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Abstract: Inhibiting the enzyme telomerase by stabilizing the G-quadruplex has potential in anticancer
drug design. Diprotonated cyclo[n]pyrroles represent a set of expanded porphyrin analogues with structures
similar to that of telomestatin, a natural product known to bind to and stabilize G-quadruplexes. As a first
step toward testing whether cyclo[n]pyrroles display a similar function, a series of diprotonated cyclo[n]-
pyrroles (where n ) 6, 7, and 8) was each added to the human telomere repeat sequence d(T2AG3)4 and
examined with mass spectrometry, ion mobility, and molecular dynamics calculations. Nano-ESI-MS
indicated that the smaller the cyclo[n]pyrrole, the more strongly it binds to the telomeric sequence. It was
also found that cyclo[6]pyrrole bound to d(T2AG3)4 better than octaethylporphyrin, a finding rationalized by
cyclo[6]pyrrole having a 2+ charge, while octaethylporphyrin bears no charge. Ion mobility measurements
were used to measure the collision cross section of each d(T2AG3)4/cyclo[n]pyrrole complex. Only one
peak was observed in the arrival time distributions for all complexes, and the experimental cross sections
indicated that only structures with d(T2AG3)4 in an antiparallel G-quadruplex arrangement and each cyclo-
[n]pyrrole externally stacked below the G-quartets occur under these experimental conditions. When the
cyclo[n]pyrroles were intercalated or nonspecifically bound to the quadruplex, or if conformations different
than antiparallel were considered for d(T2AG3)4, the theoretical cross sections did not match experiment.
On this basis, it is inferred that (1) external stacking represents the dominant binding mode for the interaction
of cyclo[n]pyrroles with d(T2AG3)4 and (2) the overall size and charge of the cyclo[n]pyrroles play important
roles in defining the binding strength.

Introduction

The development of small molecules capable of structure-
selective DNA targeting is an area of great interest due to its
possible role in discovering antitumor chemotherapeutic agents.1,2

The recent finding that there is a link between tumor im-
mortalization and telomerase activity is providing a new focus
for work in this area.3,4 Telomerase is a ribonucleoprotein
enzyme active in 85-90% of all human tumor cells5 and
undetectable in most normal somatic cells.6 Interactions between
telomerase and the specialized ends of linear chromosomes or
telomeres have shown to be a key step in the immortalization
of tumor cells. Human telomere DNA is comprised of 5-8
kilobases of tandem repeats of the sequence d(T2AG3)n, with a
single-stranded 3′ overhang of 100-200 bases.7-9 In normal

somatic cells, telomeres are shortened by 50-200 bases after
each round of cell division because of the inability of the
endogenous DNA polymerase to completely replicate the
lagging telomeric DNA strand.10 Once telomeres are reduced
to a certain length, they become too short to form secondary
structures. This precludes chromosome replication, thus causing
the cells to go into senescence and eventually undergo apoptosis.
However, the telomere length in cancer cells is not shortened
but kept constant by telomerase, thereby allowing tumor cells
to escape the senescence/apoptosis cycle and become immortal.
On the basis of these observations, it has been suggested that
telomerase inhibition could provide a new, useful approach to
preventing tumor proliferation.11

In the context of efforts to inhibit telomerase expression, the
structure of the human telomere sequence has been studied in
depth. One key finding has been that the integrity of the single-
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strand overhang in the telomeres must be maintained for cell
survival. It has been proposed that this G-rich region is protected
by folding into a G-quadruplex, as observed in both the solution
and the solid-state structures of dAG3(T2AG3)3.12,13 G-quadru-
plexes are made up of G-quartet subunits, where four coplanar
guanines (G) are linked together by Hoogsteen hydrogen bonds,
as shown in Figure 1.14,15When the G-quartets stack on top of
each other, they form a G-quadruplex. There is ample evidence
that quadruplex structures form in vitro for G-rich DNA
sequences, but currently there is no direct evidence of in vivo
quadruplex structures. However, indirect support for the exist-
ence and role of quadruplexes in vivo is abundant. For instance,
proteins that bind to quadruplexes,16,17 quadruplex-specific
nucleases,18 and some helicases that unwind quadruplexes have
been identified.19,20Due to the indirect nature of this evidence,
a range of in vitro experiments have been carried out in an effort
to elucidate possible roles of the quadruplex. Some interesting
findings have emerged, including the recognition (1) that
quadruplexes inhibit telomerase and (2) that certain small mole-
cules are able to target the quadruplex structure selectively.21-24

These findings have prompted efforts to develop drug candidates
that bind to and stabilize the quadruplex structure since, as
implied above, it is thought that such species could inhibit
telomerase and thus prevent tumor proliferation.

Recently, acridine derivatives,25 cationic porphyrin deriva-
tives,26 ethidium derivatives,27 anthraquinone derivatives,28

perylene derivatives,29 and telomestatin30 have been explored
for their ability to bind to quadruplexes and to inhibit telomerase

activity (Figure 2). From telomeric repeat amplification protocol
(TRAP) assay of those molecules, it was concluded that
telomestatin, a natural product isolated fromStreptomyces
anulatus3533-SV4, is the most potent inhibitor of telomerase,
as it displays a very impressive IC50 value (concentration
required for 50% inhibition of growth in a battery of tumor
and normal cells) of∼5 nM, while most of the other molecules
depicted in Figure 2 displayed IC50 values in the micromolar
range.30 Such findings have, not surprisingly, sparked interest
in molecules that bear a structural analogy to telomestatin.

While not a natural product, the recently reported cyclo[8]-
pyrroles (Figure 3),31 a new class of aromatic expanded
porphyrins, are structurally similar to telomestatin. In an effort
to test whether cyclo[8]pyrrole and its analogues are capable
of binding to quadruplexes, four diprotonated cyclo[n]pyrroles
of different sizes32 (2-5, Figure 3) were allowed to interact
with the intramolecular G-quadruplex d(T2AG3)4 (abbreviated
as T4). Octaethylporphyrin (1) was also studied as a control. It
was chosen for this role since, under the conditions of the
experiment, it is neutral, whereas2-5 are diprotonated and bear
a +2 charge. In this paper, we present the results of studies
between T4 and1-5, using nano-electrospray ionization mass
spectrometry (nano-ESI-MS) and ion mobility spectrometry.

ESI-MS is a very important method for the characterization
of noncovalently bound biological molecules in the gas phase.33-35

Likewise, ion mobility methods have emerged as very powerful
techniques for investigating the conformations of gas-phase
ions.36,37 Recently, ESI-MS in combination with ion mobility
methods has served to demonstrate that DNA helices38,39 and
G-quadruplexes40,41 are stable when sprayed and dehydrated
using nano-ESI and that they retain most of their solution-phase
structural characteristics. Knowing that DNA complexes remain
intact in the gas phase makes ESI-MS, in conjunction with ion
mobility analysis, an ideal method for studying the noncovalent
T4/oligopyrrole macrocycle complexes. Our study goals were
thus (1) to use ESI-MS to determine the relative binding
strengths of each porphyrin and porphyrin analogues (col-
lectively referred to as porphyrinoids) to T4 and then (2) to use
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Figure 1. (a) Structure of a G-quartet and (b) a schematic representation
of a G-quadruplex.
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ion mobility methods and molecular dynamics simulations to
determine the specific binding mode.

Experimental Section

Materials. The synthesis procedures for1-5 have previously been
published.31,32,42Compounds1, 4, and5 were prepared to a concentra-
tion of 300 µM by first adding THF and then water so that a 20%
THF and 80% H2O solution was obtained. Since1, 4, and5 are not
100% water soluble, adding THF allows the porphyrinoids to be
solublized to the point that they remain in solution once water is added.
Macrocycles2 and 3 are not quite as water soluble as1, 4, and 5.
Accordingly, a small amount of chloroform was first added to the solids,
then THF, and finally H2O, such that the final solution was 2%
chloroform, 18% THF, and 80% H2O.

T4 was purchased from Integrated DNA Technologies, Inc. (Cor-
alville, IA) and used without further purification. T4 was prepared to
a concentration of 300µM in a 150 mM NH4OAc/H2O solution at pH
7. T4 was annealed by itself at 95°C for 10 min, slowly cooled to
room temperature, and stored at 10°C. Before being combined with
the porphyrinoids1-5, T4 was diluted to 100µM with H2O. Then, 3
µL of the annealed T4 solution and 3µL of the porphyrinoid solution
subject to study were combined to give a 1:3 DNA to macrocycle
solution.

Mass Spectra and Ion Mobility Experiments.Details concerning
the experimental setup for the mass spectra and ion mobility measure-
ments have been published previously.43 Accordingly, only a brief
description will be given here. Approximately 6µL of one of the
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Figure 2. Telomerase inhibitors.

Figure 3. Structures of oligopyrrole macrocycles (“porphyrinoids”) used in this study: octaethylporphyrin1, cyclo[6]pyrrole2, cyclo[7]pyrrole3, and
cyclo[8]pyrroles4 and5.
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solutions prepared as described above was placed in a metalized glass
needle (spray tip). Ions were formed by nano-ESI and injected into a
specially designed ion funnel. The ions were then carefully injected
into a 4.5 cm long drift cell filled with∼5 Torr of helium gas and
gently pulled through the He gas at a constant drift velocity by a weak
electric field. After exiting the drift cell, the ions were mass-analyzed
by a quadrupole mass filter and detected. The quadrupole mass filter
can either be set to select a mass range of interest for the acquisition
of a mass spectrum or, in a pulsed experiment, it can be set to detect
one specificm/z as a function of time, yielding an arrival time
distribution (ATD). The reduced mobility,Ko, of a specific ion is
accurately determined using eq 1,44

wherel is the length of the cell,T is the temperature in Kelvin,p is the
pressure of the He gas (in Torr),V is the voltage applied to the drift
cell, tA is the arrival time of the ions taken from the center of the ATD
peak, andto is the amount of time the ion spends outside the drift cell
before reaching the detector. A series of arrival times is measured by
changing the voltage applied to the drift cell. A plot oftA vs p/V yields
a straight line with a slope inversely proportional toKo and an intercept
of to. OnceKo is determined in this way, the collisional cross section
of the ion,σ, could be calculated using eq 2,

wheree is the charge of the ion,No is the number density of He at
standard temperature and pressure,T is temperature,kb is Boltzmann’s
constant, andµ is the ion-He reduced mass.44

Theoretical Calculations.Structural information relevant to the ion
mobility experiments was obtained by comparing the experimental cross
sections determined from the ATDs to the cross sections calculated
for various theoretical structures. Starting structures for T4 were created
using the antiparallel NMR structure 143D,12,45 the parallel X-ray
structure 1KF113,45 and the mixed parallel/antiparallel NMR structure
186D.45,46 HyperChem47 was used to add two T’s to the start of both
the NMR and X-ray structures, since they were for the sequence
dAG3(T2AG3)3, and to edit the mixed parallel/antiparallel sequence to
reflect T4. HyperChem was also used to add the porphyrin and cyclo-
[n]pyrroles to various locations around the initial quadruplex structures.
300 K molecular dynamics simulations were run on each complex for
2 ns using the AMBER 748 set of programs, and every 5 ps a structure
was saved. Each structure was then energy minimized and its cross
section calculated. For ions with more than 200 atoms, collisional cross
sections were calculated using hard-sphere scattering and trajectory
models developed by the Jarrold group.49,50 From the calculations of
each of the T4/porphyrinoid complexes, it was found that the various
starting structures eventually converge to give one steady-state structure
where the cross section remains relatively constant. The average cross
sections of the final 100 steady-state structures were used for
comparison with the experimental values.

The overall charge state of the complexes observed in the experi-
ments can be readily identified from the mass spectra, but the exact
locations of the deprotonation sites needed for the modeling are not

known. Cyclo[n]pyrroles2-5 carry a charge of+2, whereas porphyrin
1 is neutral, as inferred from mass spectra (not shown). On the basis
of such analysis, it was deduced that T4 can carry a charge of-5, -6,
or -7 in the different complexes observed. Consequently, the same
structure for T4 was modeled with different deprotonation sites, but
no changes in cross section or conformation were observed.

Results and Discussion

Mass Spectra.The nano-ESI mass spectra of T4 in a 1:3
ratio with 1-5 are shown in Figure 4. For all of the spectra,
the most intense peaks are for T46- and T45-, with NH4

+

adducts broadening the peaks on the high mass side. Normally,
quadruplexes are stabilized by having K+, Na+, or NH4

+

between each G-quartet layer.51-53 Thus, in the absence of alkali
cation stabilization, it was expected that (T4+ 2NH4

+) at
multiple charges states would be the dominant peaks in the mass
spectra, rather than T4. However, it has been reported that the
dominant peaks in the ESI-MS spectra of T4 and dAG3(T2AG3)3

occur in the absence of any cation stabilization.54 Ion mobility
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Figure 4. Nano-ESI mass spectra of T4 in a 1:3 ratio with (a)1, (b) 2, (c)
3, (d) 4, and (e)5. Except for5, -5 and-6 T4/porphyrinoid complexes
were observed for all macrocycles.
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studies were carried out in an effort to determine whether these
solvent-free complexes without metal ion stabilization are really
quadruplexes or just globular forms.41 From the ion mobility
measurements,41 it was found that the experimental cross section
of T4 without NH4

+ matches a stable antiparallel basket
conformation (the conformation observed by NMR), an anti-
parallel chair conformation, or both, as shown in Figure 5.
Distinction could not be made between the basket and chair
conformers because they both have the same cross section.
However, model cross sections of globular forms of T4 were
too small to match the experimental cross section, and the model
cross sections of the parallel propeller conformation observed
in X-ray crystallography and the mixed parallel/antiparallel
structure were too large (Figure 5). On this basis, it was
concluded that specific quadruplex conformations are present
for T4 without NH4

+ stabilization and that the conformations
are similar to those seen in solution, as inferred from NMR
structural studies.

T4/porphyrinoid complexes with charge states of-5 and-6
are also present in all of the mass spectra, except when T4 and
5 are combined, as can be seen in Figure 4. Similar to the T4
peaks, the dominant T4/porphyrinoid peaks in the mass spectra
are not stabilized by NH4+ adducts. In an effort to increase the

abundance of the T4/porphyrinoid complexes, various ratios of
T4 to 1-5 were tried. Unfortunately, at higher concentration
of 1-5, π-stacking between pairs of macrocycles is apparently
favored, and even less evidence of complexation with T4 is
observed. A T4 to porphyrinoid ratio of 1:3 seemed to give
rise to the greatest level of complexation.

The relative intensities of the various porphyrinoids in the
mass spectra can be related to the relative stabilities of the
complexes. A quantitative relationship requires that the relative
binding probabilities occurring in solution are maintained in the
ESI mass spectra, and there are two main reasons to believe
this is so. First, identical solution conditions were maintained
for each sample, and second, the energy with which the ions
were transferred from the ion funnel into the drift cell was varied
over a wide range with essentially no change in the spectra
observed. A certain minimal amount of energy (20 eV) is
required to go from the low-pressure ion funnel “upstream” into
the much higher pressure drift cell. This injection energy initially
imparts a collisionally induced transient internal energy spike
into the complex that is subsequently removed by collisions in
the cell. Increasing the injection energy from 20 to 100 eV had
little effect on the spectra, suggesting all systems are strongly
bound in the gas phase and the relative solution affinities are
the reasons for the variations in the intensities of the complexes
of 1-5 with T4. These data yield a binding strength order of2
> 1 > 3 > 4 . 5.

To begin evaluating why the porphyrinoids of this study bind
in this order, the sizes of1-5 were considered. As can be
inferred from Figure 3, the size of the porphyrinoid increases
in the order1 < 2 < 3 < 4 < 5, so consequently, we can
conclude that smaller porphyrinoid compounds bind more
strongly to T4 than their larger congeners. This result can be
rationalized using Figure 6, where a footprint is shown of each
porphyrinoid above the three stacked quartets (the sugars and
phosphate backbone are omitted for clarity). Porphyrinoids1
and2 provide a good size match for the quartet, whereas3 and
4 are slightly larger, and5 is much larger. The footprint of5
clearly illustrates that, in order for it to bind to a quartet, it
would have to interact with the sugar-phosphate backbone of
the DNA strand. These interactions are almost certainly repulsive
and would make it very difficult for5 to bind to the G-quartets,
a conclusion that is illustrated by the lack of (T4+5) complexes
formed in the mass spectra in Figure 4. In a similar vein,
porphyrinoids3 and 4 are also larger than the quartets being
targeted and would interact slightly with the sugars upon
binding, consistent with the fact that these two species do not
bind as well as1 and2.

One exception to this size-dependent binding trend is provided
by 1. Although 1 is the smallest porphyrinoid, being slightly
smaller than2, it does not bind as well as2. However, unlike
2 and its larger congeners3-5, porphyrin1 was the only neutral
porphyrinoid studied (2-5 have a charge of+2). It thus serves
as a control to determine if charge plays a significant role in
modulating the binding strength of porphyrinoids. The most
important interaction between G-quartets and porphyrinoids in
solution is thought to beπ-stacking,55 but since quartets have a
negative charge, it has also been suggested that positively
charged porphyrins should bind more strongly than neutral

(55) Kerwin, S. M.Curr. Pharm. Des.2000, 6, 441.

Figure 5. (a) Four different strand orientations for T4. (b) Possible binding
sites for the porphyrinoid1-5, as illustrated using the antiparallel basket
conformation of T4.
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porphyrins.56 The results of this study are consistent with this
suggestion, since2 is bound more strongly than1, even though
this latter system is smaller and, based on considerations of size
alone, it was expected to bind better than2. We thus conclude
that an optimized combination of size and positive charge are
necessary to achieve the highest level of T4/porphyrinoid
binding in solution.

The solutions used in these experiments contained ap-
proximately 90% water and either 10% THF or 9% THF and
1% chloroform along with some ammonium acetate buffer.
Hence, while the pH was near physiological, the solutions
themselves were not. The 10% THF could have some effect on
the relative binding strengths of the complexes, but if so this is
probably only a minor effect. The T4 does form a stable
quadruplex in these solutions, and there is no indication that
the binding of the porphyrinoids to T4 is solvent mediated.
However, this point will be explored in the future when water-
soluble porphyrinoids become available. Research is underway
on the synthesis of these species.

Ion Mobility. To examine the conformational properties of
the T4/porphyrinoid complexes and determine where1-4 bind
on T4, ion mobility experiments were performed. In each case,
the appropriate ion for each complex was gently injected into
the drift cell and its ATD collected.

A typical ATD obtained for all of the T4/porphyrinoid
complexes is shown in Figure 7. Only one peak appears in the
ATDs for all of the -5 and -6 complexes, and a single
symmetric peak indicates that either only one family of
conformers is present in the distribution or all of the families
of conformers present have essentially the same cross section.

Experimental cross sections were extracted from the ATDs for
each of the various complexes and are listed in Table 1.

To obtain structures for the conformers observed in the ATDs,
300 K molecular dynamics calculations were carried out on the
multiple complex geometries possible for the T4/porphyrinoid
complexes (Figure 5). Seenisamy et al. have indicated that, when
a ligand binds, it can possibly change the conformation of the
quadruplex,57-59 so in addition to the basket and chair confor-
mation observed for T4 in the ion mobility studies,41 a parallel
propeller, mixed parallel/antiparallel, and globular conformations
were also used as starting geometries. Porphyrinoids can
potentially bind to a quadruplex by externally stacking below
the quartets, intercalating between the quartets, or nonspecifi-
cally binding to some random location on the DNA strand. Each
of these binding locations was modeled with the basket, chair,
parallel/antiparallel mix, and propeller T4 conformations. The
globular conformation was modeled using only nonspecifically
bound porphyrinoids because of its lack of quartets.

300 K dynamics simulations were performed on each different
starting structure, and a typical dynamics plot of cross section
versus time is shown in Figure 8. Only one steady state was
observed during the dynamics runs on each of the different
possible complexes. However, different cross sections were
observed for each complex, as illustrated for the-5 complexes
in Table 2. Cross section values similar to those given in Table
2 were obtained for the-6 complexes. The cross sections for
the basket and chair forms of T4, with the porphyrinoids
externally stacked, agree very well with the appropriate

(56) Read, M. A.; Neidle, S.Biochemistry2000, 39, 13422.

(57) Seenisamy, J.; Rezler, E. M.; Powell, T. J.; Tye, D.; Gokhale, V.; Joshi,
C. S.; Siddiqui-Jain, A.; Hurley, L. H.J. Am. Chem. Soc.2004, 126, 8702.

(58) Seenisamy, J.; Bashyam, S.; Gokhale, V.; Vankayalapati, H.; Sun, D.;
Siddiqui-Jain, A.; Streiner, N.; Sin-ya, K.; White, E.; Wilson, W. D.; Hurley,
L. H. J. Am. Chem. Soc.2005, 127, 2944.

(59) Rezler, E. M.; Seenisamy, J.; Bashyam, S.; Kim, M.-Y.; White, E.; Wilson,
W. D.; Hurley, L. H.J. Am. Chem. Soc.2005, 127, 9439.

Figure 6. Footprint of each porphyrinoid above 12 guanines in a G-quadruplex arrangement. This figure is designed to show the size difference between
the porphyrinoid and stacked G-quartets.1 is octaethylporphyrin and2 is the smallest macrocycle, whereas5 is the largest. The sugars and phosphate
backbones are omitted for clarity.

Figure 7. A single peak is observed in the ATD for all of the
T4/porphyrinoid complexes analyzed in this study. This supports the notion
that each complex consists of only one conformation. Here the ATD for
(T4+1)5- is illustrated.

Table 1. Experimental and Theoretical Cross Sections (Å2) for
T4/Porphyrinoid Complexes

theoryb

complex expta
basketc

externally stackedd

chairc

externally stackedd

(T4+1)5- 854 858 860
(T4+1)6- 867 872 874
(T4+2)5- 864 868 872
(T4+2)6- 872 877 876
(T4+3)5- 862 869 870
(T4+3)6- 874 879 881
(T4+4)5- 859 866 869
(T4+4)6- 870 881 880

a 1% reproducibility error.b e2% standard deviation.c The conformation
of T4. d The location of the porphyrinoids.
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experimental cross section (Table 1). Papers by the Hurley
group57-59 have suggested that the main form of binding for
porphyrins and porphyrin-like compounds of about the same
size as those considered here to G-quadruplexes is external
stacking, consistent with our results.

When the porphyrinoids were intercalated or nonspecifically
bound to the antiparallel basket or chair conformation, the
calculated cross sections were much too large to match the
experimental cross sections. The theoretical cross sections for
T4 in either the parallel/antiparallel mix or propeller conforma-
tion also proved too large to match the experimental numbers,
no matter how the porphyrinoids were bound. Likewise, T4 in
a globular conformation with nonspecifically bound porphy-
rinoids gave values that were too small to match the experi-
mental findings. From these results, it can be concluded that
porphyrinoids1-4 bind to T4 via external stacking to the
antiparallel basket or chair T4 conformation. Alternative modes,
such as intercalation or nonspecific binding are ruled out.

Representative structures of (T4+1)5-, (T4+2)5-, (T4+3)5-,
and (T4+4)5-, with the porphyrinoids externally stacked below
the quartets and T4 in an antiparallel basket conformation, are
shown in Figure 9. Complexes where T4 is in a chair
conformation look very similar to those for the basket confor-
mation. The quadruplex structure of T4 is retained in all of the
complexes, with the exception of a slight disruption observed
in the quartet directly above2, 3, and 4. This disruption is
probably due to the positive charge of the porphyrinoid, which
appears to attract the oxygen atoms from the guanine residues

above it. However, all of the other quartets are stable, and the
quadruplex for T4 is intact even without NH4

+ cation stabiliza-
tion.

The structures of T4 in a mixed parallel/antiparallel arrange-
ment and in a propeller conformation, and those of the
intercalated and nonspecifically bound complexes, were ana-
lyzed to understand why the cross sections were so much larger
than what was observed for the basket and chair externally
stacked structures. It has been shown by ion mobility studies
that the loop arrangements on the propeller and parallel/
antiparallel mix structures for T4 cause it to have a larger cross
section than the antiparallel basket and chair conformations.41

Hence, attachment of porphyrinoids to these T4 structures with
parallel loops would result in larger cross sections for the
complexes. Since these are not observed by experiment, it is
inferred that T4 does not have a propeller or parallel/antiparallel
mix conformation in the complexes studied. When the porphy-
rinoids were placed between two quartets (intercalated com-
plexes), the thermally induced movement of the methyl or ethyl
groups serves to break up most of the quartets, as shown in
Figure 10. As a consequence, the guanine residues reposition
themselves in a way that stabilizes a new, more globular
structure. This structure also has a larger theoretical cross section
than that observed by experiment. In contrast, porphyrinoids in
nonspecifically bound complexes simply attach themselves to
the sugar-phosphate backbone on the DNA strand, presumably
via electrostatic means. While no breakage of the quartets occurs
(Figure 10), the resulting structures remain larger than the
corresponding externally stacked structures and larger than the
experimental cross sections. Such considerations lead us to
propose that nonspecific binding is not an important binding
mode and that the porphyrinoids are structure-selective for the
G-quartets.

Summary

The mass spectrometry, ion mobility, and molecular dynamics
results presented in this paper provide insights into the interac-

Figure 8. Plot of cross section versus dynamics time for (T4+2)5-.
Dynamics simulations were run at 300 K for 2 ns, and every 5 ps a structure
was saved and its cross section calculated. Only one steady state is observed
in the dynamics plot for each of the complexes studied.

Table 2. Theoretical Cross Sections (Å2) for Various
(T4+Porphyrinoid)5- Conformationsa

cross sections
T4/porphyrinoidb

conformation (T4+1)5- (T4+2)5- (T4+3)5- (T4+4)5-

basket/ES 858 868 869 866
basket/I 921 923 922 920
basket/N 929 930 926 925
chair/ES 860 872 870 869
chair/I 918 920 925 922
chair/N 932 929 927 924
mixed/ES 887 890 888 891
mixed/I 933 931 936 932
mixed/N 940 937 940 938
propeller/ES 908 912 911 914
propeller/I 956 961 958 960
propeller/N 964 967 970 968
globular/N 813 817 819 823

a e2% standard deviation.b ES, externally stacked; I, intercalated; N,
nonspecific.

Figure 9. Theoretical structures of each externally stacked T4/porphyrinoid
complex generated after 2 ns of 300 K molecular dynamics. The externally
stacked complexes are the only ones that match the experimental cross
sections. G’s are illustrated in dark blue, T and A are gray, and each
porphyrinoid is green.
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tions between cyclo[n]pyrroles and the human telomere G-
quadruplex sequence T4. In particular, we conclude the fol-
lowing:

1. Porphyrinoids1-4 bind to T4, but5 does not. From the
intensities of the T4/porphyrinoid complexes in the mass spectra,
the order of solution binding affinity is2 > 1 > 3 > 4 . 5.

2. An optimized combination of size and positive charge
results in the highest level of binding affinity. Smaller porphy-
rinoid systems tend to bind more strongly, as long as the positive
charge on the macrocycle is retained.

3. Ion mobility studies illustrate that the binding of1-4 to
T4 takes place via external stacking with T4 in either an
antiparallel basket conformation or an antiparallel chair con-
formation, or both. No evidence of intercalation or nonspecific
binding was seen for any of the systems included in this study.

Given the above, we propose that modulations in macrocycle
structure can influence how expanded porphyrins, such as2-4,
interact with G-quadruplexes and that, more specifically, soluble
forms of these systems or their analogues may have a role to
play as telomerase inhibitors.
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Figure 10. Theoretical structures for (T4+2)5- when2 is intercalated and
nonspecifically bound. When2 is intercalated, its ethyl groups serve to
break up the G-quartets, leading to the formation of a complex that is larger
than the experimental cross section. When2 is bound nonspecifically, it is
also too large to match the experimental cross section. Similar structures
are observed for all of the T4/porphyrinoid complexes. Guanine residues
are illustrated in dark blue, T and A are gray, and the porphyrinoid2 is
green.
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