)] and the nitrogen atoms of the porphyrin ring. The
stronger coupling could be due to decreased flexibility of
the porphyrin because of a more rigid environment in the
presence of the oligonucleotides than in buffer solution. End
stacking of CuTMpyP4 on the 5′- and 3′-guanine quartet
planes in (1)4 would restrict the mobility of CuTMpyP4 more
than in buffer solution but to a lesser degree than end stacking
plus intercalation in (3)4.

A further piece of structural information derived from the
EPR spectra is that CuTMpyP4 does not intercalate into
adjacent G-quartet planes as suggested for H2TMpyP4 by
Haq et al. (18). If CuTMpyP4 molecules were intercalated
into adjacent guanine quartet planes, the EPR spectra should
show strong coupling (24, 25, 31) because the CuTMpyP4
molecules would be approximately 4 Å apart [on the basis
of the average distance between Na+ ions in the crystal
structure of [d(TG4T)]4 (47)]. Distances of 3.5-4.0 Å
between Cu2+ ions have been used to model spectra for
dimeric porphyrin species (24, 25). CuTMpyP4 does not
dimerize in dilute solution (31, 49, 57, 58), but it is possible
that binding to the G-quadruplex could force Cu2+ ions into
close proximity. However, no half-field transition (∆ms )
(2) or spectral broadening is observed in EPR spectra of
CuTMpyP4 with either (1)4 or (3)4, indicating that the
CuTMpyP4 molecules are not spatially close.

Our model for CuTMpyP4 bound to the parallel-stranded
G-quadruplexes formed by1 and3 is attractive because it is
consistent with the spectroscopic properties of CuTMpyP4
with (1)4 or (3)4, the binding stoichiometries for CuTMpyP4
with (1)4 and (3)4, and known structures of parallel-stranded
G-quadruplexes containing bound ligands. Attempts are

underway to test this model using parallel-stranded G-
quadruplexes with varying guanine contents. Confirmation
of this model for CuTMpyP4 binding to G-quadruplexes
would demonstrate that intercalation of a ligandbetweenthe
guanine stacks of a G-quadruplex is possible, as proposed
previously by others (1, 3, 18).
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