Biochemistry

© Copyright 1998 by the American Chemical Society Volume 37, Number 9 March 3, 1998

Accelerated Publications

Porphyrin Binding to Quadruplexed,&,

Narayanan V. Anantha, Mahrukh Azam, and Richard D. Sheardy*
Department of Chemistry, Seton Hall Waisity, 400 South Orangeu&nue, South Orange, New Jersey 07079
Receied December 8, 1997; Rised Manuscript Receéd January 15, 1998

ABSTRACT. We have recently reported the cation-induced self-assembly of DNA oligomers of the general
sequence J4G4T1-4G4 into high-molecular weight multistranded structures [Marotta, S. P., Tamburri,

P. A., and Sheardy, R. D. (199@jochemistry 3510484-10492]. The architecture of the proposed
structure consists of a series of four leafegt@rads tethered together via one or twp sstrands and

thus resembles a long four-sided hollow tube with periodic “pockets”. These pockets possess electrostatic,
hydrogen bonding, and hydrophobic contact points and should be ideal candidates for the binding of
small molecules. To assess the potential of using porphyrins as probes for these structures, we have
investigated the interaction of tetrakisimethylpyridyl)porphine (HTMPyP) with the simple quadruplex
formed by T,G4 and with the duplex formed by CGCGATATCGCG. Visible absorption, circular dichroism,
and fluorescent energy transfer studies indicate thatvHPyP binds to both the duplex and quadruplex

via intercalation at low [porphyrin]/[DNA molecule] ratios, i.e., in the presence of excess potential DNA
binding sites. Analyses of Scatchard plots show thgENpyP binds with high affinity to both DNA
secondary structures but binds to the quadruplex with an affinity 2 times greater than that of the duplex.

The formation of four-stranded DNA structures (i.e., dynamics of these DNA structural motifs. Such studies have
guadruplexes) by guanine-rich DNA oligomers has received implicated GG Hoogstein pairing involving N-7 of guanine
considerable interest in the recent literature. Such structuresn quadruplex formation to give rise to the G tetrad as shown
have been implicated in single-stranded telomeric DNA. in Figure 1A 8—12). The molecular architectures of the
Telomeric DNA is the noncoding DNA found at the ends of resultant four-stranded structures are highly dependent upon
linear eukaryotic chromosomes with the general sequencethe sequence of the DNA and the conditions under which it
of tandemly repeating segments of six to eight baseshas been prepared. Oligomers of the sequeng® and
possessing guanine clusters, such as TTGGGG, found inT,G, form simple parallel-stranded quadruplex&s 12—
Tetrahymengand TTAGGG, found in humang{7). Most 15). It has been demonstrated that i€ more effective in
of the telomeric DNA is duplexed to its complement; inducing quadruplex formation than Ndor simple oligo-
however, at the '3terminus, a single-stranded segment mers with single G(x = 2—4) repeats and may give rise to
containing the G-rich repeat is found. different conformations and/or stabilitie$3 15—19). In

The use of specifically designed DNA oligomers with addition, Mg* has not been shown to have a favorable
sequences similar to those found in natural telomeric DNA influence on quadruplex formatiod9).
affords a means for modeling the architecture and thermo- Since the sequence ofG, used for this study is typical
of other sequences found in naturally occurring telomeric
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Fax: (973) 761-9772. E-mail: sheardri@shu.edu. biological interest. The focus of this work was to investigate
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the ligand binding properties of the quadruplex formed from
T4G4. The use of small molecules to probe quadruplexed
DNA structures may give us additional information on the
stability of quadruplexes and help us to understand better
the role of telomeres in preserving the integrity of chromo-
somal replication.

To probe the quadruplex formed fromQ;, a molecule
such as HTMpyP (shown in Figure 1B) was a proper choice
for the following reasons. (1) The dimensions offi¥pyP
are roughly similar to thosefoa G tetrad. (2) It has
constituents that can hydrophobically and electostatically
interact with a G tetrad. (3) It has been shown thaT MpyP

intercalates into double-stranded DNA, and these interactions

can be monitored conveniently by visible spectroscopy to
calculate binding constant2@-23).

Here we present studies focusing on the specificity of
interaction of HTMpyP with the quadruplex formed from
T4G4 and with a 12-base pair DNA duplex for comparison.
The results indicate that the secondary DNA structure plays
a role in the binding of porphyrins.

MATERIALS AND METHODS

DNA Synthesis and PreparationThe DNA oligomers
were synthesized on a 1u0n scale via the phosphoramidite
method on an Applied Biosystems 380B DNA synthesizer
with purification by trityl select reverse phase HPLC as
previously reported 24, 25). After the second HPLC
purification, the oligomers were exhaustively dialyzed versus
water and then lyophilized to dryness. Product purity was
verified via analytical HPLC. The lyophilized DNA samples
were reconstituted in standard TBE buffer (100 mM TRIS-
borate and 0.01 mM EDTA at pH 8.0) containing 100 mM
K*and 20 mM Mg, heated to 90C for 2 min, allowed to
slowly cool to room temperature, and then stored for 48 h
at 4 °C before use. The presence of both Knd Mg*
allows for the formation of the quadruplex fouG, (25).
The concentrations of DNA were calculated spectrophoto-
metrically using anesg of 6.5 x 108 Mt cm in DNA
bases.

The porphyrin-free base AIMPyP [5,10,15,20-tetrakis-
(1-methyl-4-pyridyl)-2H-porphine, tetrgs-tosylate salt] was
purchased from Aldrich Chemical Co. and was used without
further purification. Concentrations of the porphyrin in the
absence of DNA were calculated spectrophotometrically
using anespq of 2.26 x 10° Mt cm (21, 22). Porphyrin
solutions were prepared in the same buffer as the DNA
oligomers for all experiments.

Visible SpectroscopyThe binding of HTMPYP with the
two different DNAs was monitored by visible spectroscopy.
For each oligomer, a solution of DNA ([DNAF 0.25—
0.40 mM in bases) and FIMPyP ([H,TMPyP] = 3.0-5.0
mM) was titrated into a solution of HMPyP at the same
porphyrin concentration (i.e., at 3:6.0 mM) and the
spectrum recorded from 400 to 500 nm after incubation for
5 min. The spectrum of the porphyrin before addition of
the DNA/porphyrin solution was also recorded.

Circular Dichroism. Samples were prepared in TBE
buffer with 100 mM K" and 20 mM Mdg" containing the
DNA at different concentrations and the porphyrin at a fixed
concentration of 3.0 mM. For the DNAs, the concentrations
of (CGUATAT(CG), and TsG4 were either 4.2 or 8.4 mM
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Ficure 1: (A) Individual G tetrad showing the Hoogstein base
pairing (dashed lines). The R groups represent the stgfarsphate
backbone. (B) Structure of the porphyrin tetrakid4nethylpy-
ridyl)porphine (HTMPyP) drawn to the same scale as the G quartet
in panel A. (C) Schematic representation of the parallel-stranded
quadruplex formed from 4G4. The arrows reprersent the sugar
phosphate backbones running in'@d®b3 direction, and the leaflets
are individual G tetrads as depicted in the upper panel.

in the duplex and quadruplex, respectively. Hence, the
porphyrin is fully bound under these conditions. The circular
dichroism spectrum for each porphyrin/DNA complex at 25
°C was recorded on an AVIV 62A DS circular dichroism
spectropolarimeter. Wavelengths of 22820 nm were used

to monitor the DNA region and 466600 nm to monitor
the porphyrin Soret band.

Energy Transfer Experimentg:luorescence energy trans-
fer experiments were carried out with a SPEX Tau-2
fluorescence spectrofluorimeter using right angle geometry
by a procedure described by Le Pecq and Pad&itZ7).

The emission monochromator was set at 660 nm, and the
excitation spectra were measured from 240 to 314 nm at 2
nm intervals. A yellow filter was used at the emission side
to filter out the second-order spectra. A correction for the
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ol (CG),ATAT(CG), Table 1: Effect of DNA on the Spectral Properties ofTiMPyP
‘ Soret bangl induced CD
§ 08 oligomer Als % hypochromicity A Ae
S o6t (CGRATAT(CG), 10 34.4 450 —45.3
5 T4Gs 12 40.6 428 —17.6
B o4 a Adsis calculated ad, — A, where; is the wavelength of maximum
< 02 absorbance of the Soret band for the free porphyrin andé the
<t wavelength of maximum absorbance of the Soret band for the porphyrin
in the presence of excess DNA (i.e., under conditions where the
porphyrin is fully bound). The % hypochromicity was calculated using
the expression ¥ = [(e&r — en)les] x 100%, wheree;r and €, are,
respectively, the extinction coefficients of free and fully bound
o porphyrin atls, at the Soret band at 422 nth, is the wavelength of
2 maximum induced molar ellipticityAe is the magnitude of the induced
_8 molar eIIipticity_at a [porphyrin[/[DNA duplex] or [porphyrin]/[DNA
S quadruplex] ratio of 0.73 for (CGATAT(CG), or T4G4, respectively.
2
<
1.6e+7 t
400 420 440 460 480 500 1.2e+7 |
w o \
avelength (nm) T e |
FiGure 2: Visible spectra of HTMPYP in the absence (solid line)
or presence (dashed line) of (GBAYAT(CG), at a [porphyrin]/ 0046 R
[DNA duplex] ratio of 8.33 and of 7G4 at a [porphyrin)/[DNA ferer
quadruplex] ratio of 8.33. The concentration ofTMPyP is 5.0
mM in the absence or presence of duplex and 3.0 mM in the absence 0.0
or presence of quadruplex. Notice the pronounced red shift and 0 1 2

hypochromicity in the Soret band (i.e., 422 nm) of the porphyrin

in the presence of either DNA. The spectral data are summarized r

in Table 1. Ficure 3: Scatchard plots for the titration of AMPYP with
(CGLATAT(CG), (circles) and TG4 (squares). The value ofwas

; . ; I calculated in terms of the concentration of DNA duplex for
inner filter effect was applied by multiplying the measured (CGRATAT(CG), and DNA quadruplex for 7, The data are

fluorescent intensity by the decimal antilog of the absorbance (o resented by the points, and the fits, calculated with eq 1, are

of the solution 27). The concentration of DNA was 40 mM  represented by the lines. For (GBTAT(CG),, the slope of the
in bases, and the concentration of porphyrin was 4 mM for resultant fitted line is—1.3 x 107 and they-intercept is 2.5x 107

these determinations. with anr? of 0.979; for T,G,, the slope of the resultant fitted line
is —2.7 x 107 and they-intercept is 1.6x 10° with anr? of 0.924.
RESULTS The resultant calculateld andn values are listed in Table 2.
The oligomers used for this study wergGh, which forms in absorption of the free porphyrin and porphyrin in the
a simple parallel four-stranded quadrupl@ 13—15) and presence of DNA at 424 nm aukk is the difference in molar
the self-complementary 12-mer, (GBYAT(CG),, which extinction coefficients between the free and bound porphyrin,

exists as a simple right-handed duplex under the experimental; — €p). The value ofe, was calculated by dividing the
conditions. A schematic representation of the four-stranded absorbance of the porphyrin Soret band at 424 nm by the
structure formed from G, is shown in Figure 1C. Both  concentration of porphyrin (i.e., 5.0 mM) of a solution
oligomers were greater than 99% pure as determined viacontaining the porphyrin at that concentration with excess
analytical HPLC and denaturing polyacrylamide gel elec- DNA (i.e., [porphyrin)/[DNA duplex] or [porphyrin]/[DNA
trophoresis. qudruplex]= 8.33). The concentration of free porphyrin,
Visible Absorption Titration StudiesFigure 2 shows the ~ C, was calculated usinG: = C, + Cr, whereC; is the total
visible spectra of the porphyrin in the absence or presenceconcentration of porphyrin (i.e., 5 mM). The DNA concen-
of excess TG, or 12-mer. For both DNA oligomers, changes tration is expressed in terms of the molar concentration of
in the Soret band (i.e., at 422 nm) of the porphyrin are quadruplex for TG, or molar duplex concentration for the
observed in the presence of excess DNA; the spectra arel2-mer. Due to the simplicity of the DNA molecules, the
characterized by red shifts and hypochromicities in this band. data were fit via the simple Scatchard equation:
The magnitudes in these changes are quite different for two

different DNAs; the quadruplex produces a larger shift in r/C; = K(n —r) (1)
As, the Soret band, and a greater degree in hypochromicity
for this band. Table 1 summarizes these results. whereK is the equilibrium binding constant amdepresents

The free porphyrin was titrated with a DNA/porphyrin  the number of ligands bound per DNA duplex for (GG)
solution (at the same porphyrin concentration) to construct ATAT(CG), or quadruplex for JG;. The high degree of
Scatchard plots af/C; versus (Figure 3). The binding ratio  linearity of the fits indicates good correlation to the identical-

r is defined asCy/[DNA], where the molar concentration of  and-independent sites model applied. The resultant binding
bound porphyrinCy, is equal toAA/Ae (AA s the difference parameters are listed in Table 2. Porphyrin binding to the
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Table 2: Equilibrium Binding Properties of DNA Sequences for
H, TMPyP®

oligomer K (mol™?) n
(CGYATAT(CG), 1.3x 10 1.92
T4Gy 2.7 x 10 0.59

a All measurements were carried out in 100 mM TBE buffer with
100 mM K" and 20 mM Mg@". The values oK andn were evaluated
with eq 1.K represents the binding constant per mole of duplex or
quadruplex, andh is the maximum number of porphyrin molecules
bound by intercalation into DNA duplex for (CE&TAT(CG). or DNA
quadruplex for FGa.

Ag (mol"cm'l)

Ag (mol‘]cm'l)

-20 =
400 420

Wavelength (nm)

Ficure 4: Induced CD in the Soret region of,FiMPyP in the
presence of DNA at [porphyrin]/[DNA] ratios of 0.37 (solid line)
and 0.73 (dashed line) for (C&TAT(CG), and T,G4. The
[porphyrin]/[DNA] values were calculated in terms of the concen-
tration of DNA duplex for (CGATAT(CG), and DNA quadruplex
for T4G4.

440 460 480 500

quadruplex is about 2-fold stronger than binding to the
duplex. The value oh indicates a binding of only one
porphyrin for every quadruplex, while two porphyrins bind
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Ficure 5: Energy transfer from DNA bases to,FMPyP for
(CGLATAT(CG);, (circles) at a [porphyrin]/[DNA] ratio of 1.2 and
T4G4 (squares) at a [porphyrin]/[DNA] ratio of 1.6. The [porphyrin]/
[DNA] values were calculated in terms of the concentration of DNA
duplex for (CGYATAT(CG), and DNA quadruplex for 3G4. Q(A)/

Q(310), the ratio of quantum efficiency at a given wavelength to
that at 310 nm, was calculated according to eq 2.

(i.e.,—10.9 Mt cm™ for both the duplex and quadruplex),
the magnitudes are quite different at the higher ratios.
Specifically, at a [porphyrin)/[DNA molecule] ratio of 0.73,
the value ofAe is —17.56 M~ cm™1 for the quadruplex and
—44.95 M cm! for the duplex. These CD data are
summarized in Table 1.

Fluorescence Energy Transfer Studid$.a ligand is in
close contact with the DNA base pairs, fluorescent energy
transfer from the base pairs to the ligand can oc26rZ27).

This technique has been used to ascertain intercalation for
fluorescent probes such as porphyrins and ethidium. Other
modes of binding such as groove binding or external binding
give rise to a situation where the porphyrin is not in close
contact with the bases and is in an unfavorable orientation
for energy transfer. The relative quantum efficiency of
energy transfer is calculated as shown below:

P(1)[$(310)=
{11 (310)][e(310)k(D)]} ol [1 (310 (A)][€(2)/€(310) ¢
(2)

whereg is the quantum yield at eithéror 310 nm|| is the
fluorescence intensity, ardis the extinction coefficient at

per duplex (since it is not physically possible to have a tne indicated wavelengths. The subscripts b and f refer to
fractional number of molecules bound to the DNA, the values pound and free ligand, respectively. A value foof 310

of nhave been rounded here to the nearest whole number)nm is chosen as the normalization wavelength as DNA has

Circular Dichroism Studies. In the absence of the
porphyrin, the CD spectrum for,G4 was typical of parallel
four-stranded oligomersl8, 24, 25), characterized by a

a very low absorbance in this region. A ratiogifl)/¢(310)
of greater than unity indicates intercalatiatB8). Figure 5
indicates thatp(1)/¢(310) = 1.69 for the duplex and 2.21

major peak at 259 nm and shallow trough at 238 nm. The for the quadruplex.

12-mer duplex had a CD spectrum typical of right-handed

double-stranded DNA oligomers. The addition of the

porphyrin to DNA causes a slight decrease in the molar

ellipticity of the quadruplex at 259 nm and for the 275 nm
peak of the 12-mer duplex (data not shown).

Figure 4A shows the CD spectra for, FIMPyP in the

DISCUSSION

A number of studies have investigated the interaction
specificities of porphyrins with nucleic acid2§ and
references therein). Most of these studies have used either

presence of the DNAs under consideration at two different polymeric calf thymus DNA or alternating poly(dG-dC) and

[porphyrin]/[DNA] ratios. A negative induced CD band is

poly(dA-T). The primary modes of binding of the porphyrin

observed for both oligomers: at 428 nm in the presence ofto the DNA lattices are intercalation, outside stacking, or
the quadruplex and at 450 in the presence of the duplex.groove binding. The exact nature of the interaction depends

Although the magnitudes ohe are identical for the two
DNA structures when [porphyrin]/[DNA molecule} 0.36

on the DNA base content, the ionic strength and pH of the
media, and whether the porphyrin is metalated or exists as



Accelerated Publications

the free base28, 29). Intercalation is the preferred mode
of binding for the unmetalated FIMPyP to DNA with GC
sites, while outside binding without stacking is favored at
AT sites at moderate concentrations of porphyrin and ionic
strengthsZ1, 22, 28). Intercalation of the porphyrin between
the base pairs of DNA is typically indicated by large red

Biochemistry, Vol. 37, No. 9, 1998713

the monomolecular (dif54)4 but not the dimeric form of
(dG4T4Gs) (34). Monomolecular aptamers formed from
G-rich oligonucleotides have also been shown to bind ATP
and adenosine3f) as well as anionic porphyrins36).
Finally, a carbocyanine dye, 3;8iethyloxadicarbocyanine,
will bind to the dimeric fold-back quadruplexes formed by

shifts of the Soret band, substantial hypochromism of the DNA oligomers possessing two,& = 3 or 4) sequences
Soret band, and a negative induced CD band in the Soretseparated by linkers of-3%6 bases 7).

region @1, 29). On the other hand, outside binding without
stacking is typically characterized by small red shifts of the
Soret band, small hypochromicity or even hyperchromicity

The purpose of this study was to investigate how porphy-
rins would interact with DNA quadruplexes. ;FMPyP was
chosen since its dimensions are quite similar to that of the

of the Soret band, and a positive induced CD in the Soret G quartet and thus the stacking, in the event of intercalation,

region @1, 29). Outside binding with stacking is indicated
by variable effects on the Soret barih).

Recently, an X-ray structure of a porphy+iDNA com-
plex was presented. For the complex, the Cu(ll) derivative
of H,TMPyP was bound to a DNA hexamer duplex of the
sequence [d(CGATCG)] The porphyrin binds by simple
intercalation to the GC site of thé-5CG-3 trinucleotide
step with extruding the C of thé £GA-3 trinucleotide step
(30).

In this study, we have demonstrated thaiTMPyP
interacts with both a DNA oligomeric duplex and DNA
quadruplex. Upon binding to either DNA structure, the
complex is characterized by a moderate red shift-(1®
nm) and substantial hypochromism (341%) in the Soret
band of the porphyrin. Although the observed red shift is
intermediate between what is observed for intercalatiol(
nm) and that for outside binding<@ nm), the observed
hypochromism is typical for an intercalated porphy21)(

The intercalation of HITMPyP into poly(dG-dC) results
in induced CD bands in the Soret region of the porphyrin
arising from the coupling of the transition moments to those
of DNA bases. The observation of a negative induced CD
band in the Soret region for both the duplex and the
quadruplex indicates that the mode of interaction of the
porphyrin with these DNAs is intercalative. The wavelength

should be substantial. The G tetrad can be considered a
square of 16-11 A per side, while the pyridyl N to pyridyl
N distance of the porphyrin is about 9 A. The positive
charges on the porphyrin can also interact with the phos-
phates of the tetrad. Hence, electrostatic interactions should
also be significant, even at the ionic strength of the buffer
used for these studies (i.e., 215 mM). The porphyrin system
should thus be an ideal probe for quadruplex structure.
The visible and CD spectral as well as the energy transfer
data strongly indicate that, at low [porphyrin]/[DNA] ratios,
H,TMPyP binds to the quadruplex formed byG, or the
duplex formed from (CGATAT(CG), via intercalation with
high affinity. Further, HTMPyP binds to the quadruplex 2
times more strongly than it does to the duplex. Kallenbach’s
group previously demonstrated that ethidium bromide binds
to T4G, with a binding constar of 1.5 x 10® M~ and an
n of 1 at 200 mM Na& (32). Thus, under similar ionic
strength conditions, $TMPyP binds to the same quadruplex
with an affinity 180 times greater than that of ethidium. In
addition, the values of the maximum number of porphyrins
bound per DNA structure are quite reasonable. In the case
of the 12-mer,n is close to 2. HTMPyP prefers to
intercalate at CG site2{, 22), and the 12-mer has two such
sites separated by an ATAT linker. For the quadruptex,
is close to 1 and the quadruplex has four G tetrads giving

of the induced CD band for the 12-mer at 450 nm suggestsrise to three potential intercalation sites. The binding of only

that the porphyrin may be protonated in the compl2$, (

31). The observation of energy transfer from the DNA bases
to the porphyrin lends further support to the possibility that
H,TMPyP intercalates into both DNA secondary structures.

one porphyrin to the quadruplex can be interpreted in light
of neighbor exclusion. Another possibility that cannot be
ruled out at this time is the formation of a “sandwich” type
complex involving one porphyrin stacked between the 5

Taken as a whole, the spectroscopic and energy transfettermini G tetrads of two quadruplexes. Further studies are

experiments all indicate that FIMPyP interacts with the
oligomer duplex and quadruplex via intercalation at low
concentrations of porphyrin. It should be noted that, at
higher concentrations of porphyrin, more complex behavior
is observed, which suggests mixed modes of binding (N. V.
Anantha and R. D. Sheardy, unpublished results).

A limited number of reports have investigated the interac-
tion of other small molecules with quadruplexed DNA
structures 32—37). Kallenbach followed the interaction of
ethidium bromide with the quadruplexed forms of (&),
which forms a four-stranded quadruplex, and4@&34, which
forms a one-stranded fold-back “aptamer” quadruplex, via

underway to address this question. Finally, the application
of the Scatchard analysis using the independent-and-nonin-
teracting sites model is quite appropriate for the binding data.
The sequence of485,4 used for the ligand binding studies
presented here is typically that found at the ends of eukaryotic
chromosomes. During DNA cell replication prior to cell
division, some of the telomeric sequences are lost; as long
as the lost fragments are telomeric and not coding sequences,
the cell maintains its viabilityd8—42). It has been suggested
that the length of the entire telomeric segment predetermines
how many times a cell can normally reprodu8g,(39). The
enzyme telomerase rebuilds the chromosomal ends using an

optical and calorimetric methods. The results indicated that RNA fragment as the part of the primet(). It has been

ethidium binds to the tetramolecular (f3,) with an affinity
similar to that a DNA duplex but did not bind to the
monomolecular (d3G,)4 (32). Actinomycin, ethidium, and

shown that, in more than 85% of all types of cancer cells
tested, both the telomeric DNA segment has been shortened
and the telomerase activity is highlj. Hence, the enhanced

chromomycin have also been shown by Chen to have low telomerase activity is rebuilding the ends of the chromosomes

affinities for the monomolecular (dGs), and (dTGs)4
gquadruplexes3d). However, bleomycin binds to and cleaves

and allowing the cell to reproduce more and faster than
normal @2).
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Although the structure associated with the single-stranded
region of the telomeric DNA at the termini of chromosomes
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Pollard, T. D., Eds.) Vol. 23, pp 763730, Annual Reviews,
Inc., Palo Alto, CA.

is not known, it has been suggested that this segment is 16- Sen, D., and Gilbert, W. (1990)ature 344 410.
17. Hardin, C. C., Watson, T., Corregan, M., and Bailey, C. (1992)

quadruplexed in some fashion. If this is indeed the case,
telomerase activity must be predicated by denaturation of

could selectively recognize, and hence stabilize, quadraplexed

Biochemistry 31833.

L - 18. Sen, D., and Gilbert, W. (199Bjochemistry 3165.
the quadraplexed region into single strands. Compounds that 19 Ross, W. S., and Hardin, C. C. (1994)Am. Chem. Soc. 116

structures would inhibit the mandated denaturation and thus 20.

inhibit telomerase activity. The development of such
compounds would lead to a whole new class of anti-cancer 21:
A basic
understanding of how small ligands interact with quad-

drugs with high specificity for cancer cells.

22.

raplexed structure would make a significant contribution to 3

the development of such therapeutic agents. The results

presented here suggest that porphyrin type molecules could 24.

be the starting point for the design of telomerase inhibitors.
Appropriate modification of the basic porphyrin structure
should give rise to compounds with affinities for quadru-
plexes much greater than those for duplexes. This condition
must be met in order to specifcally target quadruplex

structures in vivo.
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