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ABSTRACT: A variation of affinity capillary electrophoresis, called the replacement ion (RI) method, has
been developed to measure the binding of monovalent cations to random sequence, double-stranded (ds)
DNA. In this method, the ionic strength is kept constant by gradually replacing a non-binding ion in the
solution with a binding ion and measuring the mobility of binding and non-binding analytes as a function
of binding ion concentration. The method was validated by measuring the binding of Li+ ions to adenosine
nucleotides; the apparent dissociation constants obtained by the RI method are comparable to literature
values obtained by other methods. The binding of Tris+, NH4

+, Li+, Na+, and K+ to dsDNA was then
investigated. The apparent dissociation constants observed for counterion binding to a random-sequence
26-base pair (bp) oligomer ranged from 71 mM for Tris+ to 173 mM for Na+ and K+. Hence, positively
charged Tris buffer ions will compete with other monovalent cations in Tris-buffered solutions. The bound
cations identified in this study may correspond to the strongly correlated, tightly bound ions recently
postulated to exist as a class of ions near the surface of dsDNA (Tan, Z.-J., and Chen, S.-J. (2006)Biophys.
J. 91, 518-536). Monovalent cation binding to random-sequence dsDNA would be expected to occur in
addition to any site-specific binding of cations to A-tracts or other DNA sequence motifs. Single-stranded
DNA oligomers do not bind the five tested cations under the conditions investigated here.

The binding of monovalent cations to DNA and other
polynucleotides has been studied for many years. Early free
boundary electrophoresis and conductivity studies (1-3)
showed that the affinity of cations for calf thymus DNA
decreases in the order Li+ > Na+ > K+ . tetramethylam-
monium (TMA+1). Competitive dialysis measurements (4)
showed that Li+, Na+, K+, Cs+, and tetrabutylammonium
(TBA+) ions bind to double-stranded (ds) DNA in a
sequence-independent manner, whereas TMA+ and tetra-
ethylammonium (TEA+) ions are preferentially bound by
AT-rich DNAs. 23Na NMR measurements (5) showed that
Na+, TEA+, and TBA+ bind to DNA with relative affinities
of 20:5:1, respectively. Tris(hydroxymethyl)aminomethane
(Tris+) ions also bind to DNA, with an affinity similar to
that observed for Na+ (5).

More recently, Korolev et al. (6), studying the X-ray
diffraction of oriented B-DNA fibers, found that the binding
affinity decreases as Na+, K+ > Li +, opposite to the order
observed in aqueous solution. Tikhomirova and Chalikian

(7), using ultrasonic velocimetry, found that Li+, Na+, K+,
Rb+, Cs+, NH4

+, and TMA+ ions retain their full hydration
shells when bound to polydG‚polydC and polydI‚polydC,
but are dehydrated when bound to polydA‚polydT, suggest-
ing site-specific binding in the latter case. Gearheart et al.
(8), using ultrafast time-resolved Stokes-shift spectroscopy,
found that Na+ interacts specifically with a random-sequence
DNA oligomer, whereas TBA+ does not. Finally, Ouameur
et al. (9), using FTIR and UV spectroscopy, found that
thallium binds to calf thymus DNA with an apparent
dissociation constant of 71µM. They also found that cation
binding increases with increasing cation concentration.

The site-specific binding of monovalent cations to DNA
A-tracts, runs of 5-6 contiguous adenine residues, has also
been studied. X-ray diffraction (10-14), NMR (15-20),
fluorescence resonance energy transfer (21), and electro-
phoresis (22, 23) measurements, along with molecular
dynamics simulations (24-32), have suggested that monova-
lent counterions are preferentially localized in the narrow
minor grooves of A-tracts, providing a rationale for the
A-tract-induced curvature of the DNA helix axis (33-36).
Other theoretical (37, 38) and experimental (39-41) studies
have also led to the conclusion that asymmetric counterion
binding can induce modest but significant time-averaged
effects on DNA conformation.

Monovalent cations bind to nucleotides as well as to DNA
(42-44). Various studies have shown, for example, that 5′-
adenosine triphosphate (ATP), 5′-adenosine diphosphate
(ADP), and 5′-adenosine monophosphate (AMP) bind alkali
metal ions with apparent dissociation constants ranging from
20 to 600 mM, depending on the particular cation-nucleotide
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pair (43, 44 and references therein). The binding affinities
increase with increasing number of phosphate residues in
the nucleotide and decrease with the increasing radius of the
bound cation, as expected for an electrostatic interaction
between an analyte and ligand (43, 45). Tris+ buffer ions
also bind to the adenosine nucleotides, with apparent
dissociation constants similar to those observed for Li+ (44).
Because Tris+ and Li+ differ markedly in size, the binding
of Tris+ probably occurs through a combination of hydrogen
bonds and electrostatic interactions (44, 45). 5′-Adenosine
carboxylic acid (A-COOH) and 3′-5′-cyclic AMP (cAMP)
do not bind monovalent cations (44), suggesting that two or
more closely spaced oxyanions are required for monovalent
cation binding to mononucleotides.

The studies described in this article were designed to
determine whether monovalent cations bind in a similar
manner to random-sequence DNA and, if so, to measure the
binding affinities. To evaluate cation binding, we have
developed a variation of affinity capillary electrophoresis (see
refs 46 and 47 (46, 47) for a general discussion of the
technique) called the Replacement Ion (RI) method. In this
method, the ionic strength of the solution is kept constant
by gradually replacing a non-binding ion in the solution with
a test ion; the mobility of the analyte-ligand complex is
measured as a function of test ion concentration. Because
the ionic strength of the solution remains constant, the
continual decrease of electrophoretic mobility with increasing
ionic strength (48-51) does not affect the observed mobili-
ties. Corrections for differences in the intrinsic conductivities
of the binding and non-binding ions are made by including
a non-binding analyte in each solution. Apparent dissociation
constants are calculated by nonlinear curve fitting of the
difference mobility profiles, assuming only that the on/off
binding reaction is rapid and that the analyte and its ligand-
bound complex have measurably different mobilities. The
RI method was validated by measuring the binding of Li+

to ATP, ADP, and AMP; the apparent dissociation constants
are comparable to other values in the literature, obtained by
different methods.

The RI method was then used to measure the binding of
monovalent cations to two double-stranded (ds) DNAs, linear
pUC19 (2686 bp) and a random-sequence 26 bp oligomer.
Single-stranded (ss) DNA oligomers containing 5 and 26
nucleotides were also characterized. The test ions were Li+,
Na+, K+, NH4

+, and Tris+; several different quaternary
ammonium ions were used as non-binding ions. Na+ and
K+ were chosen as test ions because of their biological
relevance, Li+ and NH4

+ were chosen because they bind to
nucleotides (42, 43, 45), and Tris+ was chosen because Tris
buffers are frequently used to maintain neutral pH in
biochemical reactions carried outin Vitro. The results indicate
that the five tested monovalent cations bind weakly to
dsDNA, with apparent dissociation constants in the range
of ∼100 mM. The cations do not bind significantly to ssDNA
under the conditions used here.

MATERIALS AND METHODS

Samples. DNA oligomers containing 5 and 26 nucleotides
(nt) were synthesized by Integrated DNA Technologies
(Coralville, IA) and purified by HPLC or polyacrylamide
gel electrophoresis (PAGE). The oligomers had the expected

molecular weights when measured by matrix-associated laser
desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry and migrated as single, sharp peaks during
capillary electrophoresis (CE). The 5-nt oligomer, called ss5
for brevity, had the sequence ACCGT; the sequence of one
of the 26-nt oligomers (called ss26) was 5′-CGCAGTG-
TACGACTAGACTACAGACG. The double-stranded 26-
bp oligomer (called ds26) was prepared by heating equimolar
concentrations of ss26 and its complement in 10 mM Tris-
Cl buffer, pH 8.0, to 94°C for 5 min and cooling slowly to
room temperature. The duplex was monodisperse when
analyzed by PAGE and CE. Plasmid pUC19 (2686 bp,
Invitrogen, Carlsbad, CA) was linearized by digestion with
the blunt-cutting enzymeSmaI; the linearized plasmid was
monodisperse when analyzed by PAGE. Stock solutions
containing∼30 ng/µL (∼0.05 mM bp) of each DNA in 10
mM Tris-Cl buffer were stored at-20°C until needed. ATP,
ADP, AMP, cAMP, and A-COOH were reagent grade
chemicals (Sigma Chemical Co., St. Louis, MO) used
without further purification. The nucleotides were dissolved
in deionized water (Nanopure II, Barnstead International,
Dubuque, IA) at a concentration of 0.05µg/µL and stored
at -20 °C.

Buffers. All CE experiments were carried out in solutions
containing 200 mM diethylmalonic acid (DM), titrated to
pH 7.3, the pKa of the second carboxyl group, with
concentrated solutions of the hydroxide or amine of the cation
of interest. Because the second carboxyl group of diethyl-
malonate is half ionized at pH 7.3, the concentration of the
cation(s) in each solution was 300 mM; the ionic strength
was 400 mM. This buffer concentration was chosen as a
compromise between having enough cations in the solution
to measure the affinity and keeping the conductivity of the
solution low enough to avoid Joule heating in the capillary.
Because the anion is the buffering ion, the cation may be
changed at will without altering the pH or buffering capacity
of the solution.

The cations used in the conductivity experiments described
below included the alkali metal ions Li+, Na+, K+, and Rb+;
the partially substituted ammonium ions MeNH3

+, Me3NH+,
EtNH3

+, and Tris+; and the tetraalkylammonium ions Me4N+,
Et4N+, Pr4N+, and Bu4N+, where Me, Et, Pr, and Bu
represent the methyl, ethyl,n-propyl, andn-butyl groups,
respectively. For brevity, the tetraalkylammonium ions are
abbreviated TMA+, TEA+, TPA+, and TBA+, respectively,
in the following text. Quantitative binding studies were
carried out using Li+, Na+, K+, NH4

+, and Tris+ as the test
ions. Mixed cation-tetraalkylammonium solutions with the
desired compositions were prepared by combining appropri-
ate quantities of the individual stock solutions. Diethylma-
lonic acid, [CH3CH2)2C(COOH)2], was purchased from
Sigma-Aldrich (St. Louis, MO). Other chemicals were
obtained from Fisher Scientific (Fair Lawn, NJ), Research
Products International (Mt. Prospect, IL), Eastman Kodak
(Rochester, NY), or Fluka (Steinheim, Germany). The pH
of each buffer solution was measured with a Radiometer
PHM82 Standard Meter (Copenhagen).

Capillary Electrophoresis. Capillary zone electrophoresis
measurements were carried out with a Beckman Coulter
P/ACE MDQ Capillary Electrophoresis System (Fullerton,
CA), run in the reverse polarity mode (anode on the detector
side) with UV detection at 254 nm, using methods described
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previously (52). Migration times and peak areas were
analyzed using the 32 Karat software. Bio-Rad (Hercules
CA) LPA capillaries, coated internally with linear polyacry-
lamide, were used to minimize the electroosmotic flow (EOF)
of the solvent. Previous studies have shown that the capillary
coating does not affect the observed mobilities (52). The
capillaries were 40.0 cm in length (29.8 cm to the detector)
and had external diameters of 375µm and internal diameters
of 75 µm. The capillary was conditioned at the beginning
of each day by rinsing with running buffer for 5 min at high
pressure (25 psi, 0.17 Mpa). The capillary was rinsed with
deionized water at 25 psi for 5-10 min at the end of each
day and stored in deionized water. The capillary cartridge
was cooled with circulating liquid; the temperature of all
experiments was 20.0( 0.1 °C. The samples were hydro-
dynamically injected into the capillary by applying low
pressure (0.5 psi, 0.0035 MPa) for 3 s. The injection volume
was 22 nL; the length of the sample plug was 0.51 cm, 1.3%
of the total capillary length. The electric field strength was
typically 150-200 V/cm (6-8 kV applied voltage); the
current wase60 µA. Control experiments showed that the
observed mobilities were independent of the applied electric
field, the length of the sample plug, and DNA concentration.

The residual EOF of the capillary was measured frequently
by the fast method of Williams and Vigh (53), using 40 mM
acrylamide or benzyl alcohol as the analyte. The EOF of a
new capillary was typically∼1 × 10-5 cm2/Vs. If the
residual EOF mobility is negligible in comparison with the
mobilities of the analytes, as in the present case, the apparent
mobilities can be calculated from the migration times, using
eq 1

whereµ is the observed mobility,Ld is the distance to the
detector (in cm),E is the electric field strength (in V/cm),
and t is the time required for the sample to migrate to the
detector (in seconds). The migration times were very
reproducible: the average standard deviation of the mobility
measured for a given sample on a given day was( 0.2%.
The average standard day-to-day variation of the mobility,
using the same capillary, was typically( 1.6%.

Each mobility profile was measured in a single capillary.
However, it was occasionally necessary to change capillaries
because of breakage or deterioration of the capillary coating.
To compare the results obtained in different capillaries, it
was necessary to correct for differences in the residual EOF
of different capillaries. Because the EOF mobility and the
analyte mobility are additive (52, 54), the mobilities observed
in the second and subsequent capillaries were corrected to
the mobility that would have been observed in the original
capillary using eq 2

where µss26,new capis the observed mobility of ss26 (for
example) in the new capillary,µss26,orig capis the observed
mobility of ss26 in the original capillary, and∆µ is the
difference between the mobilities observed in the two
capillaries. The correction was typically less than 2% but
ranged up to 20% for one of the capillaries. The corrected
mobilities and the mobility profiles were always independent
of the capillary in which the measurements were carried out.

RESULTS

Identification of Binding and Non-Binding Ions. To have
an objective measure of which monovalent ions bind to DNA
and which do not, the free solution mobilities of single- and
double-stranded DNAs were measured in DM solutions of
constant ionic strength containing different monovalent
cations. Typical results are illustrated in Figure 1. The open
circles correspond to the mobilities observed in solutions
containing TMA+, TEA+, TPA+, or TBA+ as the cation,
whereas the closed circles correspond to the mobilities
observed when the counterion was an alkali metal ion (Li+,
Na+, K+, or Rb+) or a partially substituted ammonium ion
(MeNH3

+, Me3NH+, EtNH3
+, or Tris+). In all cases, the

mobility gradually increased as the limiting ionic conductivity
of the cation at infinite dilution (hereafter called intrinsic
conductivity for brevity) increased, as expected because the
observed mobility of an analyte depends on the intrinsic
conductivity of all of the ions in the solution (55, 56).
However, contrary to theory, the mobilities observed for
dsDNA in solutions containing tetraalkylammonium ions are
higher than those observed in solutions containing other
cations with the same intrinsic conductivities. Because the
mobilities observed for ss26 and ss5 are essentially inde-

µ ) Ld/Et (1)

µss26,new cap) µss26,orig cap+ ∆µ (2)

FIGURE 1: Dependence of the mobility of ss and dsDNA on the
intrinsic conductivity of the cation in the solution. (A) Linear pUC19
(ds2686); (B) ds26; and (C) ss26 and ss5. All solutions contained
300 mM cation and a constant concentration of diethylmalonate as
the anion. The open symbols correspond to solutions containing
tetraalkylammonium cations: TMA+, TEA+, TPA+, or TBA+; the
closed symbols refer to solutions containing Li+, Na+, K+, Rb+,
MeNH3

+, Me3NH+, EtNH3
+, or Tris+. The curved lines are

rectangular hyperbolas that extrapolate to the origin and are meant
to guide the eye.
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pendent of the type of cation in the solution, the mobility
differences observed for dsDNA cannot be attributed to the
effect of different cations on the hydrogen-bonded structure
of water. Cation effects on water structure would be expected
to affect the mobilities of single- and double-stranded DNAs
in a similar manner (57). Hence, the dependence of the
mobility of dsDNA on the type of monovalent cation in the
solution suggests that dsDNA binds all (tested) monovalent
cations except the quaternary ammonium ions, decreasing
its effective net charge and reducing the observed mobility.

Very similar results have been observed with adenosine
nucleotides (44). The mobilities observed for ATP, ADP,
and AMP in solutions containing tetraalkylammonium ions
are higher than those observed in solutions containing other
cations with the same intrinsic conductivity, whereas the
mobilities of cAMP and A-COOH are independent of the
nature of the cation (44). Hence, ATP, ADP, and AMP bind
all (tested) monovalent cations except the quaternary am-
monium ions, in agreement with other results in the literature
(42, 43, 45). On the basis of Figure 1 and for brevity in the
following discussion, the tetraalkylammonium ions will be
described as non-binding ions, whereas the other cations
investigated in this study, Li+, Na+, K+, NH4

+, and Tris+,
will be described as binding ions, even though they do not
bind to ssDNA, cAMP, or A-COOH. For brevity, the
dependence of the observed mobility on the intrinsic
conductivity of the cation in the solution will be called the
conductivity effect.

Validation of the RI Method Using Adenosine Nucleotides
as Analytes. To validate the RI method, the mobilities of
ATP, ADP, and AMP were measured in solutions containing
Li + as the binding ion, TPA+ or TBA+ as the non-binding
ion, and cAMP as the non-binding analyte. The mobility
profiles observed with TBA+ as the non-binding ion are
illustrated in Figure 2; similar results were obtained with
TPA+ (data not shown). The mobility of cAMP increases
linearly with increasing [Li+] because of the conductivity
effect, as expected because cAMP does not bind monovalent
cations (44), and the intrinsic conductivity of Li+ is greater
than that of TBA+ (58). In contrast, the mobilities of ATP
and ADP decrease significantly with increasing [Li+] at the
beginning of the titration because of counterion binding.
However, at [Li+] above ∼100 mM, the mobility goes
through a shallow minimum and then begins to increase

slowly as the conductivity effect becomes predominant. The
mobility of AMP exhibits a very small decrease at low [Li+]
and then increases nearly linearly with increasing [Li+]
because of the conductivity effect; however, the slope of the
line is smaller than that observed for cAMP.

The results in Figure 2 indicate that the mobility profiles
observed for ATP, ADP, and AMP are the sum of two
effects: a curvilinear decrease in mobility due to counterion
binding and a linear increase (or decrease) in mobility due
to the conductivity effect. To take both effects into account,
the mobility profiles can be analyzed with eq 3

whereµM is the mobility observed for the analyte-ligand
complex at any given concentration [M+] of the test ion,µo

is the mobility observed when [M+] ) 0 (i.e., when the
solution contains only a tetraalkylammonium ion as the
cation),∆µspanis the span of the titration, (i.e., the difference
in mobility that would be observed upon saturation of the
binding site if there was no conductivity effect),KD is the
apparent dissociation constant characterizing the binding of
the test ion to the analyte, andc is the slope of the line
describing the conductivity effect. Binding, as used here,
refers to the formation of a saturable complex between the
analyte and ligand, assuming the binding to be non-
cooperative.

Equation 3 contains three unknowns,∆µ, KD, andc, which
can be determined by nonlinear curve fitting of the mobility
profiles. However, the mobility profiles obtained from a
typical experiment usually cover too small a range of ligand
concentrations to accurately determine all three parameters
(44). The parameterc in eq 3 can be eliminated if an analyte
that does not bind the ligand is included in each solution. If
the mobilities of the binding and non-binding analytes are
different, subtracting the mobilities of the two analytes at
each [M+] will give difference mobility profiles, which can
be analyzed using eq 4.

Here,∆µM is the difference in mobility between binding and
non-binding analytes at a ligand concentration of [M+], ∆µo

is the value of∆µM when [M+] ) 0, and the other terms
have been defined above. If the analyte has more than one
independent binding site, additional terms corresponding to
the second term on the right-hand side of eq 4 would be
needed. However, attempts to fit the difference mobility
profiles with more than one binding constant gave two nearly
identicalKD values, indicating that multiple binding sites, if
present, cannot be distinguished by the RI method. For this
reason, the calculatedKD values are called apparent dis-
sociation constants. All calculations were carried out using
the SigmaPlot suite of programs.

The apparentKD values calculated for the binding of Li+

to ATP, ADP, and AMP, using TBA+ as the non-binding
ion and cAMP as the non-binding analyte, are given in Table
1. Similar results were obtained using TPA+ as the non-
binding ion (data not shown). The apparentKD values, which

FIGURE 2: Mobility profiles observed for (0), ATP; (O), ADP;
(3), AMP; and (4), cAMP using Li+ as the binding ion and TBA+
as the non-binding ion. The straight line through the cAMP data
was drawn by linear regression (R2 ) 0.99); the curved lines are
drawn to guide the eye.

µM ) µo -
∆µspan[M

+ ]

KD + [M + ]
+ c[M + ] (3)

∆µM ) ∆µo -
∆µspan[M

+ ]

KD + [M + ]
(4)
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range from 82 to 373 mM for ATP, ADP, and AMP,
respectively, are similar to the values obtained by pH titration
(42, 43, 59), titration calorimetry (60), NMR (61), and
capillary electrophoresis using the variable ionic strength
(VIS) method (44). Hence, the RI method can accurately
measure weak analyte-ligand binding constants.

The VIS and RI methods of determining binding constants
are fundamentally different, even though both are based on
capillary electrophoresis measurements. In the VIS method,
the test ion is one of the components of the background
electrolyte, and the differences in mobility between binding
and non-binding analytes or between binding and non-
binding ligands are measured as a function of ionic strength
(44). The VIS method relies on the assumption that the
binding constants are independent of ionic strength, whereas
the RI method determines the affinity at a specific ionic
strength. The two methods give similar results, as shown in
Table 1.

Mobility Profiles ObserVed for Single- and Double-
Stranded DNA.The mobility profiles observed for linear
pUC19 (ds2686), ds26, and ss26, using Tris+ as the binding
ion and TPA+ as the non-binding ion, are illustrated in Figure
3. The mobilities of pUC19 and ds26 decrease significantly
with increasing [Tris+], especially at low [Tris+], because
of counterion binding. The mobility of ss26 decreases slowly
with increasing [Tris+] because the intrinsic conductivity of
Tris+ is somewhat less than that of TPA+ (58, 62).

For other replacement ion pairs, the conductivity effect is
more pronounced, as shown in Figure 4. With [Li+] as the
test ion, the mobility of ss26 increases or decreases substan-

tially with increasing [Li+], depending on whether the non-
binding ion is TMA+, TEA+, TPA+, or TBA+ (Figure 4A).
The slopes of the lines depend on whether the intrinsic
conductivity of the particular tetraalkylammonium ion is
greater or less than that of Li+. Similarly, if the non-binding
ion is TPA+, the mobility of ss26 increases or decreases
approximately linearly with increasing concentrations of K+,
Na+, NH4

+, Li+, and Tris+, as shown in Figure 4B. The
correlation between the slopes of the lines in Figure 4 and
the differences in the intrinsic conductivities of the binding
and non-binding cations in each replacement ion pair is
shown explicitly in Figure 5. The relatively good correlation
between the two parameters indicates that the major factor
contributing to the dependence of the mobility of a non-
binding analyte on ligand concentration is the difference in
the intrinsic conductivities of the replacement ion pair.
However, the scatter of the data points suggests that
secondary factors, such as the viscosity of the solution or
the effect of the cation on the hydrogen-bonded structure of
water (57), may also influence the observed mobilities.

QuantitatiVe Analysis of MonoValent Counterion Binding
by dsDNA. Because the mobility profiles obtained for ds26
and linear pUC19 were very similar (Figure 3), quantitative
analysis of monovalent cation binding to dsDNA was carried
out with ds26, using ss26 as the non-binding analyte. The
difference mobility profiles obtained with Li+ as the binding
ion and TMA+, TEA+, TPA+, or TBA+ as the non-binding
ion are shown in Figure 6A. With the first three quaternary
ammonium ions, the difference mobility profiles are hyper-

Table 1: ApparentKD Values Calculated for ATP, ADP and AMP
by the RI Method and Comparison with Literature Valuesa

analyte

apparentKD,
mM

measured

apparentKD,
mM

literature references

ATP 82( 6 13-75 42-44, 59, 60
ADP 115( 14 71-109 43, 44
AMP 373( 84 60-250 43, 44, 61
a Calculated from eq 4 using Li+ as the binding ion, TBA+ as the

non-binding ion, and cAMP as the non-binding analyte. The uncertain-
ties given for theKD values are the standard errors of the residuals
obtained from the SigmaPlot curve-fitting algorithm.

FIGURE 3: Mobility profiles observed for (]) linear pUC19
(ds2686); (4,3), ds26; and (O,0), ss26 using Tris+ as the binding
ion and TPA+ as the non-binding ion. The two symbols for ds26
and ss26 represent independent runs on different days and illustrate
the reproducibility of the method. The lines are drawn to guide the
eye.

FIGURE 4: Dependence of the mobility of ss26, plotted as a function
of binding ion concentration in solutions containing different
replacement ion pairs. (A) Li+ replacing the tetraalkylammonium
ions: (O), TMA+; (4), TEA+; (]), TPA+; and (0), TBA+. (B)
TPA+ replaced by (O), Li+; (3), Na+; (0), K+; (]), NH4

+; and
(∆), Tris+. The total cation concentration was always 300 mM.
The straight lines were drawn by linear regression, with correlation
coefficients,R2 ) 0.99.
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bolic, as expected for non-cooperative binding between the
analyte and ligand, allowing the apparentKD values to be
calculated from eq 4. However, with TBA+ as the non-
binding ion, the difference mobility profile exhibits a
sigmoidal dependence on [Li+]. Therefore, this difference
mobility profile was analyzed using a four-parameter Hill
equation (63)

wheren is the cooperativity parameter, and the other terms
have been defined above. The apparentKD values and the

cooperativity parameters,n, obtained for Li+ binding to ds26,
using the four quaternary ammonium ions as the non-binding
ions, are given in the top section of Table 2. The average
apparentKD value is 114( 18 mM, indicating that the
binding affinity is essentially independent of the identity of
the non-binding ion. Similar results have been observed for
adenosine nucleotides (44).

The difference mobility profiles obtained for ds26 using
TPA+ as the non-binding ion and Tris+, NH4

+, Li+, Na+,
and K+ as the binding ions are illustrated in Figure 6B. The
difference mobility profiles observed for the first three cations
are hyperbolic and can be analyzed using eq 4. However,
the difference mobility profiles observed for Na+ and K+

are sigmoidal and must be analyzed with eq 5. The apparent
dissociation constants and cooperativity parameters obtained
for the binding of Tris+, NH4

+, Li+, Na+, and K+ to ds26
are given in the bottom section of Table 2. The apparentKD

values range from 71 to 173 mM, indicating that all five
cations bind weakly to ds26 and, most likely, to other
dsDNAs. The ratios of the apparentKD values obtained for
the binding of the alkali metal ions Li+, Na+, and K+ to
ds26 are 0.62:l.00:1.00, respectively, similar to the ratios of
0.67:1.00:1.25 observed by Ross and Scruggs for the same
three cations binding to calf thymus DNA (1). The apparent
KD values measured for the binding of Na+ and K+ to ds26,
173 mM, are significantly larger than the value of 71µM
determined by Ouameur et al. (9) for the binding of thallium
to calf thymus DNA. However, these two results should not
be quantitatively compared because the binding ions are
different, and the experimental conditions were also very
different. The apparentKD values reported for ds26 in Table
2 are similar to the values observed for the binding of the
same cations to ATP and ADP (Table 1), as might be
expected for ligands binding to similar analytes.

DISCUSSION

The replacement ion (RI) method described in this article
is a method for measuring weak binding affinities by
capillary electrophoresis using very small quantities of
analyte. The experiments are carried out at constant ionic
strength by gradually replacing a non-binding ion in the
solution with the test ion. To compensate for the dependence
of the observed mobility on the intrinsic conductivities of
different ions, the mobilities of binding and non-binding
analytes are measured in the same solution at each test ion
concentration. The difference mobility profiles are then
analyzed by nonlinear curve fitting, using eq 4 or 5 to

FIGURE 5: Analysis of the conductivity effect. The filled circles
correspond to the slopes of the lines observed for ss26 in Figure 4,
plotted as a function of the difference in the intrinsic conductivities
of the replacement ion pair. The curved line is meant to guide the
eye.

FIGURE 6: Difference mobility profiles calculated for ds26. (A)
With Li + as the binding ion and (O), TMA+; (4), TEA+; (]),
TPA+; and (0), TBA+ as the non-binding ions. (B) With TPA+ as
the non-binding ion and (4), Tris+; (O), Li+; (3), Na+; (]), NH4

+;
and (0), K+ as the binding ions. The curved lines in (A) and (B)
were calculated from eq 4 or 5, as described in the text, using the
apparentKD and cooperativity parameters given in Table 2.

∆µ ) ∆µo -
∆µspan[M

+ ]n

KD
n + [M + ]n

(5)

Table 2: Apparent Dissociation Constants Obtained for ds26 Using
Various Replacement Ion Pairs

binding
ion

non-binding
ion

apparentKD,
mMa

cooperativity,
n R2

Li TMA 100 ( 19 0.993
Li TEA 108 ( 24 0.969
Li TPA 107 ( 16 0.993
Li TBA 140 ( 31 2.0( 0.2 0.998
Tris TPA 71( 6 0.997
NH4 TPA 120( 13 0.996
Li TPA 107 ( 16 0.993
Na TPA 173( 31 1.6( 0.2 0.998
K TPA 173( 31 1.6( 0.2 0.998
a Calculated from eq 4 or 5 as described in the text.
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calculate the apparent dissociation constants, depending on
whether the binding isotherms are hyperbolic or sigmoidal.
Binding and non-binding ions with similar intrinsic conduc-
tivities can be used to minimize the conductivity effect.
However, as shown in Table 2, the calculated apparentKD

values are essentially independent of the particular non-
binding ion used, indicating that the difference mobility
profiles adequately correct for the conductivity effect.

The results in Table 2 also indicate that monovalent cations
bind weakly to dsDNA, with apparent dissociation constants
ranging from 71 to 173 mM. These results, together with
other studies in the literature (1-9), suggest that all, or nearly
all, monovalent cations bind to random-sequence dsDNA in
aqueous solutions. The apparentKD observed for the binding
of Tris+ to ds26 is somewhat smaller than that observed for
the binding of other cations, suggesting that Tris-DNA
complexes are stabilized by the formation of hydrogen bonds
with the DNA bases (45) as well as by electrostatic
interactions with the phosphate residues. Because of the
similarity of the binding constants, positively charged Tris+

buffer ions will compete with other monovalent cations for
binding to dsDNA in Tris-buffered solutions.

Counterion binding, as measured in the present study,
implies the formation of saturable cation-dsDNA complexes,
which in turn implies the site-binding of cations to random-
sequence dsDNA. The site-binding of monovalent counte-
rions to random-sequence dsDNA has previously been
suggested from circular dichroism (64) and thermal melting
(65) studies. Site-bound cations are different from the
condensed counterions that surround dsDNA because of its
high linear charge density (66). Condensed counterions are
territorially bound to the whole DNA molecule; the concen-
tration of the condensed cations is nearly independent of the
bulk cation concentration (66, 67). In contrast, the concentra-
tion of the bound cations described here increases with
increasing cation concentration, even though the total ionic
strength of the solution is held constant.

Recently, a new theory was proposed to describe the
interaction between DNA and its counterions called the
tightly bound ion (TBI) theory (68-70). This theory
separates the condensed counterion layer described by
Manning (66) into two regions, one containing tightly bound
ions and the other containing diffusively bound ions. The
strongly correlated, tightly bound ions are trapped in discrete
but unspecified locations (called tightly bound cells) on the
DNA surface by the strong electrostatic field of the phosphate
residues. Importantly, the number of tightly bound ions
increases with increasing cation concentration and approaches
saturation at high cation concentrations. The diffusively
bound ions are weakly correlated and form an outer layer
around the DNA and the tightly bound ions; the diffusively
bound ions in this outer layer can be described by the
Poisson-Boltzmann theory. The rest of the cations are found
in the bulk phase and contribute to the ionic strength of the
solution (68-70).

The tightly bound ions in the TBI theory appear to
correspond to the bound cations in the present study because
the concentration of the tightly bound ions increases with
increasing cation concentration and approaches saturation at
high cation concentrations, as observed here. The nature of
the binding site(s) is not known, although circular dichroism
studies have suggested that alkali metal ions bind to guanine

residues in the minor groove, causing an increase in the
average winding angle of the helix backbone (64). Mono-
valent cation binding appears to approach saturation when
the DNA is still negatively charged, suggesting that a
minimal charge density is needed for cations to bind to
dsDNA. The importance of charge density is underscored
by the absence of monovalent cation binding to ssDNA,
cAMP, and A-COOH under conditions where significant
binding is observed with dsDNA, ATP, ADP, and AMP.
Further studies will be needed to determine how monovalent
cation binding depends on DNA charge density.

The present study does not address the binding of
monovalent cations to specific DNA sequences such as
A-tracts because ds26 and linear pUC19 have essentially
random sequences. One would expect the site-binding of
monovalent cations in the A-tract minor groove, for example,
to occur in addition to the non-sequence-specific binding
described here. The site-binding of monovalent cations to
DNA A-tracts will be described in a future communication
(manuscript in preparation).
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