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ABSTRACT: Human telomeric DNA consists of tandem repeats of the DNA sequence d(GGGTTA). Oligo-
deoxynucleotide telomere models such as d][A(GGGTTA);GGG] (Tel22) fold in a cation-dependent manner
into quadruplex structures consisting of stacked G-quartets linked by d(TTA) loops. NMR has shown that in
Na ™ solutions Tel22 forms a “basket” topology of four antiparallel strands; in contrast, Tel22 in K™ solutions
consists of a mixture of unknown topologies. Our previous studies on the mechanism of folding of Tel22 and
similar telomere analogues utilized changes in UV absorption between 270 and 325 nm that report primarily
on G-quartet formation and stacking showed that quadruplex formation occurs within milliseconds upon
mixing with an appropriate cation. In this study, we assess the dynamics and equilibria of folding of specific
loops by using Tel22 derivatives in which the dA residues were serially substituted with the fluorescent
reporter base, 2-aminopurine (2-AP). Tel22 folding induced by Na* or K assessed by changes in 2-AP
fluorescence consists of at least three kinetic steps with time constants spanning a range from milliseconds to
several hundred seconds. Na*-dependent equilibrium titrations of Tel22 folding could be approximated as a
cooperative two-state process. In contrast, K*-dependent folding curves were biphasic, revealing that
different conformational ensembles are present in 1 and 30 mM K. This conclusion was confirmed by 'H
NMR. Molecular dynamics simulations revealed a K™ binding pocket in Tel22 located near dA1 that is
specific for the so-called hybrid-1 conformation in which strand 1 is in a parallel arrangement. The possible
presence of this topologically specific binding site suggests that K* may play an allosteric role in regulating

telomere conformation and function by modulating quadruplex tertiary structure.

Recent analysis of the human genome reveals the presence of
G-rich sequences that have a propensity to fold into quadruplex
structures (/, 2). These G-rich regions include telomeres, certain
transcriptional promoters, and immunoglobulin switch regions.
Telomeres are nucleoprotein structures located at the ends of
chromosomes (for a review, see ref 3). In humans, telomeric
DNA contains 30—50 tandem repeats of the sequence d(TTA-
GGQG) that exist as a single-stranded overhang at the 3’ end of
chromosomes (4). Telomeres maintain chromosomal integrity
during cell division (3, 5, 6); the inability of most cell types to
replace telomeric DNA during replication eventually results in
cell death (7). Most cancer cells, by virtue of their ability to
produce telomerase, are capable of maintaining telomeric DNA,
thereby contributing to cellular immortality (8). Recent evidence
suggests that these G-rich telomeric DNA sequences may fold
into G-quadruplex structures in vivo (9).

A number of recent reviews summarize the details of quad-
ruplex structure and function (/0—13). In brief, quadruplex
DNA consists of stacked planar, cyclic arrays of four dG residues
linked by Hoogsteen hydrogen bonds involving the N1, N2, N7,
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and O6 atoms of each quartet. Quadruplex stability is markedly
enhanced by coordination of a monovalent cation such as K™ or
Na™ to the guanine O6 atoms that protrude into the central
cavity of the G-tetrad. Individual G-quartets stack to form a
structure with a central channel that contains a monovalent
cation chelated either between quartets or within the center of the
macrocyclic ring.

Oligonucleotides containing G-quadruplexes are notable for
their conformational diversity; indeed, changes in cation, loop
sequence, or terminal bases may result in changes in quadruplex
topology (13). A 22-nucleotide model of the human telomeric
sequence utilized in the experiments reported here, d[AGs;-
(T>AG3)] (Tel22),' has been shown to exist in a different confor-
mations under different conditions. From NMR data, Wang
et al. (14) deduced that Tel22 in a Na™-containing solution folds
into a unimolecular “basket”. This topology, depicted in Figure
1A, consists of an antiparallel arrangement of four strands with
lateral loops connecting strand 1 to strand 2 and strand 3 to
strand 4, and a diagonal loop connecting strand 2 to strand 3. In
contrast, Tel22 crystallized in K* folds into an all-parallel

'Abbreviations: 2-AP, 2-aminopurine; BuyAmP, tetrabutylammo-
nium phosphate; cps, fluorescence intensity in counts per second;
DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid; MD, molecular dy-
namics; FRET, fluorescence resonance energy transfer; NOE, nuclear
Overhauser effect; PDB, Protein Data Bank; SASA, solvent accessible
surface area; SVD, singular-value decomposition; Tel22, d[A(GGG-
TTA);GGG]; TT-Tel22-A, d[TT(GGGTTA);GGGA]; TT-Tel22, d-
[TT(GGGTTA);GGG].
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FiGure 1: Topological variants of G-quadruplexes formed under
different conditions for the human telomeric oligodeoxynucleotide
d[A(GGGTTA);GGG] showing positions of loop adenine residues
(red slabs). The basket structure is from the NMR-determined
structure [PDB entry 143D (74)]. The propeller structure was deter-
mined by X-ray crystallography [PDB entry 1KF1 (15)]. The hybrid-
1 and hybrid-2 structures were modeled from NMR structures
2HY9 (43) and 2JPZ (44), respectively, as described in Experimental
Procedures. Green slabs represent G residues and blue slabs T
residues. The diagrams were created using the molecular graphics
program Chimera (48).

structure in which the connecting loops form a “propeller”-like
structure (Figure 1B) (15). However, NMR, as well as a variety of
other biophysical techniques, indicates that Tel22 in K™ solutions
exists as an undefined mixture of structures (16, 17). Suggested
topologies include a “chair” structure (four antiparallel strands
connected by three lateral loops) and topologies in which there is
a propeller-type loop connecting strand 1 to strand 2 or strand 3
to strand 4 (Figure 1C,D) (18, 19). The latter structures in which
the first two stands or the last two strands are in a parallel
topology are the predominant conformers in K* solutions of
human telomeric sequences modified by addition of 5 and 3’
nucleotides (17, 20, 21). The former has been termed a hybrid-1
structure and the latter a hybrid-2 structure.

We recently compared the folding kinetics of oligonucleotides
that form well-defined basket and hybrid-1 structures, Tel22 in
Na* and TT-Tel22-A {d[TT(GGGTTA);A]} in K™ using rapid
scanning stopped-flow spectrophotometry to assess the extent of
quadruplex formation (22). For both of these sequences, a single-
exponential process with sequence-dependent time constants of
20—60 ms in 50 mM KCI was observed. In contrast, in 100 mM
NaCl, folding of both sequences consisted of three steps with
relaxation times in the millisecond to second range. These kinetic
data are consistent with reaction sequences 1 and 2:

U 42K+l — F-K, (1)

U+3Na*<Il — 12 — F—Na; (2)

where U represents an ensemble of unfolded conformers, I is an
intermediate, and F represents the folded quadruplex structure.

Folding equilibria for these oligonucleotides were cooperative
with respect to cation concentration and exhibited midpoint
cation concentrations 10—20-fold lower for Kt than for
Na™ (22). This higher apparent affinity of K* is consistent with
the results of Hud et al. (23), who showed that the preference for
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K* compared to Na* coordination results from a higher
desolvation energy required for its incorporation of Na* into
the quadruplex central channel.

In a subsequent study (24), we found that exchange of Na™ for
K™ is also a multistep process, consisting of three relaxations as
determined by changes in the CD spectrum accompanying the
cation-induced rearrangement shown in eq 3:

F—Na; — [1<12<F-K, (3)

The changes in UV absorption in the 275—320 nm range that
were used to monitor the folding transitions in the studies
described above most likely report predominately on G-quartet
formation and may be less sensitive to loop conformation.
Because the loops of Tel22 consist of dTTA triads, we reasoned
that the fluorescent adenine analogue, 2-aminopurine (2-AP),
could be a sensitive indicator of loop conformational changes.
2-AP has been utilized extensively as a probe of oligonucleotide
folding (25—29). For example, previous studies from our labora-
tory showed that the fluorescence properties of Tel22 analogues
with 2-AP substituted serially for the four dA residues are
sensitive to quadruplex folding topology (27). In addition, factors
that influence 2-AP fluorescence are well-characterized, thus
making 2-AP-substituted Tel22 analogues excellent probes of
loop structure (30—36).

EXPERIMENTAL PROCEDURES

Materials. Synthetic oligodeoxynucleotides were obtained
from IDT, Inc. (Coralville, IA). Stock solutions of 500—750 uM
in strand concentration were prepared by dissolving the desalted,
lyophilized oligonucleotide in 10 mM BusAmP and I mM EDTA
(pH 7.0) (termed folding buffer). Oligonucleotide concentrations
were determined from their absorbance at 260 nm using extinc-
tion coefficients supplied by IDT (228.5 mM " cm ™! for Tel22
and 215.5 mM " em™! for the Tel22 2-AP derivatives). NaCl,
KCl, 2-aminopurine, monobasic tetrabutylammonium phos-
phate, and tetrabutylammonium hydroxide were from Sigma
(St. Louis, MO). Stock NaCl and KCI solutions for titration
experiments were prepared in folding buffer.

Equilibrium Measurements of Cation-Induced Folding.
The dependence of the extent of folding on cation concentration
was assessed by measuring changes in UV absorption, CD, and,
for the 2-AP derivatives, fluorescence emission intensity. The
spectrophotometric titrations were conducted as previously des-
cribed (22). The absorbance at 295 nm or fluorescence intensity at
370 nm was allowed to equilibrate between additions of cation
(usually 5—10 min).> CD spectra were recorded with a Jasco
J-810 spectropolarimeter equipped with a magnetic mixer and a
Peltier thermostat (Jasco USA, Easton, MD). Fluorometric
experiments were conducted at 25 °Cina 1 cm x 1 cm quartz
cuvette with a Fluoromax-3 spectrofluorometer equipped with a
magnetic mixer and a fluorescence polarization accessory
(HORIBA Jobin Yvon Inc., Edison, NJ). 2-AP-containing
oligodeoxynucleotides were excited at 305 nm (2 nm bandwidth),
and emission spectra were measured at 1 nm intervals from 320 to
460 nm using a 5 nm bandwidth. Fluorescence intensities were
corrected for instrumental response using Fluoromax software,

2After completion of this paper, we observed additional very slow
changes in UV absorption and ellipticity in the spectral region between
220 and 265 nm that occurred over a period of up to 8 h when KCI was
mixed at room temperature with unfolded Tel22. The implications of
these slow changes are currently under investigation.
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by subtracting a buffer spectrum. We corrected emission spectra
for day-to-day variation in excitation lamp intensity by normal-
izing to the intensity of the 342 nm Raman scattering peak of
water. Fluorescence intensities are presented in units of counts
per second per micromolar oligonucleotide.

Analysis of Titration Data. A two-state model for cation-
induced folding of monomolecular G-quadruplexes is described
by the equation U + nM < FM,,, where U and F designate the
unfolded and folded states of the oligonucleotide, respectively,
and M is either Na*™ or K*. The titration curves were fit to a
modified Hill equation (eq 4) corresponding to

Si = (Su=Se)MJ;"/(Kos"+ M]") + Sk (4)

where S; is the observed spectroscopic signal (e.g., absorbance,
CD, or fluorescence) determined at cation concentration 7 at the
wavelength of maximal signal change. The parameters Sy, and Sg
(representing the signal of the unfolded and folded states,
respectively), K s (the midpoint cation concentration), and the
Hill coefficient n were optimized using the nonlinear least-squares
module in Origin version 7.0 (OriginLab Corp., Northampton,
MA). The two-state model is an oversimplification [as shown in
our previous work (22) and amplified below], but it is useful for
qualitative comparison of the folding isotherms.

Spectroscopic Intermediates. Data matrices consisting of
the wavelength-dependent cation titrations and the wavelength-
dependent kinetic data were analyzed as previously described (22)
using the method of singular-value decomposition (SVD) to
assess the presence of spectroscopic intermediates and depict
their time- or cation concentration-dependent profiles (37, 38).
The application of SVD to multistate DNA transitions has been
previously described (39, 40); the interested reader is referred to
these references for more details. The SVD data analysis was
conducted with either MatLab version 7.1 (The MathWorks,
Natick, MA) or Specfit/32 version 3.0.39 (Spectrum Software
Associates, Marlborough, MA). The spectra and concentration
profiles of the significant species in the equilibrium titrations were
determined using the “model-free evolving factor analysis”
module in Specfit/32 (41).

Folding Kinetics. Kinetic constants for cation-induced quad-
ruplex formation were determined by rapid scanning stopped-
flow spectrophotometry using the instrument manufactured by
OLIS, Inc. (Bogart, GA), as previously described (22). The
kinetics of changes in 2-AP fluorescence were determined with
the Fluoromax3 fluorometer equipped with a stopped-flow
cuvette (SFA-20, High-Tech Scientific, Bradford-on-Avon,
U.K.) or by manual addition of 3 M KCI or 3 M NaCl to the
oligonucleotide solution while the solution was being vigorously
stirred with an in-cuvette magnetic stirrer. The nominal dead
times (the time interval between the addition of cation and the
initiation of data collection) were ~0.1 and ~5 s for the stopped-
flow and manual mixing methods, respectively. Fluorometric
determinations of the kinetics of exchange of Na™ by K™ were
assessed by rapidly adding KCl to a solution of the oligonucleo-
tide prefolded in NaCl as previously described (24). The progress
curves for the folding and cation exchange reactions generally
consisted of one or two exponentials as described by eq 5

2(1) = yo+Ar exp(—1/11) + A2 exp( —1/12) (5)
where y(7) is the fluorescence intensity at time ¢, y, is the final

equilibrium value of the fluorescence intensity, 7; and 7, are the
relaxation times, and A; and A, are the corresponding signal
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amplitudes at time zero. The values of y,, A, and 7; were
optimized by fitting the experimentally determined progress
curves to eq 5 using the nonlinear least-squares module in Origin
version 7.0.

Fluorescence Polarization. Steady-state fluorescence polar-
ization values (P) of the unfolded and folded 2-AP oligonucleo-
tides were determined at 25 °C with excitation at 305 nm and
emission at 370 nm in a 1 cm X 1 cm quartz cuvette using the
SpectraMax-3 fluorometer in polarization mode. Folding was
initiated by rapid addition of the salt from 3 M stock solutions of
either NaCl or KCl in folding buffer to a stirred solution of the
unfolded oligonucleotide. P was determined at intervals of 6.7 s
for 2000 s. P values for the unfolded oligonucleotide were esti-
mated by averaging at least 100 successive measurements
acquired before addition of salt and for the folded oligonucleo-
tide by averaging at least 500 measurements obtained after
addition of salt. The standard deviations of the mean P value
were £0.002—0.005. Net changes in P were determined by
subtracting the average P for the folded oligonucleotide from
that of the unfolded oligonucleotide.

NMR Experiments. Tel22 (179 uM) was dissolved in water
with 10% D,O and 50 uM DSS titrated to pH 6.5 with HCL
NMR spectra were recorded at 18.8 T on a four-channel Varian
(Palo Alto, CA) Inova spectrometer using an inverse triple-
resonance HCN probe. The intense solvent peak was suppressed
using the Watergate sequence (42). The acquisition time was 1.5,
and the recycle time was 3 s. The data were zero-filled once
and apodized using an unshifted Gaussian function and a 2 Hz
line broadening exponential function. Chemical shifts were
referenced to internal DSS. Spectra were recorded at 10 and
25 °C in the absence of K™ and in the presence of 0.75, 1.5, and
37mM K™,

Molecular Dynamics Calculations and Modeling. Starting
structures of the hybrid-1 and hybrid-2 conformations were
generated from the coordinates of the reported NMR structures
[PDB entries 2HYY (43) and 2JPZ (44)]. Two K* ions were
placed between the adjacent G-tetrad planes in each quadruplex
structure. The standard parm99 dat Amber force field was used
and was modified using the fremod.parmbscO parameter
file (45—47). The models were solvated in a 10 A box of TIP3P
water using standard Amber 9.0 Leap rules to hydrate the
systems. Potassium counterions were added for overall charge
neutrality. The systems were heated slowly and equilibrated for
250 ps with gradual removal of positional restraints on the DNA
following this protocol: (i) minimize water, (11) 50 ps MD (T =
100 K) holding DNA fixed (100 kcal mol A), (iif) minimize
water with DNA fixed (100 kcal mol™' A), (iv) minimize total
system, (v) 50 ps MD (T = 100 K) holding DNA fixed (100 kcal
mol ! A) (Vl) 50 ps MD (T = 300 K) holding DNA fixed (100
keal mol ™! ) (vii) 50 ps MD (T = 300 K) holding DNA fixed
(50 keal mol ™! A) (vm) 50 ps MD (T = 300 K) holding DNA
fixed (10 keal mol ! A), and (ix) 50 ps MD (7 = 300 K) holding
DNA fixed (1 kcal mol™ A) After the equilibration phase, an
unconstrained production phase was then initiated and contin-
ued for 20 ns. Production runs of 20 ns after final equilibrium
were used to obtain the average structures (200 snapshots in the
last 2 ns), which were fully minimized. Simulations were per-
formed in the isothermic isobaric ensemble (P = 1 atm, and T =
300 K). Periodic boundary conditions and the particle mesh
Ewald algorithm were used. A 2.0 fs time step was used with
bonds involving hydrogen atoms frozen using SHAKE. Mole-
cular dynamics calculations were conducted with the AMBER
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Table 1: Comparison of Na® and K* Concentrations for Half-Maximal
Folding (Kys5) and Hill Coefficients (n) Determined from Titrations of
Cation-Induced Folding of Tel22 and 2-AP—Tel22 Oligodeoxynucleotides”

Aags or CDaos” Fs70
oligo-
cation nucleotide K, s (mM) n Ky 5 (mM) n

Nat  Tel22 3.09+0.05 2.840.1 .
29340.04°  2.8+0.1 na

API1 594 0.1 27401  83+0.3 1.9+0.1

AP7 8.3+0.08 23+0.04 4.0+£0.1 3.140.2

API13 4240.1 19401  3.7+02 2.140.2

AP19 3.7+0.1 13+£0.1  3.7£0.2 28404
K*  Tel22 0.25340.003  1.54+0.03 .
0.256+£0.003” 1.54+0.03 na

AP1 0.50£0.02  1.30£0.05 0.50£0.02 2.14+0.2

AP7 0.35+0.004 1.73£0.03 0.2940.03 1.5+0.2

AP13 0.16740.004 1.50£0.05 0.20£0.01 4.5+1.3

AP19 0.2874+0.005 1.74+£0.05 0.10£0.006 8.9+7.3

“Folding was assessed from changes in absorbance at 295 nm, fluores-
cence at 370 nm, and CD at 295 nm. The constants were derived by fitting
the data in Figure 3 (fluorescence) or Figure 4 (CD and absorbance) to eq 4
using a nonlinear least-squares procedure. Errors are standard deviations
of the fitted parameters. “Values estimated by measurement of CD at
295 nm. “Not applicable.

program sander. The trajectories were analyzed using the PTRAJ
module in AMBER and visualized using Chimera (48). Solvent
accessible surface areas (SASA) were computed from structural
coordinates in PDB entry 143D for Tel22 in Na™ (/4) or the
coordinates for the Tel22 hybrid-1 or hybrid-2 computational
model using NACCESS version 2.1.1 (49).

RESULTS

Folding Monitored by UV Difference Spectroscopy. We
initially compared folding isotherms for Na*- and K*-induced
folding of the 2-AP-containing oligonucletotides with those for
unmodified Tel22. Quadruplex formation results in extensive
changes in DNA UV absorption with a characteristic increase in
absorbance at ~295 nm. The results of these titrations are
summarized in Table 1; the corresponding cation-dependent
difference spectra and titration curves given as Supporting
Information (Figure S1). As previously observed (22), the folding
transitions for Tel22 were cooperative with Hill coefficients
of ~1.5 in KCI and ~2.8 in NaCl and K, s(Na") > K s(K™").
Folding of 2-AP derivatives of Tel22 was also cooperative with
respect to [M ], with n(Na™) > n(K*") and Kys(Na") > K-
(K™). However, the values of the fitted parameters for some of
the 2-AP derivatives were slightly different from the same
parameters for folding unmodified Tel22. The most notable
differences were a decrease in the n value of AP19 in NaCl, a
nearly 2-fold increase in Ky s(Na ") for AP7, and a 2-fold decrease
in Ko s(K") for AP13 and AP19. These differences may reflect
2-AP-induced alterations in the ensemble of unfolded confor-
mers, alterations in the conformation of the folded states, or a
combination of the two (50). These differences in the binding
parameters are not unexpected in view of the small differences in
CD spectra of Tel22 and the four 2-AP derivatives in Na*- and
K*-containing buffers along with minor differences in thermal
stability of the folded structures that were previously described by
Li et al. (Supporting Information in ref 27). It should also be
noted that these fitted constants are empirical descriptions of the
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coupling between cation binding and oligonucleotide folding
rather than pure cation binding constants or folding equilibrium
constants (50).

Fluorescence Emission Spectra of 2-AP Derivatives of
Tel22. We next show cation-dependent changes in the 2-AP
fluorescence emission spectra of the modified Tel22 oligonucleo-
tides. Previous studies from our laboratory (27) showed that the
fluorescence of 2-AP individually substituted for the four dA
residues of Tel22 depends on the substitution site and the identity
of the cation. These differences were attributed to differences in
the positioning of the various loops connecting the G-quartets.

The emission spectra obtained in this study for the unfolded
and folded structures are shown in Figure 2. All of the spectra
exhibited maxima near 370 nm, irrespective of the folding state,
cation, or sequential location of the fluorophore. This is expected
on the basis of previous studies that show that the emission
maximum of 2-AP is relatively insensitive to its local environ-
ment. However, the fluorescence quantum yield depended on the
substitution position and on the cation and its concentration
(Figure 2). This sensitivity of 2-AP quantum yield is expected on
the basis of studies that show that stacking 2-AP with nearest-
neighbor bases and solvent accessibility influence 2-AP emission
intensity; in the study presented here, 2-AP at the 5 end (e.g.,
AP1) has only a single neighboring nucleotide, whereas the other
2-AP residues positioned between T and G obviously have two
neighbors and therefore exhibit greater quenching. It has also
been shown that G is an especially effective quencher of 2-AP
fluorescence in oligonucleotides by virtue of an electron transfer
mechanism between G and 2-AP (51).

The relative effects of cation-induced folding on 2-AP emission
intensities are summarized in Table 2. Na™-induced folding of
AP1 and API13 exhibited quenching in the folded state, while
folding of AP7 and AP19 resulted in enhanced fluorescence. In
contrast, the fluorescence quantum yield of K "-induced folding
of the 2-AP—Tel22 derivatives was noticeably biphasic with
respect to K* concentration. In 3 mM KCI, AP1, AP7, and
AP19 exhibited increased emission relative to the unfolded state
while AP13 fluorescence was quenched in 3 mM KCI (Table 2,
column 3). In 100 mM KCl, the fluorescence of AP1 and AP13
was quenched but AP7 and AP19 exhibited increased fluores-
cence relative to the unfolded states (Table 2, column 4). The
order of quenching in this study differs from that previously
reported (27). In our previous study (in which the published
spectra were determined at 5 °C), the order of emission intensity
in Nat was as follows: AP7 > AP19 > APl > AP13. For K™,
the order was as follows: AP7 > APl ~ AP19 > API3.
However, at 37 °C the order of intensities differed from that at
5°C(J. Liand J. B. Chaires, unpublished data) and is the same as
that observed in our experiments (conducted at 25 °C): AP7 >
AP19 > API > AP13inNa*and AP7 > AP1 > AP19 > API3
in K. These results suggest temperature-dependent conforma-
tional heterogeneity at positions 1 and 19 (loop 3).

To compare loop folding with G-quartet formation, we
conducted cation titrations monitored by changes in UV absorp-
tion and 2-AP fluorescence. Titration curves of AP1, AP7, and
AP13 in Na® monitored by fluorescence were approximately
monophasic as shown in Figure 3A. The Na*-induced fluores-
cence change of AP19 was slightly biphasic, with a relatively
small degree of quenching (<10%) apparent at up to ~1 mM
NaCl, followed by a larger degree of fluorescence enhancement at
higher NaCl concentrations. The n and K| 5 values obtained by
fitting the data to eq 4 are summarized in Table 1.
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FIGURE 2: Na*-and K*-dependent fluorescence emission spectra of 2-AP derivatives of Tel22 as a function of cation concentration. Fluorescence
intensities are normalized to 1 uM oligonucleotide and corrected for day-to-day variation in the fluorometer excitation lamp intensity by
normalization to the intensity of the water Raman scatter peak at 340 nm. Conditions: 0.5—0.6 uM Tel22 in 10 mM Buy,AmP and 1 mM EDTA

(pH 7.0) at 25 °C. The excitation wavelength was 305 nm.

Table 2: Relative Changes in Fluorescence Emission at 370 nm Induced by
Folding of 2-AP Derivatives of Tel22 in NaCl and KCI

F/Foa
50 mM NaCl 3mM KCl 100 mM KCl
AP1 0.6 1.2 0.8
AP7 2.9 3 2.3
AP13 0.5 0.7 0.4
AP19 1.7 1.5 1.4

“F is the fluorescence intensity in the indicated salt, and Fy is the
fluorescence intensity in the absence of added salt. The values of F and F,
were estimated from the emission spectra shown in Figure S1 of the
Supporting Information.

The K™ titration curves in Figure 3B reveal a clear biphasic
dependence of emission intensity on K* concentration. AP1 and
AP19 showed increases of ~50 and ~10% in fluorescence
intensity up to ~1 mM KCI followed by quenching at higher
KCl concentrations. K "-induced folding of AP7 resulted in a 3.6-
fold increase in fluorescence that was quenched at > 10 mM KCI.
The AP13 fluorescence was quenched by ~20% at 1 mM KClI
followed by nearly 100% near 100 mM K CI. Control experiments

conducted with 2-AP showed that the fluorescence quantum
yield of the free base is not affected by NaCl or KCI at
concentrations up to at least 100 mM. Thus, we conclude from
the biphasic titration curves that folding 2-AP—Tel22 derivatives
in KCI generates at least two classes of K™-binding sites. The
high-affinity sites are undoubtedly located within the quadruplex
channel. On the basis of molecular dynamics simulations pre-
sented below, the lower-affinity site involves residues dA1 and
dT18.

Cation-Induced Changes in CD Spectra. In view of the
biphasic fluorescence titration data in Figure 3B, we examined
the dependence of CD changes of native Tel22 on M* concen-
tration. Titrations with NaCl over the concentration range of
0—100 mM monitored by CD are consistent with a folding
equilibrium consisting of two significant spectroscopic species as
confirmed by analysis of the wavelength—Na™ concentration
data matrix by singular-value decomposition (SVD) analysis
(Figure S2 of the Supporting Information). In contrast, CD
titrations of K "-induced folding showed distinct spectral hetero-
geneity as a function of KCI concentration as indicated by the
lack of isodichroic points throughout the titration (Figure 4A).
Figure 4B shows changes in ellipticity at 295 nm for Tel22 over
the KClI concentration range of 0—100 mM. Fitting the titration
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FiGure 3: Titration curves for cation-induced folding of 2-AP derivatives of Tel22 assessed by changes in fluorescence emission at 370 nm. Panel
A shows the dependence of the fluorescence intensity on NaCl concentration, and panel B shows the dependence of the fluorescence intensity on
KCl concentration for the derivatives of Tel22 substituted with 2-AP at the indicated positions. The points represent the experimental fluorescence
intensities (normalized to an oligonucleotide concentration of 1 M), and the line shows the fit of the data points to eq 3 determined by nonlinear
least-squares fitting as described in the text. The data points were corrected for day-to-day variations in excitation intensity. The data points
colored gray in panel B were not included in the fitting. The optimized fitting parameters are given in Table 1. Conditions: 0.7—1.0 uM Tel22 in
10 mM BuyAmP and 1 mM EDTA (pH 7.0) at 25 °C. The excitation wavelength was 305 nm.

curve to eq 4 gave a Hill coefficient of 1.5 and a K 5 of 0.26 mM
KCI. Analysis of the wavelength—concentration data matrix set
by SVD showed clear evidence of three significant spectroscopic
species throughout the titration (Figure 4A). Evolving factor
analysis allowed calculation of theoretical CD spectra for the
starting species, the low-K™ species, and the high-K™ species
(Figure 4C) and their KCl-dependent concentration profiles
(Figure 4D). The shape of the CD spectrum of the 1 mM KCl
species resembles that of the final state formed at higher KCl
concentrations, but the intensity is lower. Both shapes are
characteristic of hybrid-type structures rather than basket-type
structures. Details of the SVD analysis of Na™ and K™ titrations
are given in Figures S3 and S4 of the Supporting Information.

KClI-Dependent "H NMR Spectra of Tel22. To confirm
the presence of a K concentration-dependent conformational
switch suggested by the fluorescence and CD titrations in
Figures 3B and 4C, we compared the one-dimensional (1D) 'H
NMR spectra of Tel22 at lower and higher K™ concentrations.
Figure 5 shows the imino proton region of the NMR spectra of
Tel22 (179 uM) at 1.5 and 37 mM KCl at 10 and 25 °C. The
spectrum at 37 mM K™ represents the “end point” and comprises
20 different frequencies, and by intensities > 24 protons. This is
roughly twice the number expected for a single three-stack
G-quadruplex such as the hybrid-1 or hybrid-2 form (2/). Indeed,
the spectrum appears to be the superposition of two overlapping
states in slow exchange. For example, the resonances near
10.8 ppm appear to represent species in a ratio of approximately
2:1 as assessed by the relative peak areas of the cluster. A similar
spectrum was also recorded in the presence of 100 mM K. In the
absence of K™, only broad unresolved resonances were observed
(data not shown). Sharpening of resonances from 10 to 25 °C
implies that the GN1H resonances are not exchanging signifi-
cantly under these conditions; i.e., the quartets are stable even at
25 °C and low salt.

Cation-Induced Folding Kinetics Monitored by UV Ab-
sorbance Changes. Kinetic experiments for cation-induced
folding of the 2-AP—Tel22 derivatives determined by rapid
scanning stopped-flow spectrophotometry gave kinetic constants
similar to those previously published for native Tel22 (22).

Briefly, folding of the 2-AP—Tel22 derivatives induced by
100 mM NaCl took place in three steps with relaxation times
of 20—60 ms, ~0.5 s, and ~10 s (Figure S5 of the Supporting
Information). The time constants for these steps are similar to
those previously observed with Tel22. K *-induced folding of the
2-AP derivatives assessed by UV absorbance occurred in a single-
exponential process with relaxation times of ~40 ms in 50 mM
KCl for all of the 2-AP derivatives (Figure S7 of the Supporting
Information). The observation of a single relaxation is the same
as previously observed with native Tel22. From these two sets of
experiments, we conclude that folding of the 2-AP derivatives and
native Tel22 as assessed by changes in UV absorbance occurs via
the same kinetic mechanisms expressed in eqs 1 and 2.

The kinetics of both Na™- and K™-induced folding of the
2-AP—Tel22 derivatives determined by 2-AP fluorescence was
multiphasic with the changes extending for milliseconds to
minutes. To capture the complete range of folding times, we
utilized both stopped-flow and manual mixing methods. These
two procedures generated data sets for the folding kinetics of the
four 2-AP derivatives in 100 mM NaCl, 3 mM KCI, and 50 mM
KCI. Representative progress curves are reproduced in Figure 6
for folding of AP19 in 100 mM NaCl and in Figure 7 for folding
of AP7in 3 and 50 mM KCI. The corresponding progress curves
for Na™- and K'-induced folding of the remaining 2-AP
derivatives of Tel22 are given as Supporting Information
(Figures S6 and S7). The relaxation times and signal amplitudes
derived from these experiments are summarized in Table 3.

NaCl-Dependent Folding Monitored by 2-AP Fluorescence.
Folding the 2-AP derivatives of Tel22 in 100 mM NaCl deter-
mined by stopped-flow fluorescence revealed that a significant
fraction of the fluorescence change occurred during the ~0.1 s
instrumental dead time for all of the 2-AP derivatives. For AP1
and API13, the fluorescence initially decreased, while AP7 and
AP19 exhibited an initial rapid increase in fluorescence. Inde-
pendent experiments showed that changes in UV absorption at
295 nm were complete in <2 s under these conditions for all of
the 2-AP-containing oligonucleotides (Figure S5 of the Support-
ing Information). Thus, we conclude that the rapid initial “burst”
fluorescence change results primarily from formation of the
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significant spectroscopic species. The detailed results of the SVD analysis are given in the Supporting Information. Conditions: 6.7 uM Tel22 in

10 mM BuyAmP and 1 mM EDTA (pH 7.0) at 25 °C.

quadruplex stack. The observation of position-specific increases
or decreases in fluorescence quantum yield suggests that the 2-AP
residues located within these different positions undergo either
stacking (in the case of quenching) or unstacking (in the case of
fluorescence enhancement) relative to the unfolded state upon
formation of the initial folding intermediate (I or I1 in eq 1 or
eq 2) (26).

In addition to these fast changes in fluorescence, we also
observed relatively slow, position-specific changes in emission
that occurred over time periods of up to several minutes. The
progress curves for AP1, AP7, and AP13 are shown in Figure S6
of the Supporting Information, and the kinetic constants derived
from these progress curves are listed in Table 3. In summary,
API1, AP7, and API13 exhibited slow, biphasic changes in emis-
sion with relaxation times ranging from 1.5 to 14 s (determined
from the stopped-flow experiments) and slower changes with 7
values of 30—56 s determined by manual mixing. Depending on
the loop position, both positive (fluorescence enhancement) and
negative (fluorescence quenching) amplitudes were observed.
Folding of AP19 (loop 3) was more complex as it occurred with

three slow relaxations with 7 values of ~4, 10, and 45 s and signal
amplitude changes of negative to positive to negative (Figure 6).
The significantly different kinetic constants and directions of the
fluorescence changes for the individual 2-AP derivatives suggest
that the initial, rapidly formed ensemble of intermediates in NaCl
slowly adjust loop conformation to form the stable basket
topology.

The relaxation times described above for Na'-induced
changes in fluorescence can be compared with those determined
by changes in UV absorption for folding of the 2-AP-containing
oligonucleotides induced by this cation. As with native Tel22, UV
spectroscopic assessment of folding of the 2-AP derivatives in 100
mM NaCl revealed a rapid step (7 values of 12—43 ms, depending
on the site of substitution) and two slow steps with 7 values of
0.4—1 and 5—10 s (Figure S5 of the Supporting Information).
Comparison of these time constants with those listed in Table 3
for folding assessed by fluorescence changes reveals that the
folding rates assessed by the two different spectroscopic probes
do not correlate exactly, suggesting that changes UV absorption
and fluorescence intensity monitor different microscopic details
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of the structural changes. For example, it seems likely that the
relatively minor, slow UV absorption changes in the 295 nm
spectral region predominantly reflect subtle differences in G-
quartet geometry, while the changes in 2-AP fluorescence emis-
sion may also be sensitive to local changes involving the
conformation of the 2-AP residue itself. It is likely that the rate
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FIGURE 5: "H NMR spectra of Tel22 as a function of KCI concen-

tration showing the imino proton region of the NMR spectra of Tel22
(178 uM) at 1.5 and 37 mM KCl at 10 (A) and 25 °C (B).
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and magnitude of these changes will be different for different
loops. This supposition is supported by the K*-induced folding
experiments that consisted of a single major kinetic process as
detected by UV spectroscopy between 275 and 320 nm but clearly
exhibited a series of relatively slow changes in fluorescence
emission intensity (discussed below).

The relatively slow adjustments in tertiary structure may be
interpreted to indicate a “rugged folding landscape” for quad-
ruplex formation in which a number of kinetically accessible
structures are sampled prior to slow relaxation to a thermo-
dynamically stable structure or mixture of structures. Along this
line, it is noteworthy that the triphasic adjustment of the
conformation of AP19 in NaCl indicates that this loop 3 residue
undergoes a more complex series of conformational rearrange-
ments than the 2-AP residues in loops 1 and 2. This could indicate
that loop 3 undergoes a substantial change in topology as
suggested by our proposed folding mechanism in which the
basket conformation is formed from a hypothetical chair-type
intermediate (22).

KCI-Dependent Folding Monitored by 2-AP Fluores-
cence. In view of the heterogeneity of the folding equilibria
observed in equilibrium titrations, we determined progress curves
for folding of 2-AP—Tel22 intermediates at low (3 mM) and
higher (50 mM) KCI concentrations. Surprisingly, in view of the
single kinetic process observed for K*-dependent folding of
Tel22 monitored by UV absorbance changes, the kinetics of
fluorescence changes in KCl was heterogeneous, displaying
relaxations over a period of milliseconds to minutes at all
substitution positions. Representative progress curves for these
fluorescence changes for AP7 are shown in Figure 7. In manual
mixing experiments in 3 mM KCI, all of the 2-AP derivatives
exhibited relatively rapid initial changes in fluorescence during
the ~5 s dead time. Comparison of the progress curves with
parallel stopped-flow UV experiments (shown in Figure S7 of the
Supporting Information) conducted under similar conditions
suggests that these rapid fluorescence changes are associated
with G-quartet formation and stacking. In addition, AP1, AP13,
and AP7 exhibited relatively slow single-exponential fluorescence
quenching with 7 values of ~500—900 s, reflecting site-specific
adjustment of the loop conformation (Table 3 and Figure S8 of
the Supporting Information). In contrast, AP7 exhibited a
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FIGURE 6: Kinetics of changes in 2-AP fluorescence accompanying Na*-induced folding of the AP19 derivative of Tel22. The data in panel A were
obtained by stopped-flow mixing, and the data in panel B were obtained by a manual mixing procedure. The data points colored gray show the
fluorescence intensity at 370 nm immediately prior to addition of NaCl (100 mM after mixing) to initiate folding, and the points colored black
show the fluorescence intensity after mixing with NaCl. Note the rapid change in emission that occurred during the mixing period (vertical arrow).
The red line shows the best fit of the data points to a sum of two exponentials using the optimized parameters listed in Table 3.
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FiGURE 7: Kinetics of changes in 2-AP fluorescence accompanying K *-induced folding of the AP7 (loop 1) Tel22 oligonucleotide. Panel A shows
the folding progress curve in 3 mM KCl, and panel B shows a progress curve for folding in 50 mM K CI. In both panels, the data points colored gray
show the fluorescence intensity at 370 nm immediately prior to addition of KCl to initiate the folding process (vertical arrow). The points colored
black show progress curves after addition of KCl, and the red line shows the fit to the data points by a nonlinear least-squares method using the

optimized parameters listed in Table 3.

Table 3: Fitted Kinetic Parameters for NaCl- and KCl-Induced Folding of
2-AP Derivatives of Tel22 Determined by Fluorescence”

position Yo A, 71 (8) A, 75 (8)

Stopped-Flow Mixing with 100 mM NacCl

API 28.84+0.02 7.424+0.06  4.044+0.06 0
AP7 28.06+024 —52£0.2 13+1 0
API13 6.8740.01 1.894+0.05 1.474+0.06 0
AP19  20.57+041 72467 43+14 59+64 94+62

Manual Mixing with 100 mM NaCl

API 28.54+0.01 239+1.1 S56+1 0
AP7 35.07+£0.01  —400+50 30.3+£08 0
AP13 8.3240.00 1050.00 £1010.00 35+4 0
AP19  28.43+0.01 9249 45 +1 0

Manual Mixing with 3 mM KCI

API 71.73 4+ 0.05 —31.94 £0.04 975+ 4 0
AP7 45.6+02 —24.1%0.6 9134+33 289 +0.6 234+ 6
AP13  11.234+0.01 —2.65+0.03 55711 0
AP19  29.36+£0.03 —6.69+0.03 788+13 0

Stopped-Flow Mixing with 50 mM KCl

API 31.5£09 3.7£0.1 1.08§ £0.07 54+£08 25+6
AP7 26.55+0.04 —4.12+0.06 534+02 0

API13 6.94+0.05 2.18 £ 0.04 108+£0.5 0

AP19 13+12 1.2+0.1 1.8+£03 6+11  92+215

Manual Mixing with 50 mM KCI

API 38224£0.01  —87+£0.1 173 £2 0

AP7 32.87+£0.22 —182+14 3741 13.540.1 923 +£32
API13 6.1540.00 20+1.5 41+1  27.7+£04 97+3
AP19  29.79+£0.08 —7.14£0.3 480+30 O

“The optimized kinetic constants associated with the progress curves in
Figures 6, 7, S6, and S7 were determined by fitting the progress curves to a sum
of one or two exponentials by nonlinear least-squares analysis as described in
the text. 4, values of zero indicate that the data set was adequately fit by one
exponential. Positive values of the pre-exponential factor 4 indicate enhanced
fluorescence, and negative values indicate fluorescence quenching. Errors are
standard deviations of the fitted parameters.

triphasic response: an initial rapid, relatively large enhancement
of fluorescence followed by a decrease in fluorescence which was
then followed by a fluorescence increase; these slower changes

were characterized by 7 values of ~200 and ~900 s, respectively
(Figure 7C).

Multistep kinetic changes in fluorescence were also noted when
the 2-AP derivatives were folded in 50 mM KCI. Stopped-flow
mixing experiments covering a 20 s time period revealed an initial
rapid fluorescence enhancement for AP7 and AP19 and a small
degree of quenching for AP1 and API13. These rapid changes
were followed by relatively slow fluorescence enhancement for
AP7 and slow quenching for AP13 and AP19. There was little
initial fluorescence change for AP1 on folding in 50 mM KCI,
suggesting that initial formation of G-quartets in this case does
not result in a significant change in the AP1 environment relative
to the unfolded state. The observed slow biphasic increa-
se—decrease sequence of changes in fluorescence signal suggests
a complex repositioning of AP after quartet stacking. The time
constants associated with these intermediate steps were 1—10 and
25-90 s. Manual mixing experiments with 50 mM KClI revealed
further slow adjustments in fluorescence occurring with 7 values
of ~40 to ~900 s. These results suggest that the initial, rapidly
formed ensemble of conformers slowly rearranges by adjusting
loop folding to give a stable mixture of conformers. A major
conclusion from the fluorescence studies of K -driven folding of
2-AP—Tel22 derivatives is that monitoring the folding reaction
by site-specific fluorescence changes reveals intermediate steps in
folding that did not give appreciable changes in UV absorbance
in the 270—320 nm wavelength range.

Fluorescence Depolarization. Assessment of the depolar-
ization of fluorescence when a fluorophore is excited with
polarized light can reveal the rotational mobility of the fluor-
ophore provided that the lifetime of the excited state is compar-
able to the rotational relaxation time of the fluorophore. P, the
steady-state degree of emission polarization, is defined as (4 —
L)/(L + 1)), where I; and I, represent the intensities of the
emitted light in directions parallel and perpendicular to the
direction of polarization of the exciting radiation, respectively.
P consists of two components: (a) an intrinsic polarization (Py)
that depends on the geometric relationship between the excitation
and emission dipoles and (b) a component that depends on the
rotational motion of the fluorophore. For macromolecules, a
change in P may result from a change in the local mobility of the
fluorophore and/or a change in rotational diffusion resulting
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induced by cation-induced folding of 2-AP derivatives of Tel22.
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salt solution to a rapidly stirring solution of oligonucleotide to give
the final salt concentrations indicated in each panel.

from a change in hydrodynamic volume, e.g., one accompanying
a transition from a random coil to a compact, folded structure.

The average steady-state values of P were within the range of
0.07—0.14 depending on the 2-AP derivative and the nature of the
cation. These relatively small P values are expected given the
short lifetime of the 2-AP excited states in quadruplexes [~0.5
ns (52)] and the rotational relaxation time of the folded quad-
ruplex [calculated to be 4 ns at 25 °C using Hydropro (53)].
Except for AP7 in NaCl and KCl and AP-13 in KClI, significant
changes in P were induced by folding for each oligonucleotide
(summarized in Figure 8). Folding of AP1 in NaCl and KCl and
folding of AP13 in NaCl were characterized by an increase in P,
while folding of AP19 was accompanied by a decrease in P. Thus,
motion of APl and AP13 in NaCl appeared to be more restricted
in the folded ensemble than in the unfolded ensemble, while AP19
gained mobility in the folding transition.

Na*—K" Exchange Kinetics. We expected that a compar-
ison of fluorescence changes accompanying the Na™ — K cation
exchange reaction for the four 2-AP—Tel22 derivatives might
indicate which loops undergo a change in orientation in the
transition from the Na"-antiparallel basket structure to the K-
dependent mixture of topologies. A representative progress curve
for cation exchange in AP7 is shown in Figure 9, and the fitted
time constants associated with the exchange of Na* for K™ for
each of the four 2-AP derivatives of Tel22 are listed in Table 4.
The progress curves for cation exchange with AP1, AP13, and
AP19 are reproduced in Figure S9 of the Supporting Informa-
tion. For all of the 2-AP—Tel22 derivatives, there was an initial
rapid fluorescence change that occurred during the ~5 s mixing
time when KCl was rapidly added to the NaCl-folded structures.
For AP1, the fluorescence intensity rapidly increased followed by
a slower decrease that fit first-order kinetics. For AP7, AP13, and
AP19, an initial rapid quenching in fluorescence was observed.
For AP13, the rapid step was followed by slow quenching, while
for AP19, the rapid quenching step was followed by slow
fluorescence enhancement. AP7 uniquely exhibited biphasic slow
fluorescence changes in which enhanced fluorescence was fol-
lowed by quenching (Figure 9). This complex series of fluores-
cence changes for AP7 suggests that when switching from the
Na"-bound basket conformation to the K*-bound conforma-
tions, loop 1 undergoes an additional isomerization that does not
occur with loops 2 and 3. We speculate that this additional step
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FiGurRE 9: Na®—K™ exchange kinetics for the AP7 derivative of
Tel22. The exchange reaction was initiated via addition of KCI from
a 3 M stock solution to a rapidly stirred solution of the oligonucleo-
tide pre-equilibrated with 75 mM NaCl. The data points show the
change in fluorescence upon addition of 150 mM KCI. The horizontal
arrow indicates the starting value of the fluorescence in NaCl
immediately prior to the addition of KCI. The vertical arrows indicate
the rapid fluorescence change that occurred during the ~5 s mixing
time. The red line shows the fit of the experimental data to a double-
exponential relaxation using the optimized parameters listed in
Table 4.

Table4: Fitted Kinetic Constants for Na*—K™* Exchange for 2-AP—Tel22
Derivatives”

Yo Ay 71 (s) A 75 (s)

APl 27.74£0.03
AP7  64340.7

AP13  847£0.03
AP19  33.88£0.03

7.63+0.04 364 £5 0
—14.604+0.03 122+3  199+04 1086 £86

1.92+£0.04 18910 0O

—9.74+0.04 29643 0

“The optimal kinetic constants describing the progress curves in Fig-
ures 9 and S8 were determined by fitting the data sets to a sum of one or two
exponentials by nonlinear least-squares analysis as described in the text. A,
values of zero indicate that the data set was adequately described by a single
exponential. Positive values of A4 indicate enhanced fluorescence, and
negative values indicate fluorescence quenching. Errors are standard
deviations of the fitted parameters.

may result from a switch in loop 1 in the Na™ basket from an
antiparallel topology to the parallel arrangement characteristic of
the hybrid-1 structure. As shown below, our molecular dynamics
simulation suggests a mechanism of stabilization of the hybrid-1
structure by specific binding of an additional potassium cation.

Comparing the data obtained in monitoring fluorescence
changes within loop 1 with the results of our study in which
CD was used to monitor the Na—K exchange reaction for native
Tel22 (24) is worthwhile. The CD change induced by switching
cations occurs in at least three steps: an initial rapid step within
the 5 s mixing time followed by slower steps with 7 values of ~50
and ~800 s. The rapid CD change was interpreted to reflect an
exchange of Kt for Na™ within the central channel of the
quadruplex, a process known to take place on a microsecond
time scale (54, 55). The intermediates associated with the two
slower steps were suggested to consist of transiently formed
triplex structures.

Molecular Modeling. Numerous studies (reviewed in ref 54)
have shown that K™ ions are bound within the quadruplex
central channel by coordination to the O6 atoms of the G
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FiGure 10: Hypothetical external K -binding site in Tel22 hybrid-1
topology. The figure was generated from a snapshot taken at the
conclusion of the molecular dynamics simulation of the hybrid-1
form of Tel22 described in the text. The gray spheres represent the
channel-bound K" atoms, and the purple sphere shows the position
of the externally bound K*. The bottom panel shows a detailed
representation of the K*-binding site with potential coordinating
groups (and their distances from K™*): dT18—02(5.59 A), dA1—-N7
(2.87 A), dG20—0O4' (3.12 A), dG20—N3 (5.14 A), and dG21-O1P
(4.78 A). The figures were constructed using Chimera (47).

residues; because of their larger size, these K atoms are located
between the individual tetrads rather than within the tetrad plane
as suggested for Na™. A number of studies also show that in
certain quadruplex structures, cations are bound within the
connecting loops. As described in more detail in Discussion,
these coordination sites often involve thymine O2 atoms. The
biphasic changes in loop fluorescence observed in our K*
titrations (Figures 2 and 3) imply the existence of K™ coordina-
tion sites in addition to the channel sites. To further investigate
this possibility, we examined the K™ distribution in unrestrained
molecular dynamics trajectories calculated for models with
various Tel22 topologies. In addition to the expected K ™-binding
sites in the quadruplex core, we noted an increase in K™ ion
density exclusively within a region of the hybrid-1 model adjacent
to Al. This region was manifested by extended K™ residence
times of up to approximately 2.5 ns compared to other sites; a
similar increase in K™ density was not found in the hybrid-2
structure. These results suggest the existence of an “external”
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K*-binding site specific for the hybrid-1 structure. Figure 10
shows characteristics of this site.

DISCUSSION

This study compares the kinetics of quadruplex folding pre-
viously deduced from UV-dependent stopped-flow studies with
the folding kinetics monitored by loop-specific changes in 2-AP
fluorescence. We expected that these folding-induced fluores-
cence changes would report the dynamics of formation of stable
loops and might reflect changes in strand topology. The telomeric
model oligodeoxynucleotide chosen for the study, Tel22, has a
well-defined solution structure in Na™ that consists of an anti-
parallel basket with two lateral loops and one diagonal loop
(Figure 1A). In contrast, in solution in the presence of the
physiologically interesting cation K *, Tel22 consists of a mixture
of unknown topologies with different loop arrangements and
strand orientations (17, 19, 21, 56, 57).

Our experimental strategy involved comparing the folding
equilibria and kinetics of derivatives of Tel22 in NaCl and KClin
which the 5 dA residue and the three loop dA residues were
serially replaced with the fluorescent adenine analogue, 2-ami-
nopurine. Factors that influence 2-AP fluorescence quantum
yield have been extensively studied. Among the most important
of these factors is base stacking which quenches 2-AP fluores-
cence; it has also been reported that the 2-AP quantum yield is
sensitive to the presence of nearby cations (28). Previous studies
from our laboratory (27) showed that the fluorescence of
2-AP—Tel22 derivatives is sensitive to differences in quadruplex
folding topology induced by different cations, and moreover, the
studies provide a rational approach to distinguishing among
various quadruplex folding topologies in solution.

Loop Dynamics. Our earlier work on the cation-induced
folding of Tel22 as assessed by changes in UV absorption
indicated a multistep folding mechanism (22). In both Na* and
K™, a folding intermediate, possibly hairpin structure(s), was
formed in a relatively fast step that became rate-limiting at high
cation concentrations. In K, there were no significant changes in
UV absorption in the 275—320 nm range subsequent to this rapid
step. In Na™, however, two slower UV relaxations indicated the
presence of additional kinetic intermediates on the pathway to
formation of the basket topology prevalent with this cation. A
similar mechanism was apparent for folding TT-Tel22-A in Na™,
a sequence known to form the hybrid-1 structure in a K*
solution (20). These results show that the folding mechanism
determined by monitoring changes in UV absorption depends on
the cation and is independent of the flanking sequences for Tel22
and these 5 and 3’ variants. Furthermore, since TT-Tel22-A
forms the hybrid-1 topology in K" whereas Tel22 in K™ forms a
mixture of structures, the folding mechanism determined by
changes in UV absorption in the 275—320 nm range is apparently
independent of the nature of the final equilibrium ensemble of
folded structures.

The 2-AP fluorescence changes observed here support a
multistep mechanism for Tel22 folding induced by both Na™
and K™, and the fluorescence data indicate that the slower steps
involve loop rearrangements. K *-driven folding exhibits a series
of slow steps that were not evident in the UV kinetic studies but
were obvious from fluorescence changes in the loops. In addition,
the observation of sequential positive and negative changes in
fluorescence emission intensity induced in KCl-dependent fold-
ing for AP19 (Figure 5) and for folding of AP1, AP7,and AP19in
NaCl (Figure 6) supports a sequential folding pathway (eq 2) as
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opposed to a branched pathway (eq 6):
U<l — F1
|

(6)
F2

This conclusion is illustrated by a simulation of the reaction
sequences given in eqs 2 and 5 with the assumption that each
species is characterized by a different fluorescence quantum yield
which shows that only eq 2 gives a reaction profile characterized
by increasing and decreasing exponentials (Figure S10 of the
Supporting Information).

Folding Equilibria. Our previous equilibrium titrations
monitored by cation-induced changes in UV absorption sug-
gested the presence of small amounts of intermediate species,
possibly partially folded structures and/or structures containing
an incomplete complement of bound cations. In this study, the
fluorescence experiments conducted in KCl with the 2-AP—Tel22
derivatives and the CD studies conducted with Tel22 reveal the
presence of species with different fluorescence and CD properties
as a function of K concentration. It is likely that these species
are fully folded, stable quadruplexes with differing topographies
rather than partially folded intermediates. It is clear from the
fluorescence KCl titration curves in Figure 3B taken in conjunc-
tion with the KCl-dependent NMR spectra in Figure 5 that a
different structural ensemble is present in ~1 mM K* compared
to that at >10 mM K™ for a period of several hours after the
cation solution is mixed with the unfolded oligonucleotide at
25 °C. The solution structures of these conformers and their
relative concentrations are unknown, but a possible interpreta-
tion is that the predominant conformers are the hybrid-1 and
hybrid-2 structures. On the basis of the presence of an additional
K *-binding site unique to the hybrid-1 structure suggested by our
molecular dynamics simulations, the prevailing conformer at low
K™ concentrations may be the hybrid-2 structure (which lacks
this site).

External Potassium-Binding Sites in Quadruplexes. Sev-
eral studies have been published that provide precedent for the
existence of cation-binding sites within the loops of G-quad-
ruplex structures (see ref 54 for a comprehensive review). For
example, Jing et al. (38, 59) reported that K™ -induced formation
of a unimolecular quadruplex by the anti-HIV oligonucleotide
d[GTGGT(GGGT);] is a two-step process in which one K™ is
incorporated into the two-stack quadruplex core to form a high-
affinity complex while two K™ ions bind in a slower reaction to
loop sites with lower affinity. These investigators observed
biphasic folding isotherms in CD and UV titrations of K™ similar
to those presented here (Figures 2 and 3). For titrations of Na™-
induced folding, the isotherms were monophasic, suggesting that
Na' binds only within the quadruplex channel but not to loop
sites for the anti-HIV quadruplex. In another example of cation
binding within a loop, Marathias and Bolton (60) characterized
K *-induced folding of the thrombin-binding aptamer d(GGTT-
GGTGTGGTTGG). These authors reported two K-binding
sites: one within the quadruplex channel and one in a loop region
involving the thymine O2 atoms and the O6 atoms of one of the
G-quartets. More recently, Phan et al. (2/) determined the
solution structure of the two human telomeric sequences, d-
[TAGGG(TTAGGG);] and d[TAGGG(TTAGGG);TT], by
NMR. In a K solution, the former consisted of 70% hybrid-1
and the latter consisted of 70% hybrid-2. K*-induced changes in
NOE:s for the longer sequence were explained by coordination of
K™ (but not Na™) within the T12-T13-A14 loop. A molecular
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dynamics simulation indicated that the T1, T12, and A14 residues
and the 06 atom of the adjacent quartet chelate one K™ ion.

Cation-binding sites located within quadruplex loops have also
been demonstrated in bimolecular and tetramolecular quadru-
plexes. Bouazizet al. (61) determined the solution structure of the
bimolecular quadruplex formed by d[G;CT4G;C] in Na™ and
K*. The two different cations stabilize structures with different
loop configurations. Modeling identified potential cation-
binding sites specific for K" involving the O2 atoms of T6 and
T8, the sugar ring O atom of T7, T8, and G9, and the backbone
O atoms of the T7-T8 and G8-G9 pairs located within the two
T, loops. In pointing out the potential functional significance of
loop cation binding, the authors suggested that these K™ atoms
binding to these sites resulted in “a defined loop architecture
whose outwardly pointing groups provide a unique folded
topology that can target potential receptor sites” (61).

The crystal structure of d(G4T4Gy), which forms a bimolecular
structure consisting of four G-stacks, reveals three K* atoms
coordinated between quartets and two K* atoms bound within
the T-loops (62). Recently, Ida and Wu (55) provided NMR
evidence of Na™ binding within the T4 loops of d(G4T4Gy). The
coordination site was proposed to involve the four O6 atoms of
guanine residues of the last quartet, the O2 atom of a loop
thymine, and a water molecule.

In an example of K -dependent conformational heterogeneity
in monomeric G-quadruplexes, Lee et al. (63) analyzed the
distribution of conformational states in a solid-state, single-
molecule FRET system. They presented evidence for three inter-
convertible states: an unfolded conformation and two folded
conformations, each characterized by a different FRET effi-
ciency. The proportion of each conformation depended on K™
concentration and temperature. One folded state was favored at
low K* concentrations (0.1—2 mM), and a different one was
favored at 100 mM KCI. The folding kinetics observed when
2mM KCl was added to a bulk solution of the unfolded structure
was biphasic with 7 values of 8.8 and 253 s, relaxation times which
are similar to the relaxation times for the K*-dependent loop
conformational changes noted in our study. It was suggested that
the slow step involved a change in strand topology. The two
studies are therefore complementary in that both independently
point to a K *-dependent conformational isomerization of quad-
ruplex structures.

Loop Structures. We next turn to a structural rationalization
for the changes in the fluorescence properties of 2-AP induced by
folding in NaCl, 3 mM KClI, and 30 mM KCI. For reference,
Table 5 provides a qualitative summary of the changes in the
fluorescence properties associated with each substitution posi-
tion. It is important to note at the outset that signals such as
fluorescence are measured with respect to the unfolded oligonu-
cleotide, which probably consists under our starting conditions of
an ensemble of partially collapsed states with varying degrees of
interaction between adjacent bases rather than an extended
structure dictated by the electrostatic repulsion between phos-
phate groups. An additional complicating factor is the known
heterogeneity of the folded state of Tel22 in KCI. The spectro-
scopic signals observed for the starting and final states will
represent an average of the signals for each conformer weighted
according to its relative concentration. This structural hetero-
geneity almost certainly falls into two categories: microhetero-
geneity at the site of the 2-AP residue and topological hetero-
geneity due to different folded structures in the presence of
K*. The observed changes in the fluorescence properties of a
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Table 5: Summary of the Direction of Fluorescence Changes for Cation-Induced Folding of Tel22

change’ in
oligo- fluorescence change” in change” in fluorescence
nucleotide location stacked” mobility intensity (U — F) polarization (U — F) intensity for kinetic steps

Na™ (50 mM)
API core yes fixed I t W
AP7 loop 1 no mobile t t ft
AP13 loop 2 yes fixed ! t W
AP19 loop 3 yes mobile t ! i

K* (3 mM)

AP1 core ! t N—
AP7 loop 1 i — N
AP13 loop 2 ! — N
AP19 loop 3 t ! tit

K* (33 mM)
AP1 core — t t
AP7 loop 1 t — t
AP13 loop 2 | — [’
AP19 loop 3 t ! t

“Determined from the NMR structure of Tel22 (14). “Key: 1, increase; }, decrease; —, no significant change. “In order of steps 1, 2, and 3.

fluorophore in solution will thus be an average weighted in
proportion to the conformers present in the starting and final
states and the extent of the change associated with each con-
formational change. Since the mechanisms driving quenching
and changes in polarization are different, there may not always be
a direct correlation between the two parameters. The net change
in either fluorescence quantum yield or polarization is therefore
not predictable without prior knowledge of the degree of change
for a given conformer and its concentration within the sample.
With these caveats, we next discuss the relationship between the
folded structures and the fluorescence quantum yield and polar-
ization at each position in the basket, hybrid-1, and hybrid-2
topologies.

5" Cap (AI). In the basket conformation, the topology in Na*
solution, AT stacks over G2 (14). Itis the least solvent-exposed of
the four dA residues (SASA = 104 A?). The NMR-derived
structures in PDB entry 143D (/4) suggest that Al is relatively
fixed with respect to the molecular framework. In the titrations
with Na™, the AP fluorescence was quenched, which is con-
sistent with an increase in the extent of base stacking interactions
relative to the unfolded state. The level of fluorescence polariza-
tion increased on folding, indicating that AP1 becomes less
mobile on folding which is consistent with the restricted move-
ment suggested by the ensemble of NMR structures. The
triphasic folding transition assessed by fluorescence is similar
that observed previously by UV absorption, suggesting that the
changes in fluorescence reflect changes in the local environment
at the 5 position resulting from relatively slow optimization of
the tertiary structure in the vicinity of the first G-quartet. In
addition, these changes were reported by the (rather small)
changes in UV absorption (22).

The interpretation of the fluorescence changes in KClI is not
straightforward because, as noted, Tel22in K™ exists as a mixture
of unknown topologies in unknown proportions. However, it is
of interest to compare the hybrid-1 and hybrid-2 computational
models of Tel22. In the hybrid-2 model, Al is sandwiched
between T12 and G10. It is the least exposed of all dA residues

(SASA = 85 Az)_ Experimentally, we found an increase in AP1
fluorescence on folding up to ~3 mM KClI, and an increase in the
level of steady-state polarization. The increase in the level of
polarization is consistent with sequestration of API relative to
the unfolded state, but the observed increase in quantum yield is
at odds with an increase in the extent of stacking. An increase in
the level of polarization and a corresponding increase in quantum
yield may seem inconsistent; however, we suggest that folding
could lead to a decrease in rotational motion of AP1 due to its
sequestration while simultaneously providing less stacking inter-
actions in the folded state. This suggests the hybrid-2 model does
not account for the behavior of AP1 at low KCI concentrations.
The folding kinetics in 3 mM K Cl was biphasic, exhibiting a small
decrease followed by a large increase in fluorescence. The absence
of a large rapid change in emission (probably associated with
quartet formation) suggests that the environment of AP1 in the
initially formed structure is not much different than in the
unfolded ensemble; consequently, most of the fluorescence
change takes place during the final positioning of AP1.

Al also forms a 5’ cap in the hybrid-1 model. Itis stacked with
G20 and has intermediate solvent accessibility (SASA = 183 A?).
At high K™ concentrations, there was net quenching fluores-
cence. Polarization increased, suggesting that 2-AP1 experiences
a net decrease in flexibility on folding to its equilibrium con-
formational ensemble at high K™ concentrations. Thus, the
fluorescence data are consistent with the predictions suggested
by biasing the conformational equilibrium toward the hybrid-1
state.

Loop 1(T5-T6-A7). In the Na™ basket form, A7is located in
a lateral loop and is not stacked with other bases. A7 is the most
exposed to solvent (250 A?) of the four dA residues. The NMR-
derived structures in PDB entry 143D (/4) indicate that a variety
of positions is consistent with the data, suggesting flexibility at
this position. Indeed, the fluorescence changes on folding are
consistent with higher flexibility within loop 1 since folding was
accompanied by an increase in quantum yield and little or no
change in polarization relative to the unfolded state. These results
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are consistent with weakensed stacking interactions. Loop for-
mation was biphasic, with both steps resulting in increased
fluorescence, suggesting formation of folding intermediates with
a decreased level of base stacking.

In the hybrid-2 model, A7 is located in a lateral loop where it is
imperfectly stacked on the G4-G8-G16-G22 quartet. It has a
relatively high exposure (SASA = 215 A%). In3 mM K™, folding
was characterized by an increase in quantum yield and no net
change in polarization. The kinetics of the changes in emission
was triphasic, suggesting successive intermediates characterized
by decreases in fluorescence with the final equilibrium ensemble
showing an increase in fluorescence.

In the hybrid-1 model, AP7 stacks on top of the G4-G10-G14-
G20 quartet. Its SASA is 236 A%, In 30mM K *, AP7 exhibited an
identical set of changes as in 3 mM KCl except that the rapid
phase in fluorescence emission, corresponding to quartet forma-
tion, was not apparent, probably having occurred during the
dead time of the instrument.

Loop 2 (T11-T12-A13). In Na™, loop 2 is in a diagonal
arrangement with A13 stacked over G22. Al3 is relatively
exposed (SASA = 170 A?). The ensemble of NMR structures
indicates that this residue has restricted mobility. The Na*-
induced changes in AP13 emission are consistent with this
picture. There was a net decrease in quantum yield on folding
and an increase in the level of polarization. The kinetics of the
change in emission was biphasic, with two intermediates of lower
fluorescence. This is consistent with formation of the diagonal
loop occurring in a stepwise fashion with two kinetic intermedi-
ates.

In hybrid-2, A13 in loop 2 stacks on top of the G2-G10-G14-
G20 tetrad. It has intermediate exposure to solvent (SASA = 139
A?). Experimentally, in 3 mM K, loop 2 was formed with a net
decrease in fluorescence and a negligible change in polarization.
The kinetics of the fluorescence change was triphasic with the
intermediates showing successively decreased, decreased, and
increased fluorescence.

Al3 in the hybrid-1 structure is stacked over G22. The
accessible surface area is ~223 A% In 30 mM K™, formation of
loop 2 occurred with a net decrease in fluorescence, suggesting an
increased level of stacking with respect to the unfolded state, little
or no change in polarization, and a single-step decrease in
fluorescence.

Loop 3 (T17-T18-A19). In the basket structure, A19 is
stacked over G16 and exhibits flexibility as suggested by the
variety of orientations evident in the NMR-generated conforma-
tional ensemble. SASA is 140 A%, The folding-induced increase in
fluorescence and the decrease in the level of polarization are
consistent with this structure. As with loops 1 and 2, the kinetics
of formation of lateral loop 3 was biphasic, showing an increase
followed by a decrease in fluorescence.

In hybrid-2, A19 packs into a groove. It is relatively more
exposed to solvent (SASA = 217 A?) and is not stacked with
other bases. In 3 mM K*, formation of loop 3 was accompanied
by an increase in fluorescence and a decrease in the level of
polarization, consistent with unstacking and an increase in
rotational mobility. The kinetics of the fluorescence emission
change was triphasic, suggesting changes in loop conformation
that are associated with variations in base stacking.

In hybrid-1, A19 lies under the G2-G8-G16-G20 tetrad and
over T18. Itis relatively inaccessible to solvent (SASA = 135A?).
Folding in 100 mM KCl occurred with an increase in fluorescence
and a decrease in the level of polarization relative to those of the
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unfolded ensemble. These observations are consistent with an
unstacking of A19 relative to the unfolded state.

In conclusion, the observed position-specific changes in 2-AP
fluorescence correlate well with those expected from the anti-
parallel basket structure formed in Na*. Detailed correlation of
the changes in fluorescence with specific structures in KCl is not
possible due to the topological heterogeneity of the folded state.
Nevertheless, it is clear from the differential effects of KCI
concentration that changes in the concentration of this cation
lead to different populations of conformers. Similarly, the K™ —
Na™ conformational switch occurs on a slow time scale, suggest-
ing that both reactions require adjustment of strand topologies.

Cation-Driven Allosterism in Quadruplex DNA. The
studies reported here show that changes in cation identity and
concentration induce changes in quadruplex tertiary structure.
These observations suggest the possibility of K -driven allosteric
control mechanisms. Our studies define the energetics and
kinetics of these conformational switches as driven by either a
change in cation from Na* to K* or a change in K™ concentra-
tion.

The ability of biological macromolecules to undergo confor-
mational changes in response to ligand binding is fundamental to
the theory of allosteric regulation. The original allosteric theory
of Monod, Wyman, and Changeaux (64) postulated that reg-
ulatory proteins exist in equilibrium between two conformations
with different intrinsic activities and different affinities for
regulatory molecules. According to thermodynamic linkage
theory, binding a molecule to a site specific for one conformation
will bias the population of conformers toward a state with a
characteristic activity profile. Recently, the mechanism of allos-
tery has been reformulated to take into account current theories
of protein structure (63, 66) which postulate that proteins exist as
an ensemble of conformational states in which relatively high-
energy states may be transiently visited due to thermal motion.
An allosteric regulatory molecule may bind to one of these rare
states, thereby lowering its free energy and thus increasing its
representation in the population. In this model, understanding
the molecular basis of allosteric regulation requires knowledge of
the relative populations of individual states and their rates of
interconversion.

Itis less widely appreciated, but nonetheless equally important,
to recognize that polynucleotides may also utilize allosteric
mechanisms for functional regulation (67, 68). As with proteins,
ligand binding to a particular DNA conformation may drive
structural changes that may result in changes in the affinity of the
DNA sequence for effector molecules such as small ligands,
polymerases, transcription factors, etc. Several examples of
nucleic acid allosterism have recently been summarized (68).
Among the nonclassical structural motifs amenable to study of
allosterically mediated DNA regulatory mechanisms are con-
formational transitions in G-quadruplex structures. These struc-
tures display a high degree of conformational heterogeneity in
which the individual topographies are separated by relatively low
energy barriers. These features make G-quadruplex structures
attractive candidates for the evolution of sensitive and facile
regulatory mechanisms.

CONCLUSIONS

We demonstrated that 2-AP fluorescence is a sensitive monitor
of the equilibria and kinetics of changes in the conformation
of specific loop regions in model oligonucleotides that mimic
the human telomeric sequence. Changes in 2-AP fluorescence
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resulting from K™ binding clearly indicate the presence of high-
affinity binding sites within the quadruplex channel and low-
affinity binding sites specific for K*. Molecular dynamics simula-
tions revealed a cation-binding site specific for the hybrid-1 form
of the human telomeric sequence that involves the Al residue. This
model suggests that elevated K™ concentrations will increase loop
rigidity and stabilize a particular topography. We propose that this
low-affinity site falls within the classical definition of an allosteric
site. Thus, a K "-dependent switching mechanism could be utilized
to control quadruplex tertiary structure, thereby favoring the
binding of conformation-specific effector molecules.
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