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ABSTRACT: The intrinsic curvature of seven 98 bp DNA molecules containing up to four centrally located A6-tracts has been
measured by gel and capillary electrophoresis as a function of the number and arrangement of the A-tracts. At low cation
concentrations, the electrophoretic mobility observed in polyacrylamide gels and in free solution decreases progressively with the
increasing number of phased A-tracts, as expected for DNA molecules with increasingly curved backbone structures.
Anomalously slow electrophoretic mobilities are also observed for DNA molecules containing two pairs of phased A-tracts that
are out of phase with each other, suggesting that out-of-phase distortions of the helix backbone do not cancel each other out. The
mobility decreases observed for the A-tract samples are due to curvature, not cation binding in the A-tract minor groove, because
identical free solution mobilities are observed for a molecule with four out-of-phase A-tracts and one with no A-tracts.
Surprisingly, the curvature of DNA A-tracts is gradually lost when the monovalent cation concentration is increased to ∼200
mM, regardless of whether the cation is a hydrophilic ion like Na+, NH4

+, or Tris+ or a hydrophobic ion like
tetrabutylammonium. The decrease in A-tract curvature with increasing ionic strength, along with the known decrease in A-
tract curvature with increasing temperature, suggests that DNA A-tracts are not significantly curved under physiological
conditions.

DNA molecules containing A-tracts, runs of four or more
contiguous adenine residues, are known to be curved if the A-
tracts are repeated in phase with the helix screw (reviews in refs
1−4). A-tract-induced curvature of DNA is easily measured by
electrophoresis, because curved DNA molecules migrate more
slowly than random sequence DNAs containing the same
number of base pairs, both in polyacrylamide gels5−9 and in free
solution.10−12 Transient electric birefringence measurements
have shown that DNAs containing phased A-tracts are stably
curved, not anisotropically flexible, in low-ionic strength
solutions.13−17

Recent nuclear magnetic resonance (NMR) experiments
utilizing residual dipolar couplings have shown that isolated A-
tracts embedded in small DNA oligomers are intrinsically
curved.18−21 The curvature is delocalized; some bending of the
helix backbone occurs within the A-tract, while other bends
occur at ApT and TpA base pair steps and/or at junctions
between the A-tracts and their flanking sequences.19−21 DNA

A-tracts usually have narrow minor grooves, propeller-twisted
A·T base pairs, and bifurcated hydrogen bonds across the major
groove18,22−27 (but see ref 28).
Many experimental methods have been used to determine

the A-tract bend angle, including NMR,18−21 ligase-catalyzed
cyclization,29,30 transient electric birefringence13,16,17 and
dichroism,14 atomic force microscopy,31 superhelix unwind-
ing,32,33 fluorescence polarization anisotropy,34 small molecule
FRET,35 and molecular dynamics.36 The apparent bend angle
ranges from 9° to 23°, depending on the length and sequence
of the A-tract, the type of cation(s) in the solution, and the
method used to measure curvature. The average bend angle
obtained by these methods is 15 ± 5° per A-tract.
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The relative importance of monovalent cation binding to the
curvature of DNA A-tracts has not been resolved.37−39 High-
resolution X-ray diffraction40−43 and NMR21,44−46 studies have
shown that monovalent cations can be found in the A-tract
minor groove, partially displacing some of the water molecules
in the “spine of hydration”47 in that groove. The monovalent
cation occupancy of the A-tract minor groove ranges from 10 to
50% for Na+, Rb+, Cs+, and Tl+ ions, depending on the method
of measurement and the identity of the cation. In addition, Tl+

and Cs+ ions have been found in the A-tract major
groove.43,48,49 Some investigators have suggested that excess
monovalent cation binding in the A-tract minor groove causes
DNA backbone curvature3,44,50 because of asymmetric
neutralization of the phosphate residues on opposite sides of
the helix.51,52 Others have suggested that both electrostatic and
nonelectrostatic forces contribute to the conformation and
stability of DNA A-tracts.37,38,53 In agreement with the latter
hypothesis, a recent microsecond molecular dynamics (MD)

simulation of the Drew−Dickerson dodecamer47 has shown
that the narrow minor groove intrinsic to the AATT sequence
is further narrowed when a long-lived Na+ ion is localized in the
groove.27

In this work, the effect of different monovalent cations on A-
tract-induced DNA curvature has been studied using six 98 bp
DNA molecules containing up to four centrally located A6-
tracts as the model system. A 98 bp DNA molecule without A-
tracts was used as the control. The sequences of the various
DNAs, along with their acronyms and predicted structures,54,55

are given in Figure 1. Curvature was analyzed by comple-
mentary free solution capillary electrophoresis (CE) and
polyacrylamide gel electrophoresis experiments. The running
buffers, or background electrolytes (BGEs), contained various
concentrations of Na+, Tris+, NH4

+, or tetrabutylammonium
(TBA+) ions. The differences in mobility between the A-tract
samples and the control were found to be very similar in free
solution and in polyacrylamide gels, indicating that the two

Figure 1. (A) Sequences of the 98 bp DNA constructs used in this work. The names of the first four sequences (samples 0−4i) indicate the number
of in-phase A6-tracts in the sample. Sample 2i/o contains two pairs of in-phase A-tracts, with each pair out of phase with the other pair. Sample 4o
(out of phase) has four A6-tracts that are separated by 16 residues, making them out of phase with each other. The A6-tracts in each fragment are
shown with a larger font for the sake of clarity. (B) Representations of three-dimensional structures of the 98 bp constructs. Standard PDB files were
generated from the model.it server.54 This server uses input sequence data to generate DNA structures based on consensus trinucleotide parameter
sets from DNase I digestion and nucleosome positioning data.55 Molecular models were rendered from these PDB files with PyMOL (DeLano
Scientific).
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types of electrophoresis experiments are equally sensitive to A-
tract curvature. Surprisingly, A-tract-induced DNA curvature is
reduced or eliminated when the cation concentration is
increased to ∼200 mM, possibly because of the increased
flexibility of the DNA helix at high ionic strengths.56,57 The
biological consequences of the results are discussed.

■ MATERIALS AND METHODS

DNA Samples. The 98 bp DNA constructs used in this
work have roughly equal numbers of each nucleotide base and
differ only with respect to the number and arrangement of the
A-tracts in the center of each fragment, as shown in Figure 1.
Samples 0, 1, 2i, 3i, and 4i contain the indicated number of in-
phase A6-tracts. Sample 4o contains four out-of-phase A6-tracts.
Sample 2i/o (2 in/out) contains two pairs of in-phase A6-tracts.
However, the two pairs of A-tracts are separated by 16 residues,
making them out of phase with each other.
The DNA constructs were subcloned using the pGEM-T

Easy Vector System (Promega). The oligonucleotide primers
LJM-4449 (5′-AGCCTAGCCTATGACATGAC) and LJM-
4450 (5′-GAGGTGAGGTTGCATTGCAT) (Integrated DNA
Technologies) were used to amplify the 98 bp fragments by
polymerase chain reaction (PCR). PCRs (100 μL) included 20
ng of plasmid template, 0.4 μM forward and reverse primers,
100 μg/mL BSA, Taq DNA polymerase buffer (Invitrogen), 2
mM MgCl2, dNTPs (0.2 mM each), and 5 units of Taq DNA
polymerase (Invitrogen). Cycle conditions were 98 °C for 3
min, 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
45 s, and finally 72 °C for 5 min. Following PCR, the various 98
bp samples were purified using the QIAquick PCR Purification
Kit (Qiagen).
Gel Electrophoresis. Polyacrylamide gels containing 5%

total acrylamide (5% T) were cast and run in various buffers at
room temperature (∼25 °C). For all experiments reported
here, 14.5 cm × 22.5 cm slab gels were used with 1.5 mm
spacers. To a 40% acrylamide and bisacrylamide solution (19:1)
(Bio-Rad) diluted in running buffer were separately added 0.1%
(v/v) N,N,N′,N′-tetramethylethylenediamine [TEMED
(Sigma)] and 0.1% (w/v) freshly dissolved ammonium
persulfate (Sigma), and the gel mixture was slowly poured
between glass plates. Gelation occurred within 5−15 min, and
the gels were pre-electrophoresed for 20 min before the
samples and 100 bp ladder (Invitrogen) were loaded. Using an
electric field strength of 8−12 V/cm, the gels were run until
markers had migrated 50−90% of the length of the gel.
Following electrophoresis, the gels were stained with 1× Sybr
Green I (Invitrogen) in running buffer for 20 min. Images were
then obtained using a Typhoon FLA 7000 (GE Healthcare),
and migration distances (50 μm/pixel) were measured from the
digital images.
A stock buffer of 25× TBE [2.5 M Tris base, 2.75 M boric

acid, and 0.05 M EDTA (pH 8.3)] was prepared along with 50
and 200 mM TBA-cacodylate buffers [50 or 200 mM
tetrabutylammonium hydroxide and 50 or 200 mM cacodylic
acid (pH 6.6)]. Because Tris base is half-ionized at its pKa of
8.07 (25 °C), the concentration of Tris+ ions in the TBE
buffers, calculated from the Henderson−Hasselbalch equation,
ranged from 30 to 700 mM. The TBA+ concentrations in the
50 and 200 mM TBA-cacodylate buffers were calculated to be
35 and 145 mM, respectively, because cacodylic acid is half-
ionized at its pKa of 6.27 (25 °C). To avoid confusion in the
following text, the running buffers (or BGEs) are described by

the cation concentration in each buffer, not the concentration
of the buffer anion or the ionic strength of the solution.

Capillary Electrophoresis. The free solution mobilities of
the DNA samples were measured with a Beckman Coulter
(Fullerton, CA) P/ACE MDQ Capillary Electrophoresis
System, using methods described previously.11,58,59 All
measurements were made in reverse polarity mode (anode
on the detector side) with UV detection at 254 nm. The
capillaries were coated internally with linear polyacrylamide
(Polymicro Technologies, Phoenix, AZ) to minimize the
electroosmotic flow (EOF) of the solvent. Previous studies
have shown that this internal coating does not affect the
observed mobilities.60 The capillaries were 31.1 ± 0.2 cm in
length (20.9 ± 0.1 cm to the detector) and 75 μm in internal
diameter and were mounted in a liquid-cooled cassette
thermostated at 20 °C. The electric fields applied to the
capillary ranged from 30 to 330 V/cm, depending on the buffer
concentration; the current was always ≤60 μA. Under such
conditions, the observed mobilities are independent of the
applied electric field.59,60 The DNA samples were injected
hydrodynamically at 0.5 psi (0.0035 MPa) for 3 s; the sample
plug occupied ∼2.6% of the capillary length.
Most BGEs used for the CE experiments contained

diethylmalonate (DM) as the buffering anion and Na+, Tris+,
NH4

+, or TBA+ as the cation. Stock solutions containing 0.4 or
0.5 M diethylmalonic acid [(CH3CH2)2C(COOH)2 (Sigma-
Aldrich, St. Louis, MO)] were titrated to pH 7.3, the pKa of the
second carboxyl group of diethylmalonic acid (25 °C), with a
concentrated solution of the hydroxide of the cation of choice.
The cation concentration in the stock solutions was 0.6 or 0.75
M, because the second carboxyl group of diethylmalonic acid is
half-ionized at pH 7.3. Tris-acetate buffer (pH 8.0) was
prepared as described previously.58 All BGEs are identified in
the following text by the type of cation in the buffer and the
cation concentration.

Calculation of Mobility. The observed mobilities, μobs, of
the DNA samples were calculated from eq 1:

μ = L Et/obs d (1)

where Ld is the distance migrated in the gel or the distance
from the inlet of the capillary to the detector in centimeters, t is
the migration time in seconds, and E is the applied electric field
in volts per centimeter.
In capillary electrophoresis, the observed mobilities corre-

spond to the algebraic sum of the actual mobility of the DNA,
μ, and the mobility caused by the electroosmotic flow (EOF) of
the solvent, μEOF. Although the internally coated capillaries
used in our experiments have very low EOFs, the observed
mobility can and does vary slightly from one run to another
because of transient changes in the capillary coating. Changes
in μEOF were monitored by including a small single-stranded
DNA oligomer in each solution as a marker, calculating the
average mobility of the marker in a given series of experiments,
and normalizing the observed mobilities to the average mobility
of the marker.59−62 These EOF-corrected mobilities are called
normalized mobilities in the following text. Two different
oligomers, with the sequences ACCTG and ACCTGAT, were
used as markers. Because the normalized mobilities of the A-
tract samples were independent of which marker was used, the
markers are not specifically identified in the following text.
The mobilities of the various A-tract samples are reported as

the difference in mobility (Δμ) between an A-tract sample and
a control, usually sample 0. Using sample 4i as an example, Δμ
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= μ(4i) − μ(0). The mobility differences are negative in sign
because the mobilities observed for the A-tract samples are
smaller than the mobility of the control. For the sake of
convenience, all mobilities and mobility differences are reported
in mobility units, m.u. (1 m.u. = 1 × 10−4 cm2 V−1 s−1).
The anomalously slow electrophoretic mobilities of A-tract

DNAs have often been characterized by the ratio of the
apparent length of the curved DNA (determined by
comparison with DNA markers) to its sequence length.6,7,9,51,63

In the present case, an equivalent way of presenting the data
would be to calculate the ratio of the mobility of an A-tract
DNA to the mobility of a control. The mobility ratios (not
shown) have been calculated for all experiments described here
and exhibit the same trends as the mobility differences
illustrated below in Figures 3−6. However, the mobility ratios
obtained in polyacrylamide gels and in free solution differ
somewhat in magnitude, in part because of the different anions
used in the BGEs108,109 and in part because of interactions
between curved DNAs and the polyacrylamide gel ma-
trix.110−112 The mobility ratios obtained in polyacrylamide
gels and in free solution can be made to coincide by multiplying
one of the data sets by a small constant factor. However, this
procedure is arbitrary and obscures the similarity of the
mobility differences observed in gels and in free solution.

Therefore, we have presented our results in terms of the
mobility differences. For the interested reader, the actual
mobilities observed in polyacrylamide gels and the normalized
mobilities observed in free solution are given in Table S1 of the
Supporting Information.

■ RESULTS
Electropherograms. A typical CE electropherogram

observed for sample 4i in a solution containing 100 mM
NH4

+ ions is illustrated in Figure 2A. The peak on the left
corresponds to sample 4i, while the peak on the right
corresponds to the marker ACCTGAT. Both peaks are
monodisperse and approximately Gaussian in shape. Similar
CE electropherograms were observed for the other A-tract
samples studied here.
Typical electropherograms observed for the A-tract samples

in polyacrylamide gels cast and run in different buffers are
illustrated in Figure 2B. The buffers contained 30 mM Tris+

(left), 110 mM Tris+(center), or 145 mM TBA+ (right). The
mobilities observed for samples 1, 2i, 3i, and 4i in 30 mM Tris+

buffer (left electropherogram) decreased progressively with the
increasing number of in-phase A-tracts, as expected from
previous studies.1,2,6,9,63 However, the mobility differences
between samples were markedly reduced in BGEs containing

Figure 2. Typical electropherograms observed for A-tract samples. (A) CE electropherogram observed for sample 4i in a BGE containing 100 mM
NH4

+. The absorbance (254 nm) is plotted as a function of the time elapsed after the electric field is turned on. The peak on the left corresponds to
sample 4i, and the peak on the right corresponds to the marker ACCTGAT. (B) Electropherograms observed for the A-tract samples in
polyacrylamide gels cast and run in (left) 30 mM Tris+, (center) 110 mM Tris+, and (right) 145 mM TBA+. The DNA samples are identified at the
bottom of each lane. The lane marked M corresponds to the 100 bp ladder; the bands corresponding to the 300, 200, and 100 bp fragments (top to
bottom) are shown.
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110 mM Tris+ or 145 mM TBA+, as shown in the center and
right electropherograms.
Hydrophilic Cations. The mobilities observed for the

various A-tract samples in polyacrylamide gels and in free
solution are most easily compared by calculating the difference
in mobility between the A-tract samples and sample 0, with no
A-tracts. The mobility differences observed in polyacrylamide
gels and in free solution using BGEs containing 30 or 20 mM
Tris+, respectively, are compared in Figure 3. Somewhat

surprisingly, the mobility differences observed in gels and in
free solution are comparable in magnitude. The increase in the
absolute magnitude of the mobility differences with the
increasing number of in-phase A-tracts could be due to
differences in effective charge and/or differences in shape.
Differences in effective charge would occur if the A-tracts were
to bind excess monovalent cations in the minor groove,
decreasing the effective net charge and thereby decreasing the
mobility.11,12 If the mobilities of the A-tract samples were
determined primarily by differences in effective charge, the
mobility differences observed for samples 4i, 2i/o, and 4o
would have been equal because each contains four A-tracts. The
significant mobility differences observed for these three samples
indicate that the mobilities are determined primarily by
differences in shape.
The gradual increase in the absolute value of the mobility

differences observed for samples 1, 2i, 3i, and 4i is consistent
with a progressive increase in backbone curvature with the
number of phased A-tracts, as depicted graphically in Figure 1B
and as expected from previous studies.1−12 The mobility
difference observed for sample 2i/o, which contains two pairs
of in-phase A-tracts that are out of phase with each other, lies
between the mobility differences observed for samples 2i and
3i. Hence, as also shown in Figure 1B, A-tract-induced
backbone curvature cannot be eliminated by placing curved
sequence elements on opposite sides of the DNA helix.

The variation in the mobility differences observed for the A-
tract samples with cation concentration is illustrated in Figure
4. The mobility differences decreased in absolute magnitude

with increasing NH4
+ concentration in free solution (Figure

4A) and with increasing Tris+ concentration in polyacrylamide
gels (Figure 4B). The results are consistent with a previous
study in polyacrylamide gels, which showed that the
anomalously slow mobilities of A-tract DNAs decreased when
NaCl was added to TBE buffer.8,9 Importantly, Figure 4 also
shows that the mobility differences observed for sample 4o,
with four out-of-phase A-tracts, and sample 0, with no A-tracts,
are equal within experimental error. Therefore, the slower
mobilities observed for the A-tract samples in free solution and
in polyacrylamide gels must be attributed primarily to
hydrodynamic effects that are caused by differences in shape.
The dependence of the mobility differences on cation

concentration is illustrated in more detail in Figure 5A, where
the mobility differences observed between samples 4i and 4o
are plotted as a function of cation concentration. Sample 4o
was chosen as the control for this comparison, rather than
sample 0, because samples 4i and 4o each contain four A-tracts.
Hence, any preferential cation binding in the A-tract minor
groove would be the same for both DNAs. The mobility
differences observed in free solution, using either NH4

+ or Na+

Figure 3. Comparison of the mobility differences observed for the A-
tract samples in free solution and in polyacrylamide gels. The
difference in mobility between the A-tract sample and sample 0, with
no A-tracts, is plotted as a function of the number and arrangement of
the A-tracts: (●) gel mobility differences observed in 30 mM Tris+ and
(○) free solution (CE) mobility differences observed in 20 mM Tris+.
In this and subsequent figures, the average standard deviations of the
mobility differences, determined by replicate measurements, are
indicated by error bars attached to one of the data points. The lines
are drawn to guide the eye.

Figure 4. Mobility differences observed for the A-tract samples in
BGEs containing different concentrations of hydrophilic cations. (A)
Free solution (CE) mobility differences observed in BGEs containing
(▲) 10 or (○) 100 mM NH4

+. (B) Gel mobility differences observed
in BGEs containing (▲) 30, (○) 60, or (●) 140 mM Tris+. The lines
are drawn to guide the eye.
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as the cation, and in polyacrylamide gels, using Tris+ as the
cation, decrease in absolute magnitude with increasing cation
concentration until leveling off and becoming constant at a
cation concentration of ∼200 mM. The plateau value of the
mobility difference is −0.110 m.u.; the midpoint of the
transition occurs at 107 ± 7 mM. At the physiological
monovalent cation concentration of ∼140 mM, the mobility
difference between samples 4i and 4o decreased to ∼15% of the
value observed at cation concentrations lower than ∼50 mM.
Hydrophobic Cations. The mobility differences observed

for the various A-tract samples in BGEs containing the bulky
tetrabutylammonium ion (TBA+) as the only cation in the
solution are illustrated in Figure 6. In both polyacrylamide gels
and in free solution, the mobility differences are independent of
the number and arrangement of the A-tracts when the TBA+

concentration is ≥100 mM. The mobility differences observed
between samples 4i and 4o are plotted as a function of TBA+

concentration in Figure 5B. As observed with the hydrophilic
cations in Figure 5A, the mobility differences decreased in
absolute magnitude with increasing TBA+ concentration until
becoming equal to zero at a TBA+ concentration of ∼200 mM.
The midpoint of the transition occurs at 73 ± 12 mM TBA+.
The similarity of the results obtained in solutions containing

both hydrophilic and hydrophobic cations suggests that DNA
A-tracts become less curved with increasing ionic strength.
Surprisingly, however, the plateau mobility differences depend
on whether the cation is hydrophilic or hydrophobic, as shown
by comparing panels A and B of Figure 5. The small but finite
mobility difference observed for sample 4i in solutions
containing high concentrations of Na+, NH4

+, or Tris+ ions
suggests that DNA A-tracts retain a small amount of residual
curvature in such solutions, whereas in TBA+, the residual
curvature is lost.

■ DISCUSSION
Effective Charge of A-tract DNAs. The work described

here has shown that DNA molecules containing phased A-tracts
migrate anomalously slowly in free solution as well as in
polyacrylamide gels. Because the free solution mobilities are
identical for sample 0, with no A-tracts, and sample 4o, with
four out-of-phase A-tracts, the mobility differences are not due
to differences in effective charge caused by preferential cation
binding in the A-tract minor groove. Even if some preferential
counterion binding were to occur, the change in the net charge
of the DNA would be virtually undetectable, because the DNA
samples contain 98 bp and one to four A-tracts, each of which
would be only partially occupied by a monovalent cat-
ion.12,37,40−43,64,65 Therefore, the mobility differences observed
for the various A-tract samples must be due primarily to
differences in shape.

A-tract-Induced Curvature of the DNA Helix Axis. An
important question to be answered is whether the free solution
mobility differences observed for the different A-tract samples
can be explained by hydrodynamic effects caused by differences
in shape. Because rotational diffusion is much faster than
translational diffusion, the migrating DNA molecules will
sample all possible orientations during free solution electro-

Figure 5. Dependence of the mobility difference between samples 4i
and 4o, μ(4i) − μ(4o), on cation concentration. (A) Hydrophilic
cations. Free solution (CE) mobility differences observed in BGEs
containing (○) NH4

+ ions or (△) Na+ ions and gel mobility
differences observed in BGEs containing (●) Tris+ ions. The
combined data sets were fit with a four-parameter sigmoid with a
plateau value of −0.011 ± 0.003 m.u. and a midpoint of 104 ± 7 mM
(r2 = 0.977). (B) Tetrabutylammonium ions. (●) Free solution (CE)
mobility differences and (○) gel mobility differences. The curved line
corresponds to the fit of a four-parameter sigmoid to the free solution
mobility differences, assuming that the mobility difference observed in
10 mM NH4

+ is also valid for 10 mM TBA+. For technical reasons
(deterioration of peak shape), the free solution mobility differences
could not be measured at very low TBA+ concentrations. The plateau
value of the mobility difference at high TBA+ concentrations is 0.003 ±
0.009 m.u.; the midpoint of the transition occurs at 73 ± 12 mM (r2 =
0.980).

Figure 6. Mobility differences observed for the A-tract samples in
BGEs containing TBA+ ions. Free solution (CE) mobility differences
observed in (○) 100 and (●) 150 mM TBA+ and (△) gel mobility
differences observed in 145 mM TBA+. The solid line corresponds to
the average mobility difference for all samples, 0.000 ± 0.005 m.u.
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phoresis.66,67 Therefore, the free solution mobility, μ, will be
determined by the effective charge of the DNA, Q, which
interacts with the electric field to provide the driving force for
electrophoresis, and the translational diffusion coefficient, Dt,
which characterizes the friction between the migrating DNA
molecules and the solvent.68 The relationship between these
two variables is shown in eq 2:

μ = −QD N k T/t
0.67

B (2)

where N is the number of base pairs in the DNA, kB is
Boltzmann’s constant, and T is the absolute temperature. The
factor N−0.67 compensates for the fact that the mobilities of
large DNA molecules are independent of molecular weight
while the diffusion coefficients decrease as the 0.67 power of
molecular weight.69 In relatively weak electric fields, such as
those used in this study, cations in the condensed ion layer
migrate with the DNA,68,70−76 making Q equal to the effective
charge of the phosphate residues after counterion condensa-
tion,77,78 not the total number of charged phosphate residues.
Hence, the effective charge of the various DNA samples is 0.24
times the number of bases.77 As discussed above, Q is
essentially independent of the presence or absence of A-tracts
in the samples studied here.
Garcia de la Torre and co-workers79 have derived an

expression for the translational diffusion coefficients of linear
DNA molecules, as shown in eq 3:

πη
= + +D

k T
L

p p
3

(ln 0.312 0.565/ )t
B

o (3)

where ηo is the viscosity of the solvent, L is the end-to-end
length of the DNA, and p is the axial ratio (length/diameter).
Previous studies have shown that the diffusion coefficients
calculated for linear DNAs from eq 3 are very close to the
experimentally measured values.69 For a DNA molecule
without A-tracts, like sample 0, or with out-of-phase A-tracts,
like sample 4o, L can be approximated as 3.4 Å/bp × 98 bp or
333 Å. If the diameter of the DNA is taken to be 25 Å,79,80 p =
13.3 and Dt is calculated to be 3.79 × 10−7 cm2/s at 20 °C from
eq 3.
To estimate the diffusion constant of sample 4i, for

comparison with that of the controls, it is necessary to estimate
the length and axial ratio of this DNA. If the dimensions of
sample 4i are approximated from the structure illustrated in
Figure 1B, the approximate end-to-end length is 283 Å. An
important question is how to estimate the diameter of sample
4i. Most investigators who have studied the translational
diffusion coefficients of bent rods have tacitly assumed that the
diameters of bent and straight rods are equal.81−84 If we assume
that the diameter of sample 4i is equal to 25 Å and take the
length to be 283 Å, as suggested by Figure 1B, the axial ratio is
calculated to be 11.3, and Dt is calculated to be 4.22 × 10−7

cm2/s, larger than the diffusion coefficient calculated for the
control. From eq 2, an increase in the translational diffusion
constant of sample 4i would lead to an increase in the observed
mobility, just the opposite of the observed results. Similar
results are obtained if the mobilities are calculated from radii of
gyration of the curved and straight DNAs.
Therefore, to explain the experimental results, it must be

assumed that curved DNAs migrate through the solution
essentially as ellipsoids of revolution, with maximal dimensions
approximately equal to the length and effective diameter of the
curved molecule.113

The effective diameter of sample 4i would then correspond
to the arc subtended by the ends of the curved rod in Figure
1B. With this diameter, and assuming the effective length to be
283 Å, the axial ratio is calculated to be 3.5 and the diffusion
coefficient estimated from eq 3 is 2.73 × 10−7 cm2/s at 20 °C.
Alternatively, sample 4i could be approximated as a once-

broken rod with a central bend corresponding to the
cumulative bend induced by four in-phase A-tracts. Taking
the average A-tract bend angle to be 15°, the average of the
experimentally determined values (see above), a once-broken
rod with a central bend of 60° (4 × 15°) is estimated to have an
end-to-end length of ∼270 Å and an axial ratio of ∼3.2. The
translational diffusion coefficient calculated for such a structure
from eq 3 is 2.08 × 10−7 cm2/s at 20 °C. A similar translational
diffusion coefficient is calculated for a twice-broken rod with a
virtual bend of 60° between the two legs. Hence, it seems
reasonable to approximate the diffusion constant of sample 4i
as (2.4 ± 0.3) × 10−7 cm2/s. The difference in the diffusion
constants, ΔDt, between samples 4i and 4o (or between
samples 4i and 0) is then calculated to be ∼1.4 × 10−7 cm2/s.
If the effective charge per base is 0.24 after counterion

condensation,77 Q = 0.24Noeo, where No is the number of
phosphate residues and eo is the electronic charge of the proton.
Upon substitution of these values into eq 2, the difference in
mobility between samples 4i and 4o (or between samples 4i
and 0) is calculated to be

μΔ =
Δ −e N D N

k T
0.24 o o t

0.67

B (4)

Evaluating the factor eo/(kBT) as 39.6 V−1 at 20 °C,
remembering that No (the number of phosphate residues) is
196 and N (the number of base pairs) is 98, and using the ΔDt
value calculated above (1.4 × 10−7 cm2/s), we calculated the
mobility difference between samples 4i and 4o (or between
samples 4i and 0) to be 0.12 m.u. The observed mobility
difference between samples 4i and 4o was found to be 0.046
m.u. in a BGE containing 10 mM NH4

+ (Figure 4A). The
calculated and observed mobility differences agree within a
factor of 3, which is satisfactory given the approximate nature of
the calculation. Hence, the mobility differences observed in free
solution can be explained by differences in shape between the
curved and straight DNAs. In future work, we plan to compare
more precise calculations of the translational diffusion
coefficients of the A-tract DNAs with their free solution
mobilities to determine whether curved DNA molecules
effectively migrate through the solution as ellipsoids of
revolution.

Decrease in A-tract Curvature with Increasing Cation
Concentration. The most surprising result obtained in these
studies is the gradual loss of A-tract curvature with increasing
monovalent cation concentration (Figure 5A,B). Because
similar results were observed in BGEs containing Na+, NH4

+,
Tris+, or TBA+ ions, the decrease in the A-tract-induced
curvature of the helix backbone appears to be an ionic strength
effect that is relatively independent of cation identity. The small
difference in the midpoints of the conformational transitions
observed with the hydrophilic cations and with TBA+ may be
due to electrostatic effects that vary with cation size.85 Similar
electrostatic effects may contribute to the small plateau mobility
differences observed in BGEs containing hydrophilic cations
and TBA+. Further studies are underway to investigate these
questions.
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The decrease in curvature observed at high cation
concentrations implies that DNA A-tracts are conformationally
flexible. At low cation concentrations, the A-tracts appear to be
inherently curved, in agreement with recent high-resolution
NMR experiments18−21 and MD simulations.36 The intrinsic
curvature is not caused by monovalent cation binding in the A-
tract minor groove, because the curvature should then be
increased at high cation concentrations, not reduced. The
decrease in A-tract curvature with increasing monovalent cation
concentration could be due to a variety of causes, none of them
mutually exclusive.
(1) Conformational differences at different cation concen-

trations. Imino proton magnetic resonance experiments by
Leroy and co-workers86,87 have shown that the lifetimes of the
A·T base pairs in DNA A-tracts are much longer than those
observed for isolated A·T base pairs or G·C base pairs. The
anomalously long base pair lifetimes observed for the A·T base
pairs in DNA A-tracts become shorter at high NH4

+ ion
concentrations, suggesting that the A-tracts have somewhat
different structures and/or flexibilities at high and low ionic
strengths. Similar variations in DNA conformation with
increasing NH4

+ concentration have been observed by others.88

(2) Changes in the counterion cloud with increasing cation
concentration. Because DNA is a highly charged polyelec-
trolyte, it is surrounded by a dense cloud of condensed
counterions.77,78,89,90 Outside the counterion cloud is a layer of
solvent enriched in co-ions, which in turn is surrounded by the
ions in the Debye layer.91,92 MD studies,93 all-atom energy
simulations,94 and model-based calculations95−97 have shown
that cations are concentrated on the concave side of the DNA
helix when the bend angle is large, screening the repulsion of
the phosphate residues. As the ionic strength of the solution is
increased, the thickness of the Debye layer approaches the
thickness of the condensed counterion layer, leading to a
modest increase in the local density of condensed counterions
on all sides of the helix.73,91 Under such conditions, A-tract and
non-A-tract phosphate residues might experience the same
electrostatic environment, leading to equalization of charge
repulsion and straightening of the helix backbone.
(3) An increase in the flexibility of DNA at high salt

concentrations. It has been known for many years that the
flexibility of DNA increases with increasing ionic
strength.56,57,98,99 Increased flexibility would be expected to
be observed for both A-tract and non-A-tract base pairs. If the
flexibility of all base pairs was similar at high salt concentrations,
as suggested by the normalization of the base pair lifetimes in
DNA A-tracts,86,87 the conformations of DNAs with and
without A-tracts would be expected to become essentially equal
at high cation concentrations, straightening the helix backbone.
Further studies will be needed to differentiate among these
possibilities.
Biological Implications. The overabundance of A-tracts in

the eukaryotic genome,100 the frequent occurrence of A-tracts
near transcription start sites and origins of replication,4 and the
periodic pattern of AAA and AAT trinucleotides in
nucleosomal DNA101,102 all suggest that DNA A-tracts have
important biological functions in the cell. However, A-tract
curvature is reduced by ∼85% when the monovalent cation
concentration is increased to approximately physiological levels
at 20 °C (this work) and when the temperature is increased to
the physiologically relevant temperature of 37 °C.102−107

Therefore, it seems unlikely that DNA A-tracts are significantly
curved in the cell. Other properties of DNA A-tracts, such as

the increased stiffness4,24,36 and/or the enhanced electro-
negativity of the minor groove,114 might contribute to the
biological function of DNA A-tracts. Alternatively, A-tract-
induced curvature of the helix backbone could be relevant if the
A-tracts exist in a variety of conformations and the fractional
population of curved structures is enhanced by coupled
equilibria with other components in the cell.
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