Biochemical and Biophysical Research Communications 263, 41-46 (1999) ®
Article 1D bbrc.1999.1266, available online at http://www.idealibrary.com on IIl E%l

DNA-Surfactant Interactions: Coupled Cooperativity
in Ligand Binding Leads to Duplex Stabilization
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The cooperative nature of interaction of cationic
surfactants with short oligonucleotides leading to
eventual stabilization of DNA duplexes is demon-
strated. At submicellar concentrations and DNA:sur-
factant charge ratios of 0.2 to 0.8, the association of
single chain (CTAB) and double chain (DOTAP) sur-
factants to oligonucleotides is initiated by electro-
static interaction of cationic ligands with polyanionic
DNA that aligns the surfactant molecules on the DNA
template. This is followed by binding of new surfac-
tant ligands to the initial complex, driven coopera-
tively by the hydrophobic forces, leading to in situ
formation of surfactant-bound and bare duplexes as
separate species. These exhibit independent melting
behaviour characterised by double transition in ther-
mal UV profiles, with a higher T,, for surfactant-DNA
complexes. Understanding the cooperative binding of
the cationic surfactants to the DNA described here
may have implications for rational design of DNA bind-
ing drugs and DNA delivery systems. © 1999 Academic Press

The understanding of the physical nature of DNA-
cationic surfactant interaction has primary importance
due to its significance in biomedical applications, par-
ticularly as efficient gene delivery vectors (1). DNA-
surfactant complexes are generally insoluble in water
and precipitation of DNAs by cationic surfactants is
useful in DNA extraction and isolation protocols (2).
Cationic polymers (3) and cationic lipids (4) condense
DNA, leading to large multimolecular and polydisperse
aggregates that are efficient in transfecting cells in
culture but do not diffuse within a tissue. In compari-
son, cationic detergents also condense DNA into dis-
crete particles (5), each consisting of a single nucleic
acid molecule (6), which is released fast into cells with
accompanying decondensation. This interesting fea-
ture of DNA-surfactant interaction has prompted bio-
physical characterization of complexes of large DNA
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molecules with various surfactants (6—9). However,
parallel studies on interaction of short oligonucleotides
either with lipids or detergents are lacking. The recent
applications of short oligonucleotides and their ana-
logues as antisense/antigene therapeutic agents (10)
also need efficient delivery vectors necessitating a
study of behaviour of oligonucleotide-surfactant com-
plexes. In this connection, this paper reports on iden-
tification of discrete duplex—surfactant complexes that
coexist with relatively free duplexes when DNA is
treated with submicellar concentrations of detergents.
Under these conditions, the co-operativity in surfac-
tant binding to DNA is coupled to melting transition of
DNA, leading to significant stabilization of DNA du-
plexes by cationic surfactants.

MATERIALS AND METHODS

All the chemicals used were of the highest purity available. Cetyl-
trimethyl ammonium bromide (CATB), tetramethyl ammonium bro-
mide (TMAB) and cetyl alcohol was from Sigma and used as received.
1,2-Dioleoyloxytrimethyl ammonium propane (DOTAP) was sourced
from Avanti Polar Lipids, Canada. The complementary oligonucleo-
tides (ODN) GGAAAAAACTTCGTGC, 1 and GCACGAAGTTTTT-
TCC, 2, were synthesized by B-cyanoethyl phosphoramidite chemis-
try on a Pharmacia GA plus DNA synthesizer and purified by FPLC
and rechecked by RP HPLC.

UV melting experiments on ODN duplex 1:2 (1 uM each strand)
were performed in 10 mM NacCl using Perkin Elmer Lambda 15
UVIVIS Spectrophotometer fitted with a Julabo water circulator
with programmed heating accessory. Appropriate complementary
ODN pairs were taken together in 10 mM NacCl at a strand concen-
tration of 1 uM each, heated in a water bath to 80°C for 3 minutes,
slowly cooled to room temperature and then stored overnight at 4°C.
The surfactants (CTAB or DOTAP) at desired concentrations were
then added to the annealed duplexes and the samples were allowed
to equilibrate for 30 min before starting the melting. The samples
were heated at a rate of 0.5°C per minute and the thermal denatur-
ation of the duplex was followed by monitoring changes in absor-
bance at 260 nm as a function of temperature.

All fluorescence measurements were done on a Perkin Elmer
model LS 50-B spectrofluorimeter at 25°C, with slit widths of 3 nm
for excitation and 15 nm for the emission monochromators. Light
scattering measurements were done by setting the excitation and
emission monochromators of the fluorimeter at 550 nm. The surfac-
tants (CTAB and DOTAP) were titrated into a solution of the duplex
1:2 (1 pM) and the measured intensity at 550 nm was plotted as a
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FIG. 1. Light scattering intensity vs mole ratio of CTAB (O) and
DOTAP (@) to ODN-phosphate (30 wM).

function of the mole ratio of cationic ligand to the ODN phosphate for
CTAB and DOTAP (Fig. 1). The ODN samples were prepared in 10
mM NaCl unless stated otherwise. Ethidium bromide (excitation 480
nm, emission 595 nm) displacement assays were carried out by using
duplex 1:2 (1 uM) and ethidium bromide (1.26 uM) in 10 mM NacCl,
into which was added CTAB solution (1 uM/1 ul). Experiments
using the dye Hoechst 33258 (Sigma), were done with 0.03 uM
solution of the dye in 10 mM NaCl and recording the excitation (360
nm) and emission spectra (510 nm) for the dye in the absence and
presence of CTAB (22.5 uM), in presence of the duplex 1:2 1 uM alone
(ODN: dye, 1:100) and with both, duplex and 22.5 uM CTAB.

All CD studies were done on Jasco J715 Spectropolarimeter. The
CD spectra of the free duplex 1:2 (1 uM) in 10 mM NaCl and with 22
uM CTAB were recorded at different temperatures (20°C—80°C).

RESULTS AND DISCUSSION

The interaction of cationic lipids with DNA is known
to induce condensation and subsequent precipitation of
the condensate (11-13). In order to optimise the sur-
factant concentration at which its DNA complex can
still be kept soluble in aqueous solutions, light scatter-
ing measurements were made on ODN solutions at
different mole ratios of CTAB to oligonucleotide. Fig-
ure 1 shows the light scattering data and as seen, an
increase in CTAB/ODN ratio gradually leads to an
enhanced scattering due to the increased size of the
resulting complex. At a ratio of CTAB to phosphate of
about 0.75-0.8, the solution turned cloudy with a drop
in scattering due to the on-set of precipitation of com-
plex. This is consistent with earlier data seen in case of
E. coli DNA, indicating that the precipitation behav-
iour is dependent on charge ratio rather than the
length/size of DNA (8). For the ODN duplex used in the
present study, the CTAB concentration at a charge
ratio of 0.8 corresponds to 22 uM, which is much below
the critical micelle concentration of CTAB (92 uM).
Hence the binding of CTAB to ODN under these con-
ditions occurs predominantly in monomeric form and
not in micellar form. All further studies were therefore
done at CTAB concentrations below 22 uM to avoid
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FIG. 2. UV-Temperature plot for ODN duplex 1:2 in presence of
increasing concentrations of CTAB (A) 0 uM, (B) 6 uM, (C) 12 uM,
(D) 18 uM and (E) 22 puM.

both precipitation of the nucleic acid and complexities
in interpretation of observed data.

To study the effect of the cationic ligands on the
stability of the ODN duplex in the ODN-surfactant
complex, the thermal melting of the duplex 1:2 was
studied in presence of varying concentrations of differ-
ent cationic ligands. In the presence of increasing con-
centrations of CTAB (0—-22 uM), the duplex 1:2 showed
a melting profile as in Fig. 2. It is seen that the T,,
gradually enhanced with increase in CTAB concentra-
tion. A sigmoidal curve characteristic of the duplex
melting with the transition around 40°C were seen
upto a CTAB concentration of 12 uM. Beyond this, the
sigmoidal profile slightly broadened out and at 18 uM
CTAB, it decomposed into two transitions (Fig. 2) sug-
gesting the formation of a second species that is ther-
mally more stable than the initially observed one. The
higher melting transition moved further up when
CTAB concentration was increased to 22 uM, while no
significant changes were seen with the T, of lower
transition (Table 1).

The interaction of CTAB with ODN can either be
electrostatic one occurring between the cationic head-
group of the detergent and the anionic backbone phos-

TABLE 1

UV-T,, of Duplex in the Presence of Various
Amounts of CTAB?

[CTAB] [DNAJ/[CTAB] Tm°C Twmo°C
0 0 41.0 —
6 0.2 43.0 —
12 0.4 42.8 54
225 0.6 42.0 65

@ All experiments done in 10 mM NaCl. Concentrations of DNA
and CTAB are expressed in uM. T's are accurate to =0.5°C.
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FIG. 3. UV-temperature plot for the duplex 1:2 in presence of
increasing concentrations of DOTAP, (A) 0 uM (B) 6 uM, (C) 12 uM,
(D) 18 uM.

phates or hydrophobic one where the chains of the
detergent interact with the bases of oligonucleotide to
result in the observed splitting in melting profile. To
find out if this pattern resulted from such charge-
charge interactions or hydrophobic effect, the melting
studies were carried out using tetramethylammonium
bromide [(CH;),N"Br~] which lacks the hydrocarbon
chain, but has a similar cationic headgroup. In the
same concentration range as that of CTAB, this did not
have any effect on the T, of the duplex 1:2. To delin-
eate the contribution of the alkyl chain, the melting of
duplex 1:2 was done using cetyl alcohol as a ligand.
Even in this case, no splitting of the melting transition
was seen, unlike the case with CTAB. Thus, either the
cationic headgroups or the hydrophobic tails, on their
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own, are unable to induce splitting in the melting pro-
file. Only when the ODNs interact with the molecules
that have the charged headgroup and the hydrophobic
tail covalently linked amphiphiles, double transitions
were observed in the melting profile. To further exam-
ine the possible role of the hydrophobic chain in com-
plexation with ODN, the melting was carried out using
DOTAP, a double chain cationic detergent. This exper-
iment qualitatively showed a stabilization of the du-
plex with increasing concentrations (0-22 uM) and
appearance of a second melting around 60°C, similar to
CTAB (Fig. 3). However, in this case the resolution of
the transitions was not as clear as that seen in the
presence of CTAB. It is possible that the detergent
molecules might bind to single stranded DNA resulting
from the duplex melting and the observed high tem-
perature transition corresponds to such a melting of
CTAB-single strand ODN complex. To test such an
event, the UV-temperature plot of the ss ODN 1-CTAB
(22 uM) complex was examined and this showed a lack
of a sigmoidal behavior.

Circular dichroism studies. In order to find out
whether surfactant binding induces any structural/
conformational changes in the ODN, temperature-
dependent circular dichroism (CD) spectra of the du-
plex in the absence and presence of CTAB were
studied. In the absence of CTAB, the CD profile of
duplex is typical of the B-form, with a positive peak at
273 nm, a negative peak at 245 nm and a crossover
near the UV absorption maximum (14). The addition of
CTAB led to a slight decrease of the ellipticity in the
273-nm peak accompanied by a red shift to 278 nm and
an increase in the intensity of negative peak at 250 nm
(Fig. 4). However, significant differences were seen in
their CD patterns upon increasing temperature. The
free duplex showed a gradual decrease in positive in-
tensity band at 273 nm and an abrupt decrease in the
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FIG. 4. Temperature-dependent CD spectra of (A) free duplex 1:2 and (B) duplex-surfactant complex at temperatures 20, 30, 40, 50, 60,
70 and 80°C. The CD spectral changes under the experimental conditions are indicated by arrows.
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FIG. 5. Fluorescence intensity changes upon ethidium bromide
displacement from duplex 1:2 by incremental addition of CTAB.

80

negative band without any shifts in their peak posi-
tions (Fig. 4A). In contrast to this, the CD spectra of
duplex-surfactant complex (Fig. 4B), exhibited a grad-
ual decrease in intensity accompanied by shift in peak
positions of both positive (220 and 278 nm) and nega-
tive (250 nm) bands and 5-7 nm shift in cross over
point.

In order to locate the possible binding site of CTAB
on the duplex, fluorescence experiments were done,
using an intercalator ethidium bromide (15) and a mi-
nor groove binding agent HOECHST (16) as probes.
The titration of CTAB into duplex ethidium bromide
complex led to a gradual decrease in ethidium bromide
fluorescence intensity at 510 nm upto a CTAB concen-
tration of 40 uM, beyond which a rapid fall resulted
due to disassociation of the intercalated probe (Fig. 5).
This behaviour is characteristically elicited by minor
groove binding agents and hence competition experi-
ments were done with HOECHST. The addition of
CTAB to duplex-HOECHST complex did not result in
displacement of the probe, but the fluorescence observ-
ables (excitation and emission maxima) of HOECHST
changed significantly, reflecting an alteration in
HOECHST environment.

Nature of surfactant-DNA interaction: phase separa-
tion of free and surfactant-bound DNA. UV melting
studies of the duplex 1:2 indicated that the mode in
which CTAB and DOTAP bind to the ODN duplex
leads to at least two species with distinct melting tran-
sitions. The first melting is almost identical to the
parent duplex, whereas the second melting is depen-
dent on detergent concentration. The lack of sigmoidal
behavior in single strand ODN-surfactant melting in-
dicates that the high temperature transition in the
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melting of ODN duplex in presence of CTAB/DOTAP
does not arise from a simple complexation of detergent
to ss ODN liberated during duplex melting. The initial
interaction is electrostatic stabilization of cationic
surfactant-ODN complexes. The increase in T, that
can be attributed solely to the replacement of the Na*
counterions by tetralkylammonium counterion is not
likely to be more than 5°C and the observed AT, of
20-25°C can be accounted for only by considering the
involvement of additional stabilizing interactions.
When surfactant initially binds to ODN, the non-polar
hydrocarbon chains protrude out of ODN duplex into
aqueous environment (Fig. 6B). As the surfactant con-
centration is increased, new surfactant molecules pre-
fer to approach a duplex that already carries bound
surfactants rather than a free duplex (Fig. 6C). This
type of binding excludes unfavorable interaction of
non-polar surfactant chains with water molecules in
vicinity and surfactant interaction with the duplex is
thus dictated by the lateral association of hydrophobic
chains leading to a cooperative binding. Self-
association of surfactants to form micelles is unlikely
at concentrations used here that are much below the
critical micellar concentrations, and hence the surfac-
tant binding to ODN is in monomolecular form rather
than as micelles. The cooperativity in surfactant-ODN
binding is thus driven by hydrophobic association of
non-polar chains initially templated on DNA by cation-
anion electrostatic interaction. This process leads to a
phase separation of surfactant-saturated-duplex from
sparsely bound duplex in solution (Fig. 6D). Upon heat-
ing, the unbound duplex melts first followed by melting
of the duplex—surfactant complex. The latter transition
occurs at a higher temperature since ODN melting in
the complexes requires disaggregation of non-polar
chains templated on duplex. The observed broad, ill-
defined transition in case of DOTAP complex as com-
pared to well resolved transitions with CTAB is per-
haps a consequence of the different nature of the
aggregates from single chain (CTAB) and double chain
(DOTAP) surfactants on duplex template. Similar bi-
phasic transitions have been noticed in the binding of
spermine-cholic acid conjugates as a result of DNA
based nucleation of amphiphiles (17).

The CD studies indicated no major changes in con-
formation of DNA structure as CTAB binds to duplex.
The slight decrease in 275-nm band accounts for hy-
dration changes accompanying exchange of Na“ coun-
terion by the hydrophobic tetraalkylammonium coun-
terion (18). The observations suggest a minor
conformational adjustment in duplex as a consequence
of CTAB binding, but within the overall B-geometry. It
has been reported earlier that only bilayer forming
double chain lipids induce larger conformational
changes in DNA (19). The results of fluorescence ex-
periments strongly suggest that the surfactant mole-
cules bind ODN duplex from the minor groove side,
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FIG. 6. Schematic representation of model for DNA-surfactant interactions. (A) DNA and surfactant at sub-micellar concentrations. (B)
Initial binding of surfactant to some DNA molecules by electrostatic interactions. (C) Hydrophobic interactions among surfactant chains,
co—operatively drive new surfactant molecules to bind DNA molecules carrying pre-bound surfactants. (D) Phase separation ‘in solution’ of
surfactant-bound and free duplexes, leading to two melting transitions T, and T,.

since CTAB disintercalates ethidium bromide and
change the environment around HOECHST bound in
the minor groove. The lesser interstrand phosphate
distance in the minor groove perhaps allows a better
chain aggregation for co-operative binding of surfac-
tant to duplex.

It was previously observed that the rate of renatur-
ation for complementary DNA strands can be enhanced
10* fold by the addition of simple cationic detergents,
which is certainly mediated by a combination of electro-
static and hydrophobic association (2, 20). The study of
interaction between CTAB and large TADNA by poten-
tiometric titration suggested a bimodal distribution be-
tween the elongated coil and compact globule states (6).
The transition between the two states is cooperative but
not continuous and occurs in discrete steps for each DNA
chain. The thermodynamic results on CTAB-T4 phage
DNA complexes resolved cooperative binding from iso-
lated site binding in terms of enthalpic and entropic con-
tributions, strongly invoking hydrophobic interactions
(8). These studies involved use of large DNA molecules,
leading to conclusion that cationic surfactants bind to
both helical and single strand forms and the observed
biphasic melting is due to successive melting of helical
and single strand complexes. Our results suggest that
binding of the surfactant with single strand short oligo-
nucleotides is not cooperative probably due to the random
structure of oligonucleotides, but however in duplexes,

45

the structure is highly ordered due to the base pairing.
Thus coexistence of surfactant-bound and bare duplexes
as separate species within solution and their sequential
melting leads to a biphasic melting profile. This model
simultaneously incorporates the bimodal distribution as
well as cooperative ligand binding assisted-enhancement
in duplex stability (enhanced renaturation rate) seen
with large DNA molecules. The surfactants prefer to bind
to ODN duplex from the minor groove side.

CONCLUSIONS

Cationic surfactants interact with anionic ODN by a
combination of initial electrostatic interaction followed
by a cooperative binding of surfactant ligands to the
same duplex, driven by hydrophobic forces. The forma-
tion of a bound layer of CTAB along the ODN helix
provides an efficient mechanism to minimise contact of
hydrocarbon chain with water. At submicellar concen-
trations of surfactants, free/unbound duplex coexists
with surfactant-saturated duplex and sequential melt-
ing leads to biphasic behavior in thermal transition.
Understanding of the cooperative surfactant binding to
ODN and stabilization of the ODN duplex by amphi-
philes as described here may have implications for
rational design of drugs, DNA delivery systems and
new performance materials. Template oligomerization
of DNA bound cations have recently been used to pro-
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duce nanometric particles (21, 22) and DNA-lipid com-
plex in organic media is shown to form an aligned cast
film (23). The study of large DNA-cationic surfactant
complex in presence of alcohols has enabled observa-
tion of isolated giant DNAs complexed with cationic
surfactant by fluorescence microscopy (24). Since by
choice of the right sequences, DNA can be induced to
form a variety of structures such as hairpins, cruci-
forms, triplexes and tetraplexes, template can be tai-
lored to align functionalised surfactant discretely to
form novel complexes and further process the align-
ments to generate new materials.
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