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Not so crystal clear: the structure of the human
telomere G-quadruplex in solution differs from

that present in a crystal
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ABSTRACT

The structure of human telomere DNA is of intense
interest because of its role in the biology of both can-
cer and aging. The sequence [5'-AGGG(TTAGGG);]
has been used as a model for telomere DNA in both
NMR and X-ray crystallographic studies, the results of
which show dramatically different structures. In Na™*
solution, NMR revealed an antiparallel G-quadruplex
structure that featured both diagonal and lateral TTA
loops. Crystallographic studies in the presence of K*
revealed a flattened, propeller-shaped structure fea-
turing a parallel-stranded G-quadruplex with symmet-
rical external TTA loops. We report the results of
biophysical experiments in solution and computa-
tional studies that are inconsistent with the reported
crystal structure, indicating that a different structure
exists in K* solutions. Sedimentation coefficients
were determined experimentally in both Na* and K*
solutions and were compared with values calculated
using bead models for the reported NMR and crystal
structures. Although the solution NMR structure
accurately predicted the observed S-value in
Na* solution, the crystal structure predicted an
S-value that differed dramatically from that experi-
mentally observed in K* solution. The environments
of loop adenines were probed by quantitative fluores-
cence studies using strategic and systematic single-
substitutions of 2-aminopurine for adenine bases.
Both fluorescence intensity and quenching experi-
ments in K* yielded results at odds with quantitative
predictions from the reported crystal structure.
Circular dichroism and fluorescence quenching
studies in the presence of the crowding agent
polyethylene glycol showed dramatic changes in

the quadruplex structure in K* solutions, but not in
Na* solutions, suggesting that the crystal environ-
ment may have selected for a particular conforma-
tional form. Molecular dynamics simulations were
performed to yield model structures for the K*
quadruplex form that are consistent with our bio-
physical results and with previously reported chemi-
cal modification studies. These models suggest that
the biologically relevant structure of the human
telomere quadruplex in K* solution is not the one
determined in the published crystalline state.

INTRODUCTION

Human telomere DNA consists of 5-8 kb of tandem repeats of
the sequence d(TTAGGG), with a single-stranded 3’ overhang
of 100-200 nt (1). In solution, the G-rich overhang can fold into
G-quadruplex structures that consist of stacked G-quartets, a
square planar arrangement of four guanines stabilized by an
array of Hoogsten hydrogen bonds (2). The exact structure
and function of these G-quadruplexes is of intense current inter-
est because of their relevance to the biology of cancer (3-5),
aging (6,7) and genetic recombination (8,9). G-quadruplexes of
different sequences are also found in promoter regions that
control gene expression (10-14). G-quadruplexes are an attrac-
tive target for drug design, especially for cancer chemotherapy
(3-5,15-18) and for modulation of transcription (19-21). For
structure-based drug design strategies to succeed, accurate
structures for the human telomere quadruplex under biologi-
cally relevant conditions must be available.

The 22 nt sequence d[AGGG(TTAGGG);] has been used
as a model for the G-quadruplex structure within the
single-strand overhang in human telomeres. Wang and Patel
(22) solved the Na* solution structure of that sequence by
NMR. They found that the sequence folds intramolecularly
into an antiparallel stranded structure containing three stacked
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G-quartets, with a diagonal d(TTA) loop at one end and two
lateral d(TTA) loops at the other end (Figure la). Parkinson
et al. (23) subsequently reported a radically different structure
of the same sequence in K* determined by crystallography.
They found that the 22 nt sequence folded into a parallel-
stranded intramolecular quadruplex containing three G-
quartets, and three symmetrical external d(TTA) loops
positioned in a propeller-like arrangement along the sides
of the quadruplex core (Figure 1b). Our laboratory created
an object dubbed ‘tiny telomere’ DNA in which the human
telomere quadruplex structure was linked to a 12 bp DNA
duplex, providing a model for the junction region between
the folded quadruplex and duplex regions (24).

The crystal structure of the human telomere quadruplex
(‘ht-quadruplex’) has been used as a basis for structure-
based drug design (18,25). However, several solution studies
reported results that are inconsistent with specific features of
the crystal structure. In studies that predated the crystal struc-
ture, the structure and stability of the human telomere repeat
sequence was studied in both Na™ and K* solutions by circular
dichroism and chemical modification studies (26). Dramatic
differences in circular dichroism spectra were found between
Na™ and K" solutions. The pattern of reactivity of adenine
residues toward diethyl pyrocarbonate (DEPC), however,
was similar in both Na* and K", suggesting that there was
no radical rearrangement of the d(TTA) loop structures.
Chemical cross-linking studies using platinum compounds
showed similar patterns of reactivity in Na™ and K" solutions
(27). The base proximity relationships inferred from the
cross-linking studies were inconsistent with the specific fea-
tures of the quadruplex observed in the crystal. It was recently
concluded from single molecule FRET studies on ht-
quadruplex structures linked to a duplex that the antiparallel

conformation was the dominant conformation in both Na* and
K* solutions (28). Radioprobing experiments with '*°I were
recently reported, suggesting that an antiparallel quadruplex
conformation existed in both Na* and K*, contrary to the
specific features of the crystal structure (29). Finally, from
the results of chemical ligation studies in solution, Qi and
Shafer (30) concluded that the circular product was derived
from an antiparallel quadruplex form rather than from a par-
allel structure regardless of ion type for the ions K*, Na*, Pb**
and Ba®". It is not uncommon for quadruplex structures
obtained by crystallography to disagree with those obtained
in solution (31). Quadruplex structures appear to be both labile
and mobile, with numerous conformational states available.
The crowded, dehydrating conditions necessary for crystal-
lization perhaps represent an artificial environment that
might well select for particular conformations that are not
predominant in solution. In order to explore the biologically
relevant conformation of ht-quadruplex in solution, we used a
battery of proven biophysical techniques coupled with
molecular dynamics simulations.

Analytical ultracentrifugation is a thermodynamically rig-
orous approach for the determination of absolute molecular
weights and for obtaining quantitative information about the
hydrodynamic shapes of macromolecules in solution (32,33).
Recently, it has become possible to calculate the hydrodyn-
amic properties of macromolecules from their known atomic
level structures by the use of ‘bead’” models (34-36). These
models make it possible to link empirical or theoretical
structures with hydrodynamic measurements in solution.
Here, we report experimentally determined molecular weights
and sedimentation coefficients for the ht-quadruplex in Na*
and K" solutions, and compare these with values calculated
from reported high-resolution structures.

5-AGGGTTAGGGTTAGGGTTAGGG
5-ApGGGTTAGGGTTAGGGTTAGGG
5-AGGGTTApGGGTTAGGGTTAGGG
5-AGGGTTAGGGTTApGGGTTAGGG
5-AGGGTTAGGGTTAGGGTTApGGG

Figure 1. Sequences and structures of human telomere DNA. The sequences used in this study are shown at the top. The unmodified 22 nt sequence is listed first.
Singly substituted oligonucleotides containing 2-aminopurine (‘Ap’) are shown with the position of the substitution in bold. (a) NMR-derived structure of the human
telomere DNA sequence in Na* reported by Wang and Patel (22). (b) Structure of human telomere DNA in Na* derived from crystallographic studies reported by

Parkinson et al. (23).



The modified base 2-aminopurine (2-AP) has been used
for >30 years as a fluorescent probe for nucleic acids (37-40).
The quantum yield of 2-AP is very sensitive to its environ-
ment, and 2-AP fluorescence is quenched when it is stacked
with other bases. 2-AP behaves like adenine and forms a
base pair with thymine. Substitution of 2-AP for adenine
has little effect on duplex DNA structure or stability. We
report the use of 2-AP to probe the loop environments of
the ht-quadruplex in Na® and K' solutions. Systematic
single-substitutions were made (Figure 1) to replace each of
the four adenines with 2-AP. Fluorescence emission intensity
and fluorescence quenching (41) studies provide quantitative
measures of the environment of loop adenines that can be
compared with the properties of these residues in reported
high-resolution structures.

The results of our biophysical studies are fully consistent
with the antiparallel structure in Na® solutions that was
described by Wang and Patel (22). However, both sedimenta-
tion and fluorescence experiments in K* solutions yield results
that are inconsistent with the reported crystal structure (23).
Based on these studies, the crystal structure cannot be the
predominant structure that exists in solution.

METHODS
Preparation of DNA

The DNA oligonucleotide d[AGGG(TTAGGG);] and its
fluorescent analogs (Figure 1) were purchased from Oligos
Etc. (http://www.oligosetc.com) and were used without
further purlﬁcatlon A molar extinction coefficient of
196479 + 5675 M ' cm ™" at 260 nm at 20°C was determined
for the folded quadruplex form by means of a colorimetric
phosphate assay (42). Oligonucleotides were digested with P1
nuclease and alkaline phosphatase (Sigma—Aldrich) in NP1
buffer (NaAc 30 mM and ZnCl, 1 mM, pH 6.5) for both
extinction coefficient determination and for fluorescence con-
trol experiments. BPES and BPEK buffers (consisting of 6 mM
Na,HPO,, 2 mM NaH,P04, 1 mM Na,EDTA, 185 mM NaCl
or KCI, pH 7.1) were used for all experiments.

Steady-state fluorescence spectra and quenching
experiments

Steady-state fluorescence measurements were carried out with
a JASCO model FP-6500 flurometer equipped with a Peltier
temperature controller. Oligonucleotides were excited at
305 nm with slit width of 5 nm, and emission spectra were
collected from 320-420 nm. For the acrylamide quenching
experiments, aliquots of a 4 M acrylamide stock solution were
added to oligonucleotide solutions to bring the final concen-
tration into the range of 0-0.7 M, using an excitation wave-
length of 305 nm and an emission wavelength of 370 nm.

Circular dichroism spectra

Circular dichroism experiments were performed on a JASCO
model J-810 circular dichroism spectrapolarimeter equipped
with a Peltier temperature controller.

Sedimentation equilibrium and velocity experiments

Sedimentation experiments were performed using a Beckman
Optima XLA analytical ultracentrifuge equipped with
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absorbance optics and an An60Ti rotor. Sedimentation veloc-
ity experiments were performed at 20°C using a rotor speed of
50000 r.p.m., with three loading concentrations of 0.25, 0.5
and 1 OD at 260 nm. Analysis of sedimentation velocity
experiments was performed with the program Sedfit (43). Sedi-
mentation equilibrium measurements were performed at 20°C
using a rotor speed of 34 000 r.p.m. Three initial sample con-
centrations of 0.25, 0.5 and 1.0 ODy¢ n,m Were scanned in six
channel centerpieces after equilibrium of ~6 h. Sedimentation
equilibrium experiments were analyzed using the software
package Sedanal (44). The best fit of oligonucleotides molecu-
lar weight was calculated by Monte Carlo analysis.

Molecular dynamics simulations

The d[AGGG(TTAGGG)3] crystal structure (PDB code 1KF1)
and NMR structure (143d) were used directly for molecular
dynamics calculations. Two sodium or potassium ions were
placed in the experimentally observed positions, between
quartet stacks. The chair model was generated to be consistent
with the literature (26,45). The all-clockwise quartet structure
was generated from the crystal and NMR structure. The mod-
els were solvated in a 10 A box of TIP3P water by using
standard Amber 8.0 rules to hydrate the systems and
counter-ions were added randomly for overall charge neutral-
ity. Periodic boundary conditions and the particle mesh Ewald
algorithm were used. A 2.0 fs time-step was used with bonds
involving hydrogen frozen using SHAKE. Molecular
dynamics (MD) calculations were carried out with the
AMBER 8.0 mpi version of sander and parm98.dat parame-
terization. Simulations were performed in the isothermic iso-
baric ensemble (P 1 atm; T 300 K). The systems were heated
slowly and equilibrated for 125 ps with gradual removal of
positional restraints on the DNA following this protocol:
(i) minimize water, (11) 25 ps MD (T 100 K) holdlng DNA
fixed (100 kcal/mol A~ 1, (iii) minimize water; (iv) minimize
total system, (v) 25 ps MD (T 100 K) holding DNA fixed
(100 kcal/mol A~ ) (vi) 25 ps MD (T 300 K) holding
DNA fixed (100 kcal/mol A™"), (vn) 25 ps MD (T 300 K)
holding DNA fixed (50 kcal/mol A~ ) (V111) 25 ps MD (T
300 K) holding DNA fixed (10 kcal/mol A~ ) and (ix) 25 ps
MD (T 300 K) holding DNA fixed (1 kcal/mol A~ 1. Produc-
tion runs of 4 ns after final equilibrium were used to obtain
snapshots at 2 ps throughout the trajectory and average struc-
tures, (25 snapshots in the last 50 ps), which were subsequently
minimized (1000 steps steepest descents followed by 5000
steps conjugate gradient) using GB/SA solvation and the
AMBER* force field in Macromodel (46). Perl scripts was
generated to calculate the sedimentation coefficient using
HYDROPRO 5a™ and to calculate the solvent accessible sur-
faces using NACCESS 2.1.1 (47) for the last 2 ns of each
trajectory. Calculations were performed on Silicon Graphics
Origin 2000 server.

RESULTS

Measured sedimentation coefficients are consistent with
NMR results in Na*, but not with crystallographic
studies in K"

Sedimentation velocity and sedimentation equilibrium
experiments were performed to characterize the hydrodynamic
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Table 1. Sedimentation properties of G-quadruplexes in Na™ and K* solutions

Parameter Units Na* Form K* Form
Sexp/ 10713 s 1.92 + 0.01 2.11 = 0.01
Sea/107 130 s 1.86 = 0.02 1.69 = 0.02
Deyp/ 107 cm? st 1.49 + 0.04 1.62 + 0.02
Deate/107° cm? s~ 1.40 + 0.01 1.32 + 0.02
Molecular weight? Da 7041 + 158 7119 + 57
Calculated MW Da 7107.4 7107.4

“Determined by sedimentation velocity experiments. Corrected to standard
conditions of water, 20°C.

"Calculated using HYDROPRO.

“Calculated from S and MW. The error is estimated by propagation of the errors
in S and M.

YDetermined by sedimentation equilibrium experiments.

properties of the ht-quadruplex in Na* and K solutions.
Both techniques show that under either salt condition the
ht-quadruplex is monomeric, with no >2% of the population
present as higher molecular weight species. The results
of sedimentation experiments are presented in Table 1.
Sedimentation coefficients (S) and molecular weights
(MW) were measured directly by experiment, and diffusion
coefficients were calculated from S and MW values. Molecu-
lar weights obtained by sedimentation equilibrium differ by no
>1% from molecular weights calculated from the known
sequence of the oligonucleotide used in these studies.

Figure 2 shows the results of sedimentation velocity experi-
ments in Na* and K*. Data were analyzed using the c(s)
method (43) to provide high-resolution sedimentation coeffi-
cient distributions. S-values were found to be independent
of the loading concentration. In Na*, S = 1.92 + 0.01 was
measured. A higher value, S = 2.11 £ 0.01 was found in
K" solutions. The 9.9% increase in S is statistically significant,
indicating that a hydrodynamically more compact conforma-
tion exists in K* relative to Na™ solutions. Diffusion coeffi-
cients calculated from S and M values (Table 1) are also
consistent with a transition to a hydrodynamically more
compact shape in K solutions.

The hydrodynamic properties of macromolecules may be
calculated from known atomic-level structures by using ‘bead’
models (35,36). Examples of bead models calculated for the
Na* and K" quadruplex forms from their reported high-
resolution structures are shown in Supplementary Figure 1.
Distributions of calculated sedimentation coefficients for the
Na* and K* ht-quadruplex forms are shown in Figure 2. The
results show striking differences between calculated and actual
S-values for the K* form, but not the Na* form.

The NMR determined structure of the Na* form of the
ht-quadruplex yields calculated hydrodynamic properties
that are in excellent agreement with experimentally deter-
mined values (Table 1). An S-value of 1.86 + 0.02 is calcu-
lated from the structure, a value that is within 3.2% of the
experimentally determined value of 1.92 = 0.01. The NMR
structure accurately predicts the experimental hydrodynamic
properties of the ht-quadruplex in Na* solutions.

In sharp contrast, the crystal structure of the K* form of the
ht-quadruplex fails to predict the experimentally observed
hydrodynamic properties. The calculated S-value was found
to be 1.69 + 0.02, a value 24.9% lower than the experiment-
ally observed § = 2.11 £ 0.01 (Table 1). The difference
between the calculated and observed S-value is well beyond
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Figure 2. Results from sedimentation velocity experiments and molecular
dynamic simulations. Sedimentation coefficient distributions as determined
by the program Sedfit (43) are shown for Na* solutions (a) or K" solutions
(b), yielding the values shown in Table 1. Data for three different loading
concentrations are shown (5.1, 2.55 and 1.275 uM strand). The narrower dis-
tributions in red were calculated from molecular dynamics trajectories for
simulations based on the Wang—Patel (22) structure (a) or the Parkinson—
Lee—Neidle structure (23) (b).

the experimental error of the measurement or of the distribu-
tion of values calculated from the molecular dynamics ensem-
ble. As shown in Figure 2b, the calculated sedimentation
coefficient distribution differs significantly from the experi-
mental S-value distribution. The reported crystal structure
does not account for the hydrodynamic properties of the
ht-quadruplex in solution, suggesting that a different con-
formation exists in solution. The conformation in K* solution
must be hydrodynamically more compact than the one
observed in the crystal.

Fluorescence studies using samples strategically
substituted with 2-AP yield results that are inconsistent
with predictions derived from the structure of the

K" ht-quadruplex in the crystal

The ht-quadruplex was strategically substituted with 2-AP at
specific adenine residues in order to provide a fluorescence
probe with which to investigate loop environments. The
substitutions are shown in Figure 1. Control experiments
(Supplementary Figure 2) established that substitution of



specific adenines by 2-AP does not alter the global structure of
the ht-quadruplex in either Na™ or K* as judged by circular
dichroism spectroscopy, nor does it appreciably alter the ther-
mal stability of the structures, as judged by thermal denatura-
tion studies.

Figure 3 shows the steady-state fluorescence properties of
2-AP-substituted quadruplex structures. In Na® solutions
(Figure 3a), the fluorescence emission intensity differs for
each of the substitutions. 2-AP fluorescence is most quenched
for the A-13 position and least quenched when at the A-7
position. Intermediate quenching is seen for the A-1 and
A-19 positions. In the NMR structure reported by Wang
and Patel (22), A-1, A-13 and A-19 were all reported to be
stacked upon G-tetrads, while only A-7 was unstacked and
tilted relative to the tetrad plane. The pattern of fluorescence
emission intensities in Figure 3a is fully consistent with these
structural features. Fluorescence quenching experiments
(Figure 3b) were used to probe the accessibility of 2-AP resi-
dues, using acrylamide as a collisional quencher. The observed
accessibility followed the order (from least to most accessi-
ble): A-13 < A-1 < A-7 = A-19. In the Wang—Patel (22)
structures, A-13 and A-1 are packed within a diagonal loop
at one end of the quadruplex, while A-7 and A-19 are in
separate lateral loops at the opposite end. The order of the
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accessibility is consistent with the adenine environments seen
in the structure.

Similar studies in K* yield results that are inconsistent with
the expectations of the reported crystal structure and which are
different from the NMR basket structure. The crystal structure
shows that residues A-7, A-13 and A-19 are all in equivalent
loop environments, with each intercalated between thymine
residues. The terminal A-1 residue is unstacked and is not in
a loop. The crystal structure thus predicts only two types
of environments, one for A-1, and another for the symmetri-
cally equivalent A-7, A-13 and A-19 residues. In contrast
to the prediction, a greater diversity of environments is
observed in fluorescence studies (Figure 3c and d). The
order of fluorescence emission intensities was observed to
be A-13 < A-1 = A-19 < A-7. As all of the residues in
the crystal structure except A-1 are in identical environments,
the intensities of A-7, A-13 and A-19 ought to be identical.
The order of accessibility to acrylamide quenching was
found to be A-13 < A-19 < A-1 = A-7. This contradicts the
expectation that A-7, A-13 and A-19 should be accessible to
the same extent. Indeed, frong the crystal structure, solvent
accessible surface areas (in Az) for the adenine bases are
calculated to be: A-1 = 196.4; A-7 = 98.3; A-13 = 90.9;
A-19 = 96.3. The pattern of quenching data in Figure 3d
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Figure 3. Results of fluorescence studies. The results of fluorescence intensity measurements (a and ¢) or fluorescence quenching studies using acrylamide (b and d)
are shown for oligonucleotides containing 2-aminopurine. The top row (a and b) shows results obtained in Na*, while the bottom row (c and d) shows results obtained
in K*. The colors indicate the position of the 2-aminopurine substitution: Ap1, black; Ap7, red; Ap13, green; Ap19, blue.
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quantitatively disagrees with calculated solvent accessible
surface areas from the crystal structure, suggesting that
the structure in solution is distinctly different from that in
the crystal.

Some aspects of the fluorescence data deserve additional
comment. The curvature seen in acrylamide quenching curves
(Figure 3b and d) may be attributed to dynamic heterogeneity
of 2-AP residues within quadruplex structures, a reflection of
base motions. The fluorescence lifetime of 2-AP is known to
shift from a simple monoexponential decay to a multiple expo-
nential decay when substituted into all forms of DNA, a phe-
nomenon attributed to the existence of an ensemble of
conformational states for the base (37,39). The curvature in
quenching curves is an expected manifestation of such a life-
time distribution.

Supplementary Figure 3 illustrates a control experiment,
which shows that upon digestion of substituted quadruplex
structures by P1 nuclease (releasing the 2-AP residues)
there is a dramatic increase in fluorescence emission intensity.
In addition, the accessibility to acrylamide quenching becomes
identical for all sequences. This shows that quenching of the
intact structures is not due to artifacts, such as inner filter
effects arising from acrylamide absorbance.
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The fluorescence quenching studies shown in Figure 3 indi-
cate that certain 2-AP residues are more accessible in K* than
in Na®. The data are replotted in Supplementary Figure 4 to
emphasize these differences. The quenching and accessibility
of A-13 and A-19 are virtually identical regardless of the salt,
while residues A-1 and A-7 become more accessible in K*
compared with Na*.

Crowding alters the structure of the K" quadruplex,
but not the Na* form

Polyethylene glycol (PEG 400) was used to test the effects of
crowding on the structure of ht-quadruplexes in Na* and K*. A
crowding agent like PEG 400 acts by occupying solution
volume, driving reactions to conformations or associated
states with the minimal excluded volume. The results are
shown in Figure 4. While the global structure (as measured
by circular dichroism) of the quadruplex is only slightly
altered by the addition of PEG to Na™ solutions (Figure 4a),
more dramatic changes are evident in K™ solutions (Figure 4c).
In K*, addition of PEG results in the development of a peak
near 265 nm, and a clear isoselliptic point at 253 nm. These
data suggest a transition between two conformational states in
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Figure 4. Effect of the crowding agent polyethyleneglycol (PEG) on quadruplex structure. The top row (a and b) shows results obtained in Na*. The bottom row
shows results obtained in K*. CD spectra are shown in (a and c), while acrylamide fluorescence quenching curves are shown in (b and d). CD spectra were recorded
with no PEG (black curves) to a maximum of 1.4 M PEG (cyan curves). Fluorescence quenching experiments were performed in 1.4 M PEG.



K" upon addition of PEG. Addition of PEG affects residue
accessibility to acrylamide quenching in both Na® and K*
solutions (Figure 4b and d). These results suggest that crowded
environments, such as in the crystalline state, might drive the
selection of a particular conformational form.

Sedimentation values of parallel and antiparallel
quartet structures

A calculated sedimentation value of 2.08 S was obtained for a
model of the antiparallel G-quartet stack alone constructed
from the Wang-Patel structure by deleting the 5'-A and the
three TTA loop structures. Similarly, a value of 2.24 S was
calculated for a parallel three quartet stack model, derived
from the crystallographic structure of a parallel quartet,
d(TGGGGT), (48). The observed experimental value of
2.11 for the K form suggests that there must be little con-
tribution by the loop regions to the hydrodynamic properties,
indicating that they must be in a very compact and ordered
conformation.

Molecular dynamics calculations on alternative
parallel and antiparallel structures

To explore possible alternative structures, molecular models
were generated with a variety of strand orientations, loop
geometries and quartet orientations. Models that were
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explored are shown in Figure 5, with their properties described
in Table 2. We also found that molecular dynamics simula-
tions of the reported K™-parallel (22) and Na*-antiparallel (23)
structures were stable, and that their key topological features
were maintained over >4 ns trajectories. These structures were
used as points of departure to explore other conformations
(Table 2 and Figure 5). Three major structural features, in
several combinations, were used to generate alternative struc-
tures. These features include: (i) loop topology, with either a
‘basket’ (diagonal loop) or a ‘chair’ (lateral loop) form; (ii) the
direction of the bases within the quartets (clockwise or anti-
clockwise); and (iii) forms with different topological rotation
of the direction of the strands, right- or left-handed defined by
the position of the second guanine base forming the G-quartet
with respect to the 5'-AGGG position. These structures were
all topologically stable in unrestrained molecular dynamics
trajectories. The minimized average structures were deter-
mined and sedimentation values were subsequently calculated
for these structures using HYDROPRO. Results are summa-
rized in Table 2.

None of the seven alternate structures that were considered
in detail was able to match exactly the experimentally
observed sedimentation coefficient (2.11 S) for the K*
form. The experimental value is most closely matched by
G-quadruplex structures with no loops at all. This indicates
that the K* form may have a structured, compact loop

5

5'

5

Figure 5. Alternative structures for the human telomere quadruplex in K* solutions. Top panel: minimized structures (A-G) built with the properties listed in Table 2.
Bottom panel: schematics of the quadruplex structures shown in the top panel as viewed from above are shown. Green circles represent 5’ to 3’ strand direction toward
the reader and red circles indicate 5’ to 3" strand direction pointing away from the reader. The lines representing the loops are topologically correct.
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Table 2. Sedimentation values for known and alternative K structures

Overall fold* Rotation of fold® Quartet rotation®

Loop orientation’ Energy (kJ/mol) Sedimentation value®

X-ray Parallel Right Clockwise Propeller —~18940" (—18914%) 1.72" (1.69%)
NMR Antiparallel Right Alternating Basket —19279" (=19057Y) 1.92" (1.89")
A Antiparallel Right Clockwise Basket —19248 1.88
B Antiparallel Left Alternating Chair —19201 1.86
C Antiparallel Right Clockwise Chair —19239 1.86
D Antiparallel Right Anticlockwise Basket —-19177 1.86
E Antiparallel Right Alternating Chair —19095 1.83
F Antiparallel Left Clockwise Chair —-19119 1.81
G Antiparallel Right Alternating Mixed —19093 1.80

“Parallel: the four backbone regions of guanines are in the same 5’ to 3’ direction. Antiparallel: the four backbone regions of guanines are in the different 5’ to 3’
directions.

"Topological rotation of the direction of the strands, right- or left-handed defined by the position of the second quanine bases forming the G-quartet with respect to the
5'-AGGG position.

“The rotational direction of the bases within the G-quartets. Clockwise has all three quartets with the bases in the same clockwise rotation as in the crystal structure.
Anticlockwise has all three quartets with the bases in the same anticlockwise rotation opposite to that in the crystal structure. Alternating has the three quartets in the
same rotational orientation as in the NMR structure.

Location of the loops. Propeller: loops running exteriorly to the G-quartets; Basket: as in the NMR structure with a second loop being positioned diagonally across the

G-quartets; Chair: all loops being lateral; Mixed: the first and second loops are lateral with the third loop in the propeller orientation

“Calculated in HYDROPRO.

Reported X-ray crystal structure optimized by molecular dynamics.
€Reported X-ray crystal structure, no molecular dynamics optimization.
_hAntiparallel NMR structure optimized by molecular dynamics with K* ions.

'Antiparallel NMR structure with K* ions in Na+ positions with minimization but no molecular dynamics optimization.

geometry of a type not previously reported. The most ener-
getically stable chair form allows for a T-A-T-A quartet in the
first and third loops. However, this structure, while appealing
due to the near perfect stacking, is not the most compact
structure among those considered. It is possible to generate
structures with higher sedimentation values, but these values
are universally lowered while undergoing the molecular
dynamics treatment.

DISCUSSION

The results of quantitative sedimentation and fluorescence
studies show conclusively that the structure of the human
telomere quadruplex described by Parkinson et al. (23) cannot
possibly be the major conformation that is present in K* solu-
tion. The solution structure is hydrodynamically more com-
pact than the crystal structure, and the structures of the three
TTA loops lack the symmetry of the structure observed in the
crystalline state. These results suggest that the crystallographic
structure may not be the most appropriate model to use for
structure-based design efforts, and that other biologically more
relevant structures may predominate in solution. Exactly
what these structures are cannot yet be specified, but our
biophysical studies elucidate specific features that must
exist in solution.

It is not uncommon for quadruplex structures derived by
crystallography to differ from those determined in solution
(31). For example, the Oxytrichia telomere repeat sequence
d(G4T4G,) was found by crystallography to form a head-to-tail
dimer in K, with lateral loops on opposite ends of the struc-
ture (49). The NMR structure of the same sequence in either
K" or Na*, however, is quite different from the crystal struc-
ture (50,51). The NMR structures feature an antiparallel dimer
with diagonal loops across each end. Another example is the
human thrombin binding aptamer, d(G>T,G,TGTG,T,G,).
The crystal structure (52,53) of the thrombin bound form

differs from the NMR structures of the aptamer alone with
respect to the alignment of the loops (54). Quadruplexes evi-
dently can adopt a variety of conformations, and it is possible
that crystal packing forces, crowding, or the dehydrating con-
ditions within the crystal might select for a particular con-
formation that is not the predominant one in solution. This
point will be addressed more fully below.

Thus far, attempts to determine the high-resolution structure
of the intact, 22 nt ht-quadruplex in K* solution by NMR have
proven to be unsuccessful, perhaps because of the presence
of multiple conformational forms (55). A two-repeat human
telomeric sequence, d(TAGGGTTAGGGT), however, was
found to form both parallel and antiparallel G-quadruplexes
in K™ solutions (55). The parallel structure was similar to that
observed in the crystal, while the antiparallel structure fea-
tured two lateral loops on opposite ends of G-quartet stacks.
The two structures could coexist and could interconvert in
solution. The interconversion was highly dependent on tem-
perature. The exact relevance of this dimeric structure to the
intact unimolecular sequence is not entirely clear. The dimer
lacks one of the loops and is, therefore, less topologically
constrained compared with the intact, full-length sequence.

What is the structure of ht-quadruplex in K™ solution? Our
biophysical studies cannot provide a definitive answer to that
question, but can provide molecular characteristics that help
define features of that structure. Along with additional con-
straints provided by other experimental approaches that have
been published, features of a plausible structure emerge. Our
sedimentation and fluorescence studies indicate that the K*
form is hydrodynamically more compact than the Na* form,
yet that loop residues Al and A7 are more accessible solvent.
The solvent accessibility of loop residues A13 and A19 are
identical in K™ and Na®*. Our data, in general, suggest that the
conformational change that results from the substitution of K*
for Na* primarily involves an alteration in loop structures.
Early studies showed that loop adenine residues were



generally more reactive toward DEPC in K* relative to Na®,
but that the pattern of reactivity remained the same, a finding
consistent with our fluorescence quenching data that show
greater accessibility of residues Al and A7. Platinum cross-
linking studies (27) reported the formation of A1-G10, A13-
G22, A1-A13, A7-A19, G4-A19 and A7-G20 platinum che-
lates in both K™ and Na*. Those results suggest that an antipar-
allel structure is the predominant form in both K* and Na™. !2°1
radioprobing experiments support the fact that the antiparallel
structure predominates in both K™ and Na*, but suggested that
the change in ion type facilitated a ‘basket’ to ‘chair’ transi-
tion, where the diagonal loop observed in Na* switched to a
lateral loop in K**°. Such a transition would alter the orienta-
tion of the two lateral loops on the opposite end from a parallel
orientation to an antiparallel one. Our fluorescence quenching
data are consistent with that proposal. By changing the diago-
nal loop to a lateral one, residue A1 would be rendered more
accessible to solvent (as observed), while A13 would remain
less accessible, buried within the lateral loop structure. Altera-
tion of the loop orientation on the opposite end of the molecule
would alter the stacking interactions of A7 and A19. A19
evidently remains buried, while A7 becomes more accessible.
Single molecule FRET studies (28) indicated that an antipar-
allel structure was the dominant (but not the sole) conforma-
tion in both K* and Na™.

The data collectively suggest that an antiparallel ‘chair’
form is most likely the predominant conformation in K* solu-
tions. Marathias and Bolton (45) found by solution NMR
studies that K™ favored ‘chair’ structures for sequences with
shorter loop lengths. We find by molecular dynamics that the
hydrodynamic properties of a variety of chair structures are
generally consistent (within ~10%) with measured sedimenta-
tion coefficients in K* solution, although we have not yet been
able to construct a model that matches the experiment
exactly, primarily because we do not know what the exact
loop structures might be.

Why is the crystal structure different from that in solution?
One possibility is that the crowded, dehydrated conditions in
the crystal have selected for a particular conformational form.
The experiment in Figure 4 is consistent with that hypothesis.
Upon addition of a macromolecular crowding agent, polyethy-
lene glycol, there is a distinct transition of the ht-quadruplex to
a different conformational form, as judged by circular dichro-
ism. Another possibility is that the conformation observed in
the crystal was selected for by a small molecule ‘driver’. The
crystals were grown in solutions containing 300 mM KClI,
15% polyethylene glycol 400, 1.7 mM DNA and 2.0 mM
BRACO 19, 50 mM potassium cacodylate, pH 6.5. BRACO
19 is a trisubstituted acridine derivative designed to be a
G-quadruplex selective binding agent. Results from the Hurley
laboratory have shown that G-quadruplex-selective small
molecules can act as ‘drivers’ to act as chaperones that facili-
tate quadruplex folding (56). The Bolton laboratory has shown
that porphyrins can catalyze the interconversion of quadruplex
structural types, and in particular can drive both basket- and
chair-type structures into parallel-stranded quadruplexes (57).
Recent results from the Hurley laboratory showed that the
G-quadruplex binders telomestatin and diselenosapphyrin
can affect the conformation of the telomeric G-quadruplex
found in solution (58). Diselenosapphyrin, in particular, was
proposed to select for a hydrid conformation that featured two
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lateral and one external ‘propeller’ loop. The combination of
crowding and the presence of a driver may well have selected
for a quadruplex structure in the crystal that would otherwise
not be favored in solution.

The above arguments should not be confused with a sug-
gestion that crystal packing forces may have produced an
artifactual quadruplex conformation. Crowding effects are
distinct from crystal packing forces and are rooted in funda-
mental solution thermodynamics, specifically excluded vol-
ume effects (59). Crystal packing forces are relatively weak
(60). Even though the experimentally determined energetic
cost of converting the sodium quadruplex form to the potas-
sium form is only ~2.5 kcal/mol (J. Li and J. B. Chaires,
manuscript in preparation), we doubt that crystal packing
forces alone could drive a major topological conversion. Crys-
tal packing could exert more subtle effects on base orientations
within loops. On the other hand, crowding, which we demon-
strate as directly possible in Figure 4, could drive a confor-
mational selection by creating conditions that favor compact
conformations or associated complexes. Crystal growth con-
ditions included 15% PEG 400, resulting in significant crowd-
ing. We note that in the crystal, quadruplexes are in fact
present as dimers (23). The solvent accessible surface of
the crystallographic quadruplex monomer was calculated to
be 4391 Az, while the surface area of the associated dimer was
6995 A? (the average solvent accessible surface area for the
reported antiparallel NMR structures is 3797 A?). The fact that
the dimer seen in the crystal has a significantly lower surface
area than twice the surface area of the monomer is fully con-
sistent with an association driven by crowding. It is interesting
to note that in the crystal structure the dimer can be viewed as
the repeating unit and the loops are stabilizing the lattice by
stacking with each other and with neighboring quartets. In fact,
all of the loops are participating in such stabilization of the
crystal lattice. It is also interesting to note that the calculated
energy for the crystal structure form (£ = —18914 kJ/mol) is
higher (i.e. more unfavorable) than that for the NMR structure
with K" replacing Na* (E = —19 057 kJ/mol).

Upon completion of our experimental studies, we became
aware of recent work that provided similar data. The fluores-
cence properties of 2-AP in human telomeric DNA were inves-
tigated (61), but only in sodium solution. 2-AP was substituted
at the 7, 13 and 19 positions, as we have done. The order of
accessibility to the quencher ascorbic acid was found to be
(from least to most accessible): A13 < A19 < A7. That order
agrees with our data using acrylamide as a quencher. A longer
fluorescence lifetime for A7 (compared with A13 and A19)
was observed, consistent with the steady-state intensity mea-
surements shown in Figure 3. Translational diffusion coeffi-
cients were measured for human telomeric DNA by photon
correlation spectroscopy in both Na* and K* solutions (62). A
value of 1.4 x 10~° cm?/s was found regardless of ion type, in
good agreement with the values we calculated from S- and
M-values (Table 1). The finding that there is little difference in
the measured diffusion coefficient in Na* and K" solutions
supports our contention that the actual form in potassium
solution differs from hydrodynamic properties predicted
from the crystal structure.

In the initial report of the parallel-stranded ‘propeller’ struc-
ture, it was suggested that its conformation would facilitate
stacking of monomeric units into higher-order telomeric
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structures at the end of the chromosome (23). Our sedimenta-
tion velocity and sedimentation equilibrium data show unam-
biguously and definitively that monomeric units do not stack
or self-associate in K* solution, with no >2% of the population
present as higher aggregates. We suggest, though, that stack-
ing of the propeller structure may in fact have relevance
and utility. The conformation of the human telomeric
G-quadruplex is clearly flexible, with an ensemble of confor-
mational forms accessible. These forms respond to environ-
mental conditions. Such responsiveness could provide a
switching mechanism that could allow telomeric DNA to
respond to changes in its environment throughout the cell
cycle. The different conformational forms might participate
in different biological functions at different stages in the cell
cycle. The parallel-stranded propeller form might, for exam-
ple, be used to effectively pack telomeric DNA into an
inactive, inaccessible form upon chromosome condensation.
Other conformational forms might exist over the course of the
cell cycle to facilitate telomere replication or other telomere
functions. The key concept is that diverse G-quadruplex
conformations exist and that all may have biological rele-
vance. The ability to switch between forms is perhaps key
to their biology, providing a kind of allosteric regulatory
mechanism. Appropriate drug design efforts need to recognize
and embrace the conformational diversity.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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