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ABSTRACT: Maintenance of telomere integrity is a hallmark of human cancer, and the single-stranded 3′
ends of telomeric DNA are targets for small-molecule anticancer therapies. We report here the crystal
structure of a bimolecular human telomeric quadruplex, of the sequence d(TAGGGTTAGGG), in a complex
with the quadruplex-binding ligand 5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (TMPyP4) to a
resolution of 2.09 Å. The DNA quadruplex topology is parallel-stranded with external double-chain-
reversal propeller loops, consistent with previous structural determinations. The porphyrin molecules bind
by stacking onto the TTA nucleotides, either as part of the external loop structure or at the 5′ region of
the stacked quadruplex. This involves stacked on hydrogen-bonded base pairs, formed from those
nucleotides not involved in the formation of G-tetrads, and there are thus no direct ligand interactions
with G-tetrads. This is in accord with the relative nonselectivity by TMPyP4 for quadruplex DNAs compared
to duplex DNA. Porphyrin binding is achieved by remodeling of loops compared to the ligand-free
structures. Implications for the design of quadruplex-binding ligands are discussed, together with a model
for the formation of anaphase bridges, which are observed following cellular treatment with TMPyP4.

The 3′ ends of eukaryotic telomeric DNAs are single-
stranded and comprise some 150-250 nucleotides of G-rich
telomeric repeating DNA (1). The induction of the folding
of these sequences into G-quadruplex structures by small-
molecule ligands is being developed as an anticancer
therapeutic strategy in humans (2, 3). This is due to the ability
of the resulting quadruplex-ligand complexes to inhibit
telomerase, an enzyme central to cancer initiation and
progression in almost all human cancers (4). G-Rich regions
in promoter regions of a number of oncogenes have also
been identified as being potentially capable of forming
G-quadruplex structures (5-7), especially under the influence
of appropriate ligands (5, 8). These may then act as
regulatory elements for gene expression. The porphyrin
derivative TMPyP41 (Figure 1) has been extensively studied
as a quadruplex-binding ligand since it induces telomerase
inhibition upon binding to telomeric DNA quadruplexes (9-
11). It also downregulates the expression of the oncogenes
c-myc (5) and k-ras (12) on binding to the quadruplexes
formed in their promoter sequences. The antitumor activity
of TMPyP4 may be due to these effects (8). The stoichi-
ometry and nature of the structure of porphyrin-quadruplex
complexes have been controversial, and various models have
been proposed, in large part on the basis of spectroscopic
studies. These models involve TMPyP4 molecules in inter-
calative binding between adjacent G-tetrads (13, 14), at a

G-A interface (15), or stacked externally onto the end of a
quadruplex (13, 16). Of these, porphyrin intercalation
between adjacent G-tetrads appears to be least favored on
energetic grounds (16). Porphyrins have been shown to
convert antiparallel quadruplex topologies into a parallel form
(17). NMR solution studies of TMPyP4 complexed with a
quadruplex formed from thec-mycpromoter sequence (18,
19) show a parallel-stranded topology for the DNA, with
the TMPyP4 molecule situated at the end of the three-G-
tetrad core of the quadruplex. TMPyP4, by contrast with
other quadruplex-binding ligands such as telomestatin (9),
does not have high selectivity for various quadruplex DNAs
compared to duplex DNA (20, 21).

The understanding of DNA G-quadruplex structure and
topology is central to the design of ligands that can bind
and stabilize them and thereby modulate particular cellular
pathways and function. The structure and topology of
quadruplexes based on repeats of the human telomeric
sequence d(TTAGGG) have been studied by both X-ray (22)
and NMR techniques (23-26). These data, together with
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FIGURE 1: Structure of the TMPyP4 molecule.

2390 Biochemistry2007,46, 2390-2397

10.1021/bi062244n CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/03/2007



information from biophysical studies (27, 28), indicate that
they can be conformationally heterogeneous in the presence
of physiological levels of potassium ions. The structural
studies have defined several different topologies. These range
from all-parallel strands for bimolecular (two repeats) (22,
23) and unimolecular, with four telomeric DNA repeats
showing either all-parallel strands (22) or mixed parallel/
antiparallel folding (24-26). These topologies also depend
upon the number of repeats, the nature of the terminal
nucleotides, and the chemical modification of the bases. The
stability of the mixed folds appears to depend on the presence
of additional base pairs arising from the presence of
nontelomeric terminal residues (25, 26). The apparently large
number of native structures has hindered the determination
and selection of optimal structural models for the design of
ligands binding to human quadruplexes under physiologically
relevant conditions. Thus, no crystal or detailed NMR
structure of ligands bound to quadruplexes from human
telomeric sequences has hitherto been reported. However,
the cocrystal structure has been determined (29) for an
acridine derivative bound within a diagonal T4 loop of an
antiparallel bimolecular quadruplex formed from theOx-
ytricha noVa sequence d(G4T4G4). This has provided some
structural data relevant to the design of relatively simple
ligands, in demonstrating that the tricyclic acridine chro-
mophore stacks directly onto the terminal G-tetrad of this
quadruplex, and that the side chains are situated in the
grooves.

We describe here the crystal structure of a complex of a
bimolecular human telomeric G-quadruplex and the TMPyP4
molecule. The crystals have been grown in the presence of
K+ ions and reveal a parallel-stranded quadruplex with
propeller loops that interact with two independent TMPyP4
molecules. This quadruplex topology is in accord with
previous crystal structure and NMR determinations of
bimolecular G-quadruplexes (22, 23) containing the human
telomeric repeat sequence d(TTAGGG). Loop residues from
both strands interact by hydrogen bonding and base stacking
to form a platform for ligand binding, resulting in the
remodeling of both loop structures. The structure defines a
novel binding mode for the porphyrin TMPyP4, since it is
not directly in contact with the G-tetrads but stacked between
base pairs that appear to be formed for ligand binding. This
mode of interaction enables the TMPyP4 molecules to
effectively stack between the bases without steric hindrance.
This enables ligand-baseπ-π interactions to be maximized,
at an optimal separation of 3.4 Å, and electrostatic interac-
tions to be optimized by interactions between the cationic
substituentN-methylpyridinium groups and the phosphate
ions.

MATERIALS AND METHODS

Crystallization.The DNA sequence d(TAGGGTTAGGG)
was purchased from Eurogentec and used without further
purification. The DNA samples were diluted into 2 mM stock
solutions containing 20 mM potassium cacodylate buffer at
pH 6.5 and 50 mM potassium chloride heated to 353 K for
10 min before being annealed overnight and cooled to room
temperature. TMPyP4 was dissolved in 100% DMSO and
diluted into water prior to use to give a 20 mM stock solution
that was kept in the dark until it was used to avoid oxidation.
It was mixed with the DNA at different molar ratios in the

crystallization drops. Crystals were grown by vapor diffusion
from hanging drops using molar mixing ratios of 1:1 to 5:1.
The initial drop conditions included TMPyP4 together with
500 mM ammonium sulfate, 80 mM lithium sulfate, 80 mM
sodium chloride, 80 mM potassium chloride, 20 mM
potassium cacodylate, and 1 mM DNA, equilibrated against
1.4 M ammonium sulfate. Dark-brown crystals with dimen-
sions of 0.3 mm× 0.2 mm× 0.2 mm grew within 1 week.
Glycerol [25% (w/v) water] was required as a cryoprotectant
to stabilize the crystals during freezing.

Data Collection.Data were collected from flash-frozen
crystals using an in-house RAXIS IV image-plate system
and Osmic focusing mirrors. Data processing and reduction
were carried out using DTREK (Rigaku). Table 1 sum-
marizes the data collection and refinement statistics. The
space group was determined to beC2221 with cell dimen-
sions consistent with two 11-mer strands per asymmetric unit.

Structure Solution and Refinement.The structure was
determined by molecular replacement using PHASER (30)
from the CCP4 package (31). Several parallel-stranded
G-quadruplex models were used as potential search models.
The molecular replacement model with the clearest solution
was derived from the NMR structure of PDB entry 2A5R [a
parallel-stranded G-quadruplex containing thec-myc pro-
moter sequence in a complex with TMPyP4 (18)], with the
lateral loop and three residues at the 5′ end removed. The
initial electron density maps [calculated with TURBO-
FRODO (32)] from this top solution confirmed the correct
positioning of the three guanine quartet tetrads. The model
was then refined with REFMAC (33), retaining the TMPyP4
ligand. In the initial round of refinement cycles, apparent
electron density was observed in the plane of the ligand as
well as two layers above, each separated by 3.5 Å, together
with density for three K+ ions. However, it became clear
that the ligand molecule was not bound as in the starting
model, above the top 5′ guanine tetrad, and the electron
density maps above the G-tetrad could be best fitted using
residues T12 and A13 from the 5′ end of the sequence of
the B chain and residue A2 from the A chain, forming a
base triad. Subsequent maps revealed two distinct binding

Table 1: X-ray Data Collection and Refinement Statistics

space group C2221

unit cell (Å) a ) 37.29,b ) 61.99,c ) 61.40
wavelength (Å) 1.5418
resolution range (Å) 28.35-2.09 (2.16-2.09)
total no. of reflections 22534
no. of unique reflections 4443
average redundancya 5.07 (4.92)
completenessa (%) 99.9 (99.5)
mosaicity 1.03
Rmerge

b 0.043 (0.201)
reducedø2 a 0.98 (1.10)
output〈I/σI〉a 18.2 (6.5)
completeness for range (%) 99.82
no. of reflections 4239
Rc 0.208
Rfree 0.257
〈B〉 (Å2) 24.5
PDB entry 2HRI
content of asymmetric unit 22 nucleotides, 2.5 K+ ions, 2 TMPyP4

ligands on 2-fold axes, 42 water molecules

a Highest-resolution shell in parentheses.b Rsym ) ∑hkl|I(hkl) -
〈I(hkl)〉|/∑I(hkl). c R-factor ) ∑hkl||Fobs| - |Fcalc||/∑hkl|Fobs|. For the
calculation ofRfree, 5% of the test set amplitudes were employed, and
these were not used in refinement.
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sites for the TMPyP4 molecule on crystallographic 2-fold
axes, one centrally located between successive stacks of
quadruplexes, sandwiched between two T‚A base pairs, and
the second stacked at right angles onto a T‚T base pair,
formed from the two external TTA loops.

RESULTS

OVerall Features of the Structure.Two strands of the
human telomeric repeat d(TAGGGTAGGG) associate to-
gether in the crystal structure to form an asymmetric parallel-
stranded bimolecular quadruplex containing three planar
stacked G-tetrads (Figure 2a), together with bound TMPyP4
ligand molecules (see below). Omit electron density maps
(Figure 3c) show that both TMPyP4 molecules in the
asymmetric unit are well-ordered. The parallel topology of
the quadruplex is the same as that in the native human
telomeric bimolecular and unimolecular structures previously
determined crystallographically (22). Three monovalent K+

cations are located between the tetrad planes in an antipris-

matic bipyramidal arrangement, each coordinating to the O6
guanine substituent atoms in the central channel (Figure 3d),
with the same geometry as in the native structure (22). The
rmsd values between the structure presented here and these
two structures, for the core guanine residues, are 1.21 and
1.67 Å, respectively. The connecting TTA nucleotides form
a trinucleotide TTA and a dinucleotide TT external propeller
loop, which connect the parallel G-rich strands together.
These two loops are thus not equivalent, although both are
also involved in stacking interactions with the ligands and,
through crystal packing interactions, with each other.

Ligand Binding Geometry.The crystal structure consists
of infinite stacks of TMPyP4-quadruplex complexes, with
a 2-fold axis at each end of an individual quadruplex (Figure
2b). This results in each individual quadruplex being in an
asymmetric environment such that (i) at one end it forms a
quadruplex dimer by being stacked onto the quadruplex
related by a crystallographic 2-fold symmetry element such
that their two terminal G-quartets are 3.4 Å apart and have

FIGURE 2: (a) Schematic view of the bimolecular quadruplex-TMPyP4 structure, showing the folding topology, the numbering of nucleotides,
the extended TTA loop geometry, and the two TMPyP4 molecules bound per asymmetric unit. Guanine bases are colored green, adenines
red, and thymines cyan. (b) View of a column of three consecutive quadruplexes as found in the crystal structure. Crystallographic 2-fold
axes are midway between each quadruplex and are oriented toward the reader. (c) View of four symmetry-related quadruplex molecules in
the crystal structure that generate the external loop-bound porphyrin binding pocket, viewed down the quadruplex columns. A crystallographic
2-fold axis is positioned at the center of this view, running through the loop-stacked TMPyP4 molecule shown at the center (yellow ball-
and-stick representation). (d) Schematic of the stacking between adjacent quadruplexes, showing the base pairs, triplets, and G-tetrads on
either side of the TMPyP4 molecule.
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a K+ ion between them (coordinated to O6 guanine atoms
from each quadruplex) and (ii) at the other end there is a
TMPyP4 molecule (A), positioned on the adjacent 2-fold
axis, sandwiched between the quadruplex and the next
symmetry-related one.

The second TMPyP4 molecule (B) is perpendicular to the
quadruplex stacks and interacts with the TTA loops in the
crystal (Figure 2c). It also sits on a crystallographic 2-fold
axis, which is perpendicular to the porphyrin plane, passing
through the center of the TMPyP4 molecule. The interqua-
druplex-stacked TMPyP4 molecule has a nonplanar ruffled
porphyrin core, whereas the core of the external loop-
associated TMPyP4 molecule is planar. Both TMPyP4
molecules have theirN-methyl-4-pyridyl groups oriented
almost perpendicular to the mean porphyrin plane.

Unexpectedly, we find that TMPyP4 molecule A is not
stacked either between or on any G-tetrads. Instead, it is
stacked on a reverse Watson-Crick A‚T base pair formed
by the 5′ end T1 pairing with A8 from the same strand of
the quadruplex. Hydrogen bond distances are as follows: 3.1

Å for the O2 T1‚‚‚N6 A8 bond and 2.8 Å for the N3 T1‚‚
‚N1 A8 bond. This base pair is in turn situated above a
loosely associated A2‚T12‚A13 base stepped-triad platform
(Figure 3a) that arises from both strands. A 2-fold symmetry
axis, through the porphyrin plane, results in a second A‚T
base pair on the other side of the porphyrin (Figure 2b) so
that the TMPyP4 molecule is sandwiched between the two
A‚T pairs.

A8 is derived from one of the two extrahelical TTA loops,
and its participation on this A‚T base pair effectively reduces
this loop to a TT dinucleotide one. The triad (Figure 3a) is
formed from the 5′ end T12 and A13 of strand 2, together
with A2 from strand 1, such that the two adenines form a
buckled A‚A base pair, involving the Hoogsteen face of A2
(in an anti conformation) and the Watson-Crick face of A13
(in a syn conformation). Hydrogen bond distances are as
follows: 3.0 Å for the N6 A2‚‚‚N1 A13 bond and 3.1 Å for
the N7 A2‚‚‚N6 A13 bond. T12, which is stepped up from
the A‚A plane and does not hydrogen bond to it, is also in
a syn conformation. This positions its C5 methyl group to

FIGURE 3: (a) View of the arrangement of the T1‚A8 base pair stabilized below by the A2‚A13‚T12 triad that are stacked above the
terminal G-tetrad in the structure. (b) Superposition of a TTA loop (blue) from the crystal structure of the native 22-mer (22) with the TTA
loop (yellow) in the structure presented here. (c) A 2Fo - Fc electron density map (top) showing the TMPyP4 molecule stacked on top of
the T‚A base pair, drawn at a 1.2σ contour level with TURBO (32) and an omit map (bottom) showing electron density for the externally
bound TMPyP4 molecule, drawn at a 2.2σ contour level. (d) View of the crystal structure along columns of the quadruplex-TMPyP4
complex, showing the porphyrin molecules in space-filling mode (colored orange), the quadruplex backbone (colored yellow), and the
potassium ions (colored cyan).

Crystal Structure of a Porphyrin-Quadruplex Complex Biochemistry, Vol. 46, No. 9, 20072393



be in the hydrophobic proximity of the C8 hydrogen atom
of A2. T12 has A8 directly stacked above it. Both it and the
A‚A pair of the triad are also directly stacked on the other
side onto the terminal G-tetrad (G3‚G9‚G14‚G20) of the
quadruplex so that the order of stacked planar groups is as
shown in Figure 2d.

The two propeller loops protrude out from the stacked part
of the structure. The TT loop has its two thymine nucleotides,
T6 and T7, stacked one on another, and TMPyP4 molecule
B is positioned in the space between the stacked quadruplexes
in the crystal lattice such that one side of the porphyrin is
stacked onto T6 (Figure 2c). This base forms a T‚T base
pair with the symmetry-related T18 from the other TTA loop
so that this thymine also stacks on the porphyrin surface.
Hydrogen bond distances are as follows: 2.8 Å for the O2
T6‚‚‚N3 T18 bond and 3.0 Å for the N3 T6‚‚‚N2 T18 bond.
T7 from the TT loop is intercalated between T6 and A19.
The other side of the flat porphyrin surface has a symmetry-
related T‚T pair stacked on it as a consequence of the 2-fold
axis through the TMPyP4 (B) molecule so that all four of
its pyrrole rings are sandwiched between the two T‚T base
pairs. One of the porphyrinN-methylpyridyl groups packs
closely into the quadruplex backbone, close to the deoxyri-
bose ring of G9.

Loop Structure.In all DNA quadruplex structures formed
from the human telomeric repeat d(TTAGGG) that have been
reported to date (22-25), the TTA trinucleotides form the
connecting bridges between the guanine tracts which are
involved in G-tetrad formation. The present quadruplex
structure is formed from two strands, each containing two
sets of three guanine repeats separated by only one full TTA
repeat. This arrangement results in one connecting TTA loop
per strand, and thus two loops per quadruplex. Here the two
loops connecting the stacked tetrads together are dissimilar,
unlike the previously determined crystal structures (22) for
the human telomeric repeats. The TTA loop of the B chain
has a structure similar to that of the previously determined
propeller loop for the human telomeric sequence, both
extending outward from the central guanine quartet. An
additional hydrogen bonding contact (2.8 Å) is formed here,
between O4 of T17 and N2 of G15, with the O4 replacing
a potential water coordination site and stabilizing the
propeller loop structure. This is a result of nucleotide T17
being turned inward toward the groove of the quadruplex.
T18 extends the farthest out and is oriented parallel to A19,
in accord with the previously observed loop structure (22).
A comparison of the TTA propeller loop structures for strand
2 and the propeller loops of the previous crystal structures
is shown in Figure 3b, highlighting the similarity of the
folded loops. The two structures have been aligned using
the central G-tetrads as a reference. The alignment of the
backbone remains largely unchanged with the phosphate
groups at 3′ and 5′ ends overlapping, highlighting the
similarity of the quadruplex structures. Several small but
significant modifications to base geometry can be seen in
the loop region. The largest shift occurs to T17 which is no
longer stacked but turned inward toward the quadruplex
groove, while T18 and A19 are rotated to accommodate the
intercalation of T6 from strand 1. T18 is pushed farther out
with only a small rotation of A19. In contrast, the A chain
TT loop has a compressed propeller loop topology, as A8 is
stacked along the axis of the quadruplex, between T12,

located at the 5′ end of the quadruplex while T6 and T7
project outward away from the grooves. Although the two
loop structures are very different, the overall topology of
the quadruplex is retained, with overlapping of the phos-
phates at the 3′ and 5′ ends.

Hydration Structure.Within the grooves of DNA crystal
structures, ordered hydration structures are usually observed.
In both this TMPyP4 complex and the native (22) crystal
structures with all-parallel stranded G-quadruplexes, where
all guanosine nucleosides have the same anti glycosidic
torsion angle, four equivalent external grooves are generated
that are lined by N2 amino and N3 atoms of the guanine
bases. These form the floor of the grooves to define a scaffold
for hydration. The majority of the guanines have their N2
and N3 atoms coordinated to solvent atoms, as they do in
the native human telomeric quadruplex crystal structures (22).
Those water molecules coordinating to N2 are close to the
G-tetrad planes, while waters coordinating to N3 lie either
above or below these planes. Additional points of contact
come from the sugar O4′ atoms on the groove walls, which
expand the scope of the hydration networks and can be
involved in forming a bridge from them to the N3 atoms in
the grooves. The networks are further extended through
phosphate backbone contacts, although water molecules
between adjacent phosphates were not observed. The points
of hydration also define potential sites for hydrogen bonding
and stabilization, as observed in the case of the O4 substituent
of T17 displacing a water molecule and hydrogen bonding
to the N2 atom of G15, and also stabilizing T17 in the groove
(Figure 3b).

DISCUSSION

The G-rich single-stranded overhang of telomeric DNAs,
being unconstrained by the stereochemical requirements of
the double helix, can readily fold into G-quadruplex DNA
structures, subject only to competition with the single-
stranded binding protein hPOT1 and telomerase (34). It has
been shown that small molecules can effectively compete
with hPOT1 and thus can stabilize quadruplex-ligand
complexes at the 3′ telomeric end (35). In principle, such
complexes can involve either unimolecular (from folding of
the one strand) or bimolecular quadruplexes from two
telomeres associating together. The crystal structure presented
here shows how one such ligand, the porphyrin molecule
TMPyP4, can bind to such a bimolecular human telomeric
quadruplex; this ligand has been reported to have a preference
for stabilizing bimolecular rather than unimolecular quadru-
plexes (9). Previous studies on TMPyP4 telomeric quadru-
plex complexes have been interpreted as suggesting a binding
mode in which a ligand molecule stacks directly onto the
G-tetrad core. This is not observed here. Instead, two rather
different binding modes are seen in this ligand-quadruplex
complex, with both bound ligand molecules contacting only
bases from the TTA loops, albeit in very different ways. One
TMPyP4 molecule is stacked onto a A‚T base pair that is
formed from the 5′ end thymine, and from an adenine derived
from conformational reorganization of one of the TTA loops,
so that it becomes a TT propeller loop. There are no direct
ligand contacts with any G-tetrads (and no TMPyP4 inter-
calation between adjacent G-tetrads, as suggested by some
previous models). This is a consequence of the need to avoid
any steric hindrance that arises from theN-methylpyridyl
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groups of TMPyP4, which are oriented out of the porphryin
plane. The width across a G-tetrad at its narrowest point is
ca. 11 Å, whereas the planar porphyrin core of the TMPyP4
molecule is only ca. 10 Å so that steric clashes between
G-tetrad edges and theN-methylpyridyl groups would occur
if the TMPyP4 molecule were to be stacked 3.4 Å above a
G-tetrad.

The second TMPyP4 molecule is stacked externally onto
thymine bases at the edges of both the TTA and TT loops.
The environment of the crystal structure provides intermo-
lecular contacts between quadruplexes (Figure 3d), to form,
for example, the T‚T base pairs, enhancing the stabilization
of these externally bound ligand molecules. However, some
association with the loops could be expected even in free
solution, in accord with recent observations suggestive of a
porphyrin external binding mode (41). Loop interactions have
not been considered up till now in the design of quadruplex-
binding ligands; these features in our structure suggest that
their exploitation may provide a route to enhanced selectivity.

The two earlier crystallographic studies on binding of
TMPyP4 to duplex DNA have found limited stacking and
pseudo-intercalative modes of binding, demonstrating the
ability of the porphyrin core to be in effectiveπ-π contact
with base pairs. In one structure, a copper-containing
TMPyP4 ligand has been shown to intercalate into a stacked
B-DNA duplex, displacing a cytosine (36). In the second
structure (37), a buckled nickel-porphyrin molecule stacks
onto a base pair at the end of the DNA duplex and also
groove binds to a symmetry-related DNA molecule. Both
independent TMPyP4 molecules in this crystal structure
demonstrate analogousπ-π stacking onto base pairs.

The NMR structure (18) of a parallel-stranded G-quadru-
plex from thec-myc promoter sequence complexed with
TMPyP4 provides some analogies to the present structure,
although the ligand has been modeled in thec-myccomplex
to be stacked on the external face of the terminal G-tetrad.
However, steric hindrance is evident as the position of the
porphyrin ring is 4.2 Å above the G-tetrad plane, which is
considerably greater than the normal 3.4 Åπ-π stacking
distance. We conclude that the steric restraints inherent in
the TMPyP4 molecule can accommodate effective stacking
with base pairs, but not with the more stringent requirements
imposed by a G-tetrad. A number of porphyrin and TMPyP4
derivatives have been examined for quadruplex affinity and
telomerase inhibition (20, 21, 38-42). Quantitative duplex
affinity data are available only for some of these compounds
and with some quadruplex sequences (see, for example, refs
20 and21); there is a clear trend of comparable quadruplex
and duplex binding for most porphyrins. This is consistent
with the structural data presented here, that porphyrins bind
to the base pairs rather than the G-tetrad moieties within
quadruplexes, consistent with the observations in solution
of a lack of specificity with respect to duplex DNA.

We have previously suggested (43) that the difference in
total surface area between G-tetrads in quadruplex and base
pairs in duplex DNA is one factor that can be exploited for
the design of quadruplex-selective ligands. The structure
presented here indicates that the TMPyP4 molecule is unable
to do this and thus may not be an optimal platform for future
ligand design. More complex quadruplex-binding molecules
such as the selenosapphyrin derivative (40), an expanded
porphyrin, or neomycin-capped molecules (44) do show

enhanced quadruplex selectivity, which may well be a
consequence of their substantial nonplanar structures being
able to interact with the structurally more complex loop
regions rather than having selectivity throughπ-π stacking.

The structure presented here shows that the stable parallel
quadruplex topology, seen in the native crystal structures
(22), is preserved on ligand binding. However, the require-
ments imposed by a particular ligand (here, TMPyP4) have
forced a major change in one loop, from a trinucleotide TTA
loop to a dinucleotide TT one, which ensures that an adenine
becomes available on top of the G-tetrad face. In general,
shorter loops may enhance the stability of the parallel
topology (45-47) since they are too short to form effective
diagonal or lateral loops. Thus, the core quadruplex motif
clearly provides a stable scaffold, but it is the loops that have
the flexibility and diversity of interaction surfaces to bind
to the porphyrin. Whether the topology of the native human
telomeric sequence is in an all-parallel (22, 23) or a mixed
parallel/antiparallel arrangement (25-27) may be less rel-
evant than a loop topology that can be flexible enough to
provide a more complex and flexible interface for the binding
of large molecules such as TMPyP4. Thus, other large
ligands with distinct structures (40, 44) may well induce
different loop arrangements. The remodeling of the propeller
loops under the influence of TMPyP4 demonstrates the
flexibility available to the TTA nucleotides even when they
are anchored at the 3′ and 5′ ends. These nucleotides utilize
hydrogen bonding, base stacking, and intercalation to form
the interaction surfaces needed for binding the TMPyP4
molecule. We cannot totally discount a possible role played
by the close packing environment in the remodeling of these
loops since this crystal structure also shows how individual
quadruplex DNA molecules can associate tightly together
in the presence of particular ligands, as shown in Figure 3d.
However, the steric constraints imposed by the TMPyP4
molecule itself within an individual quadruplex are likely to
dominate.

The known tendency of TMPyP4 to stabilize bimolecular
rather than unimolecular quadruplexes may be relevant to
its ability both to inhibit telomerase and to induce the
formation of anaphase bridges at the ends of telomeres (9).
The crystal structure presented here also provides the basis
for a model for bridge formation and TMPyP4 stabilization,
in which two separate chromosomes are linked with the
formation and stabilization of a strand from each single-
stranded overhang to form a parallel bimolecular quadruplex
that is held together by porphyrin binding (Figure 4).

FIGURE 4: Schematic representation of a possible model for the
formation of anaphase bridges, via quadruplex structures joining
two separate 3′ single-stranded telomeric DNA chromosomal ends,
and stabilized by TMPyP4 (shown as rectangles).
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