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ABSTRACT The free-solution mobilities of small single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) have been
measured by capillary electrophoresis in solutions containing 0.01–1.0 M sodium acetate. The mobility of dsDNA is greater than
that of ssDNA at all ionic strengths because of the greater charge density of dsDNA. The mobilities of both ssDNA and dsDNA
decrease with increasing ionic strength until approaching plateau values at ionic strengths greater than �0.6 M. Hence, ssDNA
and dsDNA appear to interact in a similar manner with the ions in the background electrolyte. For dsDNA, the mobilities predicted
by the Manning electrophoresis equation are reasonably close to the observed mobilities, using no adjustable parameters, if the
average distance between phosphate residues (the b parameter) is taken to be 1.7 Å. For ssDNA, the predicted mobilities are
close to the observed mobilities at ionic strengths %0.01 M if the b-value is taken to be 4.1 Å. The predicted and observed mo-
bilities diverge strongly at higher ionic strengths unless the b-value is reduced significantly. The results suggest that ssDNA
strands exist as an ensemble of relatively compact conformations at high ionic strengths, with b-values corresponding to the
relatively short phosphate-phosphate distances through space.
SIGNIFICANCE Capillary electrophoresis has been used to study the electrophoretic mobilities of small single-stranded
DNA (ssDNA) and double-stranded DNA (dsDNA) in solutions containing 0.01–1.0 M sodium acetate. The mobilities of
both ssDNA and dsDNA decrease with increasing ionic strength and approach limiting plateau values at high ionic
strengths. Hence, the DNA strands undergo similar electrostatic interactions with the ions in the solution. The mobilities
predicted by the Manning electrophoresis equation for dsDNA are reasonably close to the observed mobilities at all ionic
strengths. However, the predicted mobilities of ssDNA approximate the observed values only if the phosphate-phosphate
separation distance decreases with increasing ionic strength. Hence, ssDNA strands appear to exist as an ensemble of
configurations that become more compact at high ionic strengths.
INTRODUCTION

The conformation and structure of double-stranded DNA
(dsDNA) in solutions containing monovalent cations have
been well characterized by extensive experimental and theo-
retical studies that have been carried out with this important
biological macromolecule (see, e.g., (1–3) and references
therein). The persistence length, one measure of DNA
conformation, is usually found to be �40–50 nm for high-
molecular-weight dsDNA strands in solutions containing
monovalent cations (4–6). For small dsDNA strands, the
persistence length decreases somewhat with increasing
ionic strength and decreasing molecular weight (7–9).
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Extensive studies have also been carried out with single-
stranded DNA (ssDNA). The persistence length has been
found to vary from 1.5 to 6 nm in solutions containing
monovalent cations, depending on the size and sequence
of the DNA (10,11) and the ionic strength of the solution
(10–16). Some short ssDNA strands exhibit sequence-
dependent thermal transitions, suggesting that these oligo-
mers have nonrandom conformations in solution (16–21).
Other ssDNA strands of the same size do not exhibit
sequence-dependent thermal transitions, suggesting that
their conformational ensembles primarily consist of un-
structured molecules (20).

We have been using free-solution capillary electropho-
resis (CE) to evaluate the properties of small ssDNA and
dsDNA in solutions containing various monovalent cations.
Our previous studies have addressed the dependence of the
electrophoretic mobility of DNA on molecular weight (22–
24), ionic strength (25,26), curvature (27–30), charge
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density (23,30–32), and solution viscosity (33). Here, we
have used CE to determine the dependence of the electro-
phoretic mobility of ssDNA and dsDNA on ionic strength
in solutions containing high concentrations of Naþ ions. Un-
der identical solvent conditions, the mobility of dsDNA is
greater than that of ssDNA. The mobilities of both types
of DNA decrease with increasing ionic strength, approach-
ing limiting plateau mobilities at high ionic strengths.
Hence, both ssDNA and dsDNA appear to interact in a
similar manner with the cations and anions in the solution.
For dsDNA, the observed mobilities are reasonably well
predicted by the Manning electrophoresis equation (34) if
the average distance between phosphate residues is assumed
to be 1.7 Å. However, the mobilities predicted for ssDNA
agree with the observed mobilities only if the average dis-
tance between phosphate residues decreases with increasing
ionic strength. The results suggest that the ensemble of
ssDNA conformations becomes more compact with
increasing ionic strength, decreasing the through-space dis-
tance between phosphate residues.
MATERIALS AND METHODS

DNA samples

The 422-bp restriction fragment used in these studies was obtained from the

HpaII digestion of the yeast 2-m circle and purified as described previously

(35). Small DNA oligomers were synthesized by Integrated DNATechnol-

ogies (Coralville, IA) and purified by polyacrylamide gel electrophoresis.

Duplexes were prepared by mixing appropriate quantities of the desired

oligomers in 10 mM Tris-chloride buffer (pH 8.0), heating to 94�C for

5 min, and slowly cooling to room temperature. The concentrated DNA

stock solutions (�1 mg/mL) were stored at �20�C and diluted with water

to concentrations of 10–50 ng/mL for the CE experiments. The sequences

of the DNA strands and their short acronyms are given in Table 1, along

with the number of phosphate residues in each DNA.
Buffers

The background electrolytes (BGEs) were prepared from stock solutions

containing 1.0 M sodium acetate (Thermo Fisher Scientific, Waltham,

MA) and 0.005 M Tris-acetate (0.01 M Tris base titrated to pH 8.0 5

0.1 with acetic acid). Appropriate volumes of the two stock solutions

were mixed to form BGEs containing 0.01–1.0 M sodium acetate (NaAc)

plus 0.005 M Tris-acetate buffer to keep the pH of the solution constant.

NaAc was chosen as the major component of the BGE because the intrinsic

conductivities of the cation and anion are similar (36), leading to well-
TABLE 1 Acronyms, Number of Phosphates, and Sequences

of DNA

Acronym

No. of

Phosphates Sequence

ds442 884 HpaII digest of yeast 2-m circle

ds26a 50 50-CGCAATTTTCAGCAATTTTCAGACAG-30

ds26b 50 50-CGCAAAGTGTCTATACATATCTATCG-30

T26 25 TTTTTTTTTTTTTTTTTTTTTTTTTT

T16 15 TTTTTTTTTTTTTTTT

ss07 6 ACCTGAT
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shaped peaks in the electropherograms. The conductivities of the Trisþ

and Naþ ions are also similar.
CE

The free-solution mobilities of the DNA strands were measured using a

Beckman Coulter P/ACE System MDQ CE system (Fullerton, CA) run in

the reverse-polarity mode (the anode on the detector side) with ultraviolet

detection at 254 nm. Migration times and peak profiles were analyzed using

the 32 Karat software. The capillaries were 40.0 cm in length, with external

diameters of 375 mm and internal diameters of 75 mm mounted in a liquid-

cooled cartridge thermostated at 20�C. The capillaries were internally

coated linear polyacrylamide capillaries from Bio-Rad Laboratories (Her-

cules, CA). The linear polyacrylamide coating minimizes the electroos-

motic flow (EOF) of the solvent without affecting the mobility of the

analyte (22). The samples were hydrodynamically injected into the capil-

lary by applying low pressure (0.5 psi, 0.0035MPa) for 3 s. The sample vol-

ume was 22 nL; the length of the sample plug was �0.51 cm, 1.3% of the

capillary length. The applied voltage ranged from 1.0 to 7.0 kV, depending

on the ionic strength of the BGE. Except at the highest ionic strengths, the

current was always less than 60 mÅ. Under such conditions, heating effects

are negligible, and the observed mobilities are independent of the applied

electric field (22).

The observed electrophoretic mobilities, mobs, were calculated from

Eq. 1:

mobs ¼ Ld=E t; (1)

where Ld is the distance from the inlet 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

observed mobility is the algebraic sum of the mobility of the DNA, m,

and the mobility caused by the EOF of the solvent, mEOF. The EOF was

measured as a function of [NaAc] by the fast method of Williams and

Vigh (37) using benzyl alcohol as the analyte. The EOF correction was

only necessary at ionic strengths less than 0.10 M; for I R 0.l M, the

observed mobilities were essentially independent of the EOF, allowing

the mobilities to be calculated directly from Eq. 1. The DNA mobilities

measured in successive runs on the same day usually agreed within

50.01 mobility units (m.u.; 1 m.u. ¼ 1 � 10�4 cm2V�1s�1). The mobility

of ds26a in 0.7 M NaAc, measured on three different days separated by

several months, was 1.47 5 0.09 m.u. Because these mobility variations

are approximately equal to the sizes of the symbols in the figures below, er-

ror bars are not shown.
Electrophoretic mobility

The free-solution electrophoretic mobility of a polyelectrolyte is deter-

mined primarily by the ratio of the number of charged residues, Q, to the

frictional coefficient, f, as shown in Eq. 2 (38,39):

m ¼ Q=f : (2)

If the polyion is rigid and spherical, the linear Debye-H€uckel theory is

valid, and the Debye screening length (k�1) is much larger than the polyion

radius; the Debye-H€uckel-Onsager theory predicts that the mobility can be

described by Eq. 3:

m ¼ Q=6 p h a; (3)

where h is the viscosity of the solvent and a is the polyion radius (39–42).

For highly charged polyions, the value of Q is often taken to be the effec-

tive charge after counterion condensation (34,43–45) rather than the nom-

inal structural charge. In addition, the polyion mobility is reduced by two
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solvent-related effects, commonly known as the ‘‘relaxation effect’’ and the

‘‘electrophoretic effect’’ (34,39–42,45–47). The relaxation effect is due to

the separation of the centers of charge of the counterion cloud and the poly-

ion, creating an induced dipole that opposes the direction of the applied

electric field. The electrophoretic effect is caused by the migration of the

solvated counterions and the polyion in opposite directions, increasing

the viscous drag on the polyion. As a result, the observed mobility of a

given polyion is a complicated function of the number of charged residues,

the size of the polyion, counterion condensation, and the composition of the

surrounding ionic medium (32,34).
FIGURE 1 Dependence of the free-solution mobility of dsDNA on the

sodium acetate concentration ([NaAc]). The symbols represent the

following: solid circle (C), ds442; open circle (B), ds26a; and open trian-

gle (6), ds26b. The solid line corresponds to a three-parameter exponential

decay of the combined mobilities of the three dsDNA strands as a function

of ionic strength. The dashed line corresponds to the mobility predicted by
Manning electrophoresis equation

Manning used counterion condensation theory (43) and linear Debye-

H€uckel statistics to derive an equation for DNA electrophoretic mobility

that includes the relaxation and retardation effects just described (34).

The DNA is modeled as an infinitely long wire (no end effects) with point

charges separated by the average distance between them along the DNA

chain, termed the b factor. The resulting equation, which contains no adjust-

able parameters, can be written as follows:

m ¼ m� � ða = bÞ; (4a)

�1

�
ε kBT

�

the Manning electrophoresis equation (34), assuming b ¼ 1.7 Å.
300m� ¼ jz1 j

3 p h eo
½jlnðkbÞ j �; (4b)

n
�
z2 � z2

�

a ¼ 1� 1

3ðn1 þ n2Þ
1 2

z1z2
; (4c)

108n1 ð300 m�Þ �
z2 z2

�

b ¼ 1þ ðn1 þ n2Þ jz1 þ z2 j � 1

lo1
þ 2

lo2
: (4d)

Here, m is the predicted mobility; z1 and z2 are the counterion and coion

valencies, respectively; ε is the dielectric constant of the solvent; kB is

Boltzmann’s constant; T is the absolute temperature; h is the viscosity of

the solvent; k is the inverse Debye length; eo is the elementary charge; n1
and n2 are the numbers of counterions and coions in the BGE; and l1

o

and l2
o are the equivalent conductances of the counterions and coions.

All parameters in Eqs. 4a, 4b, 4c, and 4d are known physical constants or

can be calculated from the composition of the solution and data in the liter-

ature. The charge separation parameter b can be estimated for dsDNA by

dividing the length of the oligomer (number of basepairs � rise per base-

pair, 3.4 Å) by the number of phosphate residues in the DNA. The b factor

of ssDNA will be discussed below.
RESULTS AND DISCUSSION

dsDNA

The free-solution mobilities of ds442, ds26a, and ds26b are
plotted in Fig. 1 as a function of ionic strength, denoted as
[NaAc] for simplicity. The mobilities of all three dsDNA
strands decreased with increasing ionic strength until they
began to level off at ionic strengths above �0.6 M. The
amplitude of the mobility of ds442 was larger than observed
for the smaller oligomers, as expected from previous studies
showing that DNA mobilities increase with increasing
molecular weight until they reach a plateau value at high
molecular weights (22). To emphasize the generality of
the results, the mobilities of the three dsDNA strands were
analyzed together. The solid curve in Fig. 1 corresponds
to a three-parameter exponential decay of the combined mo-
bilities of the three dsDNA strands as a function of NaAc
concentration. Similar results were obtained from a three-
parameter hyperbolic fit of the combined mobilities as a
function of ionic strength (data not shown).

The dashed curve in Fig. 1 corresponds to the mobility
predicted for dsDNA from the Manning electrophoresis
equation (34) using a value of b, the average separation be-
tween charged phosphate residues, equal to 1.7 Å. The
observed and predicted mobilities are reasonably close
over the entire range of ionic strengths. However, the pre-
dicted mobilities are higher than the observed mobilities
at low ionic strengths (I % 0.2 M), as observed previously
(25), and do not approach a plateau value at high ionic
strengths. As a result, the curves describing the dependence
of the predicted and observed mobilities on ionic strength
have different shapes and cross at �0.6 M NaAc.
ssDNA

The free-solution mobilities of ssDNA strands containing 7,
16, and 26 nucleotides are plotted as a function of ionic
strength in Fig. 2. The mobilities of the ssDNA strands
decreased with increasing ionic strength at low ionic
strengths and approached limiting plateau values at ionic
strengths greater than �0.6 M. As observed with dsDNA,
the mobilities of the ssDNA strands increased in magnitude
with increasing molecular weight, as expected from previ-
ous studies (22,24). Again, to emphasize the generality of
the results, the mobilities of the three ssDNA strands were
Biophysical Journal 118, 2783–2789, June 2, 2020 2785



FIGURE 2 Dependence of the free-solution mobility of three ssDNA

strands on ionic strength. The symbols represent the following: solid circle

(C), T26; open circle (B), T16; and open triangle (6), ss07. The solid

curve corresponds to a three-parameter exponential decay of the combined

mobilities of the ssDNA strands as a function of ionic strength. The dashed

curves correspond to the mobilities predicted from the Manning electropho-

resis equation using b¼ 4.1 Å (lower dashed curve) or 2.3 Å (upper dashed

curve).
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analyzed together. The solid curve in Fig. 2 describes a
three-parameter exponential decay of the combined mobil-
ities as a function of ionic strength.

To compare the observed mobilities of the ssDNA strands
with the mobilities predicted by the Manning electropho-
resis equation, it is necessary to first estimate the value of
b, the average distance between charged phosphate residues
along the contour length of the chain (34,48,49). The dis-
tance between adjacent nucleotides in protein-DNA crystals
has been found to be �6.3 Å (12), close to the maximum
separation between phosphate residues in stretched polynu-
cleotides (3). However, much shorter separation distances
are typically observed for polynucleotides and ssDNA in
solution. Early biophysical studies showed that single-
stranded polynucleotides are well described as worm-like
coils with b-values between 3 and 4 Å (34,43,44,48,49).
Recent determinations of the b-values of small ssDNA
strands, with and without intrinsic base stacking, are similar
(19–21). Somewhat larger b-values, between 4.0 and 4.5 Å,
have been determined for small (dT) oligomers using
ensemble and single-molecule fluorescence resonance en-
ergy transfer (FRET) methods (13). Finally, a conforma-
tional energy analysis of single-stranded randomly coiling
polynucleotide chains found that the b parameter only
weakly reflects the spatial configuration of the individual
chain segments and cannot be used to infer the overall
conformation of the chain (49).

Given the uncertainties about the appropriate b-value to
use for ssDNA, we chose to compare the observed mobil-
ities of the ssDNA strands in Fig. 2 with the mobilities
predicted by the Manning electrophoresis equation using
2786 Biophysical Journal 118, 2783–2789, June 2, 2020
two arbitrary values of b, 4.1 and 2.3 Å. Other b factors pri-
marily shift the predicted mobilities up or down on the
mobility scale (data not shown). The lower dashed curve
in Fig. 2 corresponds to the predicted mobilities if b ¼
4.1 Å. The predicted and observed mobilities are reasonably
close at low ionic strengths (I% 0.1 M), suggesting that this
b-value corresponds to the average separation between
ssDNA phosphates when the ionic strength is very low.
Similar results have been observed in single-molecule
FRET studies (13).

At ionic strengthsR0.1 M NaAc, the predicted mobilities
of the ssDNA strands are significantly lower than the
observed mobilities when the b-value is assumed to be
4.1 Å, as shown by comparing the lower dashed curve in
Fig. 2 with the solid curve describing the observed
mobilities. The discrepancy can probably be attributed
to an increase in flexibility and/or a decrease in the
overall extension of the ssDNA molecules with increasing
ionic strength because the persistence length decreases
in a similar manner with increasing ionic strength (10–
16,50).

The upper dashed curve in Fig. 2 corresponds to the pre-
dicted mobility of ssDNA if the value of b is assumed to be
2.3 Å. In this case, the predicted and observed mobilities are
reasonably close at high ionic strengths (I R 0.3 M) but
diverge at low ionic strengths (I % 0.2 M). The results sug-
gest that the ensemble of ssDNA conformations in solution
may undergo a transition from rod-like extended structures
in solutions containing less than 0.1 M NaAc to more
compact but still somewhat extended conformations in
BGEs containing more than �0.3 M NaAc. The b-values
of these more compact, ‘‘crumpled’’ ssDNA conformations
could correspond to comparatively short phosphate-phos-
phate distances through space instead of tracing a path along
the contour length of the chain (49).

To predict ssDNA mobilities over a wide range of ionic
strengths using the Manning electrophoresis equation, it
would seem necessary to use b-values that decrease with
increasing ionic strength. Recent small-angle x-ray scat-
tering (50) and fluorescence spectroscopy (12) measure-
ments of small ssDNA strands showed that the persistence
length decreased 45–50% when the ionic strength of the so-
lution increased from 0.1 to 1.0 M [Naþ] (12,50). This per-
centage decrease is similar in magnitude to the 78%
decrease in b-values used to calculate the predicted ssDNA
mobilities in Fig. 2. Hence, it might be useful to think of the
b-values of ssDNA as phenomenological parameters
describing the average distance between phosphate residues
through space under a given set of experimental conditions
rather than the average separation of phosphate residues
along the contour length of the chain. The conformational
ensemble of ssDNA strands in high ionic strength solutions
could then be thought of as the ssDNA equivalent of the
molten globules observed during protein folding (e.g.,
(51,52)) or the compact random-walk structures observed
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for various polymers by elasticity measurements (e.g.,
(53,54)).
Comparison of the mobilities of ssDNA and
dsDNA

The free-solution mobilities observed for ssDNA and
dsDNA in solutions of different ionic strengths are
compared in Fig. 3 using the fitted mobility curves taken
from Figs. 1 and 2 to more easily visualize the results.
The mobilities of ssDNA and dsDNA decrease rapidly
with increasing ionic strength until reaching limiting plateau
values at ionic strengthsR0.6 M. The mobilities of dsDNA
are larger than those of ssDNA at all ionic strengths because
of the greater charge density of dsDNA (38,39).

The nearly parallel mobility curves observed for ssDNA
and dsDNA in solutions of different NaAc concentrations
(Fig. 3) suggest that both ssDNA and dsDNA undergo
similar interactions with the counterions and coions in
the BGE. The unexpected mobility plateaus observed at
high ionic strengths (I R 0.6 M) suggest that coun-
terion-counterion correlation effects (9,39,55–57), coun-
terion-phosphate interactions (16), and/or cation-anion
interactions in the BGE may contribute to the mobility
plateaus observed for ssDNA and dsDNA at high ionic
strengths.

Variations in the composition of the ion atmosphere at
different ionic strengths may also contribute to the mobility
plateaus. Recent ion counting experiments have suggested
that the number of cations close to the DNA surface de-
creases with increasing ionic strength, whereas the number
of anions excluded from the ion atmosphere increases (58).
The result could be a gradual increase in the effective net
charge of the DNAwith increasing ionic strength, increasing
FIGURE 3 Comparison of the mobilities observed for dsDNA (upper

curve) and ssDNA (lower curve) as a function of NaAc concentration.

The mobility curves correspond to the fitted mobility curves (solid lines)

in Figs. 1 and 2, respectively.
the observed mobility and in part counteracting the usual
decrease in DNA mobility with increasing ionic strength
(25,26).

Finally, the distinction between the condensed cations in
the ion atmosphere around the DNA, the concentration of
cations in the adjacent Debye layer, and the cations in the
bulk solution may become blurred when the Debye layer
is very thin, as is true for the high ionic strength buffers
used here. Further studies will be needed to clarify these
issues.
CONCLUSIONS

The free-solution mobilities of ssDNA and dsDNA decrease with increasing

ionic strength and approach limiting plateau values at I R 0.6 M. Whether

the mobility plateaus are due to ion-ion and/or DNA-ion interactions that

become important at high ionic strengths remains to be determined. The

Manning electrophoresis equation, which contains no adjustable parame-

ters, provides a reasonable estimate of the free-solution mobility of dsDNA

in solutions of different ionic strengths, using a b-value (linear distance be-

tween charged phosphate residues) of 1.7 Å. For ssDNA, the appropriate b-

value appears to decrease with increasing ionic strength, suggesting that

ssDNA strands exist as an ensemble of crumpled conformations that

become more compact at high ionic strengths. Neither the average dimen-

sions of individual molecules in the ensemble nor the contour lengths of in-

dividual ssDNA chains can be determined without further experimental

information (49).
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