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Abstract: Sequence-dependent coordination of alkali ions to the nucleotide bases in the minor groove of
AT-tract B-DNA has recently been inferred from X-ray crystallography, solution NMR and computer
simulations. Here, we present new 23Na and 87Rb magnetic relaxation dispersion (MRD) data that
demonstrate competitive and long-lived binding of Na+ and Rb+ ions in the minor groove of the B-DNA
duplex [d(CGCGAATTCGCG)]2. The Na+/Rb+ selectivity of the minor groove is found to be weak, consistent
with local structural flexibility. The ion occupancies derived from the MRD data are substantially higher
than previously reported, suggesting that groove-bound ions significantly influence the energetics and
structural polymorphism of DNA in vivo. For example, in the presence of 0.20 M Na+ and 0.56 M Rb+ at
4 °C, the ApT site in the minor groove is occupied by a Rb+ ion, a Na+ ion, or a water molecule 40, 10, and
50% of the time, respectively. In the absence of Rb+, the Na+ occupancy increases to 50%. At 4 °C, the
mean residence time of groove-bound ions is 0.2 ( 0.1 µs for Rb+ and 10 ns to 100 µs for Na+. A shorter
correlation time of 2 ns is attributed to counterions bridging cross-strand phosphate groups.

1. Introduction

Compelling evidence for sequence-dependent intrusion of
monovalent, partly dehydrated cations into the minor groove
of B-form DNA has come from X-ray crystallography,1-6

solution NMR,7,8 and molecular dynamics simulations.9-14

These findings have received considerable attention,15-17 not
least because intimate ion association could play a role in
sequence-dependent variations of DNA structure.18,19 While it
has been firmly established that monovalent cations can be
directly coordinated to the nucleotide bases in the narrowed

minor groove of AT-tracts inB-DNA duplexes, we are still far
from a quantitative understanding of such specific ion-DNA
interactions under physiologically relevant solution conditions.

Much of the experimental evidence for monovalent cation
penetration of the minor groove has been obtained by X-ray
diffraction. Because of the difficulty of distinguishing Na+ or
K+ ions from water molecules in the electron density map,20

there has been some disagreement over interpretations.21-23

Partially occupied ion sites have thus been reliably detected only
for the heavier cations Rb+,4 Cs+,5 and Tl+.6 Even in these cases,
the unknown ionic composition of the solvent medium (which
usually includes Mg2+ ions) prevents quantitative comparisons
with solution studies. Another complication is that all these
crystal structures have been determined at cryogenic tempera-
tures, some 150-200 K below the physiological range. The
relevance of such structures relies on the unproven assumption
that flash-cooling is sufficiently fast to kinetically trap the room-
temperature structure. This widespread assumption has recently
been challenged by calculations showing that solvent-coupled
degrees of freedom are quenched near 200 K and thus represent
the equilibrium at that temperature.24 Ion binding in the minor
groove is a prime candidate for such cryoartifacts, since the
ion exchange rate (as determined here) is some 5 orders of
magnitude higher than the typical cooling rate.
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For these reasons, it is important to complement crystal-
lographic analysis with studies by solution techniques, such as
NMR. Although alkali ions cannot be studied directly by high-
resolution NMR, sequence-specific binding of ammonium ions
has been demonstrated through the observation of intermolecular
1H-1H cross-relaxation with adenine H2 protons in the minor
groove AT-tract of several oligonucleotide duplexes.7,25 In the
case of Na+, indirect evidence of minor-groove intrusion has
been provided by capillary electrophoresis experiments.26 Mo-
lecular dynamics simulations have also shown that Na+ ions
can replace water molecules in the primary solvation layer in
the minor groove of AT-tractB-DNA.9-14

Magnetic relaxation dispersion (MRD) is arguably the most
direct experimental method for determining the extent and
kinetics of specific alkali ion binding, as well as hydration, of
DNA in aqueous solution.27,28 In a previous23Na MRD study,8

long-lived (residence time> 10 ns) Na+ binding to B-DNA
dodecamers was demonstrated and shown to correlate with the
length of the AT-tract. Moreover, the long-lived Na+ binding
was found to be virtually eliminated by netropsin binding, thus
establishing the AT-tract as the location of the specific ion
binding sites.8 Ion competition experiments were also reported,
albeit at a single frequency, indicating that heavier alkali ions
and ammonium ions bind with similar or somewhat higher
affinity than Na+.8 However, the interpretation of these com-
petition experiments is not straightforward (M. Gue´ron, personal
communication). Without direct MRD measurements on the
competing ion, it is difficult to exclude the possibility that Na+

ions are depleted from the minor groove simply because of the
statistical dilution of Na+ ions near the DNA surface.

The present work is only concerned with the dodecamer
[d(CGCGAATTCGCG)]2, but extends the previous MRD study
in several respects. Because the previous study indicated a rather
low Na+ occupancy, corresponding roughly to one bound Na+

ion per 40 DNA strands, depurination or truncated sequences
might have affected the results. We now use a DNA preparation
of very high purity, studied at 5-fold lower concentration.
Furthermore, we have now measured the full23Na and87Rb
MRD profiles in a DNA solution containing both ions, with
and without added netropsin. In this way, we could establish
that both ions bind to the same site in the minor groove. Third,
we have carried out more extensive calculations of the electric
field gradient experienced by bound ions. We thus find that the
quadrupole coupling constant is significantly smaller than
previously thought. As a result, the ion occupancies deduced
from the MRD data are considerable higher than previously
reported, suggesting that groove-bound ions may, indeed, be a
significant factor in the structural polymorphism of DNA.

2. Materials and Methods

2.1. Sample Preparation.The sodium salt of the DNA dodecamer
d(CGCGAATTCGCG) (abbreviated A2T2) was obtained from Oligos
Etc. (Wilsonville, OR). The purity was checked by analytical ion-
exchange HPLC (Scandinavian Gene Synthesis, Ko¨ping, Sweden),
yielding 97% full-length oligomer. Crystalline netropsin (purity> 98%)

was obtained from Boehringer Mannheim. Inorganic salts were of
analytical grade.

The dodecamer solution was prepared at a duplex concentration of
1.47 mM by dissolving a known amount of dry A2T2 in D2O (99.9
atom % 2H, low paramagnetic content) from Cambridge Isotope
Laboratories (Andover, MA). The molar concentration was calculated
with a duplex molar mass of 2× 3888 g mol-1. The sample was
annealed by slow cooling (60 min) from 75°C to room temperature.
Solution pH (not corrected for isotope effects) was adjusted to 7.02(
0.02. No buffer was added. Dry NaCl, RbCl, and crystalline netropsin
were added to the solution, yielding Na+ and Rb+ concentrations of
0.20 and 0.56 M, respectively, and a netropsin/duplex mole ratio of
1.1 ( 0.1. The quoted DNA and salt concentrations are accurate to
better than 3%.

2.2.23Na and 87Rb MRD Experiments. Longitudinal and transverse
23Na and87Rb relaxation rates were measured as previously described,8

using five NMR spectrometers operating in the magnetic field range
0.2-14.1 T. For87Rb, each relaxation experiment comprised 25-40
variable-delay spectra with a signal-to-noise ratio of 60-100, requiring
accumulation of up to 2× 105 transients per spectrum. The temperature
of the MRD sample (ca. 0.9 mL in a 10-mm tube) was maintained at
4.0 ( 0.1 °C using a thermostated air flow and a copper-constantan
thermocouple.23Na and87Rb relaxation rates in bulk 0.2 M NaCl and
0.5 M RbCl D2O solutions were measured at several magnetic fields,
yielding Rbulk(23Na) ) 34.6( 0.2 s-1 andRbulk(87Rb) ) 746( 5 s-1 at
4 °C. BecauseRbulk does not depend on the magnetic field strength,
these reference measurements also served as an additional temperature
check.

2.3.31P Relaxation Experiments.To obtain an independent estimate
of the DNA tumbling time,τR, we measured the31P relaxation rates at
4 °C in the mixed-salt MRD sample (transferred to a 5-mm tube) using
Varian INOVA 500 and 600 spectrometers. Due to broadening of the
11 31P peaks of A2T2, only two overlapping peaks could be resolved
below 10°C, with the minor upfield peak assigned to the central four
phosphates.29 The longitudinal and transverse31P relaxation rates were
obtained from exponential fits to the total integrated intensity of the
two peaks in inversion-recovery or spin-echo experiments with a 90°
pulse width of 20µs, 20 delay times, a recycling delay of 15 s, and up
to 256 transients. The31P relaxation was modeled as a sum of a chemical
shielding anisotropy (CSA) contribution, with parameters∆σ ) 150
ppm andη ) - 0.6,30 and a dipole-dipole contribution from a single
proton at an effective distance of 2.0 Å.31 To account for internal
motions, we used a two-term spectral density function31 with an order
parameterS2 and an internal correlation timeτint. The quoted uncertain-
ties in the three fitting parametersτR, S2, andτint take into account a
possible contribution from paramagnetic impurities, estimated to be<
0.1 s-1 for R1 and < 10 s-1 for R2. When the same analysis was
performed on the individual31P peaks, similarτR values but smallerS2

and τint values were obtained for the major peak (assigned to the
peripheral phosphates).

2.4. Analysis of MRD Data. Being spin-3/2 quadrupolar nuclei,
both 23Na and87Rb exhibit biexponential longitudinal and transverse
magnetic relaxation.32 However, in DNA solutions, a biexponential
magnetization decay is usually observed only for transverse relaxation
at high magnetic fields and low salt concentrations.8,33 In the present
study, nearly all (99 out of 102) relaxation decays were thus mono-
exponential within the experimental accuracy. Under fast-exchange
conditions, that is, when the residence times,τres, of bound ions are
much shorter than their zero-frequency intrinsic relaxation times,TI(0),
the longitudinal and transverse relaxation rates can be expressed in

(25) Feigon, J.; Butcher, S. E.; Finger, L. D.; Hud, N. V.Methods Enzymol.
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2001, 305, 1025-1033.
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(31) Lane, A. N.Methods Enzymol.1995, 261, 413-435.
(32) Abragam, A.The Principles of Nuclear Magnetism; Clarendon Press:

Oxford, 1961.
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terms of the exchange-averaged spectral density function (SDF),J(ω).
From fits to monoexponential magnetization decays, one obtains the
effective relaxation rates34,35

whereω0 ) 2π ν0 is the23Na or 87Rb resonance frequency in angular
frequency units. In the three cases where the transverse magnetization
decay was significantly biexponential, we obtainedR2

e from the fitted
rates,R2

+ ) 0.5J(0) + 0.5J(ω0) and R2
- ) 0.5J(ω0) + 0.5J(2ω0),

according toR2
e ) 0.6R2

+ + 0.4R2
-.34

The frequency-dependent relaxation data were modeled with a SDF
of the form35

The physical significance of these terms is as follows.36-39 In bulk
aqueous electrolyte solutions, the quadrupolar relaxation rate,Rbulk, of
monatomic ionic species such as Na+ and Rb+ is due to librations and
intermolecular vibrations within the ionic hydration shell that give rise
to subpicosecond fluctuations in the magnitude and orientation of the
electric field gradient (EFG) tensor at the nuclear site. The frequency-
independent term,R, represents the effect of perturbations of these fast
fluctuations and of local ion diffusion near the DNA surface. Theâ
term, with a correlation time,τâ, close to the tumbling time,τR, of the
DNA duplex, is associated with site-bound ions with a residence time,
τres, exceedingτR. In B-DNA, such long-lived ions have only been found
in the AT-tract of the minor groove.8 When these sites are blocked by
the minor-groove binding drug netropsin, theâ dispersion disappears.8

The γ term, with a correlation time,τγ, of about 2 ns at 4°C (see
below), might reflect the modulation of the residual (partially averaged
by local motions) EFG by counterion diffusion around the DNA
cylinder. Alternatively,τγ could be the residence time of ions juxtaposed
between two phosphate groups at the lips of the minor groove. In the
present work, we focus on theâ dispersion.

The amplitude parametersR, â, andγ and the correlation timesτâ

and τγ were determined by nonlinear least-squares fits, using an in-
house implementation of the Levenberg-Marquardt algorithm,40 of the
model defined by eqs 1 and 2 to each set of combinedR1

e(ν0) and
R2

e(ν0) data. The quoted uncertainties in parameter values correspond
to one standard deviation and are based on fits to 1000 Monte Carlo
generated data sets subject to random Gaussian noise with a standard
deviation corresponding to the estimated experimental uncertainty in
R1

e and R2
e (0.5-2% for 23Na, 1-5% for 87Rb). Since several of the

experimental frequencies differ by a factor 2, model-independent SDF
values at discrete frequencies can be extracted, either by solving the
system of linear equations obtained from eq 1, or by performing a global
fit to the full set of relaxation decays.8 For the present23Na data, these
procedures yield SDF values consistent (within the experimental
accuracy) with the results of fits to the SDF model in eq 2.

In 2H and17O MRD studies of biomolecular hydration, the analysis
is usually based exclusively on theR1 dispersion, sinceR2 often contains,

besides quadrupolar relaxation, interfering contributions due to hydrogen-
exchange modulated spin couplings.35 Depending on the accuracy of
the data and the values of the correlation times, it may be difficult to
uniquely determine a bi-Lorentzian dispersion fromR1 data spanning
two frequency decades. In the present study, however, we simulta-
neously fit theR1 andR2 dispersions. BecauseR2 probes the spectral
density at zero frequency (see eq 1b), theâ dispersion is well-defined
even if the relaxation data do not extend to the low-frequency plateau.

For 87Rb, an estimate of the zero-frequency intrinsic relaxation time,
TI(0), indicates that the minor-groove bound ions are not in the fast-
exchange limit (see below). In general, the magnetization of a spin-
3/2 nucleus in two-state exchange decays as a sum of four exponen-
tials.41 However, under the conditions of the present study, the effective
relaxation rates are given, to an excellent approximation, by eqs 1 and
2 even outside the fast-exchange regime, provided that the parameters
of the â dispersion are renormalized.35,42 Becauseâ is proportional to
the fraction, f, of groove-bound ions, we may writeâ ) f b. The
generalized expression forR1

e is obtained by inserting into eq 1a the
SDF given by eq 2 with the substitutions

In the case ofR2
e, the following substitutions should be made inJ(ω0)

andJ(2ω0)

whereas, in theJ(0) term

In these expressions,ε ) bτâτres. In its generalized form, theâ dispersion
is thus described by three parameters:â ) f b,τâ andbτres. Outside the
fast-exchange regime, the residence time,τres, can therefore be
determined from a joint fit to longitudinal and transverse relaxation
data.

2.5. Field Gradient Calculations. For a spin-3/2 nucleus, the
parameterb is related to the nuclear quadrupole coupling constant
(QCC), ø, as32,34

For a monatomic ion, the QCC can be expressed as32,43

wheree is the elementary charge andh is Planck’s constant. The nuclear
electric quadrupole moment,Q, is 0.104 barn for23Na and 0.134 barn
for 87Rb.44 The Sternheimer factor,γ∞, which describes the effect of
electronic polarization in the ion by the external charge distribution, is
not as accurately known asQ. The best available values, for ions in a
crystal lattice, are 5.4 for Na+ and 53 for Rb+.45,46 We estimate that
these values are accurate to about 5%. With these values, the ratio of
the87Rb and23Na QCCs is 10.9, provided that the ions experience the
same electric field gradient.

(34) Braunlin, W. H.AdV. Biophys. Chem.1995, 5, 89-139.
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e(ω0) ) 0.2J(ω0) + 0.8J(2ω0) (1a)

R2
e(ω0) ) 0.3J(0) + 0.5J(ω0) + 0.2J(2ω0) (1b)

J(ω) ) Rbulk + R + â
τâ

1 + (ωτâ)
2

+ γ
τγ

1 + (ωτγ)
2

(2)

b f
b

(1 + ε)1/2
; τâ f

τâ

(1 + ε)1/2
(3a)

b f
b

(1 + ε)1/2(1 + 0.3ε)3/2
; τâ f τâ

(1 + 0.3ε)1/2

(1 + ε)1/2
(3b)

b τâ f
bτâ

1 + 0.3ε
(3c)

b ) 2π2

5
ø2 (4)

ø ) eQ
h

(1 + γ∞){〈VZZ
2 〉 + 1

3
[〈VXX

2 〉 - 〈VYY
2 〉]}1/2

(5)
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In eq 5,VXX, VYY, andVZZ are the principal components of the EFG
tensor at the position of the23Na or 87Rb nucleus and the angular
brackets signify averaging over molecular motions on time scales shorter
than the correlation timeτâ of the bound ions. For a distribution of
classical point chargesqk at locationsrk, the EFG tensor at the position
R of the nucleus is given by

whereε0 is the permittivity of free space andU is the unit tensor.
The EFG tensor for minor-groove-bound ions was computed at or

near several solvent (ion or water-oxygen) sites at the floor of the minor-
groove AT-tract, with the atomic coordinates taken from either of three
ultrahigh-resolution (1.1-1.2 Å) crystal structures of the A2T2 do-
decamer.4,22,47 Hydrogen atoms were added to the structures with
standard geometry for DNA and with the water geometry as in the
simple point charge (SPC) model. The O-H bonds of water molecules
in the primary and secondary hydration layers in the minor groove were
oriented in-plane and symmetrical with respect to the H-bond acceptors.
However, the two secondary-layer water molecules coordinating the
ion were rotated 180° about the other H-bond so that the hydrogen
points away from the ion. All other water molecules were randomly
oriented. Partial atomic charges were assigned to DNA atoms according
to the AMBER94 or CHARMM27 force fields, and to water atoms
according to the SPC model (-0.82 on O,+0.41 on H).

2.6. Description of Competitive Ion Binding. The amplitude
parameterâ deduced from the MRD profiles is proportional to the
fraction site-bound ions, which can be expressed as

where the ionic species, S, is Na or Rb. Here,CS and CDNA are the
total concentrations of S-ions and of duplex DNA, andêS is the S-ion
occupancy, that is, the mean number of site-bound S-ions per duplex.
By invoking the law of mass action, the occupancy can be expressed
in terms of binding constants. If S) Na is the only ionic species present
that can bind to the sites considered (this condition is indicated by a
superscript zero)

Because the free energy change on ion binding includes a contribution
from long-range Coulomb interactions, the stoichiometric binding
constantKNa is not strictly independent ofCNa andCDNA. The physical
significance ofKNa and of the ion concentration [Na+] depend on how
this complication is handled. In what might be termed a local binding
model (LBM), the effects of long-range interactions are ignored and
[Na+] is interpreted as the total concentration of free (not site-bound)
Na+ ions, that is, [Na+] ) (1 - fNa) CNa. If CNa . CDNA, as in the
present study, we have simply [Na+] ) CNa. In the more realistic
polyelectrolyte model (PEM),48-55 one attempts to correct for long-
range electrostatic ion-DNA interactions by interpreting [Na+] as the
Na+ ion concentration, [Na+]0, near the surface of the DNA duplex. In

the simplest form of the PEM, one assumes that [Na+]0 is constant,
independent ofCNa andCDNA. This assumption is supported by non-
linear Poisson-Boltzmann calculations, computer simulations, and
experiments.48-56

In the presence of a second ionic species (Rb+ in the present study)
that competes for the same binding site (we assume that there is only
one binding site per duplex), the ion occupancies are linked by

and a similar relation with Na and Rb interchanged. In the simplest
version of the PEM, one assumes that the total ion concentration at
the surface is constant, [Na+]0 + [Rb+]0 ) C0, and that the ionic
composition at the surface is purely statistical, [Na+]0/[Rb+]0 ) CNa/
CRb. We refer to this model as the restricted PEM (RPEM). It then
follows that, for both models

and

However, the significance of the coefficientλ is different in the two
models

3. Results

3.1. 23Na and 87Rb MRD Profiles from DNA Solutions.
Figure 1 shows the23Na R1

e andR2
e dispersions measured at 4.0
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S.; Finkelstein, K. D.; Herschlag, D.; Pollack, L.Phys. ReV. Lett. 2003,
90, 188 103.

Figure 1. 23Na R1
e (circles) andR2

e (squares) dispersions at 4.0°C and pH
7.0 from D2O solutions of the A2T2 dodecamer at different Na+ and DNA
duplex concentrations: (a) CNa ) 0.18 M, CDNA ) 8.2 mM; (b) CNa )
0.34 M,CDNA ) 8.2 mM; (c) CNa ) 0.74 M,CDNA ) 8.2 mM; (d) CNa )
0.20 M,CDNA ) 1.5 mM. The dispersion curves resulted from bi-Lorentzian
fits according to eqs 1 and 2, with the parameter values given in Table 1.
The uncertainty inR1

e andR2
e is comparable to the size of the data symbols.

The dashed line represents the23Na relaxation rate,Rbulk, in a bulk 0.2 M
NaCl D2O solution at 4.0°C.
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°C from D2O solutions of the A2T2 dodecamer at different
duplex and NaCl concentrations. Three of these dispersions are
from an earlier study8 with less highly purified A2T2 at 5-fold
higher concentration as compared to the present work. Never-
theless, the results of the two studies are mutually consistent
(see below). All of the23Na dispersions in Figure 1 are well
described by the bi-Lorentzian SDF in eq 2. If only one
Lorentzian term is included, theø2 merit function increases by
an order of magnitude. The parameter values resulting from the
fits are collected in Table 1.

By studying the effect on the23Na dispersion of varying the
nucleotide base sequence and of blocking the minor groove by
netropsin, it has previously been demonstrated that theâ
dispersion is produced by long-lived Na+ ions residing in the
AT-tract of the minor groove.8 The quantitative analysis of the
present results (see below) supports this conclusion, but indicates
a higher binding affinity. This analysis is based on five new
data sets:23Na dispersions for A2T2 in NaCl and after successive
additions of RbCl and netropsin, and87Rb dispersions on the
last two samples.

Upon addition of 0.56 M RbCl, the23Na relaxation rates are
reduced at all investigated frequencies (Figure 2). In particular,
the â dispersion now has a much smaller amplitude (cf. theâ
parameters in Table 1). This indicates that most of the long-

lived Na+ ions are displaced from the minor groove. Theâ
dispersion disappears completely after addition of 1.1 equivalent
of netropsin, which is known to bind in the A2T2 tract of the
minor groove.57,58 This confirms previous23Na MRD results,8

showing that the long-lived ions reside in this location.
The suppression of theâ dispersion on addition of RbCl is

in line with the previously reported effects of several different
competing counterions.8 The previous results were based on
measurements ofR2

e - R1
e at a single high23Na frequency,

where this difference is dominated byJ(0). To determine the
effect of the competing ion on theâ dispersion, it is necessary
to record the full23Na dispersion in the mixed salt solution, as
in Figure 2. Even with this more detailed information, it is
difficult to establish if the suppression of theâ dispersion is
due to displacement of Na+ ions in the minor groove by Rb+

ions or by water molecules. To remove this ambiguity, we
recorded the87Rb dispersion from the same sample as was used
for the 23Na dispersion. The observation of a pronounced87Rb
â dispersion (Figure 3) provides conclusive evidence for long-
lived Rb+ binding. Furthermore, the complete loss of theâ
dispersion on addition of netropsin (Figure 3) shows that the

(57) Patel, D. J.Proc. Natl. Acad. Sci. U.S.A.1982, 79, 6424-6428.
(58) Goodsell, D. S.; Kopka, M. L.; Dickerson, R. E.Biochemistry1995, 34,

4983-4993.

Table 1. Results of Fits to 23Na and 87Rb MRD Dataa

nucleus T (°C) CDNA
b (mM) CNa

c (M) CRb
c (M) R (s-1) â (109 s-2) τâ (ns) γ (109 s-2) τγ (ns)

23Na 4.0 8.2 0.18 0 50( 3 19( 3 11( 1 64( 4 2.0( 0.2
23Na 4.0 8.2 0.34 0 32( 2 10( 1 16( 1 41( 2 2.1( 0.2
23Na 4.0 8.2 0.74 0 20( 1 6.4( 0.4 18( 1 27( 1 2.0( 0.2
23Na 27.0 1.47 0.20 0 3.7( 0.6 1.5( 0.5 3.7d 7.7( 1.0 1.4( 0.3
23Na 4.0 1.47 0.20 0 6.8( 0.4 3.6( 0.4 8.0( 0.5 8.7( 0.6 1.8( 0.2
23Na 4.0 1.47 0.20 0.56 1.1( 0.3 0.6( 0.1 14( 2 3.7( 0.4 1.9( 0.3
23Na 4.0 1.47+ nete 0.20 0.56 1.2( 0.2 1.2( 0.3 2.4( 0.4
87Rb 4.0 1.47 0.20 0.56 92( 16 126( 50 18( 4 215( 30 2.6( 0.7
87Rb 4.0 1.47+ nete 0.20 0.56 47( 6 157( 10 2.0( 0.1

a All data sets were fitted with the fast-exchange model, except the87Rb data without netropsin, whereτres ) 0.2 ( 0.1 µs was obtained.b Duplex
concentration. Data at 8.2 mM were taken from ref 8; other data are from the present work.c Total concentration of the indicated ion. The first entry refers
to sodium DNA without added salt; henceCNa ) 8.2× 22 ) 180 mM. d Theτâ value wasη/T scaled from 4°C and held fixed in the fit.e AT-tract of minor
groove blocked by 1.1 mol netropsin per mol duplex.

Figure 2. 23Na R1
e (circles) andR2

e (squares) dispersions at 4.0°C and pH
7.0 from 1.5 mM D2O solutions of the A2T2 duplex with 0.20 M Na+ (a)
before and (b) after addition of 0.56 M RbCl and (c) after the subsequent
addition of 1.1 mol netropsin per mol duplex. Data set (a) corresponds to
data set (d) in Figure 1. The dispersion curves resulted from bi-Lorentzian
(a and b) or mono-Lorentzian (c) fits according to eqs 1 and 2, with the
parameter values given in Table 1. The uncertainty inR1

e and R2
e is

comparable to the size of the data symbols. The dashed line represents the
23Na relaxation rate,Rbulk, in a bulk 0.2 M NaCl D2O solution at 4.0°C.

Figure 3. 87Rb R1
e (circles) andR2

e (squares) dispersions at 4.0°C and pH
7.0 from 1.5 mM D2O solutions of the A2T2 duplex with 0.20 M Na+ and
0.56 M Rb+ (a) before and (b) after addition of 1.1 mol netropsin per mol
duplex. These87Rb dispersions were obtained from the same samples as
the23Na dispersions (b) and (c) in Figure 2. The dispersion curves resulted
from bi-Lorentzian (a) or mono-Lorentzian (b) fits according to eqs 1 and
2 (and eq 3 for dispersion a), with the parameter values given in Table 1.
The dashed line represents the87Rb relaxation rate,Rbulk, in a bulk 0.5 M
RbCl D2O solution at 4.0°C.
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long-lived Rb+ ions, like the long-lived Na+ ions, reside in the
AT-tract of the minor groove. We conclude, therefore, that Na+

and Rb+ ions compete directly for the same site in the minor
groove of the A2T2 AT-tract.

3.2. QCC for Ions in the Minor Groove. To deduce the
site occupancy of Na+ or Rb+ ions in the minor groove from
our relaxation data, we need an accurate estimate of the
quadrupole coupling constant (QCC) in these sites. We have
therefore calculated the QCC for ions in the primary solvation
layer at the floor of the minor groove using atomic coordinates
from either of three ultrahigh-resolution crystal structures of
the A2T2 dodecamer,4,22,47including water molecules and added
hydrogen atoms. Partial atomic charges for DNA and water were
taken from either of two all-atom force fields (Section 2.5).
Figure 4 shows that the two force fields yield very similar results
and that the EFG that governs the QCC (eq 5) is essentially
determined by the charge distribution within 10 Å. To mimic
the effect of the counterion atmosphere, the EFG calculations
were performed with reduced phosphate charges. However,
because of the relatively short range of the EFG (Figure 4),
this charge renormalization has little effect on the QCC (cf. the
first two rows of Table 2).

EFG calculations were performed at the site of the central
water oxygen in the primary solvation layer of the minor groove
(the ApT site) as well as at the sites of the two flanking water
oxygens (ApA sites). If no water molecules are included in the
EFG-generating charge distribution, the23Na QCC,ø, in the
ApT site is about 1 MHz. Inclusion of the water molecules in
the primary hydration layer (two on either side of the ApT site)
has a surprisingly small effect onø (Table 2). However, when
the six central water molecules of the secondary solvation layer
are added (with the two innermost water molecules oriented as
expected when an ion occupies the ApT site),ø is reduced by
about a factor 2 (depending on force field). Addition of the
remaining ca. 200 crystal waters has a small but significant effect

on ø (in opposite directions for the two force fields). However,
the orientation of these external water molecules is unimportant.
With all water molecules included, the two force fields give
(somewhat fortuitously) the same result. On the basis of the
variation found for the ApT site in three crystal structures (Table
3) as well as other considerations (Section 4.4), we estimate
that ø(23Na) ) 0.5 ( 0.2 MHz in the ApT site. This estimate
should also be adequate for the flanking ApA sites, for which
the calculations yield 15-20% largerø on average (Table 3).
The ø variation between the two ApA sites and between the
three crystal structures is correlated with variations in coordina-
tion geometry (Table 3). For example, the largeø value for site
#115 in the structure 436d can be attributed to a short thymine
O2 distance and a long secondary water distance, lowering the
symmetry of the coordination shell and thus increasing the EFG.
Theseø variations are crystal artifacts; in solution, the A2T2

duplex must exhibit 2-fold symmetry on average. On the basis
of the known nuclear quadrupole moments and electronic
polarization factors (Section 2.5), the87Rb QCC should be a
factor 10.9 larger than the23Na QCC. We thus estimate thatø
(87Rb) ) 5.5 ( 2 MHz.

Figure 4. 23Na quadrupole coupling constant,ø, for a Na+ ion at the ApT
site in the A2T2 crystal structure 460d,4 computed with the aid of eqs 5 and
6 and partial atomic charges from the all-atom force fields AMBER94 (thick
line) and CHARMM27 (thin line). Four water molecules in the primary
spine and six water molecules in the secondary spine were oriented for
optimal H-bonding, while the remaining 179 crystal waters were randomly
oriented. The phosphate charges were set to-0.24 to mimic the effect of
“condensed” counterions. The figure shows the convergence of the QCC
with the cutoff radius for inclusion of partial charges. In this case, both
force fields converge to the same QCC value of 0.50 MHz (dash-dotted
line). The87Rb QCC for a Rb+ ion at the same location is a factor 10.9
larger than the23Na QCC.

Table 2. Calculated 23Na QCC in the ApT Site of the A2T2
Dodecamera

water molecules included ø (MHz)f

ZP
b primaryc secondaryd externale AMBER CHARMM

-1.00 no no no 0.98 0.92
-0.24 no no no 1.04 0.90
-0.24 yes no no 0.95 0.83
-0.24 yes yes no 0.41 0.58
-0.24 yes yes yes 0.49( 0.02 0.51( 0.02

a EFG tensor computed at the position of the oxygen atom of the central
water molecule (# 110 in the PDB file) in the crystal structure 460d.4

b Phosphate net charge, renormalized by counterion “condensation”.c In-
clusion of 4 water molecules in primary solvation layer, 2 on either side of
the ApT site.d Inclusion of 6 water molecules in secondary solvation layer,
with the 2 central O-H bonds rotated away from the ion.e Inclusion of
179 external crystal water molecules. The 0.02 MHz standard deviation of
ø is based on 100 external water configurations with orientations chosen
randomly from an isotropic distribution.f The 87Rb QCC is obtained by
multiplying the23Na ø values in the Table by 10.9.

Table 3. Calculated 23Na QCC in ApT and ApA Sites of Different
A2T2 Structuresa

ion sitec coordination (Å)d ø (MHz)e

PDBb type # O2 O/N Wa Wb AMBER CHARMM

460d ApT 110 2.77 2.73 2.90 2.84 0.49 0.51
436d ApT 110 2.74 2.74 2.91 2.80 0.39 0.52
1fq2 ApT 5 2.84 2.85 2.88 2.89 0.51 0.70
460d ApA 104 2.85 2.83 2.75 2.81 0.62 0.82
460d ApA 115 2.72 2.79 2.77 3.02 0.37 0.50
436d ApA 104 2.78 2.80 2.81 2.83 0.46 0.72
436d ApA 115 2.65 2.83 2.78 3.08 0.83 0.87
1fq2 ApA 2 2.90 2.93 2.89 2.90 0.35 0.66
1fq2 ApA 13 2.80 2.97 2.88 2.89 0.64 0.67

a EFG tensor computed with renormalized phosphate charges (ZP )
-0.24), four primary and six secondary water molecules in the minor groove
with optimized orientations, and 170-220 randomly oriented external water
molecules.b PDB accession code of A2T2 crystal structure.4,22,47 c The ion
is placed at the position of the oxygen atom of the indicated water molecule
in the primary solvation layer.d Distance from ion site to the 4 nearest
coordinating atoms: thymine O2, thymine O2 (ApT) or adenine N3 (ApA),
and 2 water oxygens in the secondary solvation layer (Wa and Wb).e The
quoted QCC is the mean23Na ø based on 100 external water configurations
with orientations chosen randomly from an isotropic distribution. The
standard deviation inø is < 0.02 MHz in all cases. The87Rb QCC is
obtained by multiplying the23Na ø values in the Table by 10.9.
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4. Discussion

4.1. Ion Selectivity. The 6-fold reduction of the23Na â
dispersion amplitude on addition of 0.56 M Rb+ ions to an A2T2

solution containing 0.20 M Na+ ions (Figure 2 and Table 1)
suggests that Rb+ competes with Na+ for the binding site in
the minor groove. In a previous23Na MRD study,8 the gradual
reduction of the difference∆R ) R2

e - R1
e at 159 MHz with

increasing concentration of several monovalent counterions
(including Rb+) was also taken to indicate competition for the
minor groove site. However, these interpretations are model-
dependent. According to eqs 7 and 11,â(23Na) scales as (1+
λ CRb/CNa)-1 on addition of Rb+ ions. As seen from eq 12, the
coefficientλ depends on whether the effect of long-range ion-
DNA Coulomb interactions is ignored (the local binding model,
LBM) or taken into account by stipulating that the total
counterion concentration at the DNA surface is constant (the
restricted polyelectrolyte model, RPEM). Although both models
are approximate, the RPEM should be closer to reality. In the
RPEM, a nonzeroλ, and thus a reduction ofâ on Rb+ addition,
is obtained even if Rb+ does not compete with Na+ for the
minor-groove site (KRb ) 0 in eq 12). This is a consequence of
the replacement of a fractionCRb/(CNa + CRb) of the Na+ ions
at the surface by Rb+ ions. Although the total ion concentration
at the surface is constant in the RPEM, the surface concentration
of Na+ ions is reduced and therefore, by mass action, also the
Na+ occupancyêNa in the minor groove decreases (ifKRb ) 0,
some Na+ ions are replaced by water molecules). In view of
this ambiguity, the previous single-frequency competition data
cannot be regarded as conclusive evidence of competitive ion
binding in the minor groove. The interpretation is further
complicated by the unresolved contributions from theâ andγ
dispersions to∆R.

The new MRD data presented here improve the situation in
two respects, thereby allowing us to resolve the competition
issue. First, we have recorded the full23Na MRD profiles with
and without added Rb+ ions (Figure 2). With eqs 7 and 11, the
â parameters derived from these dispersion profiles (Table 1)
yield λ ) 1.8 ( 0.5. According to eq 12, the finding thatλ >
1 implies, for both binding models, thatKRb > KNa. In other
words, Rb+ ions not only compete with Na+ ions, but have a
higher affinity than Na+ ions for the minor groove. The second
improvement is that we have now recorded the87Rb and23Na
dispersions from the same mixed NaCl/RbCl sample (Figure
3). The observation of a pronounced87Rb â dispersion, which
disappears on netropsin binding, is conclusive evidence of Rb+

binding in the AT-tract of the minor groove. By comparing the
â parameters from the23Na and87Rb dispersions recorded on
the same sample, we can obtain the relative affinity of Na+

and Rb+ ions for the minor groove. According to eqs 7 and 10

This relation is valid for both binding models (RPEM and LBM)
and does not require knowledge of the individual QCCs. If we
assume, despite the larger size of the Rb+ ion (crystal radius
1.5 Å, versus 1.0 Å for Na+), that Na+ and Rb+ ions experience
the same EFG when bound in the minor groove, then the QCC
ratio in eq 13 is fully determined by the known nuclear
quadrupole moments and electronic polarization factors, yielding

ø(87Rb)/ø(23Na) ) 10.9 (Section 2.5). Withâ parameters from
Table 1, eq 13 thus yieldsKRb/KNa ) 1.7 ( 0.7, indicating a
similar, but slightly higher, affinity for Rb+.

In conclusion, whether we compare the23Na dispersions with
and without Rb+ or the23Na and87Rb dispersions from the Na+/
Rb+ sample, we arrive at the same conclusion: Rb+ competes
with Na+ for binding in the minor groove and, in fact, has a
slightly higher affinity than Na+. This conclusion does not
depend on the choice of binding model (LBM or RPEM).

4.2. Ion Occupancies.To obtain the absolute occupancies,
êNa and êRb, of ions bound in the minor groove, we need to
know the QCCsø(23Na) and ø(87Rb). On the basis of the
calculations reported in Section 3.2, we adopt the valuesø(23Na)
) 0.5 MHz andø(87Rb)) 5.5 MHz. It should be borne in mind
that, since the occupancy derived fromâ scales asø-2, any
systematic bias inø is magnified inê. We consider first the
Na+ occupancy,êNa

0 , in the absence of Rb+. In the RPEM,êNa
0

is a constant, independent ofCNa. According to eqs 4 and 7

Table 1 contains four entries for samples with Na+ as the only
counterion (at 4°C without netropsin). Figure 5 shows that the
correspondingâ values obey eq 14 within the experimental
accuracy. The linear fit (forced to pass through the origin) yields
a slope (the quantity within brackets in eq 14) of (5.0( 0.2)×
1011 s-2. With ø ) 0.5 MHz, this translates intoêNa

0 ) 0.51(
0.02. (Using only theâ value obtained atCDNA ) 1.5 mM,
rather than the slope in Figure 5, we obtainêNa

0 ) 0.50 (
0.06.) This is a considerably higher occupancy than deduced in
the previous23Na MRD study.8 The difference is mainly due
to the larger QCC (1.3 MHz) used in the earlier study, based
on crude EFG calculations with a short cutoff radius.

Having determinedêNa
0 , we can use eqs 10-12 (for the

RPEM) to calculate the variation in the Na+ and Rb+ occupan-
cies as Rb+ ions are added to the solution. For this calculation,
we use the relative affinity,KRb/KNa ) 1.74, deduced from the
ratio â(87Rb)/â(23Na) (Section 4.1). Because the two ions have
similar affinity for the minor groove, the total ion occupancy,
êNa + êRb, is insensitive to the bulk ionic composition (Figure
6). At the investigated composition (0.20 M Na+, 0.56 M Rb+),

KRb

KNa
) [ø(23Na)

ø(87Rb)]2â(87Rb)

â(23Na)
(13)

Figure 5. Variation of the23Na â dispersion amplitude with the duplex-
DNA/Na+ ratio. The solid line is a linear fit constrained to pass through
the origin.

â ) [2π2

5
ø2êNa

0 ]CDNA

CNa
(14)
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most of the Na+ ions have been replaced by Rb+ ions: êNa )
0.1 andêRb ) 0.5. The ion occupancies obtained directly from
theâ amplitudes in Table 1 with the aid of eqs 4 and 7 areêNa

) 0.08 ( 0.02 andêRb ) 0.40 ( 0.15. The inset in Figure 6
shows how the total ion occupancy at this composition would
change if we used a different QCC value (yielding a different
êNa

0 by way of eq 14). For reasonable variations inø, the
occupancy remains substantial. As shown, the total occupancy
is relatively insensitive to variations inKRb/KNa within the error
limits (1.0-2.4).

We use the RPEM rather than the LBM to derive absolute
ion occupancies because, on theoretical grounds,48-55 this is
likely to be the more accurate of the two models. However, the
MRD data per se do not allow us to discriminate between the
models. Thus, within the experimental uncertainties, the data
in Figure 5 are also consistent with the nonlinear dependence
of â on 1/CNa predicted by the LBM. (The nonlinear fit yields
ø ) 0.4 ( 0.1 MHz andKNa ) 10 ( 6 M-1.) Furthermore, the
model-independent values ofλ andKRb/KNa obtained in Section
4.1 are mutually consistent within the framework of either
binding model. WithKRb/KNa ) 1.7 ( 0.7 andêNa

0 ) 0.51 (
0.02, eq 12 (for RPEM) yieldsλ ) 1.4( 0.4, which is consistent
with the value,λ ) 1.8 ( 0.5, obtained directly from the ratio
of the 23Na â values measured with and without added Rb+.
This consistency provides additional support for our structure-
based QCC calculations.

4.3. Exchange Kinetics.Orientational randomization of the
EFG tensor experienced by a site-bound Na+ or Rb+ nucleus
occurs by two independent processes: tumbling of the DNA
duplex, with correlation timeτR, and exchange of the ion from
the binding site, with mean residence timeτres. Accordingly,
the observed correlation time,τâ, can be expressed as35

If τres . τR, we thus expect thatτâ ) τR. On the other hand, if
τâ is found to be shorter thanτR, then the difference allows us
to estimate the residence time. To determine if this is the case,

we need independent information aboutτR. A B-DNA dodecam-
er has an aspect ratio of about 2 and is therefore not expected
to tumble as a spherical rotor. Hydrodynamic calculations
indicate that the duplex is well described as a symmetric rotor,
with the rotational diffusion coefficient,D|, for rotation about
the helix axis about twice as large as the rotational diffusion
coefficient, D⊥, for end-over-end tumbling.59,60 Instead of a
single tumbling time,τR, the SDF then involves a linear
combination of three rotational correlation times,τR

(M) ) [6D⊥
+ M2(D| - D⊥)]-1 with M ) 0, 1 and 2. WithD| ) 2 D⊥, the
longest correlation time (τR

(0)) exceeds the shortest one (τR
(2))

by a factor 5/3. Because this difference is too small to be
resolved in our MRD data, we describe theâ dispersion with a
single Lorentzian function (eq 2) and an effective rotational
correlation time,τR. Knowing the orientation and asymmetry
of the principal EFG tensor, we can relateτR to the three
correlation timesτR

(M). For our purposes, however, it suffices
to know thatτR

(2) e τR e τR
(0).

From 13C R1 andR1F relaxation measurements at 35°C on
the furanose carbons in the A2T2 dodecamer at 0.4 mM duplex
in D2O with 60 mM inorganic salt at pH 7.0, the rotational
diffusion coefficients of the duplex have been deduced.61 Scaling
these (according toD ∼ T/η) to the viscosity of D2O at 4°C,
we obtainD| ) 29 (µs)-1 andD⊥ ) 14 (µs)-1. In Figure 7, we
compare the correlation timesτâ, derived from the23Na and
87Rb dispersions (Table 1), with the three rotational correlation
times τR

(M) obtained from13C relaxation. At a counterion
concentration of 0.2 M, the MRD-derivedτâ is consistent with
the independently determinedτR

(M) values. From eq 15, we can
therefore infer thatτres > 10 ns at 4°C for Na+ ions in the
minor groove.

At higher counterion concentrations, theτâ values lie in the
range 14-18 ns (Figure 7), well above the rotational correlation
times τR

(M) (7-12 ns) derived from13C relaxation61 at lower
salt concentration. This discrepancy indicates that the DNA
duplex tumbles more slowly at high salt concentrations. In

(59) Fernandes, M. X.; Ortega, A.; Lo´pez Martı´nez, M. C.; Garcı´a de la Torre,
J. Nucl. Acids Res.2002, 30, 1782-1788.

(60) Ortega, A.; Garcı´a de la Torre, J.J. Chem. Phys.2003, 119, 9914-9919.
(61) Boisbouvier, J.; Wu, Z.; Ono, A.; Kainosho, M.; Bax, A.J. Biomol. NMR

2003, 27, 133-142.

Figure 6. Variation of the Na+ and Rb+ occupancies in the minor groove
with the overall ionic composition of the solution, as predicted by the RPEM
with theêNa

0 andKRb/KNa values deduced from the MRD data andø ) 0.5
MHz. The dots refer to the composition of the investigated mixed-salt
sample. The inset shows the dependence of the total ion occupancy on the
23Na QCC, withKRb/KNa ) 1.7( 0.7 (the dashed curves correspond to the
error bounds).

1
τâ

) 1
τR

+ 1
τres

(15)

Figure 7. Correlation timesτâ andτγ (bottom, close to 2 ns) derived from
23Na (solid symbols) or87Rb (open symbols) MRD data from 1.5 mM
(squares) or 8.2 mM (circles) A2T2 solutions at 4°C. The dashed lines
represent the three rotational correlation timesτR

(M), with M ) 0, 1, and 2
from top to bottom, determined from13C relaxation61 and scaled to 4°C.
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contrast, depolarized light scattering measurements on a 20 base
pair oligonucleotide at 20°C indicated that the tumbling time
decreases on addition of 100 mM NaCl.62 To obtain an
independent estimate ofτR in the mixed-salt MRD sample at 4
°C, we performed31P relaxation measurements at two magnetic
fields (Section 2.3). The longitudinal and transverse relaxation
rates of the combined phosphodiester31P intensity wereR1 )
0.467 s-1 andR2 ) 82.6 s-1 at the lower field (corresponding
to a31P resonance frequency of 202 MHz), andR1 ) 0.508 s-1

andR2 ) 111 s-1 at the higher field (243 MHz). At these high
magnetic fields, the31P relaxation is strongly dominated by the
chemical shielding anisotropy (CSA) mechanism, which causes
the relaxation rates to increase with frequency.31,32

If the 31P relaxation is governed entirely by the rotational
diffusion of the DNA duplex, thenτR can be extracted either
from the ratioR2/R1 or from the differenceR2 - 0.5R1 and the
known30 CSA parameters.31 For our data, the former method
yields τR ) 12.8 and 11.8 ns at the two frequencies, whereas
the latter methods yieldsτR ) 22.8 and 21.2 ns. The factor-2
discrepancy indicates that the31P relaxation is affected by
internal reorientational motions in the phosphodiester backbone.
Recent31P MRD measurements on a DNA octamer have also
shown thatR1 increases at high fields, as expected in the
presence of internal motions.63 Provided that the internal motions
are of modest amplitude and are much faster than duplex
tumbling, they should have little effect on the differenceR2 -
0.5 R1, which only involves the zero-frequency SDF. Hence,
the longerτR values should be most accurate. This conclusion
was confirmed by a global analysis of all four relaxation rates
in terms of a SDF with two correlation times,31 yielding a DNA
tumbling timeτR ) 22 ( 2 ns, a local order parameterS2 )
0.9 ( 0.1, and an internal-motion correlation timeτint ) 0.7 (
0.2 ns (Section 2.3).

The effective rotational correlation timeτR is a function of
the two rotational diffusion coefficientsD| andD⊥, but the form
of this function depends on the orientation of the (locally
averaged) CSA tensor (31P), C-H vector (13C) or EFG tensor
(23Na and87Rb). Not knowing these orientations, we conclude
that the 23Na and 87Rb correlation times,τâ ) 14-18 ns,
obtained at high salt concentrations, are consistent with the31P
correlation time,τR ) 22 ns. As in the low-salt case, we can
then use eq 15 to establish thatτres > 20 ns for Na+ and Rb+

ions in the minor groove.

The physical origin of the salt-induced retardation of DNA
tumbling is unclear at this stage and deserves further study. The
salt effect on the bulk solvent viscosity is merely 2% for 0.2 M
NaCl and even less after addition of 0.56 M RbCl.64 A salt-
dependent retardation could be produced by the finite response
time of the counterion atmosphere in the time-dependent electric
field of the rotating DNA duplex.65-67 However, this electrolyte
friction reduces the translational diffusion coefficient of oligo-
nucleotides by at most 10%,67 which is much less than the salt
effect observed here. Moreover, electrolyte friction is predicted

to be most important when the Debye length matches the radius
of the double helix.65-67 This corresponds to about 0.1 M, well
below the range whereτR is found to increase. Another
mechanism of rotational retardation is the hydrodynamic
interaction (HI), which becomes important on close approach
of two macromolecules.68 Because oligonucleotides are highly
charged, they tend to be well separated and the relative rotational
retardation due to HI should then be proportional toφ 2, where
φ is the DNA volume fraction and the proportionality constant
is close to 1.69 At high salt concentrations, when the Coulomb
repulsion is screened out, theφ dependence becomes first-order
with the relative retardation equal to 0.67φ (for hard spheres).70

However, at a duplex concentration of 1.5 mM,φ is only 0.03
so that the HI effect is negligible.

Having excluded other mechanisms, we are left with orienta-
tion-dependent direct interactions between DNA duplexes. Such
interactions can be of long range, involving the electric
quadrupole moment of the duplex, or of short range, as in end-
to-end stacking of two oligomers. The observed salt dependence
rules out long-range electrostatic interactions, which should be
most important at low salt concentrations. Hydrodynamic
modeling shows that end-to-end dimerization of a dodecamer
duplex decreasesD⊥ by a factor 4.1 andD| by a factor 1.7.60

The observed effect could therefore be explained by partial self-
association. In a fluorescence depolarization study of the A2T2

dodecamer,τR was found to increase by 40% when the duplex
concentration was increased from 0.03 to 4 mM (in 0.2 M NaCl
at 30 °C),71 but a concentration dependence is not evident in
our results (between 1.5 and 8.2 mM at 4°C). However,
depolarized light scattering studies of oligonucleotide rotation
suggest that DNA-DNA interactions become more important
at low temperatures.72

Information about the residence time is also provided by the
fast-exchange condition,τres , (b τR)-1. According to eqs 3
and 7, we have in the general case for23Na

In the fast-exchange limit, the temperature dependence of the
product â τâ is thus determined byêNa τR, whereas, in the
opposite slow-exchange limit, it is determined byêNa/τres. With
ø(23Na) ) 0.5 MHz andτR ≈ 10 ns (for 0.2 M NaCl), a slow-
exchange situation would requireτres> 0.1 ms. If the residence
time were as long as this, then it would presumably have a large
activation enthalpy and a much stronger temperature dependence
thanêNa. In the slow-exchange regime, we therefore expectâ
τâ to increase at higher temperature. For the 1.5 mM A2T2

sample with 0.2 M NaCl (and no RbCl), we recorded the23Na
MRD profile also at 27°C (data not shown). As compared to
4 °C, the productâ τâ decreased by a factor 5 (Table 1), thus
ruling out a slow-exchange situation. We conclude, therefore,
that the Na+ ions in the minor groove are in fast (or, possibly,
intermediate) exchange with external ions, meaning thatτres <
0.1 ms at 4°C.

(62) Liu, H.; Skibinska, L.; Gapinski, J.; Patkowski, A.; Fischer, E. W.; Pecora,
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In the case of87Rb, the QCC is an order of magnitude larger,
making the fast-exchange condition (which involvesø2) much
more restrictive. Withø(87Rb) ) 5.5 MHz andτR ≈ 20 ns, fast
exchange thus requires thatτres , 0.4 µs. Because the fast-
exchange regime only spans a factor 20 inτres, the87Rb MRD
data (in the absence of netropsin) were analyzed with the general
expressions (eq 3) that do not assume fast exchange. Although
the data scatter prevents us from claiming a significant improve-
ment in the quality of the fit (beyond that expected from
introducing an additional parameter), the narrow range of the
fast-exchange regime argues for the adopted procedure. The
additional parameter isbτres (contained in the quantityε in eq
3), which, forø(87Rb) ) 5.5 MHz, yieldsτres ) 0.2 ( 0.1 µs
for Rb+ ions in the minor groove at 4°C. We are thus on the
“fast” side of the intermediate-exhange regime, with theâ
dispersion step (given byâ τâ) reduced by about 30% as
compared to fast-exchange conditions.

4.4. Structural Dependence of QCCs.The ion occupancy
derived from MRD data depends quadratically on the QCC. It
is therefore important to estimate the QCC as accurately as
possible. Our EFG calculations are based on structures of the
A2T2 duplex determined by cryocrystallography.4,22,47 Crystal
packing interactions, the presence of spermine, Mg2+ ions and
organic cosolvent (MPD), and the low temperature (120-175
K) could all cause the solvated DNA structure to differ from
that in our solutions. Indeed, the NMR-derived room-temper-
ature solution structure of the A2T2 duplex differs significantly
from the crystal structure, particularly in the GC flanks.73

However, the EFG is mainly affected by the local structure in
the AT-tract, which appears to be quite robust, with only 0.6 Å
RMSD between crystal and solution structures of the six central
base pairs.73

The EFG at the Na+ or Rb+ nuclear site depends sensitively
on the local coordination geometry, including the position and
orientation of first-shell water molecules. The three A2T2

structures used in our EFG calculations were determined from
crystals grown with Na+, K+, or Rb+ as the only monovalent
counterion in the mother liquor.4,22,47In one of these structures
(460d), a Rb+ ion was modeled with 50% occupancy in the
ApT site.4 Whether Na+ or K+ ions penetrate the minor groove
in the other structures is unclear, because of the difficulty of
distinguishing the lighter alkali ions from water molecules in
the electron density map.20 The primary coordination of the ApT
solvent site is very similar in the three structures, with two
thymine O2 atoms and two water oxygens (in the secondary
solvation layer) at a distance of 2.8( 0.1 Å (Table 3). In
addition, there are two furanose O4′ atoms at 3.4( 0.1 Å. It
thus appears that Rb+ binds to the ApT site with little or no
change in coordination geometry. This is not surprising, since
both Rb+ and water prefer to have oxygen ligands at a distance
of 2.8 Å.74 Our calculations should therefore be regarded as
giving the EFG experienced by a Rb+ ion in the ApT site.
Consequently, the Rb+ occupancy derived from the MRD data
with the aid of the calculated QCC should be more reliable than
the Na+ occupancy.

In our analysis of the MRD data, we have assumed that a
Na+ ion in the ApT site experiences the same EFG as a Rb+

ion in the same site. Since the preferred Na+-O distance is 2.4
Å (rather than 2.8 Å),74 a Na+ ion in the ApT site might alter
the local structure to some extent. (If this is the case, the
observed 2.8 Å coordination of the ApT site in the Na+-
containing crystal 436d rules out a high Na+ occupancy.) The
calculated QCC,ø(23Na) ) 0.5 MHz, is smaller than the QCCs
that have been determined by solid-state NMR for Na+

complexes with crown ethers, cryptands and ionophores,75 for
oxygen-coordinated Na+ in inorganic crystals,76 and for Na+

in mononucleotide crystals.77,78 In most of these cases,ø(23Na)
is in the range 1-3 MHz and the Na+-O distances are generally
close to 2.4 Å. The EFG depends not only the number of ligands
and their separation; it also depends on the coordination
symmetry. In fact, the EFG vanishes for regular tetrahedral,
octahedral or cubic coordination. In the ApT site, the primary
(2.8 Å) coordination is not far from tetrahedral and this is likely
to be the main reason for the unusually small EFG. In most
cases examined by solid-state NMR, crystal packing constraints
tend to distort the coordination geometry from the preferred
unconstrained high-symmetry situation.

We have performed EFG calculations, with the same protocol
as used here for A2T2, for the four internal Na+ ions in the
dimeric foldback quadruplex of the dodecamer d(G4T4G4).79,80

As compared to the ApT site in the A2T2 duplex, these ions
have higher coordination, with 7 or 8 oxygen atoms at
separations of 2.1-3.3 Å and adjacent Na+ ions at about 4 Å.
For these less symmetric sites, we obtain larger QCCs of 1.0-
1.8 MHz, in the same range as determined by solid-state NMR
for a synthetic guanosine quadruplex (1.5-1.8 MHz).81

We have also performed EFG calculations as a function of
ion position near the ApT site in the A2T2 structure 460d. These
calculations show that the crystallographic Rb+ site is within
0.1 Å of the minimum of the EFG surface, as expected for a
symmetric coordination. Any contraction of the coordination
or thermal averaging of the structure should therefore increase
the effective QCC. With a larger23Na QCC, the MRD data
would yield a smaller Na+ occupancy and a higher ion
selectivity (largerKRb/KNa). Simulation-based EFG calculations
might shed further light on these issues, provided that the force
field can accurately model the thermodynamics of partial
dehydration of ions in the minor groove. This is unlikely,
however, since the experimentally established partial occupancy
implies that the free energy difference between free and bound
ions is merely a few kJ mol-1.

4.5. Location of the Binding Site.The MRD data presented
here and in our previous study8 demonstrate that the long-lived
ions, responsible for the low-frequencyâ dispersion, are located
in the AT tract of the minor groove. This conclusion follows
from the observation that binding of netropsin (to the AT tract)
abolishes theâ dispersion (Figures 2 and 3) and from the
finding8 that the amplitude of theâ dispersion correlates with
the nucleotide base sequence (the length of the AT tract). But
the MRD data do not pinpoint the ion location within the rather
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large volume excluded (or perturbed) by the netropsin molecule.
In calculating the QCC, required to obtain the absolute ion
occuancy, we have assumed that the ion is located at one of
the primary solvation sites, where it interacts directly with the
polar atoms of the nucleotide bases. However, the netropsin
molecule also displaces the secondary and tertiary solvation
layers in the AT tract of the minor groove, so it might be argued
that the long-lived ions do not penetrate deeply into the groove.
Nevertheless, the available structural, thermodynamic, and
kinetic data argue strongly for direct ion coordination to the
nucleotide bases at the floor of the groove. The arguments are
as follows.

A fully hydrated Rb+ ion (with its first hydration shell) has
a van der Waals radius of about 8.4 Å, whereas the narrow
minor groove of the AT tract has a width of 4.0( 0.5 Å
(measured either as the cross-strand P-P separation less 5.8 Å
or the cross-strand O4′-O4′ separation less 2.8 Å). The ion
must therefore be partly dehydrated before it can enter the minor
groove. Because of the very large dehydration energy (see
below), this structural constraint effectively prevents ions from
accessing the minor groove unless polar DNA atoms can replace
the lost water molecules in the coordination shell of the ion.
This is possible for the primary solvation sites at the floor of
the groove, where thymine O2, adenine N3, and furanose O4′
atoms are available. In contrast, for the secondary solvation sites,
there are no polar DNA atoms within 3.5 Å (the closest being
O4′ at about 4 Å). For the tertiary solvation sites, oxygen atoms
in the phosphodiester groups can serve as ion ligands, but the
exposed ion location at the lips of the minor groove is not
compatible with the long residence time (0.2µs for Rb+), which
indicates a deeply buried binding site. According to MD
simulations, Na+ ions in such phosphate-bridging locations
exchange on the 1-2 ns time scale.12 We therefore believe that
such phosphate-bridging ions are responsible for theγ disper-
sion, with a 2 nscorrelation time (Table 1), rather than for the
â dispersion. This assignment is further supported by the finding
that theγ dispersion remains, albeit with reduced amplitude,
when the AT-tract is blocked by netropsin (Table 1).

In analyzing the MRD data, we have assumed that each
duplex contains a single site, where ions can bind with
sufficiently long residence time to contribute to theâ dispersion.
The fact that we obtain occupancies less than unity is consistent
with this assumption. While the simultaneous binding of two
ions in the AT-tract of the minor groove is highly unlikely for
electrostatic reasons, ions might alternate between different
binding sites within groove. However, several lines of evidence
point to the ApT site as the dominant ion binding site within
the minor groove. First, this is the only site where the nucleotide
bases provide two oxygen ligands, which, on account of their
higher electronegativity, are preferable to nitrogen as alkali
cation ligands. Second, electrostatic calculations indicate that
the ApT site has a more negative electric potential than the
flanking ApA sites.9,82 Third, the only firm crystallographic
evidence for alkali ions in the minor groove of A2T2 locates
them exclusively (Rb+) or predominantly (Cs+) at the ApT
site.4,5 During the exchange process, the ion must transiently
occupy other sites in the minor groove. However, if the duration
of the exchange event is much shorter than the residence time
in the ApT site (as seems likely), then the transiently populated

sites will not contribute significantly to the equilibrium ion
distribution that controls theâ parameter. Furthermore, ion
exchange is likely to be a highly cooperative process, involving
the simultaneous movement of the ion and the surrounding water
molecules in a transiently widened groove. The residence time
of the ordered water molecules in the minor groove AT-tract
of A2T2 is 1 ns at 4°C (in the absence of added salt),83 200-
fold shorter than the Rb+ residence time determined here. Some
or all of the Rb+-coordinated water molecules in the minor
groove may well have longer residence times. This could be
checked by17O MRD measurements in the presence of Rb+

ions.
4.6. Thermodynamics of Ion Binding. Information about

the thermodynamics of Na+ binding in the minor groove can
be obtained from temperature-dependent MRD data. For one
of our samples, with 0.2 M Na+ and no Rb+, 23Na MRD profiles
were recorded at 27°C as well as at 4°C. Because the
correlation times are shorter at 27°C, the parameters of theâ
andγ dispersions could not be determined with useful accuracy
from an unconstrained bi-Lorentzian fit. We therefore fixedτâ

to the DNA tumbling time,τR ) 3.7 ns, obtained byη/T scaling
of τâ from 4 to 27°C. If the QCC is constant (as expected), the
temperature dependence inâ is entirely due to the ion oc-
cupancy,êNa

0 . From the ratio of theâ parameters determined at
the two temperatures (Table 1), we thus obtainêNa

0 (27 °C)/
êNa

0 (4 °C) ) 0.4 ( 0.1. This result is independent of the QCC
value. The finding thatêNa

0 (27 °C) < êNa
0 (4 °C) demonstrates

that Na+ binding to the minor groove is associated with an
enthalpy decrease. This is a nontrivial result, because Na+

binding could have been driven by an entropically favorable
release of first-shell hydration water to the bulk, despite an
unfavorable enthalpy change.

All the recent high-resolution crystal structures of the A2T2

duplex have been determined after flash-cooling the crystal to
low temperature (<200 K). With typical crystal sizes and
cooling protocols, it takes 10-100 ms to reach the glass
transition temperature of ca. 200 K, where diffusive motions
are quenched.24,84For the residence times deduced here (0.2µs
for Rb+ at 4 °C), the exchange kinetics are sufficiently fast to
maintain the equilibrium Boltzmann populations during the
cooling process.24 The investigated crystals therefore have
equilibrium ion occupancies corresponding to a temperature near
200 K. If the binding enthalpy is negative, as indicated by the
temperature dependence of the MRD data, the ion occupancy
should be considerably higher in the crystal than in solution (at
4 °C). Given thatêRb ) 0.4 at 4°C, as deduced from the87Rb
MRD data, we expect the binding site to be saturated in the
crystal. Yet, in the Rb+-containing crystal structure 460d, the
ApT site was modeled withêRb ≈ 0.5.4 The close agreement
of the crystal and solution occupancies must be coincidental.
In the crystal, the low temperature would makeêRb ) 1, but
other factors work in the opposite direction. Chief among these
is the ionic composition of the solvent. In the MRD sample,
0.56 M Rb+ ions are competing with 0.2 M Na+ ions and 55
M water molecules for the ApT site. The crystal was grown
from a solution with a DNA concentration similar to ours, but
with 20 mM Rb+, 25 mM Mg2+, 3 mM spermine, and 40%
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59, 697-708.

Competitive Ion Binding to DNA A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 21, 2004 6749



MPD.3 However, the ion and solvent composition inside the
crystal is unknown. While 22 units of counterion charge per
duplex are required for electroneutrality, only 3.5 units were
localized.3

Our result,KRb/KNa ) 1.7, for the ion selectivity of the ApT
site is based on eq 10, which assumes that the bound ions are
in equilibrium with a reservoir of a free ions with the same
Rb+/Na+ ratio as in the bulk solution. However, the higher Rb+

occupancy may be due, at least in part, to a preferential
accumulation of Rb+ ions (at the expense of Na+ ions) at the
DNA surface (including phosphate-bridging locations). In
principle, information about the surface concentration of ions
is contained in theR and γ amplitudes (Table 1), but the
quantitative analysis of these parameters is highly model-
dependent.85

The ion selectivity deduced from our MRD data,KRb/KNa )
1.7, corresponds to a standard free energy,∆G°(Na+ f Rb+)
) -1.3 kJ mol-1, for the replacement of Na+ by Rb+ in the
minor groove site. This free energy difference may be decom-
posed as

where∆∆G°DNA ) ∆G°DNA,Na - ∆G°DNA,Rb is the difference in
interaction free energy of the two ions in the minor-groove
binding site and∆∆G°hyd) ∆G°hyd,Na - ∆G°hyd,Rb is the differ-
ence in hydration free energy. The latter quantity has been
determined experimentally:86 ∆∆G°hyd ) -95 kJ mol-1. From
eq 17, we can thus infer that∆∆G°DNA ) - 96.3 kJ mol-1. The
large difference in hydration free energy is thus nearly (to within
1.4%) balanced by an equally large difference in binding free
energy. This means that the environment of the bound ion in
the minor groove is nearly as polarizable as bulk water. In other
words, the weak observed ion selectivity implies that the cation
binding site in the minor groove has sufficient flexibility to
provide nearly the same stabilization for ions of different size.
This is made possible by the two primary water ligands (Table
3) and by the flexible groove width.10-14 Although the weak
ion selectivity observed here is consistent with the previously
discussed “flexible ionophore” picture of the minor groove,16

our results do not provide evidence for or against an ion-induced
groove narrowing.

The weak Rb+/Na+ selectivity deduced here for the ApT site
in the minor groove contrasts with the much higher K+/Na+

selectivity exhibited by the internal sites in quadruplex DNA87-89

and by ion channel proteins.90,91 The high selectivity of those
binding sites is a consequence of more rigid structural con-
straints. In the case of quadruplex DNA, selectivity is further
enhanced by the complete dehydration of the bound ions.

5. Conclusions

By performing 23Na and87Rb MRD measurements on the
same mixed-salt solution, we have obtained direct evidence for
long-lived and competitive binding of Rb+ and Na+ ions to the
A2T2 dodecamer in solution. By blocking the AT-tract of the
minor groove with netropsin, we have demonstrated that the
long-lived ions are located in this region, most likely in the
central ApT site at the floor of the minor groove. At 4°C, the
mean residence time is 0.2( 0.1 µs for Rb+ and in the range
10 ns to 100µs for Na+. It should be understood that the
numbers quoted for Na+ refer to lower and upper bounds, rather
than to ranges of observed residence times.

Quantitative estimates of ion occupancies can only be
obtained from MRD data if the QCCs are known. From EFG
calculations on crystal structures, we obtainedø(23Na) ) 0.5
MHz and ø(87Rb) ) 5.5 MHz. Because the crystallographic
coordination geometry of the ApT site is closer to what is
expected for a bound Rb+ ion than for a Na+ ion, the QCC
estimate for87Rb should be more accurate. For a solution with
0.56 M Rb+ and 0.20 M Na+, this QCC value yields a 40%
Rb+ occupancy in the ApT site. Assuming that the bound Na+

ion experiences the same EFG as the Rb+ ion, we obtain a 10%
Na+ occupancy in the same solution, increasing to 50% in the
absence of Rb+ ions. These occupancies suggest that groove-
bound alkali ions can play a significant role in the structural
polymorphism of DNA in vivo. The ApT site is found to have
a slight preference for Rb+ ions, with a relative affinity,KRb/
KNa ) 1.7 ( 0.7, that may be partly due to preferential
accumulation of Rb+ ions near the phosphate groups at the lips
of the minor groove. The 2 ns correlation time observed in all
MRD profiles is tentatively assigned to counterions bridging
cross-strand phosphate groups.
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