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Abstract: The binding of cationic lipids to DNA induces the condensation of complexes of the lipid and polyelectrolyte.
This paper presents data on the binding of the simple cationic lipid cetyltrimethylammonium bromide (CTAB) to
DNA prior to the condensation process. The complete thermodynamics of the binding of CTAB to both helical and
single strand DNA are evaluated with use of isothermal titration calorimetery data and analysis of UV melting
transitions. The binding to the helical form involves a two-step process: first, binding to an isolated phosphate site
on the DNA strand with a binding constant of 1.5× 103 M-1, and second, a highly cooperative binding event that
seems to involve hydrophobic intereactions between hydrocarbon chains of the bound CTAB. The cooperativity
parameter is 56, leading to a cooperative binding constant of 8.7× 104 M-1. The enthalpies of the two binding
events on the helix sites are resolved:-20 kJ/mol for the isolated site and+3.3 kJ/mol for contiguous sites. Binding
to the single strand DNA is also quite strong with an estimated equilibrium constant of about 1.3× 104 M-1. Because
CTAB binds both to helical and single strand DNA, biphasic melting transitions are observed. An analysis of the
behavior of the melting curves and the thermodynamic data allows reasonable models of the binding processes to be
constructed.

The interaction of cationic lipids with DNA induces conden-
sation of the DNA into compact, dense structures.1-5 The
formation of the condensate is thought to take place in several
steps, involving an electrostatic interaction between the cationic
lipid and the negatively charged phosphate groups on DNA and
as the concentration of lipid increases cooperative hydrophobic
interactions between the hydrocarbon groups of the lipid to
produce a coating of the lipid along the DNA chain.3-5 At
higher lipid-to-DNA ratios condensation occurs into globular
structures.2,4 Considerable interest in the DNA-lipid complexes
has been generated by the observation that certain aggregates
between DNA and cationic lipids are efficient vehicles for
delivery of foreign DNA or RNA into a wide variety of
eukaryotic cells.6-12 While the mechanism of transfection with
these agents is not well understood, the lipid complexes are
thought to facilitate transfer of the DNA through the cell
membrane.9,11

There has been interest in characterizing the nature of the
fundamental interactions between organic ions and polyelec-
trolytes such as DNA, and several general approaches have been
designed to unravel the thermodynamics of such interactions.15-18

In the case of binding of simple cationic lipids to DNA, the
binding isotherms prior to condensation show strong coopera-
tivety.3,19,20 The binding constants are sensitive to NaCl
concentration in the medium, confirming the importance of
electrostatic interactions in the association process.19,20 With
use of pyrene as a fluorescent probe of the DNA-lipid complex,
there is evidence of hydrophobic regions in the complex akin
to ordinary micellar environments.19 Thus, there are several
fundamental interactions important in stabilization of the cationic
lipid-DNA complexes. Electrostatic interactions between the
cationic head group and the negatively charged phosphate sites
are thought to be the primary interaction.19 But, the cooperative
nature of the binding seems to be driven by hydrophobic
association of the nonpolar tails of the lipid. This type of
association is unusual in the sense that the hydrocarbon groups
would be protruding out from the DNA duplex into the aqueous
environment. The gain in stability from cooperativity would
be a result of lateral association of the hydrophobic groups,
minimizing contact with water by bringing the protruding
aliphatic chains close together and thus at least partially
excluding water from the vicinity of the associated chains. The
complete burial of the nonpolar groups, as in micelle or vesicle
formation, could not occur until condensation of the complex.
It is thus important to thermodynamically characterize this type
of hydrophobic stabilization, and to compare it with data for
known processes such as micellization.
A number of questions about the thermodynamics of binding

of simple cationic lipids to DNA have not been addressed. First,
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the energetics of the binding process are not known in detail.
To better understand the characteristics of the lipid-DNA
interaction, measurement of the enthalpies of reaction of lipid
with DNA is needed. The enthalpies combined with binding
free energies allow the complete thermodynamic profile of the
binding process to be examined. UV melting curves for DNA
in the presence of cationic lipid can also be used to evaluate
binding energetics for interaction of the lipid with both the native
and denatured states. Whether or not conformational changes
occur in the double helix upon binding cationic lipid is another
question that has not been addressed.
This paper presents data and analysis of the binding of the

simple cationic lipid, cetyltrimethylammonium bromide (CTAB),
to DNA based on several physical measurements of the process.
Isothermal titration calorimetry, ultraviolet melting transitions,
circular dichroism measurements, and light scattering are used
to characterize binding of the lipid with duplex DNA. The
results are interpreted in terms of a model that allows the
determination of the fundamental thermodynamic properties of
the several binding events involved. Comparisons of the
properties with micellization thermodynamics are made.

Materials and Methods

Materials. The cetyltrimethylammonium bromide was obtained
from Sigma Chemical Co., St. Louis, MO, and was used as received.
The majority of measurements were made on samples ofE. coliDNA
from U.S. Biochemical, Cleveland, OH. The DNA was dissolved in
BPE buffer (8 mM phosphate, 1 mM disodium ethylenediaminetet-
raacetate, at pH 7.0; the Na+ content is 16 mM) and sheared to
approximately 200 bp by intermittant sonication in a thermostated, horn-
sonication cell at 0°C for a total of 30 min. The samples were then
extracted with a CHCl3-phenol-2-propanol mixture to remove protein
impurites, followed by ether extraction. Finally, the samples were
exhaustively dialyzed against large volumes of BPE buffer. An
unsonicated sample ofλ-DNA from bacteriophage (U.S. Biochemical,
Cleveland, OH) that was 48.5 kbp in size was purified as above for
some of the measurements. Concentrations of DNA in aqueous buffer
were determined from UV spectra at 260 nm, using molar absorptivities
of 6543 and 6505 M-1 cm-1 per nucleotide (or phosphate) forE. coli
andλ-DNA, respectively.
Light-Scattering Measurements. To define the boundaries at which

condensation of the DNA occurred, right-angle light-scattering mea-
surements were made on an ISS fluorescence spectrometer with
excitation and emission monochromators set at 450 nm at room
temperature. Generally, 0.5-mL samples of shearedE. coli or unsoni-
catedλ-DNA were mixed with 0 to 60µL of 5 mM CTAB solution in
BPE buffer and allowed to equilibrate. Scattering intensities were
constant within 5 min, except when the CTAB concentrations were
high enough to induce condensation of the DNA. Light-scattering
measurements were difficult to obtain on the condensed samples
because of settling in the cell, but attempts were made to get accurate
readings by inverting the cell several times and then measuring
scattering as soon as possible after returning the sample to the
spectrometer.
Circular Dichroism Measurements. To examine the possibility

that conformational changes occur upon binding of CTAB to the DNA,
CD measurements were made on the shearedE. colisamples containing
varying ratios of CTAB/DNA. Ellipticity measurements were obtained
up to concentrations near the point of condensation on a JASCO Model
500A circular dichroism instrument scanning from 350 to 200 nm.
UV Melting Transitions. Thermally induced melting of the DNA

duplex in the presence of CTAB was determined with a Varian Model
3E spectrophotometer, fitted with a Peltier temperature scanning
programmer. The melts were monitored at 260 nm, and the scan rate
was 1° per min. Generally, scans were made from 25 to 95°C.
Isothermal Titration Calorimetry. Heats of reaction of CTAB

with DNA samples were determined on a Hart ITC titration calorimeter
(Calorimetric Sciences Corp., Provo, UT) at 25°C. One milliliter
samples of DNA in BPE buffer were loaded into the calorimeter cell,

and the CTAB solutions were injected from a 100-µL syringe in 3- to
8-µL increments, depending on the CTAB concentration. Heats of
dilution of the CTAB were also determined by injection of the
corresponding volumes of CTAB solution into BPE buffer alone.
Baselines and area calculations to obtain the heats of reaction were
carried out with software provided with the Hart calorimeter.

Results

Light Scattering of CTAB/DNA Complexes. Because it
is important to know the boundaries at which precipitation of
the DNA occurs, light scattering measurements were made on
DNA solutions of varying concentrations at differing mole ratios
of CTAB to DNA. Figure 1 shows scattering curves for two
different concentrations of DNA, and for two different sizes of
duplex DNA. As the CTAB/DNA ratio increases there is a
steady increase in scattering, reflecting the increased size of
the complex formed. When the ratio of CTAB to phosphate
negative charges is in the range of 0.7 to 0.8, the readings
become very unstable due to precipitation of the complex. The
solutions are visibly cloudy at these compositions, and it is
difficult to obtain reproducible readings in the solutions. Figure
1B shows scattering curves for shearedE. coliDNA (about 0.2
kbp) and for intactλ-DNA (48.5 kbp), both at the same DNA
phosphate concentration of 0.24 mM. Both samples reach a
maximum scattering again at a CTAB/phosphate ratio of 0.8,
indicating that the chain length of the DNA is not important in
determining the precipitation behavior of the complex. Rather,
the ratio of positive to negative charge seems to be the important
factor. This result is consistent with observations of others who
have examined cationic lipid-DNA complexes. Gershon et al.1

observed by a fluorescence quenching method that at mole ratios
of about 1:1 cationic lipid to DNA there was a dramatic decrease
in fluorescence of ethidium bromide in the complexes, and that
at these ratios a collapse of the DNA chain occurs leading to
dense, aggregated structures, as observed by electron micros-

Figure 1. (A) Light scattering intensity vs mole ratio of CTAB to
DNA-phosphate sites for 0.24 mM phosphate sites (O) and for 0.12
mM phosphate sites (9). A 5.1 mM CTAB solution was used to titrate
the DNA in each case. (B) Scattering intensity vs mole ratio of CTAB
to DNA-phosphate sites for titration of 0.12 mM DNA-phosphate sites
for eitherE. coli (O) of 0.2 kbp size orλ-DNA (9) of 48.5 kbp size
with 5.1 mM CTAB.
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copy. Shirahawa et al.19 and Mel’nikov et al.3 have examined
binding isotherms of alkyltrimethylammonium bromides with
DNA, and find that the slopes of the isotherms decrease, in
some cases to zero, at ratios of lipid/DNA between 0.7 and 0.9,
depending on the cationic lipid. Above these ratios globular
shapes are observed in fluorescence microscopy of the mixtures.3

All of the above observations and also the isothermal titration
data presented below are consistent with the idea that CTAB
binds to the duplex DNA, producing a complex that becomes
unstable in BPE buffer at a mole ratio of about 0.8. When the
duplex is covered by enough of the cationic lipid, aggregation
occurs that leads to precipitation. Reimer et al.4 present
evidence that the aggregated form generated by the cationic lipid
is structurally different from the condensed product produced
from simple cations or by poly-L-lysine. In any case, it is clear
that at CTAB/phosphate ratios above about 0.8, aggregation to
a large, dense structure occurs, and that this precipitation is
independent of DNA concentration and of the length of the DNA
chain.
Circular Dichroism Measurements on the Complex. To

determine if secondary structural changes occur upon binding
of cation lipids to DNA, circular dichroism experiments were
performed on solutions ofE. coli DNA in the presence of
CTAB. Concentrations were chosen below the point of
precipitation (e.g., 0.24 mM DNA-Pi was examined in the
presence of up to 0.18 mM CTAB). The negative peak in the
CD spectrum at 248 nm was unchanged, and there was only a
slight decrease in the intensity of the 275 nm positive band as
the concentration of CTAB was increased from 0 to 0.18 mM
CTAB (CD spectral data are provided as Supporting Informa-
tion). There is thus no major change in conformation of the
DNA structure as CTAB binds to the duplex. This is confirmed
by the observation that there was virtually no change in the
absorption spectrum of the DNA samples at 260 nm in the
presence of CTAB.
Changes in the intensity of the circular dichroism peak at

275 nm have been associated with alteration of hydration of
the helix in the vicinity of phosphate or the ribose ring as ionic
concentrations are altered.21 It would be reasonable to suggest
that exchanging a cationic lipid, such as CTAB, with sodium
ion would lead to changes in hydration near the phosphate group
of the DNA helix, particularly since the alkyl chain of the lipid
is quite hydrophobic. The decrease in the 275-nm band
observed could reflect such hydration changes. The magnitude
of the CD shift is small, however, suggesting that any hydration
changes are small, at least up to the CTAB concentrations
studied here.
Isothermal Titration Calorimetry. To investigate the

energetics of binding in more detail, titrations of DNA samples
with CTAB were performed by using isothermal calorimetry.
Typical raw experimental data are presented as Supporting
Information. To correct for the dilution heat, corresponding
injections of CTAB were made into BPE buffer without DNA.
In the absence of DNA the critical micelle concentration (cmc)
of the CTAB was exceeded, and thus there is a concomitant
endothermic contribution to the heat effect at the cmc near 0.1
mM.22 The dilution injection heats as concentration increases
are shown in Figure 2. The difference in the heat of dilution

prior to the micellization jump and the heat effect after
micellization is the heat of micellization per mole of CTAB.
The average heat of micellization was 1.8( 0.4 kJ/mol (5
determinations). In correcting the injection heats into DNA for
dilution of the CTAB, the average dilution heat prior to
micellization was used, since as will be shown below, the
binding constant of CTAB with DNA is large, and therefore
the concentration of free CTAB in the solution is quite small
until the DNA is saturated with CTAB molecules.
Figure 3 shows the corrected heat per injection and the

cumulative heat effect for the reaction of CTAB with DNA at
two different concentrations of DNA, plotted vs the stoichio-
metric mole ratio of CTAB to DNA phosphate. There are
several features of the injection heats that deserve comment.
First, in all cases there is a prominent endothermic heat effect
that is virtually constant for mole ratios ranging from about 0.2
to 0.6. Above this ratio there is a gradual decrease in injection
heat, ending up at a small exothermic heat at mole ratios of
about 1.1-1.2 CTAB/DNA-phosphate. In all cases for the
first several injections there is a small exothermic value, prior
to jumping to the major endothermic contributions at mole ratios
near 0.2. We believe that this early exothermic heat is a real
effect rather than an injection artifact for the following reasons.
First, the protocol used to load and position the syringe in the
calorimeter minimizes any loss of CTAB from the syringe. That
the protocol was working is indicated by the fact that in the
CTAB dilution experiments the first injection heat was rarely
different from those of subsequent injections, indicating that
the same quantities were being introduced in each case. (This
was true until the critical micelle concentration was reached.)
When there was a flawed first injection, the heat effect was
very clearly different from others in the series. Also, the
exothermic injection heat at the beginning was observed in
virtually all samples, regardless of the DNA concentration, or
the type of DNA (λ or E. coli). Finally, a fairly concentrated
sample of DNA (1.46 mM DNA-phosphate) was titrated with
5.1 mM CTAB so that very low mole ratios of CTAB to DNA
could be attained. In this case the injections were exothermic
(data not shown) up to a mole ratio of 0.12, indicating that at
the very low mole ratios the heat effects are opposite to those
at the higher mole ratios. As will be discussed in the next
section, these data suggest that the binding event at the lowest
mole ratios is different from that at higher ratios. A final note
regarding the data for the isothermal calorimetry deals with the

(21) Hanlon, S.; Brudno, S.; Wu, T. T.; Wolf, B.Biochemistry1975,
14, 1648-1660. Wolf, B.; Hanlon, S.Biochemistry1975, 14, 1661-1670.

(22) Brito, J. M. M.; Vaz, W. L. C.Anal. Biochem.1986, 152, 250-
255.

(23) Manning, G. S.Biopolymers1976, 15, 2385-2390.
(24) Manning, G. S.Biophys. Chem.1977, 7, 95. Manning, G. S.Biophys.

Chem.1978, 9, 65.
(25) Marky, L. A.; Patel, D.; Breslauer, K. J.Biochemistry1981, 20,

1427-1431.
(26) Tanford, C.The Hydrophobic Effect. Formation of Micelles and

Biological Membranes; Wiley-Interscience: New York, 1980; p 60.

Figure 2. Measured heats of dilution for injection of 5.1 mM CTAB
into BPE buffer vs the resulting concentration in solution.
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results at very high ratios of CTAB to DNA. Figure 4 shows
a titration that was started in a solution to which sufficient CTAB
was added to generate a mole ratio of about 0.5, and then was
titrated to ratios significantly above 1.0. The titration curve
shows the drop toward zero near a mole ratio of 0.8, but at
higher ratios there is a switch to an endothermic heat again.
Interestingly, the jump in heat effect is about 1.7 kJ/mol of

CTAB, which corresponds closely to the heat of micellization
of the CTAB. If it is assumed that the CTAB is bound tightly
up to about a 1/1 ratio of CTAB to DNA-phosphate, and above
this concentration increases to exceed the cmc, the concentration
would have to change about 0.1 mM as the mole ratio changes
from 1/1 to 1.5/1, a concentration that corresponds approxi-
mately to the cmc of CTAB. In fact, that is the approximate
change observed. These data suggest that the binding becomes
saturated near a 1/1 ratio, and then CTAB is free to increase in
solution to form micelles.
Analysis of Isothermal Titration Data. The binding of

CTAB to DNA has been studied by a potentiometric titration
method,3 and it was possible from these data to construct binding
isotherms. The results indicate a cooperative binding process,
the binding isotherm showing the typical sigmoidal shape. By
using an analysis developed by Schwarz for binding of ligands
to linear polymers such as DNA, it is possible to determine
binding constants and cooperativity parameters for the CTAB
system.13 The model for the analysis involves a two-step
process, the first of which is the binding of the CTAB to an
isolated phosphate site on the DNA chain:

The equilibrium constant for this association isKo. The second
binding process is the association of a CTAB molecule with a
phosphate contiguous to an already occupied site:

Figure 3. Heats of injection (A and C), and cumulative heats (B and D) vs mole ratio of CTAB to phosphate sites for injection of 5.1 mM CTAB
into 0.24 mM DNA-phosphate solution (A and B) and for injection of 7.2 mM CTAB into 0.48 mM DNA-phosphate solution (C and D). Heats
of injection were corrected for dilution of CTAB as described in the text.

Figure 4. Heats of injection of 8 mM CTAB into 0.48 mM DNA-
phosphate at high mole ratios. Before starting the injections CTAB
was added to the solution to obtain a mole ratio of 0.5.

...ooo...+ C) ...oCo...
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The equilibrium constant for this reaction,K1, can be considered
as a combination of binding to an isolated site, followed by
movement of the ligand from isolation to a site with a
neighboring ligand. Thus,K1 ) K0q, whereq is the cooper-
ativity parameter, and is>1 for positive cooperativity and<1
for negative cooperativity.13 The possibility that other binding
equilibria contribute to the binding isotherm (for example,
..ooCoCoo..+ C) ..ooCCCoo..) was considered by Schwarz.13

However, in systems in which there is significant cooperativity,
q > 1, the probability of such sites is very low, so these sites
were discounted in the analysis.
By using the above model it is possible to calculate at a

specified concentration of free CTAB in solution the fraction
of binding sites on the DNA that are occupied,f, and, in addition,
the fraction of CTAB molecules that are bound in isolated sites
with no neighboring CTAB molecules,fo.

wheres) KoqCf andCf is the concentration of unbound CTAB
in solution. Analysis of the binding isotherm allows one to
determine values forKo andq, which were found to be 1200
M-1 and 80, respectively,3 indicating significant cooperativity.
To fit the isothermal titration calorimetry data to the above

model, it is necessary to formulate the cumulative heat effect
in terms of the fraction of ligand bound to isolated and
contiguous sites. This was done by using the approach
described by Freire et al.27 The total cumulative heat effect in
the isothermal titration experiment is calculated from the
following equation:

whereCb is the concentration of bound CTAB,V is the volume
of the sample solution,∆Ho is the enthalpy of binding to an
isolated site, and∆H1 is the enthalpy of binding to a site
contiguous to another ligand bound to the DNA. A least-squares
fitting procedure was used to obtain the best values ofKo, q,
and∆Ho that would minimize the sum of the squares of the
deviations of the calculated and experimental cumulative heat
effects. Since it was found that at higher mole ratios of CTAB/
phosphate (0.4-0.6) very little CTAB is bound to isolated sites,
the heat effect in this region corresponds to binding to
contiguous sites. Thus,∆H1 could be estimated directly from
the reaction heats in this region, the value being+3.3 kJ/mol.
In addition, initial estimates ofKo andq were taken from the
values reported by Mel’nikov et al.3 Using eqs 1-3, a first
approximation for∆Ho was calculated, and then least-squares
minimization was carried out by varying all of the parameters,
Ko, q, ∆Ho, and∆H1, to reach the smallest deviation between
the experimental and calculated cumulative heat curves. The
fitting procedures was carried out on data for the titration of
CTAB at three different DNA concentrations, and at several
different CTAB molarities, the calculations being restricted to
mole ratios below 0.6, so that the heat effect from precipitation
does not interfere with the binding heats. The least-squares

minimization led to the following values for the parameters:

The fitted curves are shown in Figure 5. The value ofKo is in
good agreement with that found by Mel’nikov et al.3 (1200
M-1), while their value ofq is somewhat larger (80) than ours.
The uncertainty in∆Ho is somewhat large due to the fact that
even at the lowest mole ratios the fraction bound in isolated
sites is very small. For example, for 0.48 mM DNA-phosphate
sites one can calculate that only 14% of the bound CTAB is at
isolated sites when the total CTAB concentration is about 0.03
mM, and the percentage drops to below 2% when the total
CTAB is 0.17 mM. However, the exothermic enthalpy for∆Ho

resulting from the fitting procedure was observed even if the
first injection point was eliminated from the data set (the values
were within 10% of the parameters found, including the first
point), so we have confidence that∆Ho does correspond to
binding to an isolated site, and that the value obtained is a good
estimate of the binding enthalpy.
With these values for the enthalpies of binding and from the

known binding constants, it is possible to calculate the free
energy and entropy of the binding processes, and these are
summarized in Table 1. Also included are the thermodynamics
of micellization for CTAB (see discussion below).
Thermal Melting Transitions. To provide another experi-

mental source of information on CTAB binding to DNA, UV-
melting transitions were measured in the presence and absence

(27) Freire, E.; Mayorga, O. L.; Straume, M.Anal. Chem. 1990, 62,
950A-959A.

...ooC...+ C) ...oCC...

f ) 1
2[1- 1- s

((1- s)2 + 4
s
q)

1/2] (1)

fo ) [ 1- s

1- f
1- f

s]2 (2)

Q) V(∆HoCbfo + ∆H1Cb(1- fo)) (3)

Figure 5. Cummulative heat of reaction of CTAB with DNA for (A)
0.24 mM DNA titrated with 5.1 mM CTAB, (B) 0.32 mM DNA titrated
with 7.2 mM CTAB, and (C) 0.48 mM DNA titrated with 7.2 mM
CTAB. The solid curve in each case was calculated by using eq 3 as
described in the text.

Table 1. Thermodynamic Properties for the Binding of CTAB to
DNA Phosphate Sitesa

∆G ∆H T∆S

to isolated Pi site -18.2 -20 -1.8
to contiguous Pi site -28.2 +3.3 +31.5
micellization of CTAB -32.7 +1.8 +34.6
a All values in kJ/mol. Temperature is 25°C.

Ko ) 1.5 ((0.3)× 103 M-1 ∆Ho ) -20( 4 kJ/mol

q) 56( 10 ∆H1 ) +3.2( 0.3 kJ/mol
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of the ligand. Figure 6 shows the data in derivative form of
the melting of 0.24 mME. coliDNA-phosphate in the presence
of increasing amounts of CTAB. The highest concentration of
ligand corresponds to a stoichiometric mole ratio of about 0.75,
so it is just to the point of precipitation of the complex. The
melting curves show biphasic behavior with the main transition
at 73°C, decreasing in size while a second transition emerges
at around 88°C as the CTAB concentration increases. This
type of melting behavior is unusual, but was predicted for certain
circumstances by Crothers.15 A more complete analysis of DNA
melting in the presence of binding ligands has been developed
by McGhee,17 and there are several situations that arise that
lead to biphasic melting transitions. Because the McGhee
treatment provides a concrete model for DNA melting in the
presence of binding ligands, and also explains biphasic melting
phenomena, we have chosen to analyze the melting curves in
the presence of CTAB using this model.
In the McGhee analysis a thermal melting transition for DNA

in the presence of ligands that can bind both duplex and single
strands is considered in terms of neighbor exclusion and
cooperative binding to the two states of DNA. To model the
melting behavior, a number of fundamental parameters relating
to the binding process must be known for duplex and single
strand. First, the characteristics of the DNA melting transition
in the absence of the ligand must be known. The parameters
include temperature at the midpoint of the melt,Tm, the enthalpy
of DNA melting,∆Hm, and the nucleation parameter,σ. The
values ofTm and∆Hm are experimentally determined from UV
melting curves and from differential scanning calorimetry, and
σ can be found from fitting experimental data to the model in
the absence of ligand.
In the presence of ligand several additional parameters are

required that describe the interaction with CTAB with both the
duplex form and the single strand. These include the neighbor
exclusion parameter,ni, the binding constant of the ligand to
the duplex or coil,Ki, and the cooperativity parameter,ωi. In
addition, the enthalpies of binding to the duplex and single
strand,∆Hi, are required. If these properties are all defined
for the duplex and single strand states, and the DNA and CTAB
concentrations are specified, a complete melting curve can be
generated by the McGhee model and compared with the
experimental data.17 While there are many parameters to define,
there are a number for which reasonable values can be obtained
either from independent experimental data determined here or
by estimates from the literature. Following are the strategies

used to get the required parameters for analysis of the thermal
melting transitions.
Helix Parameters. From the isothermal titration data above

for CTAB interaction with DNA duplex we have determined
Kh, the binding constant of CTAB to the helical form, andωh,
the cooperativity parameter, as well as∆Hh, the enthalpy of
binding of CTAB to the duplex form. In this analysis we use
the calorimetrically determined∆H1, since the majority of the
melting data are obtained in the region where cooperative
interactions are dominant. The remaining helix parameter is
the neighbor exclusion parameter,nh, which reflects the number
of binding sites on the DNA occupied per mole of ligand bound.
While it is reasonable to assume thatnh is close to 1, we wanted
to verify that this would be a proper starting point in the analysis.
McGhee and von Hippel developed an alternative method for
evaluatingK andω from binding isotherms that also yields the
neighbor exclusion parameter,n.16 We have taken the binding
isotherm from Mel’nikov et al.3 and recast the data in a form
to be analyzed by fitting to eq 4 below:

In this equationr is the ratio of bound CTAB to available
phosphate sites on the DNA, andCf is the concentration of free
CTAB in a specific mixture. All other factors are as defined
above. The data were fit by a nonlinear least-squares procedure
(not shown) to yield values of the constantsKh, nh, andωh of
1800 M-1, 1.4, and 60, respectively. The values forKh andωh

are in reasonably good agreement with those obtained above.
While these are only approximate values, the value ofnh being
near to one gives us confidence that the binding interaction is
basically one CTAB per phosphate site. A value near one for
the exclusion parameter,nh, is plausible since the primary
interaction of the positive head group of CTAB with DNA is
likely to be through the negatively charged phosphate sites, as
was shown in the Schwarz analysis presented above.
Coil Parameters. Although it is more difficult to define the

parameters for the coil state of the DNA, there are some logical
arguments for assignment of values. For example, the charge
density along the coil form is thought to be less than that in the
helical state,23 a result of increased separation of charge in the
coil form as the DNA strand unravels from the double helix.
The Debye length in double helical DNA is 1.7 Å, while in the
random coil values range from 3 to 4 Å.23 The consequences
of this lowered charge density and separation of the negative
sites on the DNA chain is that the exclusion parameter is likely
to be numerically close to one, and it would be reasonable that
cooperativity would be significantly lower in coil state binding.
Since the exclusion site size is near one for the helix form, as
mentioned above, it is even more likely thatnc ) 1, because of
the increased separation of charge in the coil. In the case of
ωc, the cooperativity parameter for the coil state, it is likely
that the value is smaller than that for the helix because the
charged phosphate sites are separated by greater distance. In
addition, the bases of the DNA will be exposed, and could
interfere with cooperativity in the coil state. Thus, as a first
approximation, we assignnc ) 1 andωc ) 1 for the McGhee
calculation of the melting curve.
The remaining two properties required for the melting

transition calculation are the binding constant for CTAB to the

Figure 6. UV melting transitions in the presence of CTAB for 0.24
mM E. coli DNA plotted as the derivative of the absorbance at 260
nm with respect to temperature. The numbers in the figure are the mM
concentration of CTAB in solution.

r
Cf

) K(1- nr)[(2ω - 1)(1- nr) + r - R

2(ω - 1)(1- nr) ]n-1
×

[1- (n+ 1)r - R

2(1- nr) ]
R){[1 - (n+ 1)r]2 + 4ωr(1- nr)}1/2 (4)
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coil, Kc, and the corresponding enthalpy of binding,∆Hc. There
are no experimental values for these properties for CTAB, but
there are some data from which initial estimates can be made.
Shirahama et al.19 have studied the binding of dodecyltrimethyl-
ammonium bromide to calf thymus DNA by a potentiomentric
method, and as a part of this study thermally denatured the
duplex to single strand and then monitored binding to the coil
form at 25 oC. It was found thatKc was over an order of
magnitude greater thanKh in this case. If it is assumed that
the same would be true for CTAB, we can assign a starting
value forKc in the calculation, and then refine this value in
conjunction with the variations in other parameters. The
enthalpy of coil binding remains a total unknown, but since we
can assign initial values to all other properties, an estimate of
the enthalpy can be deduced by finding the value of∆Hc that
optimizes the fit of the calculated melting curves to the
experimental data. Thus, the approach we use is to assign the
list of parameters, and then to systematically vary the parameters
to optimize the agreement with the experimental melting curves.
Table 2 lists the starting values and the range of allowed
variation to provide the best fit. The computer code for doing
the calculations was kindly provided by Dr. James McGhee
(University of Oregon) and edited and recompiled by Dr. Susan
Wellman (University of Mississippi Medical Center). Iterations
were performed on the parameters to obtain the optimal fits
with five different melting curves corresponding to the experi-
mental data. The results of the best sets of numbers are
presented in Table 3, and Figure 7 shows comparisons of the
fits of experimental to calculated melting curves.
The agreement between the calculated and experimental

curves is quite good. The major deviations occur below a
melting fraction of 0.1, particularly for the 0.18 mM case, where
there appears to be significant melting prior to that expected
from the calculations. Above melting fractions of 0.1, the
difference between calculated and experimental temperature is

generally less than 1°C. The values of the resolved parameters
show good consistency with the numbers obtained from the
isothermal titration data. The cooperativity parameter,ωh (63),
is in close agreement with the value ofq (56) that resulted from
fitting to the isothermal titrations, even thoughωh was allowed
to vary between 40 and 80. Also, the resolved value forKh,
the binding constant to the helical form of DNA, could not be
varied far from the value of 1500 M-1 before significant
deviations between experimental and calculated curves occurred.
Again this value is close to that which was found in the
isothermal titration treatment. It was found that the iterations
were particularly sensitive to values of some of the parameters.
As Supporting Information we have generated a series of curves
showing the effects of variation of the parameters from the best
fit for the 0.15 mM case. For example, increasing or decreasing
the values ofnh or nc by as little as 20% causes deviations from
the experimental melting curves of more than 5o in the case of
nh, or 3o for nc in the high-temperature region of the melt.
Similar sensitivity was realized for the values ofKh or Kc, and
theω values were also particularly crucial to good fits at higher
temperatures in the biphasic region. An increase ofωc from 1
to 1.5 caused an almost 4o shift away from the best fit curve.
There was significant cross-dependence of the magitudes ofKc

and∆Hc, the value of the enthalpy going more negative asKc

increased. However, it was impossible to get close agreement
at the lower temperatures with the experimental curves if the
binding constant was less than 8000 or greater than 15000. The
minimum deviation occurs at about 13000, which defined the
enthalpies for coil binding to be in the range of-3.8 to-4.2
kJ/mol. (See Table 3.) The allowed range of variation in the
parameters was dictated by the attempt to find values that would
work with all five of the experimental curves, and this restricted
the range significantly. Table 3 shows a summary of the
characteristic thermodynamic properties of binding of CTAB
to DNA-phosphate sites both in the helix and coil state, based
on this global analysis of the five curves. Also, shown at the
bottom of Table 3 is an estimate of uncertainties in the
parameters found by testing the sensitivity of the fit to the 0.15

Table 2. Ranges of Estimates of the Binding Properties of CTAB
to DNAa

property helix form coil form

ni 0.8-1.3 1b

ωi 40-80 1b

Ki 1500b 10000 to 16000
∆Hi 3300b -3700 to-5400

aUnits of K are M-1, and units of∆H are J/mol. The properties
used for the melt in the absence of ligand areTm ) 73 °C, ∆Hm )
35.6 kJ/mol, andσ ) 0.0025.b These values were initially fixed to the
values shown to find the appropriate range of the other parameters.
These parameters were than allowed to vary to find the minimum
deviation of the calculated from the experimental curves.

Table 3. Thermodynamic Parameters for the Melting of DNA in
the Presence of CTABa

CTAB (mM) nh nc Kh Kc ∆Hh ∆Hc ωh ωc

0.06 1.30 1 1500 10000 3.3-4.2 65 1
0.09 1.10 1 1500 10250 3.3-3.3 70 1
0.12 1.06 1 1800 15000 3.3-3.8 60 1
0.15b 1.10 1 1500 14000 3.3-4.6 60 1
0.18b 1.07 1 1500 16000 3.3-3.8 60 1

summary: 1.1 1 1500 13100 3.3-3.8 63 1
error range:c (0.2 (0.2 (200 (2000 (0.8 (1.5 (20 (0.5

a The above parameters provide the best fit to the experimental
melting curves for the following DNA melting properties in the absence
of CTAB: CPi ) 0.24 mM;Tm ) 73.0 °C; ∆Hm ) 33.5 kJ/mol;σ )
0.0025. Units of K are M-1 and units of∆H are kJ/mol.b In the 0.15
and 0.18 mM CTAB solutions slightly better fits were obtained with
∆Hm set at 35.6 kJ/mol andσ ) 0.0034.c Error range was estimated
by variation in each parameter that caused a 2° deviation from the best
fit curve at the fraction melted equal to 0.4. (See text.)

Figure 7. Experimental (solid) and calculated (dotted) thermal melting
transitions forE. coli 0. 24 mM DNA in the presence of varying
amounts of CTAB: (a) 0.00, (b) 0.09, (c) 0.15, (d) 0.06, (e) 0.12, and
(f) 0.18 mM. The dotted curves are calculated by using the McGhee
treatment as described in the text.
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mM curve to variations in the individual parameters. This was
done by choosing a specific fraction melted on the curve (0.4
in this case), and varying each parameter to obtain a 2o deviation
from the best-fit curve at this fraction. A melting fraction of
0.4 was chosen because in this region of the curve there is less
sensitivity to variation in the parameters than at higher fractions
where the second transition is observed. (See Supporting
Information.) It was felt that this would provide a more stringent
test of the sensitivity of the deviations to changes in parameters.

Discussion

The results of this study of the binding of CTAB to DNA
are consistent with the notion that molecules of the cationic
lipid bind cooperatively to DNA-phosphate sites up to a mole
ratio of about 0.7 to 0.8 CTAB/DNA-phosphate. Beyond this
point precipitation occurs, as shown in the behavior of the light
scattering and thermal titration data in Figures 1 and 3. These
observations are compatible with previous work on CTAB3 and
other cationic lipids1-5,19,20binding to DNA.
The changes that occur around mole ratios of 0.7 to 0.8 can

be explained in terms of Manning’s ion condensation model.24

According to this concept, small cations, such as Na+, become
territorially bound to the negatively charged DNA backbone
because of the high charge density generated by the phosphate
sites along the chain. In the presence of the condensed ions
the effective charge density is reduced, and it is calculated that
76% of the negatively charged sites are compensated by the
cationic charge. For the binding of CTAB in the presence of
BPE buffer (16 mM Na+), it is plausible that there is an ion
exchange of CTAB ions for sodium ions on the DNA surface
up to the point of 76% bound, which thus maintains the cation
charge density in the vicinity of the DNA chain. Beyond this
point it is clear from the heats of reaction shown in Figure 3
that either binding is complete or the precipitation of the
complex changes the mechanism of binding, since there is a
significant drop in the binding energy at a mole ratio of about
0.8. One cannot resolve whether the change in heat of reaction
at 0.8 is due to the heat of precipitation or caused by a difference
in binding energy to the complex that is formed. At a mole
ratio of about 1.5 there is another shift in energy (see Figure
4), which seems likely to be due to the onset of micelle
formation in the CTAB, since the energy corresponds ap-
proximately to the heat of micellization. Thus, the interaction
of CTAB with DNA seems to involve a primary binding event
to the double helix, followed by aggregation and precipitation.
At concentrations above that at which saturation of the binding
occurs, the free CTAB concentration increases in solution until
micelles are formed.
The thermodynamic properties of binding of CTAB to the

helix form of DNA reveal several interesting aspects of the
process. First, there are two binding events which have rather
different thermodynamic properties, as determined in the
isothermal titration experiments. The binding to an isolated site
shows a relatively small binding constant that is largely
determined by a negative enthalpy term in the energetics. At
25 °C the∆G of binding is-18.2 kJ/mol, the enthalpy is-20
kJ/mol, and the entropy contribution is only-1.8 kJ/mol (T∆S).
This binding to an isolated site, as described above, would
correspond to an ion exchange of CTAB with Na+ in the ion
condensation region around the DNA phosphates. Marky et
al.25 observed that the thermal melting temperature of poly-
[dA-dT] was increased by 6°C when changing the medium
from 1 M NaCl to 1 M Me4NCl. The increased stability of the
helix could be interpreted as due to stronger binding of the
simple tetraalkylammonium ion than of Na+ to the duplex. Since

the CTAB head group is a tetraalkylammonium ion, it is possible
that binding to an isolated site is basically electrostatic, and
that the R4N+ ion is more strongly bound than Na+, leading to
the ion exchange.
In the cooperative region of binding, which corresponds to

the majority of the isotherm, the pattern of the thermodynamic
profile for binding is totally opposite from that of isolated site
binding. TheT∆S term is+32 kJ/mol, while the enthalpy is a
very small positive 3.3 kJ/mol, leading to-28 kJ/mol of free
energy (see Table 2). These latter thermodynamic values are
typical of hydrophobic interactions, which generally have small
enthalpies and large positive entropy effects.26 For example, it
is possible to compare the thermodynamics of micellization of
CTAB determined here with the cooperative binding of CTAB
to DNA. We determined the enthalpy of micellization to be
+1.8 kJ/mol from the calorimetric dilution titrations. The free
energy of micellization can be estimated from∆G) RTln Xcmc,
whereXcmc is in mole fraction units (see Table 2). When the
observed cmc of 0.12 mM is used, the calculated free energy is
-32.8 kJ/mol, which leads to aT∆S term of +34.6 kJ/mol,
remarkably close to the binding entropy of CTAB to DNA in
the cooperative binding region (+32 kJ/mol). Micellization is
characterized as a very cooperative process, the individual
monomers of the surfactant aggregating to remove large
hydrocarbon chains from contact with water. The formation
of a bound layer of CTAB along the DNA helix could also
provide a mechanism for minimizing contact of the hydrocarbon
chains with water. A model which seems reasonable is that
the cationic group of CTAB binds phosphate sites along the
DNA chain, while the CTAB hydrocarbon chains are hydro-
phobically associated with each other along the double helix
again to exclude water near the hydrophobic chains. As a
consequence of this association, we conclude that hydrophobic
interactions between the hydrocarbon chains of CTAB upon
binding to the DNA-phosphate sites are likely to be responsible
for the highly cooperative nature of the binding of this lipid to
DNA.
The added stability in the cooperative binding region is

reflected in the value ofq, and the thermodynamic properties
for the transfer of a CTAB from an isolated site to a site
continguous to another CTAB can be obtained from the data in
Table 2.
The free energy for this process based onq ) 56 is about

-10 kJ/mol, and the enthalpy and entropy (T∆S) contributions
are 23 and 33 kJ/mol, respectively. Again there is a significant
entropy increase, typical of hydrophobic interactions. But, the
enthalpy is significantly positive for this process. There is
clearly unfavorable energy that is more than compensated by
the entropic contribution of hydrophobic interaction of the
hydrocarbon tails.
The analysis of the thermal melting transitions with the

McGhee treatment allows characterization of the thermodynam-
ics of binding to the coil form of DNA. In very few cases have
the thermodynamics of ligand binding to single strand DNA
been examined, so these results are of more general interest to
understanding the physical chemistry of DNA in the coil form.
In the analysis presented above the uncertainties in the coil
parameters are greater for several reasons. First, as mentioned
above, the interdependency of the values ofKc and∆Hc in the
modeling procedure means that there is a wider range of
uncertainty in these two parameters. The value ofKc found
from the modeling is about (1.3( 0.6)× 104 M-1, while the
enthalpy is-3.8( 0.5 kJ/mol. A second feature in using this
modeling approach for melting transitions is the assumption that
the ∆H’s of binding are temperature independent during the

Thermodynamics of the Binding of a Cationic Lipid to DNA J. Am. Chem. Soc., Vol. 119, No. 45, 199710927



melting transition scan. The enthalpy effects in hydrophobic
interactions are known to be quite temperature dependent, with
small positive or negative values near room temperature, but
can be quite different at higher or lower temperatures.26 With
these caveats one can look at the values of the thermodynamics
of binding of CTAB to the coil form of DNA. The values for
∆G, ∆H, and T∆S are -23.5, -3.8, and +19.7 kJ/mol,
respectively, for the binding of CTAB to the random coil, again
typical of hydrophobic interactions, being largely determined
by the increased entropy in the binding process. This will be
true even with large uncertainties in∆Hc. Thus, it is likely
that there is hydrophobic interaction of the CTAB with the
exposed base pairs in the coil form of DNA along with
electrostatic interaction with the phosphate sites.
The relatively strong binding of CTAB to the coil state (Kc

) 1.3 × 104 M-1) is necessary to explain the biphasic UV
melting transitions observed. McGhee17 pointed out that if there
is strong binding of a ligand to the helical form of DNA, and
that if the neighbor exclusion parameter,nh, is close to one,
very large increases inTm should be observed. However, if
there is significant binding to the single strand DNA as is the
case here, then there are compensating effects which lead to
the observed biphasic melting curves. Thus, the interesting
melting transitions observed for DNA with bound CTAB are a
result of the highly cooperative binding of CTAB to helical
DNA, and also the result of significant binding interaction with
the single strand form.

In conclusion, the examination of the thermodynamic pa-
rameters of binding of the cationic lipid, CTAB, to DNA has
provided insight into the way that positively charged, hydro-
phobic ligands interact with polyelectrolytes. It is likely that
other cationic lipids would behave similarly, and that hydro-
phobic intereactions will play a key role in stabilizing the
electrostatically formed primary complexes of the lipids with
DNA. The ultimate precipitation of the lipid-coated DNA is
most likely a highly aggregated structure resulting from the
association of the hydrophobic surfaces of the coated DNA.
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