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ABSTRACT: The binding of five different monovalent cations to DNA oligomers containing A-tracts, runs
of four or more contiguous adenine residues, has been assessed by capillary electrophoresis, using the
Replacement Ion method. In this method, a nonbinding cation in the background electrolyte is gradually
replaced by a binding cation, keeping the ionic strength of the solution constant. Monovalent cation binding
reduces the effective charge of an A-tract-containing oligomer, decreasing its free solution mobility. The
cations bind in the A-tract minor groove, because the binding site can be blocked by the minor groove
binding drug netropsin. Li+, NH4

+, and Tris+ ions bind to A-tracts with similar affinities; the binding of
Na+ ions is weaker, and K+ ion binding is highly variable. Each A-tract appears to bind one monovalent
cation upon saturation of the binding site(s). For a given cation, the apparent dissociation constants depend
on A-tract sequence and orientation, but not on the phasing of the A-tracts with respect to the helix
repeat. Differences in the cooperativity of binding of the various cations to A-tracts with different sequences
suggest that monovalent cation binding may be coupled with a conformational transition leading to the
formation of the characteristic narrow minor groove A-tract structure.

X-ray diffraction and NMR studies, as well as molecular
dynamics simulations, have shown that monovalent cations
can bind in the minor groove of DNA A-tracts, runs of four
or more contiguous adenine or thymine residues (reviews in
refs 1-7). The grooves are only partially occupied by
cations; the remainder of each groove is filled with water
molecules (8-11). In the Dickerson-Drew dodecamer (12),
which has an AATT sequence motif flanked by GC residues,
monovalent cations are located at the ApT step in the minor
groove (8-10, 13-16) and near the guanine residues in the
major groove (3, 10, 17), two sites with relatively deep
electronegative potentials (18). Since the bound cations can
exchange readily with each other, with other cations in the
bulk solution, and with water molecules in the grooves, the
cationsappear toremainhydratedintheboundstate(5,7,19,20).

Capillary electrophoresis (CE)1 is another technique that
can be used to assess monovalent cation binding to DNA
A-tracts (21, 22). The free solution mobility of an analyte,
µ, is determined by the ratio between its effective charge,
Q, and its frictional coefficient, f, as shown in eq 1:

µ)Q ⁄ f)QDt ⁄ kBT (1)

where Dt is the translational diffusion coefficient of the
analyte, kB is Boltzmann’s constant, and T is the absolute

temperature. Since the diffusion coefficients of small DNA
oligomers containing the same number of base pairs are
independent of sequence (23), differences in the free solution
mobilities of different oligomers are a direct measure of
cation binding.

In our first study (21), we showed that 20 bp oligomers
containing phased A- or T-tracts migrated more slowly in
Tris buffer solutions than a 20 bp oligomer without A-tracts,
suggesting that the preferential binding of Tris+ ions
decreased the effective net charge of the A-tract-containing
oligomers. In a second study (22), we showed that the free
solution mobility of a stably curved, 199 bp restriction
fragment from the VP1 gene of simian virus 40 (SV40)
decreased progressively with the increasing number of
A-tracts in the “curvature module” in the center of the
fragment, again indicating that A-tracts bind Tris+ ions. More
recently (24), we have combined the CE measurements with
estimates of the translational diffusion coefficients of the
SV40 curvature module mutants to show that each A-tract
in the curvature module is occupied ∼30% of the time by
Tris+ ions.

The previous studies were not designed to measure the
affinity of cation binding to DNA A-tracts. Here we address
this question using a variation of affinity capillary electro-
phoresis called the Replacement Ion (RI) method (25) to
quantitate the binding of different cations to A-tracts with
different sequences. In the RI method, a large, presumably
nonbinding cation, such as the tetrapropylammonium (TPA+)
ion, is gradually replaced by a binding cation, such as Li+,
Na+, K+, NH4

+, or Tris+, keeping the total ionic strength of
the solution constant. The constant ionic strength prevents
the large variation in mobility with ionic strength (26, 27)
from obscuring the small mobility differences due to cation
binding. The RI method has previously been used to study
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the nonspecific binding of monovalent cations to a random-
sequence, 26 bp DNA oligomer (25). The random-sequence
oligomer, and presumably all DNA oligomers, bind mono-
valent cations in a saturable manner, with apparent dissocia-
tion constants ranging from 71 mM for Tris+ to 173 mM
for Na+ and K+. These bound cations appear to correspond
to the strongly correlated, “tightly bound” ions recently
postulated to be trapped on the DNA surface by the strong
electrostatic field of the phosphate residues (28).

The sequence-specific binding of monovalent cations to
DNA A-tracts would occur in addition to any nonspecific
cation binding. Therefore, the difference in mobility between
an A-tract-containing oligomer and a random-sequence
oligomer containing the same number of base pairs can be
attributed unambiguously to cation binding to the A-tract(s).
Such mobility differences can be determined very accurately,
because they are measured in the same solution at the same
time under exactly the same ionic conditions. The mobility
differences measured as a function of binding ion concentra-
tion are then used to calculate the apparent dissociation
constants, as described previously (25).

The results indicate that Li+, NH4
+, and Tris+ ions bind

to DNA A-tracts with similar affinities, Na+ ions bind more
weakly, and the binding of K+ ions is variable. The binding
affinities depend on A-tract sequence, sequence context, and

orientation but do not depend on the phasing of the A-tracts
with respect to the helix repeat. Each A-tract appears to bind
one monovalent cation upon saturation of the binding site(s).
The sigmoidal binding curves observed in most of the
mobility profiles suggest that monovalent cation binding in
the A-tract minor groove may be coupled with a conforma-
tional transition leading to the characteristic narrow minor
groove structure.

MATERIALS AND METHODS

DNA Samples. All DNA oligomers used in these studies
contained 26 bp, with GC bp at the ends to minimize fraying.
The oligomers contained one or two A-tracts of various
lengths; the total A+T content was either 46 or 62%. The
oligomers are identified in the following text by acronyms
denoting the A-tract sequence and phasing (if more than one
A-tract was present), followed by a hyphen and a number
indicating the % A+T in the oligomer. The sequences of
the oligomers and their acronyms are given in the first two
columns of Tables 1 and 2. For clarity, the A-tracts in each
oligomer are underlined.

All oligomers were synthesized by IDT (Integrated DNA
Technologies, Coralville, IA) and purified by polyacrylamide
gel electrophoresis. We prepared duplexes by mixing equi-

Table 1: Sequences of Oligomers Containing 46% A+T, Descriptive Acronyms, and Li+ Ion Binding Constants

acronym sequence appKD (mM) -∆µmax (m.u.)

RA-46 (random) CGCAGTGTACGACTAGACTACAGACG nba -
A4-46 CGCAAAAGCGTCGACACTAGTACTCG 51 0.0051
A5-46 CGCAAAAAGCGTCGCACTAGTACTCG 65 0.0054
A6-46 CGCAAAAAAGCGTCGCCTAGTACTCG 46 0.0082
A7-46 CGCAAAAAAAGCGTCGCTCGTACTCG 55 0.0090
A2T2-46 CGCAATTCTATATGCTCCGCAGACCG 68 0.0060
A3T3-46 CGCAAATTTCTATGCTCCGCAGACCG 78 0.0100
A4T4-46 CGCAAAATTTTCTGCTCCGCAGACCG 78 0.0130
A5T5-46 CGCAAAAATTTTTACTCGCCGCGCCG 74 0.0130
A3in-46 CGCAAAGCGTACGAAACTCTGTCTCG 100 0.0073
A4in-46 CGCAAAAGCGTCGAAAACCTCTCTCG 41 0.0121
A5in-46 CGCAAAAAGCCGCAAAAACCTCGTCG 71 0.0112
A5out-46 CGCAAAAAGCCGCCTGAAAAACCTCG 71 0.0109
T5in-46 CGCTTTTTGCCGCTTTTTCCAGCACG 100 0.0082
A2T2in-46 CGCAATTCGTCACAATTCTGCGACCG 128 0.0102
A3T3in-46 CGCAAATTTCGCCAAATTTCGCGCCG 97 0.0163
A5dT5in-46 CGCAAAAAGCTCGTTTTTCCGCACCG 67 0.0145
A5dT5out-46 CGCAAAAAGCTCGCCTTTTTGCACCG 69 0.0106
A4T1in-46 CGCAAAATCGGTCAAAATCGGCTGCG 131 0.0084

a No binding.

Table 2: Sequences of Oligomers Containing 62% A+T, Descriptive Acronyms, and Li+ Ion Binding Constants

acronym sequence appKD (mM) ∆µmax (m.u.)

R-62 (random) CGCTTACTAGATACTACTAGTACTAG nba -
A4T1-62 CGCAAAATCTGATCATATGTACTTCG 50 0.0050
A4T3-62 CGCAAAATTTCTGATCATCATGATCG 64 0.0050
A4T4-62 CGCAAAATTTTCTGATCATCAGATCG 68 0.0070
A4T5-62 CGCAAAATTTTTCGATCATCAGATCG 57 0.0075
A4in-62 CGCAAAAGTGTCTAAAATCTGTTCTG 54 0.0096
A4T1in-62 CGTAAAATCTGTGAAAATCTGTCTCG 24 0.0133
A4T2in-62 CGCAAAATTCGTCAAAATTCTGTCTG 73 0.0117
A4T3in-62 CGCAAAATTTGTCAAAATTTCGCTCG 58 0.0120
A4T4in-62 CGCAAAATTTTCGAAAATTTTCGCCG 64 0.0153
A4T4′in-62 CGCCGCAAAATTTTCGAAAATTTTCG 58 0.0195
A4T4out-62 CGCAAAATTTTCGCGCAAAATTTTCG 54 0.0157
A4T4/T4A4in-62 CGCAAAATTTTCGTTTTAAAACGCCG 100 0.0092
A3T3in-62 CGCAAATTTCGACAAATTTCTAGTCG 85 0.0085
A3T3out-62 CGCAAATTTCGAGTCAAATTTCTACG 65 0.0090

a No binding.
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molar quantities of the complementary strands (1 µg/µL) in
10 mM Tris-chloride buffer (pH 8.0), heating them to 94
°C for 5 min, and slowly cooling them to room temperature.
For sequences which had a significant tendency to form
hairpins, it was necessary to extend the cooling period for
several hours or overnight. All duplexes described here
exhibited single bands in 9.3% T, 3% C polyacrylamide gels,
prepared as described previously (29), and sharp, nearly
Gaussian-shaped peaks in the CE electropherograms. Hence,
no truncated failure sequences or unreacted single strands
were present. Concentrated stock solutions of the duplexes
in 10 mM Tris-HCl buffer were stored in a freezer at -20
°C; the samples were diluted with water to concentrations
of 10-50 ng/µL for the CE experiments. The mobilities were
independent of concentration within this range.

Netropsin-DNA complexes were prepared by adding
netropsin (4 µM) to samples containing a mixture of RA-46
and A4T1in-62 (2 µM each) and allowing the solutions to
stand for 1 h at room temperature to reach equilibrium. The
A-tract:netropsin molar ratio was 1:1, because oligomer
A4T1in-62 contains two A-tracts.

Buffers. All buffers contained 200 mM diethylmalonic acid
(DM) as the background electrolyte, titrated to pH 7.3, the
pKa of the second carboxyl group, with a concentrated
solution of Tris base or the hydroxide of Li+, Na+, K+, NH4

+,
or TPA+. Because the second carboxyl group in DM is half-
ionized at pH 7.3, the total cation concentration in each
solution was 300 mM; the ionic strength was 400 mM.
Solutions with mixed cations were prepared by combining
appropriate volumes of the individual buffer solutions. The
actual cation concentration in each solution was calculated
from the measured pH (Radiometer pHM82 Standard Meter)
and the pKa of DM, using the Henderson-Hasselbalch
equation. Diethylmalonic acid [(CH3CH2)2C(COOH)2] and
the hydroxides of the various cations were purchased from
Sigma-Aldrich (St. Louis, MO). Tris base was purchased
from Research Products International Corp. (Mt. Prospect,
IL).

Capillary Electrophoresis. Capillary zone electrophoresis
measurements were carried out with a Beckman Coulter
(Fullerton, CA) P/ACE System MDQ Capillary Electro-
phoresis System, run in the reverse polarity mode (anode
on the detector side) with UV detection at 254 nm, as
described previously (30). Migration times and peak profiles
were analyzed using the supplied 32 Karat software. The
capillaries were LPA (linear polyacrylamide) internally
coated capillaries from Bio-Rad (Hercules, CA). Coated
capillaries are used to minimize the electroosmotic flow
(EOF) of the solvent; previous studies have shown that
polyacrylamide coatings do not affect the observed mobilities
(31). The capillaries were 40.0 cm in total length, with
external diameters of 375 µm and internal diameters of 75
µm. The distance from the inlet to the detector, Ld, was 29.8
cm. The capillaries were mounted in a liquid-cooled cartridge
thermostated at 20 ( 0.1 °C.

The capillary was conditioned at the beginning of each day
by being rinsed with running buffer (called the background
electrolyte, BGE) for 5 min at high pressure (25 psi, 0.17 Mpa).
Between runs, the capillary was rinsed with the BGE at 25 psi
for 2 min. The capillary was rinsed with deionized water at 25
psi for 5-10 min at the end of each day and filled with
deionized water overnight. The DNA samples were hydrody-

namically injected into the capillary by applying low pressure
(0.5 psi, 0.0035 MPa) for 3 s. The injection volume was 22
nL, giving a sample plug 0.51 cm in length (1.7% of the total
capillary length). Particular care was taken to equalize the liquid
levels in the buffer reservoirs to prevent hydrodynamic flow
between the two buffer chambers. The buffers in all vials were
replaced after four to six runs. The electric field was typically
90-110 V/cm (applied voltage of 3.5-4.5 kV); the mobilities
and mobility differences were independent of the applied field
within this range. The current typically ranged between 40 and
70 µA for various experiments. Control experiments showed
that heating within the capillary was negligible under these
conditions.

The residual EOF in the capillary was measured every day
by a fast pressure-assisted method (32), using 40 mM
acrylamide as the analyte. The EOF of a new capillary was
typically ∼5 × 10-6 cm2/Vs. When the EOF increased to
∼1 × 10-5 cm2/Vs, indicating deterioration of the capillary
coating, the capillary was replaced. Since the EOF was
negligibly small, DNA electrophoretic mobilities, µ, were
calculated from eq 2:

µ) Ld ⁄ Et (2)

where Ld is the distance to the detector (in centimeters), E
is the electric field strength (in volts per centimeter), and t
is the time required for the sample to migrate from the inlet
to the detector (in seconds). The average standard deviation
of the mobilities measured for a given DNA sample on the
same or different days was typically (0.2%.

In this case, the quantity of greatest interest was not the
apparent absolute mobility, µ, but the difference in mobility
between an A-tract-containing oligomer and a random-
sequence oligomer of the same size, as shown by eq 3:

∆µ) µ(A-tract oligomer)- µ(random oligomer) (3)

Defined in this manner, the ∆µ values are negative when
cations are bound because the mobility of the A-tract-
containing oligomer is smaller than the mobility of the
random-sequence control. For the sake of brevity, all
mobilities and mobility differences are expressed in mobility
units, m.u (1 m.u. ) 1 × 10–4 cm2/Vs).

Measurement of Cation Binding Using the Replacement
Ion (RI) Method. In the Replacement Ion (RI) method (25),
the ionic strength of the solution is kept constant by gradually
replacing a nonbinding ion in the BGE with a binding ion
and comparing the mobility of binding and nonbinding
oligomers as a function of binding ion concentration. In this
work, TPA+ was used as the nonbinding ion, Li+, Na+, K+,
NH4

+, and Tris+ were used as the binding ions, and oligomer
RA-46 was used as the nonbinding oligomer. If cation
binding does not occur, no mobility differences are observed
between the test oligomer and oligomer RA-46. When
binding occurs, the mobility differences gradually increase
(in absolute value) with an increase in cation concentration;
the mobility differences observed as a function of binding
ion concentration are called mobility profiles, for brevity.
The dissociation constants (KD) were determined either from
the midpoints of the transitions in the mobility profiles or
by nonlinear curve fitting, using SigmaPlot. A three-
parameter Hill equation, shown in eq 4, was usually used to
fit the data.
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∆µ)
∆µmax[M

+]n

KD
n + [M]n

(4)

where ∆µ is the mobility difference observed at a ligand
concentration of [M+], ∆µmax is the mobility difference that
would be observed upon saturation of the binding site(s),
KD is the dissociation constant, and n is the cooperativity
parameter (33). Since the dissociation constants are popula-
tion averages that could reflect the binding of cations to
different positions within an A-tract or to different A-tracts
in the same oligomer, the results are described as apparent
dissociation constants, appKD, in the following text. The appKD

values calculated from the mobility profiles or the transition
midpoints agreed with each other and could usually be
reproduced within (10% in replicate experiments; the
mobility differences observed upon saturation of the binding
site(s), ∆µmax, could also usually be reproduced within
(10%.

RESULTS AND DISCUSSION

Characterization of Oligomers by Capillary Electrophore-
sis. Samples containing the random-sequence oligomer RA-
46 and an A-tract-containing oligomer were electrophoresed
in BGEs containing TPA+ as the nonbinding ion, a cation
such as Li+ as the binding ion, or mixtures of the two ions.
The mobility profiles were usually measured from pure TPA+

to pure Li+; identical results were obtained if the titration
was carried out in the opposite direction. Typical electro-
pherograms observed for the titration of oligomer A4T4′in-
62 with Li+ are illustrated in Figure 1A. Oligomers RA-46
and A4T4′in-62 migrated as a single peak in pure TPA+ (left-
most panel). The peak gradually resolved into two peaks with
an increase in Li+ concentration, as shown in the panels to
the right. For the sake of clarity, the Li+ concentration is
indicated beneath each panel. Separate control experiments,
carried out either by “spiking” (increasing the concentration
of one of the oligomers and repeating the measurement) or
by measuring the oligomers separately in solutions containing
only Li+ ions, showed that the more slowly migrating peak
observed at high Li+ concentrations was A4T4′in-62. Hence,
Li+ ions bind preferentially to A4T4′in-62, reducing its
effective charge and thereby reducing its mobility. Similar

mobility patterns, differing only in quantitative detail, were
observed for most of the other A-tract-containing oligomers.

Completely different results were observed when the
sample contained two random-sequence oligomers, as shown
in Figure 1B. Oligomers RA-46 and R-62 comigrated in pure
TPA+, in BGEs containing various Li+:TPA+ ratios, and in
pure Li+, indicating that neither oligomer preferentially binds
monovalent cations. It is possible that both oligomers bind
Li+ ions in a non-sequence-specific manner, as observed
previously (25). However, any non-sequence-specific binding
must be the same for both oligomers, because they comigrate
at all Li+ concentrations. Hence, the mobility differences
observed between the random-sequence control, RA-46, and
an A-tract-containing oligomer can be attributed unambigu-
ously to preferential cation binding by the A-tract(s) in the
test oligomer.

Mobility Profiles. Migration times corresponding to the
maxima observed in the electropherograms of RA-46 and
the A-tract-containing oligomers were converted to mobilities
using eq 2 and the mobility differences, ∆µ, calculated from
eq 3. The mobility differences were plotted as a function of
the concentration of the binding cation, giving mobility
profiles such as those illustrated in Figure 2. The mobility
profiles were very reproducible, as shown for Li+ ions

FIGURE 1: Electropherograms observed for mixtures of RA-46 with
(A) A4T4′in-62 and (B) R-62. The leftmost electropherogram in
each row corresponds to the mobility pattern observed when TPA+

was the only cation in the BGE; the electropherograms to the right
in each row were obtained with the indicated Li+ concentration in
the BGE. The ordinate corresponds to optical density in arbitrary
units; the abscissa corresponds to the time required for the peak(s)
to migrate to the detector. The scales are the same for all
electropherograms.

FIGURE 2: Typical mobility profiles observed for A-tract-containing
oligomers, using Li+ as the binding ion. Mobility profiles are defined
as the mobility difference (∆µ) between an A-tract-containing
oligomer and RA-46, plotted as a function of binding ion
concentration. (A) Oligomer A4T2in-62: (O and 4) two independent
titrations in BGEs containing 300 mM cation and (0) a BGE
containing 150 mM cation. (B) Mobility profiles observed for
oligomers A2T2-46 (4) and A5dT5out-46 (O). The BGE contained
300 mM cation. The curved lines were drawn with eq 4; the
corresponding appKD and ∆µmax values are given in Tables 1 and 2.
All mobility differences are given in mobility units.
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binding to oligomer A4T1in-62 in Figure 2A. Figure 2A also
shows that the mobility profiles measured in BGEs containing
two different cation concentrations (150 and 300 mM) were
superimposable over the common range of Li+ concentra-
tions. Hence, the appKD values measured here are independent
of the particular buffer concentration chosen for the study.

Although the individual mobility profiles were very
reproducible, the shapes of the mobility profiles depended
on A-tract sequence. For some oligomers, such as A4T1in-
62 (Figure 2A), the mobility differences increased monotoni-
cally (in absolute value) with an increase in Li+ ion
concentration, leveling off at a constant plateau value at high
Li+ concentrations. This plateau value is defined as ∆µmax.
The titration curves observed for most of the other oligomers,
such as A2T2-46 and A5dT5out-46 (Figure 2B), were
qualitatively different. The mobility differences were zero
until a threshold concentration of Li+ was reached, after
which the mobility differences increased (in absolute value)
until a constant plateau value was reached at high Li+

concentrations. Figure 2B also shows that larger values of
∆µmax were observed for oligomers containing two A-tracts
rather than one, indicating that greater numbers of Li+ ions
bind to oligomers with two A-tracts.

Identification of the Cation Binding Site. To identify the
location of the monovalent cation binding site in the A-tract-
containing oligomers, netropsin was added to a solution
containing RA-46 and A4T1in-62 and titrations were carried
out using Tris+ as the binding ion. Netropsin binds to DNA
in the A-tract minor groove with an affinity in the low
nanomolar range, depending somewhat on A-tract se-
quence (34-39). Surface plasmon resonance measurements
(40) have shown that the on rate for netropsin binding to an
AATT site is 3.0 × 107 M-1 s-1; the off rate is 7.5 × 10-2

s-1. Hence, a DNA-netropsin complex is expected to to be
stable for the duration of a CE measurement. However,
because netropsin contains two positively charged residues,
netropsin binding decreases the net charge of an A-tract-
containing oligomer. Hence, a mixture of RA-46 and the
A4T1in-62-netropsin complex exhibits two peaks in TPA+,
a rapidly migrating peak due to RA-46 and a slower peak
corresponding to the A4T1in-62-netropsin complex (not
shown). Within experimental error, the widths of the peaks
(full width at half-height) were independent of the TPA+:
Tris+ ratio in the BGE.

The mobility profile observed for oligomer A4T1in-62
(without netropsin) is illustrated in the top curve in Figure
3. The mobility difference increased gradually (in absolute
value) with an increase in Tris+ concentration before leveling
off at a plateau value of -0.012 ( 0.001 m.u. at high Tris+

concentrations. By contrast, the mobility profile observed for
the A4T1in-62-netropsin complex was nearly independent
of Tris+ concentration, as shown by the lower mobility profile
in Figure 3. The average value of ∆µ observed for the
A4T1in-62-netropsin complex at Tris+ concentrations greater
than 15 mM was -0.028 ( 0.001 m.u. The constancy of
this value is strong evidence for the integrity of the A4T1in-
62-netropsin complex at high Tris+ concentrations. The
conclusion must be drawn that Tris+ ions do not bind
preferentially to the A4T1in-62-netropsin complex, most
likely because the minor groove binding site is blocked by
netropsin. Similar results are observed with Li+ as the binding
ion (not shown).

Binding of Li+ Ions to A-Tracts with Different Sequences.
Li+ ions were used to investigate monovalent cation binding
to A-tracts with different sequences. Thirteen of the tested
oligomers failed to bind monovalent cations; the electro-
pherograms observed for these samples exhibited a single
peak at all Li+ concentrations. The acronyms of these
oligomers, which denote their A-tract sequences, are A3-46,
A3-62, A4-62, A5-62, A4T2-62, A3in-62, A4in-62, A2T2in-
62, A1T4in-62, A2T4in-62, A3T4in-62, T2A2in-62, and T4A4in-
62. Several conclusions may be drawn from these results.
First, A3-tracts are too short to bind monovalent cations, even
when two A3-tracts occur in phase with the helix repeat.
Other studies have also found that an A3-tract is too short to
exhibit the characteristic A-tract structure (16, 41, 42).
Second, single A4- and A5-tracts do not bind monovalent
cations when embedded in an AT-rich oligomer. Third, an
AnTm sequence motif in a relatively short A-tract must have
n g m, to bind monovalent cations. The combined results
suggest that monovalent cation binding is a sensitive reporter
of whether a given A/T motif has the potential to form the
narrow minor groove characteristic of the A-tract structure.

The appKD values determined for the binding of Li+ ions
to the other tested A-tract-containing oligomers are given in
the third columns of Tables 1 and 2. Several trends can be
noted within the data. First, the appKD values observed for
the various oligomers are independent of A-tract phasing,
as shown for oligomer pairs A5in-46 and A5out-46 (both
appKD ) 71 mM), A5dT5in-46 and A5dT5out-46 (average
appKD ) 68 ( 1 mM), A3T3in-62 and A3T3out-62 (average
appKD ) 75 ( 10 mM), and A4T4in-62 and A4T4out-62
(average appKD ) 59 ( 5 mM). Second, the appKD values are
also independent of whether the oligomer contains one or
two A-tracts. The appKD value observed for oligomer A5-46
(65 mM) is essentially equal to the appKD values observed
for oligomers A5in-46, A5out-46, A5dT5in-46. and T5)A5in-
46 (average value, 70 ( 2 mM). In addition, the appKD value
observed for oligomer A4T4-62 (68 mM) is close to the
average value observed for oligomers A4T4in-62, A4T4′in-
62, and A4T4out-62 (average appKD ) 59 ( 4 mM). Third,
the appKD values depend on A-tract orientation. The appKD

values observed for oligomers A5in-46 and A4T4in-62 (67
( 3 mM) are smaller than the appKD values observed for

FIGURE 3: Effect of netropsin on the mobility profiles obs;rved for
oligomer A4T1in-62, using Tris+ as the binding ion: (O) without
netropsin and (4) with netropsin added to the DNA. The curved
line describing the ∆µ values of oligomer A4T1in-62 (top profile)
was calculated from eq 4; the horizontal line (bottom profile)
corresponds to the average ∆µ observed for the A4T1in-62-
netropsin complex at >15 mM Tris+.
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oligomers T5in-46 and A4T4/T4A4in-62 (both 100 mM). In
addition, oligomers A4T1in-62 and A4T4in-62 bind mono-
valent cations, while the corresponding oligomers, A1T4in-
62 and T4A4in-62, do not.

Finally, oligomers containing An-tracts (e.g., A4-46, A6-
46, and A4in-46) have smaller appKD values (46 ( 4 mM)
than oligomers containing AnTn-tracts of equal length (A2T2-
46, A3T3-46, and A2T2in-46; average appKD ) 91 ( 26 mM).
This result could be taken to indicate that the ApT step
interferes with cation binding. However, oligomer A4T1in-
62 has the lowest appKD of all tested oligomers (24 mM),
suggesting that a thymine residue following an A-tract
actually facilitates cation binding. It is known that the A-tract
minor groove progressively narrows in the 5′f 3′ direction,
reaching a minimum at 4-5 bp (43-47). Since monovalent
cation binding appears to occur preferentially at the narrowest
end of the minor groove (46, 47), the relatively deep
electrostatic potential at an ApT step (18) may increase the
affinity of monovalent cations for binding to an A4T1-tract.
Oligomers with longer T-tracts might have larger apparent
dissociation constants because a Tn-tract following an ApT
step widens the minor groove somewhat (46). In agreement
with this hypothesis, the average appKD observed for oligo-
mers A4T2in-62, A4T3in-62, A4T4in-62, and A4T4′in-62 was
63 ( 6 mM, much larger than the appKD of 24 mM observed
for oligomer A4T1in-62.

The plateau value of the mobility differences observed at
high Li+ concentrations, ∆µmax, is a measure of the relative
concentration of Li+ ions bound to the A-tract minor groove
upon saturation of the binding site(s). The ∆µmax values are
given in the last columns of Tables 1 and 2. Significantly,
the ∆µmax values observed for oligomers A4in-46, A5in-46,
A2T2in-46, A3T3in-46, A4T1in-62, A4T3in-62, and A4T4in-
62, each of which contains two A-tracts, were 2.0 ( 0.4
times greater than the ∆µmax values observed for the
corresponding oligomers with one A-tract: A4-46, A5-46,
A2T2-46, A3T3-46, A4T1-62, A4T4-62, and A4T4-62. Hence,
each A-tract binds the same number of monovalent cations
upon saturation of the binding site(s). In addition, the ratio
of the ∆µmax values observed for oligomer pairs A5in-46 and
A5out-46, A5dT5in-46 and A5dT5out-46, A3T3in-62 and
A3T3out-62, and A4T4in-62 and A4T4out-62 was 1.0 ( 0.1.
Hence, the extent of monovalent cation binding in the A-tract
minor groove at saturation is independent of the phasing of
the A-tracts with respect to the helix repeat.

Comparison of the Binding of Different Cations to DNA
A-Tracts. To analyze the dependence of cation binding on
the type of monovalent cation, mobility profiles were
measured for two representative oligomers, A4T1in-62 and
A4T4′in-62, using Li+, Tris+, NH4

+, Na+, and K+ as the
binding ions. The mobility profiles observed for oligomer
A4T1in-62 are illustrated in panels A and B of Figure 4. The
mobility profiles observed in solutions containing Li+ or
NH4

+ ions were nearly hyperbolic in shape, while the
mobility profiles observed for the other three cations were
clearly sigmoidal. In addition, the ∆µmax value observed with
NH4

+ as the binding ion was ∼30% greater than that
observed for the other cations. For oligomer A4T4′in-62,
shown in Figure 5, the mobility profile observed in solutions
containing NH4

+ as the binding ion was nearly hyperbolic
in shape; the mobility profiles observed with Li+, Tris+, and

Na+ as the binding ions were sigmoidal. K+ ions did not
bind to oligomer A4T4′in-62 in solutions containing 300 mM
cation.

The mobility profiles in Figures 4 and 5 were analyzed
using eq 4. The curved lines in Figures 4 and 5 were drawn
with these fitting parameters; the appKD and ∆µmax values and
the cooperativity parameters, n, are given in Table 3. NH4

+,
Li+, and Tris+ ions have similar affinities for binding to
oligomer A4T1in-62, with an average appKD of 34 ( 9 mM;
the binding of K+ ions is somewhat weaker (appKD ) 63
mM), and the binding of Na+ ions is weaker still (appKD )
112 mM). For oligomer A4T4in-62, NH4

+ ions have the

FIGURE 4: Mobility profiles observed for the binding of different
cations to oligomer A4T1in-62: (A) (4) Li+ and (]) Na+ and (B)
(O) NH4

+, (3) Tris+, and (0) K+. The curved lines were calculated
from eq 4; the fitting parameters are given in Table 3.

FIGURE 5: Mobility profiles observed for the binding of various
cations to oligomer A4T4′in-62: (O) NH4

+, (4) Li+, (3) Tris+, (])
Na+, and (0) K+. The curved lines were calculated from eq 4; the
fitting parameters are given in Table 3.
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strongest binding affinity (appKD ) 35 mM), Li+ and Tris+

ions bind more weakly (appKD ) 68 mM), Na+ ions binds
still more weakly (appKD ) 159 mM), and K+ ions do not
bind in solutions containing 300 mM cation. The results are
in reasonable agreement with those of Denisov and Halle
(48), who found that the level of monovalent cation binding
to an A2T2-tract decreased in the following order: NH4

+ .
K+ ∼ Rb+ ∼ Cs+ > Na+. However, the results also indicate
that monovalent cation binding to DNA A-tracts depends
on A-tract sequence as well as the identity of the cation.

The average value of ∆µmax observed for the binding of
Li+, Tris+, Na+, and K+ ions to oligomer A4T1in-62 was
-0.013 ( 0.001 m.u. The level of binding of NH4

+ ions
was ∼30% higher, suggesting that this cation may have
additional binding sites on this oligomer. For oligomer
A4T4′in-62, the average value of ∆µmax was -0.019 ( 0.002
m.u. (when binding was observed). The combined results
indicate that the extent of the mobility decrease observed
upon saturation of the binding site(s) varies modestly with
A-tract sequence and cation identity.

By contrast, the cooperativity of binding depends significantly
on A-tract sequence and cation identity, as shown in columns
4 and 7 of Table 3. The binding of NH4

+ ions to both oligomers,
and Li+ ions to oligomer A4T1in-62, was essentially noncoop-
erative, since the cooperativity parameter n was close to 1.
However, higher n values were observed for the other cations,
suggesting that cation binding may be coupled with another
effect, such as a conformational transition. It is possible that,
with TPA+ as the only cation in the BGE, many A-tract-
containing DNA oligomers exist in an equilibrium between the
normal B-form conformation and a conformation with the
narrow minor groove characteristic of A-tract-containing
oligomers (12, 49, 50); this conformation will be called the B′
conformation, for the sake of brevity. If the B′ conformation is
the only one capable of binding monovalent cations, cation
binding would pull the equilibrium toward this conformation.
Molecular dynamics (MD) simulations (51-53) have shown
that that the narrow minor groove characteristic of DNA A-tracts
cannot exist for any significant length of time without cations
to neutralize part of the negative charge on the phosphate
residues; cation binding in the minor groove draws the
phosphate residues closer together and stabilizes the B′ con-
formation. The results in Table 3 indicate that some cations,
especially NH4

+ and Li+, are more effective than others in
pulling the equilibrium toward (and/or stabilizing) the B′
conformation. In addition, some A-tract sequences, such as
A4T1, bind cations in the minor groove with a higher affinity
than other A-tract sequences, suggesting that the equilibrium
between the B and B′ conformations and/or the effect of
monovalent cations on the BT B′ conformational equilibrium
is sequence-specific.

Concentration of Bound Cations at Saturation. The
average mobility difference observed at high cation concen-

trations, ∆µmax, can be used to estimate the number of cations
bound to the A-tract(s) upon saturation of the binding site(s).
The oligomers studied here contained 50 charged phosphate
residues, since the 5′-ends were not phosphorylated. The
electrophoretic mobility observed for the random-sequence
oligomer RA-46 in the Tris-DM buffers used here was 1.570
m.u. or, equivalently, 0.0314 m.u. per charged residue.
However, counterion condensation theory (54) suggests that
the effective charge of DNA is reduced to 24% of the formal
charge in solutions containing monovalent cations. Therefore,
the mobility observed for oligomer RA-46 corresponds to
0.0075 m.u. per charged residue (0.0314 m.u. × 0.24). The
average mobility difference observed for the A4T1in-62-
netropsin complex at high Tris+ concentrations was -0.028
( 0.001 m.u. (Figure 3), or -0.014 m.u. per A-tract. The
observed mobility reduction is therefore equivalent to a
decrease of two charges per A-tract. Since each netropsin
contains two positive charges, one netropsin is bound to each
A-tract. A similar 1:1 binding stoichiometry has also been
observed by others (36-39, 55).

The average value of ∆µmax observed for the binding of
Li+, Tris+, NH4

+, Na+, and K+ ions to oligomers A4T1in-62
and A4T4′in-62 (Table 3) was -0.016 ( 0.003 m.u. (when
binding was observed) or, equivalently, -0.008 m.u. per
A-tract. From the above discussion, this mobility difference
corresponds to the binding of 1.1 ( 0.2 cations to each
A-tract upon saturation of the binding site(s).

CONCLUDING REMARKS

The results described here have shown that monovalent
cations bind to the A-tract minor groove, because the binding
site can be blocked by netropsin, a minor groove binding
drug. Not all A-tracts bind monovalent cations: A3-tracts are
too short, and isolated A4- and A5-tracts, especially when
embedded in AT-rich oligomers, often do not bind cations.
The appKD values observed for oligomers that do bind cations
in the minor groove indicate that monovalent cation binding
is sequence-specific. The appKD values are independent of
the number of A-tracts in the oligomer and the phasing of
the A-tracts but vary with A-tract orientation and the presence
or absence of an ApT step in the A-tract. In addition,
oligomers containing A2n-tracts exhibit a higher affinity for
monovalent cations than oligomers containing AnTn-tracts.
The ∆µmax values, which indicate the extent of cation binding
upon saturation of the binding site(s), are 2-fold larger when
an oligomer contains two A-tracts rather than one; therefore,
each A-tract binds the same number of cations at saturation.
The affinity of monovalent cation binding depends both on
A-tract sequence and on cation identity. When binding is
observed, the affinity decreases in the following order: NH4

+

∼ Li+ ∼ Tris+ > K+ > Na+. Finally, differences in the
cooperatively of binding to various A-tracts suggest that

Table 3: Comparison of Binding Constants Observed for Different Cations

A4T1in-62 A4T4′in-62

cation appKD (mM) -∆µmax (m.u.) N appKD (mM) -∆µmax (m.u.) N

NH4
+ 30 0.0186 1.3 35 0.0205 1.4

Li+ 26 0.0145 1.2 68 0.0200 3.0
Tris+ 47 0.0121 2.2 68 0.0200 3.0
Na+ 112 0.0140 3.1 159 0.0151 5.9
K+ 63 0.0121 2.8 >300 - -
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monovalent cations can shift the equilibrium between the
normal B conformation and the B′ conformation toward the
latter, leading to the narrow minor groove structure charac-
teristic of DNA A-tracts.
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