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ABSTRACT: The structural stability of guanine quadruplexes depends critically on an unusual configuration
of dehydrated Na™ or K* ions, closely spaced along the central axis of the quadruplex. Crystallography
and NMR spectroscopy indicate that these internal ions can be located between the G-quartet planes as
well as in the thymine loops, but the precise ion coordination has been firmly established in only a few
cases. Here, we examine the bimolecular diagonal-looped foldback quadruplexes [d(G3T4Gs3)]» (Q3) and
[d(G4T4Gy)]> (Q4) by 2H, 70, and **Na magnetic relaxation dispersion (MRD). The MRD data indicate
that both quadruplexes contain Na™ ions between the T4 loops and the terminal G-quartets and that these
ions have one water ligand. These ions exchange with external ions on a time scale of 10—60 us at 27
°C, while their highly ordered water ligands have residence times in the range 1078—107° s. The MRD
data indicate that Q4 contains three Na™ ions in the stem sites, in agreement with previous solid-state
2Na NMR findings but contrary to the only crystal structure of this quadruplex. For Q3, the MRD data
suggest a less symmetric coordination of the two stem ions. In both quadruplexes, the stem ions have
residence times of 0.6—1.0 ms at 27 °C. The equilibrium constant for Nat — K* exchange is ~4 for both
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loop and stem sites in Q3, in agreement with previous 'H NMR findings.

Guanine quadruplexes are nucleic acid structures built
around a core of three or more stacked G-quartets, planar
arrangements of four guanine bases linked by eight Hoogs-
teen H-bonds (/, 2). Quadruplex DNA appears to be involved
in eukaryotic gene regulation and genomic stability (3), and
G-quartets are of interest as building blocks in supramo-
lecular chemistry (4). The structures of many DNA quadru-
plexes have been determined to near-atomic resolution by
NMR spectroscopy or X-ray crystallography, but important
questions remain concerning the energetics, stability, and
dynamics of this structurally diverse nucleic acid class. A
unique feature of the quadruplex structure is the presence
of completely dehydrated alkali ions (usually K* or Na™)
coordinated to the buried carbonyl oxygens of the nucleotide
bases. These internal ions are crucial for the stability and
structural polymorphism of quadruplexes (2, 5, 6), but little
is known about the energetics and kinetics of ion binding.
In many cases, even the number of internal ions and their
precise locations are under debate.

A variety of NMR spectroscopy and relaxation techniques
can be used to probe the internal ions of quadruplexes in
aqueous solution. The NH,* (7) and TI* (8) ions have been
used as a spin-1/2 surrogates for the similarly sized K™ ion,
allowing direct observation, by 'H or 2>T] NMR, of internal
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ions in slow exchange with bulk ions. More recently, slowly
exchanging internal ions have been observed by NMR
spectroscopy of the quadrupolar (spin >1) nuclides >*Na,
¥K and ¥Rb (9, 10). More rapidly exchanging internal ions
can be studied via their effect on the quadrupolar spin
relaxation rates associated with the dominant bulk-ion
magnetization (//—13). As applied to quadruplexes, this
NMR relaxation approach has so far been limited to line
width measurements at a single resonance frequency (or
magnetic field strength), making it difficult to separate
contributions from external and internal ions and from
different classes of internal ions. More detailed information
about the internal ions can be obtained by measuring the
spin relaxation rate(s) over a wide range of resonance
frequencies. Such magnetic relaxation dispersion (MRD')
measurements have been used to study ion binding (via *Na
relaxation) (/4, 15) and hydration (via >H and '"O relaxation)
(16, 17) for B-DNA oligonucleotides. Here, we report the
first MRD studies of quadruplex DNA, using the 2H/'"O (for
hydration) and **Na (for ion binding) nuclides.

We have chosen to study the bimolecular foldback
quadruplexes formed by the oligodeoxyribonucleotides
d(G3T4Gs3) (abbreviated Q3) and d(G4T4Gy) (abbreviated Q4).
The latter sequence contains the telomere repeat d(TsGy4) from
the protozoan Oxytricha nova. These DNA oligomers form
hairpins that dimerize head-to-tail to build a quadruplex with
a central stem of three or four stacked G-quartets capped by
diagonal T, loops. At least for Q4, this topology is formed
with either Na™, K*, TI" or NH," as internal ions, with only

! Abbreviations: A,T», d(CGCGAATTCGCG); DPF, dynamic per-
turbation factor; Q3, d(GsT4Gs); Q4, d(G4T4Gs); MRD, magnetic
relaxation dispersion; QCC, quadrupole coupling constant.
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FIGURE 1: Schematic representations of the Q3 and Q4 quadru-
plexes, showing possible locations of internal ions in the stem (dark
shading) and loop (light shading) regions.

minor structural variations. Even though Q4 has been studied
extensively, ion binding to this quadruplex is not fully
understood. Crystallography reveals five internal KT (/8) or
TIT (19) ions: three are sandwiched between the G-quartet
planes in the stem, and two are buried in the T, loops (Figure
1). According to 'H NMR, NH,4* ions occupy the three stem
sites, but are absent from the two loop sites (20—22). For
the Na™ form of Q4, the situation is less clear. The only
crystal structure, where Q4 is complexed with a telomere-
end-binding protein, shows four internal Na' ions asym-
metrically located near (inner pair) or 1 A outside (outer
pair) the G-quartet planes (23). In contrast, solid-state >*Na
NMR indicates that Q4 contains three Na* ions sandwiched
between the G-quartets in the stem (24), and an additional
slow-exchange peak (observed at low temperatures) in the
solution 2*Na NMR spectrum was assigned to two Na' ions
in the loop sites (10). It thus appears that Na* and K* ions
occupy the same internal sites in Q4 (Figure 1) and that the
different internal-Na™ configuration seen in the quadruplex—
protein complex may be induced by the protein or by other
crystal-specific interactions.

For the Q3 quadruplex, less is known about the internal
ions. No crystal structure is available, but the NMR solution
structure of the Na™ form of Q3 (25) has the same diagonal-
looped foldback topology as for Q4, but without the 2-fold
symmetry (26, 27). The solution structure of the K™ form of
Q3 shows multiple loop conformations, but is otherwise very
similar to the Na™ form (28). The nonmonotonic variation
of "H NMR shifts on replacing Na* by K™ indicates at least
two internal-ion sites in Q3 (29), but, on the basis of analogy
with Q4, it has been argued (/0) that Q3 contains four
internal ions (Figure 1).

The internal ions in guanine quadruplexes are not static
but exchange with external ions. Because of the high stability
imparted by multiple interstrand H-bonds within the G-
quartets, the integrity of the quadruplex structure is main-
tained on the subsecond time scale of ion exchange, as
indicated by the much slower imino proton exchange (30).
The quadruplex thus constitutes an ion channel, where
internal ions exchange via the terminal loops rather than
directly via the grooves (20). The kinetics of internal-ion
exchange can aid in the assignment of binding sites and
provides information about conformational fluctuations. For
the Q4 quadruplex, 2Na NMR indicates that the Na*t ions
in the loops exchange on a time scale of ~107* s (10), while
the stem ions exchange more slowly. For the Q3 quadruplex,
'"H NMR shows that coexisting Na™ and K* forms are in
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fast exchange on the 'H chemical shift time scale of ~10
ms (29). The present 2Na MRD analysis sheds new light
on the internal ions in these two quadruplexes.

DNA—water interactions are important for stability,
dynamics, and recognition by proteins and drugs. For
B-DNA, a considerable body of knowledge has accumulated
about hydration structure (37), hydration dynamics (32), and
water involvement in recognition (33). Much of this work
has focused on the ordered hydration motif found in the
minor groove of AT-tracts (34). The most important aspect
of quadruplex hydration is perhaps the dehydration of internal
ions, which is thought to control the relative affinity of
different monovalent ions for the internal sites (29). Whereas
stem ions are completely dehydrated, loop ions may retain
one or two water ligands. In the loop sites of Q4, it appears
that K* prefers to have two water ligands (/8), whereas Na™
coordinates a single water molecule (23). For Q3, no
information about ion—water coordination is available.
Beyond the time-averaged static picture provided by crystal-
lography, virtually nothing is known about quadruplex
hydration. The H MRD data presented here provide
information about loop-ion hydration and water exchange
kinetics, as well as about the hydration dynamics of the
grooves and phosphodiester backbones.

EXPERIMENTAL PROCEDURES

Sample Preparation. The oligodeoxyribonucleotides
d(G3T4G3) (Q3) and d(G4T4Gs) (Q4) were synthesized on a
50 umole scale, purified by HPLC, and dialyzed against NaCl
at Oligos Etc. (Wilsonville, OR). The purity of these
preparations, determined by analytical anion-exchange HPLC
at Scandinavian Gene Synthesis (Koping, Sweden) was
96.8% (Q3) and 97.2% (Q4). To remove traces of other
counterions, the oligonucleotides were successively dialyzed
against 2, 0.5, and 0.1 M NaCl(aq) and then twice against
Millipore water. DNA solutions were prepared at strand
concentrations of 2.58 mM (Q3) or 2.06 mM (Q4) by
dissolving the lyophilized oligonucleotides in a mixture of
50% H,"70 (19.2 atom% '70) and 50% D,O (with low
paramagnetic content), adding NaCl to 200 mM and adjusting
pH to 6.2 (not corrected for isotope effects). The reference
sample contained 200 mM NacCl in the same water mixture
as that used for the DNA samples. The strand concentration
was determined from the absorbance at 260 nm (measured
after serial dilution to the M range, heating to 90 °C for 5
min and rapid cooling to room temperature), using an
extinction coefficient of 0.950 x 10°M~! cm™! (Q3) or 1.152
x 105 M~! em™! (Q4), as given by the nearest-neighbor
model (35). To form the quadruplex, the DNA solutions were
heated to 90 °C for 5 min, slowly cooled to room temper-
ature, and kept at 4 °C overnight. Before and after the MRD
measurements, the presence of the expected quadruplex
structure was confirmed by recording one-dimensional 'H
spectra at 500 and 600 MHz (on Varian Inova spectrometers).
The spectra, taken at 20, 25, and 27 °C, were found to match
the published spectra from the bimolecular foldback qua-
druplexes of Q3 (26, 27, 29) and Q4 (7, 21, 30). The ion
competition experiments were then performed after succes-
sive additions of KCI to 100, 200, and 400 mM. On the basis
of literature data (26, 36, 37), we estimate the quadruplex
melting temperature in our samples to ~50 °C for Q3 and
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~70 °C for Q4. Addition of KCI will increase these
temperatures (38).

2Na MRD Measurements. The relaxation rates, R; and R»,
of the longitudinal and transverse >*Na magnetization,
respectively, were measured at 11 magnetic field strengths
in the range of 0.38—14.1 T, corresponding to >*Na resonance
frequencies of 4.28—159 MHz. To cover this range, we used
Tecmag Discovery or Apollo consoles equipped with field-
variable iron-core magnets (4.28—20.6 MHz), Bruker Avance
DMX 100 and 200 (26.5 and 52.9 MHz), and Varian Inova
360, 500 and 600 (95.7, 132 and 159 MHz) spectrometers
with conventional cryomagnets. Each inversion—recovery
(Ry) or spin—echo (R,) relaxation experiment comprised
20—40 variable-delay spectra with signal-to-noise ratio
>100, requiring accumulation of up to 6 x 10* transients
per spectrum. The 90° pulse length was <15 us, and an
acquisition delay of 100—250 us was used to suppress
acoustic ringing at frequencies <15 MHz. Pulse amplitude
and phase imperfections were compensated by standard phase
cycling. All spectra were Fourier transformed and phase- and
baseline-corrected, and the peak was integrated between
points where the peak intensity had dropped well below the
noise level. All reported MRD measurements were performed
at a temperature of 27.0 °C, regulated to within £ 0.1 °C
with a thermostatted air flow and measured with a copper—
constantan thermocouple in a dummy sample. The 1.0 mL
MRD samples were contained in 10-mm quartz tubes. The
23Na relaxation rates of the reference sample (200 mM NaCl
aqueous solution) was measured at all field strengths, yielding
R® = 18.3 &+ 0.4 s™'. Because R does not depend on the
resonance frequency, these reference measurements also
served as an additional temperature check. Being a spin-3/2
nuclide, >*Na has intrinsically biexponential relaxation. In
practice, however, biexponentiality is rarely observed except
for transverse relaxation at high frequencies. In the present
study, nearly all relaxation decays were monoexponential
within the experimental accuracy of 1—2%. We thus obtained
the effective longitudinal and transverse relaxation rates R{
and RS. A significant biexponentiality was observed only at
the two highest frequencies (132 and 159 MHz), where a
5-parameter fit yielded the two transverse rates R> and R3.
Within the experimental accuracy, the calculated effective
rate, R, = 04 R; + 0.6 R#, did not differ from the rate,
RS, obtained directly from a monoexponential fit to the
magnetization data.

’H and 70 MRD Measurements. The relaxation rates of
the water 2H and 7O magnetizations were measured on the
same samples as those used for the »*Na experiments and
using the same pulse sequences as for »Na. The 2H, 70,
and Na measurements were performed sequentially at each
magnetic field strength. The accessed frequency range was
2.48—92.1 MHz for ?H and 2.19—81.3 MHz for "O.
Modulation of the 'TH—'70O and 2H—'70 scalar spin couplings
by hydrogen exchange among water molecules (on the
millisecond time scale at pH 6.2) gives rise to a large scalar
relaxation contribution to R,(*H) and R»('’0) (39). In
addition, hydrogen-exchange modulation of the 7O chemical
shift difference among the isotopic species H,O, HDO, and
D,O contributes to R»('’O) at high magnetic fields (39).
Under these conditions, useful information about quadruplex
hydration can only be deduced from the R, data, which are
free from these complications. The H and '"O relaxation
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rates of the reference sample were measured at all field
strengths, yielding R°CH) = 2.02 # 0.01 s~! and R%('’0) =
150.6 + 0.1 s7%.

Quadruplex Rotational Diffusion. To obtain the rotational
correlation time g of the quadruplexes, we performed
hydrodynamic calculations with the program HYDROPRO
v. 7c (40). The primary hydrodynamic model contained 420
(Q3) or 510 (Q4) nonhydrogen atoms, all of which were
given an effective hydrodynamic radius of 3.0 A (40, 41).
In the calculations, this model was replaced by a shell of
smaller beads of radius o. The rotational diffusion tensor
Dr was computed as a function of ¢ and extrapolated to o
= 0 by using 7 o values in the range 0.75—1.60 A. The
rank-2 isotropic rotational correlation time is defined as g
= (2 Tr D)~ ". For the Na™ form of the Q3 quadruplex, we
obtained g = 3.09 ns as an average over the first 3 models
in the NMR structure 1FQP (25). For the Q4 quadruplex,
we obtained tr = 3.47 ns for the crystal structure 1JB7 (23)
of the Na* form and 7r = 3.56 ns for the Kt form crystal
structures 1JRN and 1JPQ (/8). The NMR structures 156D
(Nat form) (42) and 1K4X (K" form) (21) of Q4 yield 7x
= 3.70 and 3.32 ns, respectively, in both cases averaged over
the first three NMR models. All of these 7 values pertain
to 27 °C and the viscosity (0.956 cP) of our solvent. For the
analysis of our MRD data at 27 °C, we used 7g = 3.1 and
3.5 ns for Q3 and Q4, respectively. In all cases, the rotational
anisotropy is negligibly small, with values of 1.05—1.10 for
the ratio of the largest and smallest of the five rotational
correlation times (derived from the three eigenvalues of Dg)
that characterize the rank-2 spectral density function for
asymmetric-top rotational diffusion. The effect of electrolyte
friction was neglected since it can be estimated to increase
Tg by at most a few percent in our samples (Stuart Allison,
personal communication).

RESULTS

Water >H MRD Results. Because of the low concentration
(~1 mM) and short tumbling times (3—4 ns) of the
quadruplexes, the water 2H or 70 relaxation rate R exceeds
the relaxation rate R of the bulk solvent by only 2—10%
(depending on the resonance frequency). For this reason, we
focus here on the somewhat more accurate H results. The
corresponding analysis of the 7O data yields similar model
parameter values, indicating that labile DNA hydrogens make
little or no contribution to R;(*H) at pH 6.2 and 27 °C. A
previous water H and 'O MRD study of a B-DNA
dodecamer duplex also indicated negligible contribution from
labile DNA hydrogens (/6).

The 2H MRD profiles for Q3 and Q4 (Figure 2) are
modeled with the usual fast-exchange expression (39)

0.2 i 0.8

R,(wy) — R’ =a+fr
e T+ 1+Quad)’

where wo = 2 7 v is the angular resonance frequency. The
parameter o0 = (Ny/Nw) R%(Ey — 1) describes the fre-
quency-independent contribution from subnanosecond water
rotation in the hydration layer of the quadruplex. Here, Nw
(5.5 x 10* for 1 mM quadruplex) is the water/quadruplex
mole ratio in the sample, and R® = 2.02 s~ is the relaxation
rate in a bulk solvent reference sample. Furthermore, Ny is
the number of water molecules in the hydration layer, and
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FIGURE 2: Water 2ZH MRD profiles of Q3 (top) and Q4 (bottom) at
pH 6.2, 27 °C, and 200 mM NaCl. The data have been normalized
to 1.0 mM quadruplex using the fact that R, — RO is proportional
to the quadruplex concentration; see eq 1. Each solid curve resulted
from a 2-parameter fit to eq 1, with o indicated by the dashed line.
The open symbols in the lower panel are 2H (circles) and 7O
(squares) R; — RO data for the B-DNA duplex [d(CGCGAAT-
TCGCG)], at pH 6.5 and 27 °C (16), scaled to 1 mM duplex.

the dynamic perturbation factor (DPF) &y = (tu)/1, the
ratio of the water rotational correlation times in the hydration
layer (averaged over the quadruplex surface) and in bulk
solvent, is a global measure of hydration dynamics (43). The
parameter § = (N;/Nw) (wq S1)? is associated with hydra-
tion water molecules with residence time 7; > 1 ns, as
required to observe a frequency dependence in R in the
accessible frequency range (v < 100 MHz). Such long-lived
water molecules are invariably trapped in cavities or deep
pockets, and they are therefore referred to as internal water
molecules. In the expression for 5, wq = 8.7 x 10° s7! (39)
is the nuclear quadrupole frequency of a water deuteron, and
S1 is the root-mean-square orientational order parameter for
the N internal water molecules. Finally, the correlation time
is ¢ = (1/tr + 1/7)7!, with 7R the rotational correlation
time of the quadruplex.

The observation of a clear frequency dependence in R,
(Figure 2) demonstrates that these quadruplexes contain
internal water molecules with residence times in the nano-
second range or longer. The fits shown in Figure 2 were
performed with the correlation time 7¢ fixed at the quadruplex
tumbling time obtained from molecular hydrodynamics
calculations on the reported quadruplex structures: 7g = 3.1
and 3.5 ns for Q3 and Q4, respectively (see Experimental
Procedures). Because the observed dispersions conform to
these correlation times, we conclude that the 5 term in eq 1
is produced by water molecules with residence time 7; > 3
ns at 27 °C. The fit yields N; S = 1.7 0.2 for Q3 and 1.5
=+ 0.2 for Q4. Since 7 < 1, it follows that each quadruplex
contains at least 2 internal water molecules. An upper bound
on the residence time of these internal water molecules is
provided by the fast-exchange condition: (wq S1)*tc 71 < 1
(39). We can thus conclude that 7; < 1 ms. However, a more
restrictive upper bound is provided by the 7O MRD data
(not shown) from the same samples: 71 << 10 us. The o
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parameter deduced from the fit yields Ny (§n — 1) = (1.0 £
0.2) x 10° for Q3 and (1.3 4= 0.2) x 10° for Q4. We expect
the hydration number Ny to be proportional to the solvent-
accessible surface area Ag of the quadruplex. For the same
quadruplex structures as those used for the 7r calculation
(see Experimental Procedures), we obtain (with a probe
radius of 1.4 A) As = 3400 A2 for Q3 and 3830 A2 for Q4.
Adopting the same value as that determined for proteins and
small solutes, 10.75 Az’ for the accessible surface area
occupied per water molecule on average (43), we find Ny =
316 for Q3 and 356 for Q4. With these Ny values, we can
deduce the DPF: vy = 4.0 £ 0.5 for Q3 and 4.7 £ 0.6 for
Q4.

Sodium Ion *Na MRD Results. The analysis of the
effective (single-exponential) **Na relaxation rates R; and
R is more involved than that for the water 2H data. First,
we cannot assume fast-exchange conditions since the resi-
dence times of the internal Na™ ions are expected (10, 13, 29)
to be similar to or longer than the intrinsic 2*Na relaxation
time of a bound Na* ion, estimated to 50—100 us. Second,
we must allow for at least two types of internal Na™ ions,
residing in stem sites (between the G-quartets) and in loop
sites (between the T4 loop and the terminal G-quartet); see
Figure 1. After these generalizations, the longitudinal >*Na
relaxation rate can be expressed as (15)

0.2

Ry —R'=a+ Y Bitc| ——
. 1+ (@gte)

0.8
1+ Qogte )’

with a similar expression for R, (/5). In addition, R, contains
a contribution from exchange modulation of the chemical
shift difference between internal and external Na't ions.
However, depending on the ion exchange rate, this shift
difference may be partly refocused by the spin echo pulse
sequence used here to measure R,. Because of this complica-
tion, and since R, data are generally less accurate than R
data, we include only R; data in the fits.

In eq 2, o has the same meaning as in eq 1, except that
Ny is replaced by Ny, the Nat/quadruplex mole ratio in
the sample (220 for 1 mM quadruplex). The effective 3
amplitude parameter ﬁk and the effective correlation time
Tc.r are given by (15)

3 :L
L+ RO

2

3

o= ok 4)
“ I+ RO
where ﬂk = (Nl,k/NNa) (Cl)Q,kSLk)Z and Tck — (1/TR +
1/7)7!, in analogy with the 2H case, and Ri(0) =
(wq, & S1. ©)? Tc,« is the intrinsic 2’Na relaxation rate at wy =
0 of a (nonexchanging) ion in site k. In practice, Tcx = Tr
since the internal-ion residence times 7y are much longer
than the quadruplex tumbling time tg. For >Na, it is
customary to specify the quadrupole coupling constant (QCC)
¥q- rather then the quadrupole frequency wq. If we subsume
the asymmetry factor (1+#%*3)"? into the QCC, these
quantities are related as wq = (2/5)"2 7 yq.
In principle, Na' ions in the external counterion sheath
could also contribute to the observed >*Na relaxation disper-
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FIGURE 3: 2Na R, (O) and R, (®) dispersion profiles of Q3 (left column) and Q4 (right column) at pH 6.2, 27 °C, and 200 mM NaCl. The
data have been normalized to 1.0 mM quadruplex using the fact that R; — R is proportional to quadruplex concentration; see eq 2. The four
rows of panels (with different scales on the y axis) correspond to different KCI concentrations as indicated. For each quadruplex, the solid
curves resulted from a global fit to the four sets of R, data using eq 2 with two classes of internal-ion sites. Also indicated for each sample
are o (dotted line) and the R, profile without contributions from loop ions (dash-dotted curve).

sion. However, in the case of B-DNA, the Na*—phosphate
interactions are diffuse and short-lived (15, 44) and therefore
cannot give rise to residence times > 3 ns and QCCs of ~1
MHz (as expected for internal ions). This should be the case
also for quadruplex DNA. In eq 2, we therefore describe
the effect of Na' ions in the counterion sheath by the small,
frequency-independent term o.

Figure 3 shows 2*Na MRD profiles for 8 samples contain-
ing 220 mM Na' (200 mM added NaCl plus neutralizing
external counterions) in addition to 0, 100, 200, or 400 mM
KCl. All dispersion profiles are significantly more stretched
than would be the case for a single correlation time. The
model must therefore contain at least two internal ion sites,
described by 3 terms with k = 1 and kK = 2 in eq 2. The
model was implemented in a global fit to the four R,

dispersion profiles for each quadruplex. For this analysis,
we assume that the only effect of KCI addition is to replace
Na' ions by K" ions at the internal sites as well as in the
external counterion sheath. The internal sites are assumed
to be fully occupied (strong binding limit) by either Na™ or
K. Since at most a few percent of the ions are internally
bound, the parameter f3; then depends on the Kt and Na*
concentrations as

B(0)
1+ K,Cy/Cy,
where Kj is the equilibrium constant for the process where
one Na' ion is replaced by one K% ion at internal site k.
Equation 5 is strictly valid only for equivalent and indepen-
dent sites; therefore, K; should be regarded as an effective

B(Cy) = )
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Table 1: Parameter Values from Global Fits to 2Na MRD Data®

parameter d(G3T4Gs3) d(G4T4Gy)
Astem (MHz) 2.8 +£0.6 1.3£0.1
Tstem (MS) 0.7 £0.1 0.8+£0.2
Kstem 42405 9+2
K1oop (MHZ) 0.75 £ 0.07 0.54 + 0.06
Tioop (US) 40 £+ 20 25+ 35
Kloop 40402 1.9+0.2

“ Parameter errors correspond to one standard deviation.

exchange constant. In the external counterion sheath, we
assume that Na® and K" ions are present in the same
proportion as in the bulk solvent so that

a(0)
1+ Cy/Cy,

To reduce the number of freely adjustable parameters (4
per internal ion site), we impose constraints based on prior
knowledge. Unconstrained fits yield reasonable parameter
values, but some of the covariances are large. The a term
makes only a small contribution to R; (Figure 3), and we
fixed the dimensionless parameter Oeq = Cna ®(0)/(Co R?)
to 25 s~! for Q3 and 30 s~! for Q4. The Q4 value is based
on unconstrained fits (the Q4 data extend to lower R values
and therefore determine Q,.q more precisely) and the Q3 value
follows from the expectation that 0,4 is proportional to the
structural charge of the quadruplex (internal ions included),
i.e., 0ed(Q3) = (14/17) 0eq(Q4). These Oueq values are similar
to the value, 26 s™!, obtained for a B-DNA dodecamer duplex
under similar conditions (/5). For both quadruplexes,
unconstrained fits yield one internal-ion class in slow
exchange (7; of order 1 ms) and another class in fast-to-
intermediate exchange (7, < 100 us). On the basis of prior
knowledge about the exchange kinetics of internal Na™ ions
in Q3 and Q4 (10, 13, 29), we identified these classes with
sites between the G-quartets in the quadruplex stem (k = 1)
and with sites between the T, loops and the terminal
G-quartets (k = 2). In the following, we refer to these classes
as stem and loop sites, respectively. The number and location
of internal ions in quadruplexes have been controversial, but
recent solid-state and solution »Na NMR spectroscopy
indicates 3 stem sites and 2 loop sites in Q4 (10, 24), as
depicted in Figure 1. By analogy, there should be 2 stem
sites and 2 loop sites in Q3 (10).

The global fits to the 44 R, values for each quadruplex
yield the solid curves in Figure 3 and the parameter values
in Table 1. The stem ions, with residence times close to 1
ms, are in the slow-exchange regime, Ryem(0) Tgem > 10. As
a result, the amplitude parameter Bmm and the effective
correlation time ¢ gem are both reduced by a factor 4—8;
see eqs 3 and 4. The stem-ion contribution to the R,
dispersion profile (dash-dotted curve in Figure 3) is thus
attenuated by 1—2 orders of magnitude at low frequencies,
while the inflection point is upshifted in frequency by a factor
4—8 as compared to the fast-exchange condition. The loop-
ion contribution, which dominates R, at low frequencies, is
in the fast-to-intermediate-exchange regime, with Rjop(0) Tioop
< 0.1 and %c i00p Only 5—10% below 7g. Because the
deviation from the fast-exchange limit is small, the residence
time Tiqop 1S NOt accurately determined: for both quadruplexes,
the data are consistent with 7jop in the range 10—60 us. The
QCCs are all of the order 1 MHz, as expected (24), and the

W(Cy) = (6)
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exchange constants K are in the range 2—10, consistent with
previous results (29). These results are discussed in more
detail below.

As seen from Figure 3, the R, dispersion profiles (dashed
curves) calculated with the parameter values obtained from
the fit to the R, data agree rather well with the measured R,
data, supporting our analysis. The minor discrepancies may
be attributed to experimental artifacts and to a partly
quenched (by the spin echo sequence) contribution from
chemical shift modulation (at high frequencies).

DISCUSSION

Internal lon Sites. Our >Na MRD analysis is based on
the assumption (/0) that the quadruplexes have two loop sites
and two (Q3) or three (Q4) stem sites (Figure 1), all of which
are fully occupied by Nat or K* ions. If these assumptions
are correct, then the values of the QCC y, the exchange
constant K, and the residence time 7; derived from the fit
must be consistent with prior knowledge about these quanti-
ties. For the K* form of Q4, five internal ions have been
detected crystallographically (/8). For the Na* form of Q4,
solid-state and solution 2Na NMR spectroscopy indicates
five internal ions (10, 24), whereas a crystal structure of a
protein-associated quadruplex detects only four internal ions
(23). For Q3, the number of internal ions is unknown, but a
four-ion configuration has been postulated by analogy with
Q4 (10).

The QCC reflects the coordination geometry and symmetry
of the ionic site and is typically in the range 1—3 MHz for
Na' ions coordinated to 5—8 oxygen atoms (24, 45, 46).
For the three stem ions in Q4, the QCC has been determined
by solid-state 2Na NMR: ¥sem = 1.2 £ 0.2 MHz (24). This
value, which incorporates the asymmetry factor (see above)
and is rms averaged over the inner and outer stem sites (as
appropriate for our relaxation data), agrees quantitatively with
our result: yyem = 1.3 & 0.1 MHz. These ions are thought
to be located between the G-quartet planes, with square
antiprism coordination to the 8 G.O6 atoms from the two
adjacent G-quartets (24). For the 2 putative stem sites in the
Q3 quadruplex, we obtain a larger QCC, ysem = 2.8 £ 0.6
MHz, indicating a less symmetric coordination. The Q3
quadruplex lacks the 2-fold symmetry of Q4 (26, 27);
therefore, the two stem sites are not equivalent. QCC values
of ~3 MHz have been reported for Na™ ions in pentacoor-
dinated square-pyramidal and hexacoordinated distorted
trapezoidal bipyramidal geometry (46). The locations of the
internal ions in Q3 have not been established. Interestingly,
the ion channel is wider in Q3 than in Q4, with mean
diagonal G.06—G.06 separations of 4.94 and 4.19 A,
respectively. These values were obtained by averaging over
the first three models in the NMR structures of the Na™ form
of the quadruplexes (25, 42). This widening of the Q3
channel may indicate that the Na® ions approach the
G-quartet planes more closely than in Q4 and would then
be consistent with the larger QCC.

In the crystal structure of the Na* form of Q4, there are
only two stem ions, located ~0.5 A outside the two central
G-quartet planes (23). This internal-ion configuration is not
consistent with solid-state 22Na NMR, which indicates that
three stem ions are sandwiched between the four G-quartet
planes (24). The different ion configuration in the crystal
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structure may be caused by interactions with the telomere
end binding protein also present in this crystal (23), or it
may be a cryoartifact. All quadruplex crystal structures
discussed here have been determined at 100 K, and re-
equilibration of ion and water positions may well occur on
the millisecond time scale of flash cooling (47). As noted
before (24), the crystal structure also deviates in that
G-quartets are not stacked coaxially. A line connecting the
internal ions is thus tilted by ~22° with respect to the normals
to the two central (most planar) G-quartets (23). With a
G-quartet separation of 3.3 A. this tilt angle corresponds to
1.3 A relative lateral displacement of adjacent G-quartets,
which makes a central ion location less favorable energeti-
cally. Because the stem ions are in the slow-exchange regime,
only two of the three parameters Ngem, Xsem and Tygem are
independent. Virtually identical fits are thus obtained for
other Nyem values, but with the other two parameters scaled
as Xsem < 1/(Ngem)"? and 7i giem o< Nyem. For example, setting
Nyem = 2 (rather than 3) for Q4 yields Ygem = 1.6 £ 0.1
MHz, which does not agree with the solid-state >Na NMR
result (24).

For the putative loop sites, we obtain smaller QCCs in
the range 0.5—0.8 MHz (Table 1). These values are smaller
than the static QCCs usually found for Na* ions in ordered
environments (24, 45, 46). The loop Na™ ions are thought
to be coordinated to the four G.O6 atoms of the terminal
G-quartet and to two T.O2 atoms from the T4 loop (Q3) or
to one T.02 atom and one semiburied water molecule (10).
The small QCC is thus not likely to result from a highly
symmetrical coordination geometry. Instead, we attribute the
QCC reduction to structural disorder in the loops. The QCC
that governs the >*Na relaxation and that we simply denote
by y is really a double time average that may be expressed
as ((y)HK?. The first average is over motions faster than the
quadruplex tumbling time 7r (3—4 ns). This average plays
the same role as the orientational order parameter S; for
internal water molecules, but now, both the orientation of
the electric field gradient tensor and its principal values are
averaged. The second average involves the spin relaxation
rate and therefore the square of the QCC; it extends over all
conformations and sites sampled by the ion on the spin
relaxation time scale (~100 us). Several studies indicate
structural disorder that may be linked to the inferred QCC
averaging in the loop sites. Flexibility in the T4 loops of Q4
is indicated by distinct conformational differences in the
loops of the Na' and K* forms (2/) and by modulation of
the 'H chemical shift of the methyl protons of T5 in the TI*
form on a time scale of 0.34 ms at 10 °C (19). For the K*
form of Q3, the solution structure shows multiple loop
conformations, and molecular simulations indicate substantial
conformational fluctuations in the loops on the subnanosec-
ond time scale (28). The premelting transition reported for
Q4 at temperatures above ~30 °C (37, 48, 49) has been
attributed to conformational changes in the T4 loops (37).
In fact, preliminary 2Na MRD data at 45 °C (not shown)
appear to be consistent with a loss of the loop ions in the
premelting transition.

Internal Ion Exchange. The mean residence times of the
internal Nat ions deduced from the »Na MRD data are
essentially the same for Q3 and Q4: Tigem = 0.6—1.0 ms
and Trjep = 10—60 us at 27 °C. The similarity of the
residence times for Q3 and Q4 is consistent with similar
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FIGURE 4: Schematic view of the two internal-ion exchange
mechanisms in the Q4 quadruplex: (A) direct exchange at the loop
site and (B) stepwise displacement of the ion file.

locations of the internal ions in the two quadruplexes. In
particular, it supports the hypothesis that Q3 also contains
loop-coordinated Na' ions (70).

The 1—2 orders of magnitude faster exchange of the loop
ions as compared to the stem ions is understandable on the
basis of the quadruplex structure. If all internal-ion sites are
fully occupied and if exchange cannot take place directly
from stem sites, then there are two possible exchange
mechanism (Figure 4). In the first mechanisms, an external
ion directly replaces a loop ion without affecting the other
internal ions. In the second mechanism, an external ion enters
a loop site and pushes the file of ions one step through the
channel so that the loop ion at the other end of the quadruplex
exits into solution. A sequence of such concerted file
displacements triggered by external ion intrusion at either
loop site may be modeled as a symmetric random walk. The
rate constants, k;, and ks, for the two mechanisms are
pseudofirst-order since the counterion concentration near the
quadruplex may, to a first approximation, be regarded as
constant independent of the total ion concentration. Loop
ions can exchange by either mechanism so that 7yje0p = 1/(kr.
+ ks). A stem ion must first move to a loop site by one or
more S-processes, whereafter it exchanges like a loop ion.
Thus, Tisem = mlks + 1/(k, + ks), where m = 1 for Q3,
while m = 3 for the central site and 2 for the outer stem
sites in Q4. These m coefficients follow from a calculation
of the mean-first-passage time for a sequence of S-processes
(50). If the three stem sites in Q4 are treated as equivalent,
then the average 7isem corresponds to m = 7/3. On physical
grounds, we expect that kr, > ks, in which case Tyjq0p = 1/kL
and Tygem = m/lks with m = 1 for Q3 and m = 7/3 for Q4.
It then follows that 7igem > Ti100ps as deduced from the 2Na
MRD data. The finding that 7jen is the same for Q3 and
Q4 thus indicates that the factor 7/3 is offset by a similar
difference in ks between the quadruplexes.

By suppressing the bulk Na™ signal, Ida and Wu were
able to directly observe at 5 °C two »*Na signals from slowly
exchanging Na™ ions assigned to the stem and loop sites in
Q4 (10). By identifying the disappearance of the loop peak
at 15 °C with the coalescence of the bulk and loop peaks,
they deduced Trjo0p = 0.22 £ 0.03 ms at this temperature
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(10). Alternatively, one may derive the residence time from
the exchange-broadening of the loop peak. Using parameter
values from the present study to estimate the intrinsic line
width (and dynamic shift), we find from the reported
linewidths at 5 and 10 °C (0) that 700 = 0.55 ms at 5 °C
and 0.35 ms at 10 °C. This corresponds to an activation
energy of 56 kJ mol~!, implying that 71 p is 0.23 ms at 15
°C, in agreement with the coalescence-based estimate (10),
and 90 us at 27 °C, not far from our value. The roughly
2-fold shorter 7100 Obtained here may be related to the higher
Na™ concentration in our sample (220 vs 70 mM), which
might increase the pseudo-first-order exchange rate constant
ki by increasing the attempt frequency (proportional to the
Na' concentration outside the loops) or by lowering the
energy barrier (by Debye screening). We note that the in-
trinsic line width that we have calculated pertains to the
narrow component (which does not involve the zero-
frequency spectral density); the broad component is predicted
to have a line width of ~2 kHz and would thus merge with
the baseline even at 5 °C.

Deng and Braunlin estimated the internal Na* residence
time in Q4 from the exchange broadening of the bulk-Na™
peak, obtaining a value of 0.25 ms at 10 °C (/3). This value
is close to the 0.35 ms deduced from the exchange broaden-
ing of the loop-ion peak (see above), but this agreement is
likely to be fortuitous. Indeed, the results at 10 and 30 °C
reported by Deng and Braunlin imply an activation energy
of only 22 kJ mol ™. In their analysis, these authors assumed
only 2 internal Na" ions (for a given line width, 7 is
proportional to Ny), and the intrinsic line width was crudely
estimated (/3). At their frequency of 132 MHz, our MRD
analysis indicates that loop and stem ions make comparable
contributions to the line width (Figure 3). The single-pulse
line width should also include a contribution from chemical
shift modulation.

The only prior information about internal ion exchange
Kkinetics in Q3 comes from a '"H NMR study, showing that
coexisting Nat and K* forms are in fast exchange on the
"H chemical shift time scale (29). This observation implies
that Tyjo0p and Tygem are << 10 ms at 25 °C, which is consistent
with our results (Table 1).

Ion Selectivity. Tt has long been known that K™ has a
higher affinity than Na™ for the internal sites in quadruplexes
(I). This preference does not result from stronger
quadruplex—K™ interactions, but from the smaller free energy
cost of dehydrating the larger K* ion (29, 51). While it is
clear that the K™ preference pertains to all internal sites in
Q3 and Q4 (10, 29), quantitative results seem to be available
only for Q3. Analysis of the variation of quadruplex 'H
chemical shifts as a function of K* concentration in the
presence of Na™ thus yielded an equilibrium constant of
3.7—4.6 for exchange of one Nat by one K™ (29). This result
is in excellent agreement with our exchange constants of 4
for both stem and loop sites (Table 1). For Q4, we find higher
selectivity for the stem sites than for the loop sites, but the
product Kgem Kioop 18 the same as for Q3.

The residence times of NH4" and TI' ions at the stem
sites is much longer than for Na*: 250 ms at 10 °C for NH4"
at the central site in Q4 (20) and 80—155 ms at 25 °C for
TI" ions in Q4 (8). Moreover, in a mixed NH;*/Na' form
of Q4, the movement of NH4* from the central to the outer
stem site was found to be accelerated by a factor 7.5 as
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compared to the pure NH,* form (22). On the basis of these
results and model calculations (52), it is reasonable to expect
that K* has substantially longer residence times than Na*
in the internal sites and that Nat exchange (at least from
the stem sites) is retarded in mixed Na®™/K* forms. The
neglect of this complication in our analysis may have affected
the parameter values to some extent. However, K ions in
the stem sites should not have a large effect on the direct
exchange Na™ ions from the loop sites. Because the »*Na
MRD profile is strongly dominated by loop ions in the
samples containing KCI (Figure 3), K* perturbations of the
Na* properties should not have a large effect on our analysis.
Hydration Layer Dynamics. It is instructive to compare
the present results on the hydration dynamics of the Q3 and
Q4 quadruplexes with corresponding results for B-DNA
oligonucleotides (32). In particular, we shall compare the
bimolecular DNA dodecamers Q4 and [d(GCGCAAT-
TGCGCO)], (abbreviated A,T,), the latter of which has been
studied extensively by ?H and 7O MRD (76, 17). In contrast
to Q4, A,T, does not give rise to a measurable dispersion at
27 °C (16). When scaled to the Q4 concentration (1 mM)
and corrected for differences in water isotope composition,
the H and 7O data for A,T), fall slightly below the dashed
a line for Q4 (Figure 2). At 4 °C, a weak dispersion can be
discerned for A, T, but the dispersion amplitude is less than
20% of that for Q4 at 27 °C (Figure 2). For A,T, eq 1 thus
reduces to Ri(wg) — R® = o at 27 °C. With Ny = 424,
obtained from the solvent-accessible area of A,T,, and
averaging the *H and '7O data (which do not differ
significantly), we obtain &y = 3.7 £ 0.2 for A,T, at 27 °C.
The dynamic perturbation of water dynamics in the hydration
layer is therefore ~25% larger for Q4, with vy = 4.7 + 0.6
(Table 1). This difference may be attributed to the higher
charge density of the more compact, nearly spherical Q4
(with 16% smaller solvent-accessible area than A,;T,). In
particular, there may be a substantial contribution from water
molecules bridging the closely spaced phosphodiester back-
bones of the antiparallel strands lining the narrow groove in
Q4 (18, 23). We note also that the DPFs for Q3 and Q4, vy
= 4.0 £ 0.5 and 4.7 £ 0.6, respectively, are in the same
range as for the hydration layers of proteins (43).
Hydration of Loop Ions. The relaxation dispersion seen
for Q4 (and Q3), but not for A,T, (Figure 2), provides
conclusive evidence for long-lived hydration water molecules
in the quadruplexes. As noted above, there must be at least
2 such water molecules, and they must have residence times
in the range 3 ns < 77 < 10 us at 27 °C. Numerous
MRD (32, 43, 53) and molecular dynamics simulation (54, 55)
studies of proteins and nucleic acids have shown that such
long-lived water molecules are invariably located in internal
cavities or in deep pockets or crevices. In the Q4 quadruplex,
such secluded hydration sites exist only in the narrow groove
and next to the loop Na™ ions. The minor groove of the A,T,
duplex contains a well-ordered hydration motif known as
the spine (34), but MRD studies show that even the five most
ordered water molecules of the spine, H-bonded to T.O2 and
A.N3 atoms at the floor of the deep and narrow groove (34),
have residence times of only 0.2 ns at 27 °C (/6). Therefore,
even these highly ordered water molecules are not sufficiently
long-lived to produce a relaxation dispersion at 27 °C (Figure
2). In contrast to the well-defined spine of hydration in A,T>,
the hydration motif in the narrow groove of Q4 shows
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considerable variation among different quadruplex molecules
in the same asymmetric unit and between different crystal
forms (/8). This observation indicates (/8) that the groove
waters in Q4 are more mobile than those in A,T,. The
relaxation dispersion observed for Q4 (Figure 2) therefore
cannot be attributed to groove hydration.

The only plausible location for the long-lived water
molecules in the Q4 quadruplex is in direct contact with the
loop ions. Crystallographic data on water locations in Q4
are available for one Na' quadruplex (PDB entry 1JB7) and
for 13 K* quadruplexes (PDB entries 1JPQ, 1JRN, 2GWQ
and 2GWE). All of the K™ quadruplexes contain five internal
ions: three between the G-quartets and two in the T4 loops
(18). The relatively high solvent accessibility of the loop
K™* ions probably accounts for the variability in water
coordination of these ions: 54% of the 26 Q4 loop K* ions
in the PDB archive coordinate two water molecules, 35%
coordinate a single water molecule, and 11% have no water
ligand. The K*—Oy distances are in the range 2.6—3.2 A,
comparable to the preferred distance of 2.8 A in aqueous
solution (56). In the only crystal structure of the Na* form
of Q4, both loop ions coordinate a single water molecule at
distances of 2.4 and 2.9 A (23). (Crystal interactions break
the intrinsic 2-fold symmetry of the Q4 quadruplex.) These
Na' ions are significantly more buried by the DNA structure
than are the corresponding K* ions. As a result, the
coordinating water molecule is more confined, and there is
no space available for a second water ligand. The water
ligands of the two loop Na' ions are within H-bonding
distance of several oxygen atoms, including T6.02, T7.02,
and an external water molecule. Water molecules in the
primary hydration shell of Na' ions in aqueous solution
exchange on a picosecond time scale (56), but, for the water
ligands of loop Na' ions in Q4, the confined geometry
precludes a concerted exchange mechanism where a new
water molecule enters as the original one leaves. Rather, the
water molecule must exit completely from the deep and
narrow passage that connects the Na™ ion to external solvent
before a new water molecule can enter. The energy barrier
for water exchange therefore becomes large, leading to a
long water residence time.

In aqueous solution, the presence of Na™ ions in the loops
of Q4 is indicated by direct observation of slow-exchange
peaks in the 2Na NMR spectrum (/0). Both the *Na and
’H MRD data presented here support this assignment. With
N; = 2, the value of N; St deduced from the fit to the Q4
data in Figure 2 yields S; = 0.88 &+ 0.06 for the order
parameter of this symmetry-related pair of water molecules.
This large order parameter is consistent with the additional
H-bond interactions of the water ligands (see above), which
presumably prevent these water molecules from flipping
about their C, axes on the time scale (3.5 ns) of quadruplex
tumbling. Such fast water flips would have reduced the H
dispersion amplitude by a factor 2.7 compared to the '"O
amplitude (39), but these amplitudes were found to be closely
similar.

For Q3, no crystal structure is available. On the basis of
the analogy with Q4, it has been argued that Q3 also contains
Na™ ions in the loops (10), and our 2*Na MRD data support
this hypothesis. On the basis of the NMR solution structure
of the Na™ form of Q3 (25), it has been proposed (10) that
the coordination of the loop ions involves, in addition to the

Biochemistry, Vol. 47, No. 46, 2008 12227

four G.O6 atoms of the adjacent G-quartet, two thymine
oxygens (T4.02 and T6.02) and no water molecule, rather
than one thymine oxygen and one water oxygen as in Q4.
However, inspection of the NMR structure (1FQP) with Na*
ions added in the loop sites shows that there is also room
for a water molecule in the Nat coordination sphere. Like
the water ligands of the loop Na* ions in Q4 (crystal structure
1JB7), the putative water ligands in Q3 are geometrically
confined, but the H-bond partners are different in Q3 (T7.02
and possibly T4.N3). For the same reason as for Q4, the
grooves of Q3 are not likely to contain long-lived water (28).
We therefore attribute the >H dispersion for Q3 (Figure 2)
to water ligands of the loop ions, just as for Q4. With N =
2, the value of Ny St deduced from the fit to the Q3 data in
Figure 2 yields Sy = 0.93 £ 0.05 for the root-mean-square
order parameter of these two nonsymmetry-related water
molecules.

CONCLUSIONS

We have presented here the first MRD study of quadruplex
DNA, using 2H/'7O spin relaxation to probe water dynamics
and 2*Na relaxation to probe the internal Na%t ions in two
diagonal-looped foldback quadruplexes in aqueous solution
at 27 °C. The principal conclusions of this study are as
follows.

(1) Water H and 7O dispersions are observed for both
Q3 and Q4, implying at least two water molecules with
residence times in the range 3 ns < 7; << 10 us. The only
plausible location for these water molecules is as ligands to
Na™ ions in the loop sites, as seen in the crystal structure of
Q4 (23). The water MRD data thus indicate that both Q3
and Q4 contain loop ions with one water ligand. The high
orientational order parameter of these water ligands, S; ~
0.9, is consistent with their involvement in multiple H-bonds
(23).

(2) Water rotation in the hydration layer on the quadruplex
surface is slowed down by a factor 4.0 &= 0.5 for Q3 and 4.7
=+ 0.6 for Q4. This dynamic perturbation factor is similar to
that of small proteins (4.2 £ 0.4) but larger than that of a
B-DNA duplex with an ordered spine of hydration in the
minor groove (3.7 £ 0.2). Water molecules bridging
phosphate groups across the narrow groove of the quadru-
plexes may make a disproportionate contribution to the global
dynamic perturbation factor, but all external water molecules
exhibit subnanosecond dynamics.

(3) The extended shape of the >*Na dispersions observed
for both quadruplexes indicates two classes of long-lived Na*
ions. One of these classes must be in the slow-exchange
regime, with residence times of ~1 ms so that the effective
correlation time becomes much shorter than the 3—4 ns
tumbling time of the quadruplex. The other class is in the
fast-to-intermediate exchange regime, with residence times
<100 us.

(4) The slowly exchanging ion class is assigned to sites
between each pair of G-quartets in the quadruplex stem. With
three such sites in Q4, the QCC derived from the MRD data
agrees quantitatively with that determined by solid-state >’Na
NMR (24). The MRD data thus support the view (/0) that
Q4 contains five internal Nat ions in roughly the same
locations as the K* ions seen in crystal structures of Q4 (/8).
For Q3, we find a larger QCC, indicating a less symmetric
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coordination, as would be the case if the Na™ ions prefer
locations closer to one of the adjacent G-quartets. For both
Q3 and Q4, the Na™ ions in the stem sites have residence
times in the range 0.6—1.0 ms.

(5) The more rapidly exchanging ion class is assigned to
the loop sites, the existence of which is also indicated by
the ZH MRD data. This finding supports the proposal, based
on »Na NMR spectroscopy and structural data, that all
diagonal foldback quadruplexes bind Na* ions in the loops
(10). The residence times of these ions are not accurately
determined by the MRD data but appear to be in the range
10—60 us at 27 °C and in the presence of 220 mM Na™.
The smaller QCCs deduced for the loop ions can be
explained by averaging over multiple coordination geom-
etries, perhaps involving both six and seven ligands, which
are accessed on time scales shorter than a few ns.

(6) For both quadruplexes, K ions bind to stem and loop
sites with higher affinity than Na™ ions, as expected from
the higher melting temperature of the K* form (36, 38). The
product of the equilibrium exchange constants is ~16 for
both quadruplexes. For Q3, the individual exchange constants
are ~4, in agreement with results derived from 'H chemical
shift titrations (29).
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