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ABSTRACT: The effect of the presence of divalent and trivalent metal ions in solutions upon
DNA packaging induced by the photosensitive azobenzene-containing surfactant is considered. It
has been shown that the addition of divalent and trivalent metal ions does not affect the DNA−
surfactant interaction for both the cis- and the trans-isomers of the surfactant. At the same time, the
ionic strength of the solution, which is provided by a certain concentration of the salt, has a huge
impact. It affects the association of surfactant molecules with each other and their binding to DNA.
It has been shown by computer simulation that cobalt hexamine is attracted to the N7 atom of
guanine in the major groove of DNA and does not penetrate into grooves near the AT base pairs.

■ INTRODUCTION
DNA interaction with light-sensitive azobenzene-containing
surfactants is rather well investigated and described in the
literature. Nevertheless, interest in a comprehensive study of
the properties of such systems has increased due to the
prospects for their usage in new developments. The design and
synthesis of different photoresponsive azobenzene-containing
DNA materials, including nanoplasmonic systems, are now
developed.1−9

The azobenzene unit provides light control over the
reversible switching between the planar hydrophobic trans-
isomers and the nonplanar hydrophilic cis-form with a
pronounced dipole moment.10 The length of the hydrophobic
tail allows manipulation of the surfactant hydrophobicity and
determines, for example, the size of the micelles and the CMC.
However, the length of the tail does not fundamentally affect
the nature of the surfactant interaction with DNA.11,12

The reversible manipulation with DNA conformation
realized with light was demonstrated using different
azobenzene-containing surfactants.12−17 The azobenzene-con-
taining surfactants in the trans-form cause a shrinkage of the
DNA coil in a solution of low ionic strength, ultimately leading
to a compact state. Surfactant molecules associate in aggregates
on the polyelectrolyte DNA strand. The conformational
transition of the swollen coil into a compact state is reversible.
The DNA can again transform into a swollen random coil
under UV irradiation, which converts the surfactant into a
hydrophilic cis-form. Further irradiation with visible light leads
to DNA compaction again due to the transition of surfactant

into a hydrophobic trans-form. This conformational transition
should be distinguished from the phase transition with the
formation of nanosized particles observed with an excess of
surfactant in DNA solution.13

Interaction of cationic surfactants with negatively charged
DNA and oligonucleotides in water solution depends greatly
on the concentration of the supporting electrolyte (mainly
NaCl).13,18−23 For example, the interaction does not occur at
all at high salt concentration (1 M NaCl). The concentration
of salt also affects the association of the surfactants in DNA-
free solutions.24−28 The interaction of highly charged anionic
DNA with positively charged compounds in solution
essentially depends on the screening of the charges of the
interacting components. In this regard for the dilute solutions
of high-molecular DNA, the concept of the excluded volume of
a macromolecule is used. This concept includes both the DNA
polyelectrolyte swelling and the thermodynamic volume effects
in terms of Flory’s theory.29 The excluded volume of the
macromolecule is responsible for the absence of significant
DNA packaging in solutions with a low concentration of
polycations (low ratio of molar concentrations of ionogenic
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groups of polycation and DNA Z).30 The emergence of
nanosized interpolyelectrolyte complexes in dilute DNA
solutions with polycations is observed at Z > 1.31,32 Note
that the addition of small trivalent counterions of even very
low concentrations (in terms of Z approximately at Z < 0.01)
to a DNA solution would immediately lead to the formation of
complexes with the decrease in the volume of the DNA
molecular coil.33,34 In contrast to the DNA packaging induced
by polycations, small multiply charged ions may cause the
emergence of the nanosized DNA particles at their certain
concentration, regardless of the charge ratio Z (i.e., regardless
of the DNA concentration).34 It should be noted that DNA
packaging caused by cationic surfactants in aqueous solutions
occurs at the charge ratio of about Z = 1, as it is usually
observed in DNA solutions with polycations. The formation of
nanosized structures in DNA−surfactant solutions is similar to
that in DNA solutions with polycations, as it follows from the
phase diagrams.13,30,34

Cationic surfactants are amphiphilic molecules. Their
binding to DNA decreases the charge density of the
macromolecule and also transforms the environment around
the double helix via the formation of a hydrophobic “coat” of
the surfactant tails, which leads to a change in the DNA−
solvent interaction. Note that even an extremely high NaCl
concentration (more than 5 M) does not lead to DNA
precipitation due to nonzero thermodynamic volume effects
under such conditions.35 On the contrary, for single-stranded
DNA with hydrophobic bases exposed to the water, the ideal
solvent (or theta solvent) is observed at 2 M NaCl. It is known
that divalent metal ions shield the charge of the DNA molecule
more effectively.36,37 Because they interact with the negatively
charged oxygen atoms mainly through the water mole-
cules,38,39 they cannot cause DNA condensation even at
their high concentration in solution.40,41 In other words, for
DNA condensation, it is necessary not only to have the
effective shielding of negative charges, but also the reduction in
the DNA hydrophilicity. Trivalent metal ions, as well as
spermine and spermidine, induce DNA condensation in
solutions.32,42−45 They provide a certain structuring of the
DNA molecular coil in a solution due to their binding to sites
that are remote along the chain; it helps to overcome the
polyelectrolyte swelling.46−50

There is an opinion that the binding of cobalt hexamine
(CoHex3+) to DNA leads not only to DNA condensation,51−55

but also induces the B−A transition of the double helix.56,57

However, the study of the UV and circular dichroism spectra
of DNA in the corresponding solutions does not confirm this
for natural thymus DNA.33 The assertion that CoHex3+ can
bind not only to the oxygen of phosphate, but also to the N7
atom of guanine and some atoms of AT base pairs in the major
groove of DNA, also exists.57,58 Note that any involvement of
nitrogenous bases into binding leads to a change in the spectral
properties of DNA and destabilizes its secondary structure,
which is not observed when studying the binding of cobalt
hexamine to DNA.33,46 However, such an interaction can be
realized without double-stranded perturbation if cobalt is
partially placed in the major or minor grooves of DNA without
forming stable bonds with atomic groups of heterocycles.
CoHex3+ cations are known to be able to enhance DNA
condensation that is caused by the other agents.59

In this work, we analyze the effect of the presence of divalent
and trivalent metal ions in solutions upon DNA packaging
induced by the surfactant. We chose a light-sensitive

azobenzene-containing surfactant that changes its conforma-
tion and, accordingly, its dipole moment under the action of
UV and visible light. Azobenzene can exist in the trans- or cis-
form. This property makes it possible to use azobenzene-based
compounds for light-controlled DNA condensation and in
various nanodevices.60,61 Surfactant interaction with DNA in
solutions at different NaCl concentrations was previously
studied in detail by our group13,24,62,63 and other research-
ers.19,64,65

■ MATERIALS AND METHODS
High molecular calf thymus DNA (Sigma-Aldrich) with a
molecular mass of 9 × 106 g/mol determined by viscometry

and cationic azobenzene-containing surfactant (Figure 1)
synthesized according to the synthesis scheme described in
ref 66 were used. The VL-4.L UV lamp with a peak of emission
at 355 nm and the diode light with a wavelength of 465 nm
were used immediately before measurements for trans−cis and
cis−trans isomerization of the azobenzene group in surfactant,
respectively. The solutions in a quartz cuvette were irradiated
by light sources placed at a distance of 2 cm from the samples.
The salts MgCl2, FeCl3, LaCl3, and Co(NH3)6Cl3 from the
Sigma-Aldrich Co. were also used.
Experimental Methods. Absorption spectra were regis-

tered with a spectrophotometer SF-56 (LOMO, Russia).
Measurements were performed in a quartz cell with an optic
path length of 1.0 cm.

We control the tertiary structure of the DNA molecule in
solutions with surfactant by hydrodynamic methods. The
model of a freely joined chain or the model of the wormlike
(persistent) chain was usually applied to describe the
conformation of DNA in solutions. For DNA samples with a
molecular mass of more than M = 2 × 106, both of these
models are acceptable. The universal conformational param-
eters for these models are the mean square distance between
the ends of the chain h( )2 1/2, the contour (hydrodynamic)
length L, and the molecular mass M. The length of the
statistical segment (Kuhn segment) A and the persistent length
p for the wormlike chain describes the bending (equilibrium)
rigidity of the macromolecule.

In our experiment, a relative viscosity ηr of DNA solutions
with and without surfactant and CoHex3+ was determined at
21 °C with a low gradient Zimm−Crothers-type rotation
viscometer.67 The velocity gradients did not exceed 3 s−1, and
therefore the study of the gradient dependence of viscosity is
not necessary. The intrinsic viscosity of the DNA was obtained
by the extrapolation of the dependence of reduced viscosity on
the DNA concentration to the concentration C = 0:
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which is associated with the DNA conformational parameters
by the equation:

Figure 1. Structure of the azobenzene-containing surfactant.
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where Φ is a Flory parameter, M is the DNA molecular mass,
and h( )2 1/2 and h( )0

2 1/2 are the mean-squared distances
between the ends of the DNA chain in the real and the ideal
solvents. Respectively, α is the coefficient of linear swelling,

= h h( ) / ( )2 1/2
0
2 1/2, L is the hydrodynamic length of the

polymer chain, and A is the length of the Kuhn segment (chain
rigidity parameter). For high molecular DNA samples, A = 2p.
The optical anisotropy of DNA was determined with the flow
birefringence method.68,69 The difference in the polarizabilities
of the DNA statistical segments (α1 − α2) along (α1) and
normal (α2) to the DNA helix axis were determined from the
equation:
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Here, Δn is the birefringence value of the DNA solution in the
field of the flow velocity gradient g, η is a viscosity of solution,
η0 is the viscosity of the solvent, ns is the refractive index of the
solvent, kB is the Boltzmann constant, and T is the absolute
temperature. This equation is true for a negligible form effect,
which is typical for DNA solutions with giant intrinsic optical
anisotropy of the DNA coil. The (α1 − α2) value is
proportional to the DNA base pair optical anisotropy Δβ
(difference in its polarizabilities along (β1) and normal (β2) to
the DNA helix axis) and to the number of base pairs S in the
DNA statistical segment: α1 − α2 = SΔβ. The S value also
determines the DNA rigidity: S = A/l (l is the length of the
base pair along the DNA helix). All measurements were carried
out at 21 °C. The dynamic light method was used to estimate
the micelle sizes in solutions with different salt concentrations
for the cis- and trans-isomers of the surfactant. The correlation
functions of the scattered light intensity were obtained using
the PhotoCor complex (Russia). The results were processed by
the DynaLS program. The hydrodynamic radius Rh of the
particles was determined by the formula:

=D
k T

R6t
B

h (4)

where Dt is the coefficient of translation diffusion of the
particles, kB is the Boltzmann constant, T is the absolute
temperature, and η is the viscosity of the solvent.

■ MODEL AND SIMULATION
The five systems containing DNA, surfactant, and CoHex3+ or
Na+ ions were considered. The composition of all simulated
systems is given in Table 1.

The simulation box for each system contains four identical
double-stranded DNA molecules. Each DNA consists of 21
base pairs d(GCCCAGCATTTCACCCAGATT) and has a
total charge of −42(e). Two DNA molecules are oriented
parallel to each other and to one of the edges of the box, while
the other two are in antiparallel orientation to them. The DNA
molecules stretch from one face of a cube to another, so with
periodic boundary conditions the DNA molecules become
infinite and have no ends. This approach allows us to exclude
the sticking of surfactant molecules to the ends of the DNA
fragments, which is out of our interest.

The water molecules and 56 CoHex3+ were added into the
simulation box with 4 DNA. This system is denoted as I in
Table 1. In the other systems, the surfactant cation C4-Azo-
OC6TEA+ is added. The cation C4-Azo-OC6TEA+ (Figure 1,
hereinafter named Azo) contains the charged headgroup
(“head”) and a hydrophobic tail with an azobenzene group.
The positive charge of the headgroup is delocalized and
distributed among the H atoms of the four −CH2− groups
connected to the nitrogen atom. Thus, charged atoms are
located inside the headgroup and are less accessible to solvent
and DNA molecules than in the previously considered62,63 case
of surfactant cation C4-Azo-OC6TMA+ with methyl groups in
the head.

In this work, the simulation of surfactant in the trans
(systems II and III in Table 1)- and cis (systems IV and V)-
forms was carried out. System II contains 4 DNA, 42 trans-Azo

Table 1. Simulated Systems

I II III IV V

dsDNA 21 bp, 4 4 4 4 4
mM bp/l 0.125 0.116 0.115 0.116 0.115
trans-Azo, ions 42 42
[trans-Azo], M 0.058 0.058
cis-Azo, ions 42 42
[cis-Azo], M 0.058 0.058
CoHex3+, ions 56 42 42
[CoHex3+], M 0.083 0.058 0.058
Na+, ions 126 126
[Na+], M 0.173 0.173
H2O, molecules 37447 40287 40455 40287 40455
box size, Å 70.98 × 128 × 128 70.98 × 134 × 134 70.98 × 134 × 134 70.98 × 134 × 134 70.98 × 134 × 134
simulation time, ns 55 86 92 82 145

Table 2. Partial Charges of the Atoms of the Head Group
−CH2−N−(CH2−CH3)3 of the Azo Cation

atom charge, e no. of atoms

N −0.100 1
C (−CH2−) −0.015 4
H (−CH2−) 0.145 8
C (−CH3) −0.180 3
H (−CH3) 0.060 9
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cations, 42 CoHex3+, and water molecules. Also, for
comparison, the corresponding system containing 126 Na+

cations instead of CoHex3+ is considered (system III). Systems
IV and V containing cis- isomers of surfactant were obtained,
respectively, from systems II and III by the trans−cis transition
in Azo during 3.6 ns of simulation by slow rotation of the C−
N�N−C group around its double bond by 180°.

It should be noted that, due to the fact that the volume of
the simulation box is limited by computational resources, the
number of CoHex3+ cations per DNA phosphate in the model
system (42/(21 × 2 × 4) = 0.25) is higher than that in the
experiments (∼0.1).

Simulation was carried out by molecular dynamics in the
AKMD program70 using the AMBER-14sb71 force field and
SPC/E model for water; compatible parameters for Na+

developed by Dang72 and for CoHex3+ developed by Sun56

were used. In the CoHex3+ model, the Co atom is bonded with
−NH3 groups. The charges at the atoms of the headgroup
were calculated with GAMESS-16;73,74 see Table 2. A time
step of 2 fs was used. The simulation was carried out in the
NVT ensemble with a Nose−́Hoover thermostat.75 The length
of the simulation box for all of the systems was fixed to
70.98 Å, which coincides with the length of 21 base pairs of
DNA. The width and height were adjusted so that the average

pressure in the system was approximately 1 atm. The
temperature was kept at 25 °C. The electrostatic interactions
were treated with the Ewald method.76 The lengths of the
molecular bonds were maintained with the SHAKE algo-
rithm.77

■ RESULTS OF EXPERIMENTS AND DISCUSSION
Features of DNA Interaction with the Cis- and Trans-

Surfactants. Two isomeric forms of azobenzene-containing
surfactant can be distinguished easily with spectroscopy. The
trans-isomers predominate in aqueous solution under normal
conditions (natural light, room temperature) or in the dark.
The trans−cis isomerization occurs under the irradiation of the
surfactant solution with UV light.

Figure 2 demonstrates spectral changes for trans-2(a) and
cis-2(b) isomers of surfactant at their constant concentration
C(sur) (in water solution C(sur) < CMC) with an increase in
NaCl concentration, C(salt). Because the CMC value
decreases with increasing salt concentration,78 the observed
spectral changes at high C(salt) reflect, among other things, the
transition of the surfactants to the micellar state. Indeed, two
isosbestic points for cis-isomer spectra in Figure 2b clearly
demonstrate the existence of two spectral forms (before and
after the formation of micelles). Note that the absence of an

Figure 2. Effect of NaCl concentration on the absorption of (a) trans- and (b) cis-isomers of the surfactant and the size of their micelles (c). The
surfactant concentration was constant: C(Azo) = 8 × 10−5 M (a) and 1.5 × 10−5 (b). The NaCl concentration can be determined by the insets,
which indicate the peak positions for the cis- and trans-isomers at different NaCl concentrations. Part (c) demonstrates DLS data (hydration radius
of micelles) for the (A) trans- and (B) cis-isomers at different ionic strengths (1, 0.005 M; 2, 0.05 M; 3, 0.15 M; and 4, 0.4 M NaCl).
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isosbestic point in the spectra of trans-isomers with increasing
C(salt) (Figure 2a) indicates the existence of more than two
spectral forms in these systems. It is known that the emergence
of micelles in surfactant solution with trans-isomers is
accompanied by a blue shift of the main peak with the
decrease in the intensity of the long-wavelength shoulder.
Previously, we studied in detail the spectral properties of the

azobenzene-containing surfactants at different C(salt) values. It
was shown that in the range of moderate C(salt) values before
the CMC, alternative associates of surfactants may arise in
solutions.24 Thus, the spectra in Figure 2a correspond to the
free trans-isomers in solution, their associates that appear at
moderate C(salt) values, and micelles at high ionic strength.
Trans−cis isomerization induces a decrease in the size of the
micelles, as it was shown by the DLS method (see Figure 2c).
The micelle size weakly depends on the salt concentration. It
was shown that for cis-isomers the micelle size is smaller than
that for trans-isomers, and the ionic strength of the solution
influences it.63

Because cis-isomers of surfactant can spontaneously convert
over time to the trans-conformation, a special experiment
determines the time interval when the properties of cis-isomers
can be correctly defined (Figure 3). The change in the position
of the second peak in the absorption spectra of surfactants
indicates the cis−trans transition of the azobenzene group.
One can see that this happens already in the third minute after
irradiation of the surfactant solution with a UV lamp (at
355 nm). However, the presence of DNA slows the cis-to-trans
relaxation process and guarantees a stable state of the cis-form
during 10−12 min after irradiation. In the darkness, the
stability of the cis-conformation increases significantly, at least
to 30 min for free cis-isomers. In this regard, almost all
experiments were carried out in the dark.

Figure 3. Change in the position of the second peak in the absorption
spectra of the surfactant absorption in solutions without DNA (1) and
with DNA (2) after the end of irradiation with a UV lamp.

Figure 4. Results of the analysis of the absorption spectra of DNA complexes with (a) trans- and (b) cis-isomers of surfactant for different Z values
(shown in the figures) in 0.005 M NaCl. The cis-isomers were mixed with DNA in solutions just before the measurements. The inset demonstrates
complexes presented in (b) after irradiation with visible light (after cis−trans isomerization). The results of processing the spectra presented in (b)
to determine the binding constant (the result of Wolf−Shimmer analysis of cis-isomer binding to DNA) (c). Part (d) shows the results of UV
irradiation of DNA complexes with trans-isomers.
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It is important for our research that trans- and cis-isomers of
the surfactant interact with DNA in different ways.63 The
binding of trans-isomers to DNA occurs cooperatively (Figure
4a); surfactant spectra in the region of wavelengths where
DNA does not absorb are clearly divided into two groups,
corresponding to the free and to the DNA-bound state.
Moreover, one can see the same changes in the absorption
spectra of the surfactants in micelles and in complexes with
DNA for all Z < 1 (Z is the surfactant−DNA charge ratio),
even at small Z = 0.1. In this case, we mean the formation of
“pseudomicelles” on DNA.13 Note that at 1 < Z < 2, a
significant deterioration in the quality of the solvent for DNA−
surfactant complexes is observed, and, as a result, DNA
partially precipitates. At Z > 2, the distinctive feature of the
considered systems is the phase transition with the formation
of compact homogeneous nanosized DNA−surfactant par-
ticles. Indeed, an excess of surfactant molecules in the low-
concentrated DNA solution with small salt concentration
induces DNA condensation.13 Solutions remain visually
transparent. Because of the phase transition, only the
absorption of molecules that are not included in complexes

with DNA is observed at Z > 2. The only surfactant fraction
that is not involved in nanoparticles absorbs.

On the contrary, one can see a gradual change in surfactant
absorption with increasing Z values for the cis-isomers (Figure
4b). The surfactant, when added to the DNA solution, was in
the cis-form. The result of cis-isomers binding to DNA differs
greatly from the result of UV-irradiation of DNA complexes
with trans-isomers (Figure 4d). In this case, again one can see
only two types of spectra for free and bound cis-isomers (like
in Figure 4b for the trans-isomers). Hence, it follows that UV
irradiation of the already formed DNA complexes with trans-
isomers does not disturb the binding, and surfactants in
complexes simply change their conformation, remaining in
contact with DNA.

In Figure 4b, the smallest Z value corresponds to an excess
of binding sites on DNA (high DNA concentration in the
surfactant solution). There is a great difference in the spectra
of the DNA-bound surfactant and of the free one. Isosbestic
points demonstrate that an increase in the Z value leads to the
coexistence of free and DNA-bound surfactant molecules in
solution. This is a characteristic of the so-called equilibrium
binding. In this case, in contrast to DNA−trans-isomer

Figure 5. Dependence of the relative change in reduced viscosity of DNA solutions on the Z value for DNA−cis-isomers complexes at different
NaCl concentrations (a) and the dependence of reduced viscosity of DNA−surfactant solutions in 0.005 M NaCl on Z for cis-isomers and after
cis−trans isomerization of surfactant under the lighting of the same solutions at 465 nm (b); C(DNA) = 0.007%.

Figure 6. Normalized band maximum absorption spectra of (a) trans- and (b) cis-isomers in complexes with DNA and in the free state in 5 mM
NaCl solution with and without Mg2+, La3+, Fe3+ (a) and CoHex3+ (b) ions in a different order of ions and surfactant adding to the DNA solution.
The inset in (b) indicates DNA−trans-isomer complexes in the presence of CoHex3+; C(Azo) = 3 × 10−5 M, C(Mg2+) = 10−4 M, C(DNA) = 5 ×
10−5 M, and C(La3+) = C(Fe3+) = 10−5 M.
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systems, we can estimate the equilibrium binding constant
according to the equation:79

[ ]
| |

= [ ]
| |

+
| |K

DNA DNA 1
( )a f b f b b f (5)

In this equation, [DNA] is the concentration of DNA in
moles of base pairs, and εf, εb, and εb − εf are the extinction
coefficients of free, fully bound surfactant, and surfactant in the
complex with DNA, respectively. Kb is the equilibrium binding
constant.

Estimation of the value of the equilibrium binding constant
Kb of cis-isomers to DNA gives the value of Kb = (2 ± 0.5) ×
105 M−1. This is a fairly large binding constant. At least it is
greater by an order of magnitude than that estimated for the
electrostatic binding of divalent metal ions to DNA. Binding is
noncooperative. From the latter, it can be concluded that for
cis-isomers, the association of hydrophobic surfactant tails
upon binding to DNA is not as significant as for the trans-
isomers. The DNA−surfactant complex is stabilized by
surfactant−surfactant intermolecular contacts for the DNA-
bound molecules, which provides a stronger interaction as
compared to the electrostatic binding. Indeed, as it is known,
monovalent counterions (“heads” of surfactants) are unable to

form relatively long-lived complexes with DNA as compared to
the rate of the bound water exchange. The energy of the
electrostatic interaction of univalent counterions with DNA is
approximately equal to the energy of thermal motion.
Therefore, additional stabilization of DNA−surfactant com-
plexes is obligatory. We also note that, when binding, the
surfactants create a more hydrophobic environment around
DNA with a lower dielectric constant, which increases the
energy of the electrostatic interaction of oppositely charged
ions in solution.
Effect of the Concentration of Monovalent Ions

(NaCl) on the DNA−Surfactant Interaction. Without any
doubt, electrostatic interactions in DNA−surfactant binding
play a very important role. The polyelectrolyte swelling of the
DNA coil in a solution decreases with the growth in NaCl
concentration. Note that within the range of salt concen-
trations used in our experiments, the persistent length of DNA
does not change and remains equal to (50 ± 5) nm (the data
of flow birefringence and viscosity). DNA interaction with
trans-isomers of surfactant examined by viscometry has been
discussed in detail earlier.13 Let us dwell on the analysis of
DNA binding with cis-isomers. The addition of cationic
surfactant into DNA solution induces different changes in

Figure 7. Influence of cobalt hexamine ions on the DNA−surfactant interaction (on the tertiary structure of DNA). Dependence of the relative
change in DNA optical anisotropy Δγ (1) and in the reduced viscosity of DNA solutions (2, 3) on CoHex3+ concentration in 5 mM NaCl (a); the
dependence of the relative change in reduced viscosity (b) of DNA solutions on Z with trans- (1, 3) and cis- (2, 4) isomers with (3, 4) and without
(1, 2) CoHex3+, C(DNA) = 0.007% (1, 2) and 0.004% (3); C(CoHex3+) = 1.5 × 10−5; and the dependence of the relative change in DNA optical
anisotropy for the same systems (c).
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solution viscosity depending on the ionic strength (Figure 5).
DNA−surfactant interaction is not observed at a high salt
concentration, as it is also known from the spectral data. A
drop in the solution viscosity at a low NaCl concentration
during DNA binding with cis-isomers changes to an increase
with the growth of the Z value at 0.08 M NaCl due to DNA
aggregation. In other words, not only an increase in Z to
certain values (1 < Z < 2) in solutions of low ionic strength,
but also an increase in the ionic strength of the solution to
concentrations of the order of 0.05−0.5 M NaCl at low Z, lead
to the thermodynamic instability of the solutions. DNA
precipitation is observed under such conditions. This is true for
both surfactant isomers.

Note that the viscosity of solutions with DNA−trans-
isomers is usually lower than that for the same solutions after
their UV irradiation at 353 nm, which induces trans−cis
isomerization.13 In our work, it was shown that the irradiation
of DNA solutions containing cis-isomers with the light 465 nm
slightly decreases the viscosity. In other words, the cis−trans
transition of surfactants bonded to DNA leads to an additional
shrinkage of the DNA molecular coil. This may be due to a
more efficient interaction of the hydrophobic “tails” of trans-
isomers associated with DNA relative to that observed for cis-
isomers.

The balance of the electrostatic repulsion of identically
charged DNA groups and the change in the affinity of DNA for
the solvent determines the state of the solutions. Indeed,
surfactants associated with DNA provide the screening of
charges of phosphate groups and at the same time reduce the
hydrophilicity of DNA due to the emergence of a “coat” of
hydrophobic tails around its helix.
Effect of Divalent and Trivalent Metal Ions on DNA−

Surfactant Binding. One can expect that divalent or trivalent
counterions in solutions due to higher charges can change
significantly the DNA−surfactant interaction. Indeed, divalent
and trivalent ions significantly reduce the polyelectrolyte
swelling of DNA as compared to the monovalent ones.36 In
our experiments, the NaCl concentration in all systems was
constant (0.005 M). Salt MgCl2 was used as a source of
divalent counterions. It is known that Mg2+ ions usually bind to
DNA phosphates.37 The sodium ions form an ionic
atmosphere around DNA without forming any stable
complexes with DNA phosphates in solutions at room
temperature. The charge of the divalent metal ions provides
the emergence of the so-called equilibrium binding; the
fractions of DNA-bound and free magnesium ions coexist in
solution. Trivalent ions bind to DNA more strongly. They
prefer to bind to more than one phosphate at the same time,
causing the shrinkage and a kind of structuring of the DNA
molecular coil.46 It is interesting to note that DNA binding
with Mg2+, La3+, or Fe3+ does not prevent further DNA−
surfactant interaction (see Figure 6a).

We also used a more complex trivalent cation, cobalt
hexamine. According to some reports, it can interact with DNA
bases in the grooves.57,58 Spectral data obtained for DNA
interaction with trans-isomers in the presence of CoHex3+ do
not differ from those obtained for Fe3+ and La3+ (see inset in
Figure 6b). It was shown that for cis-isomers, as well as for
trans-isomers, the order in which surfactants and CoHex3+

were added to the DNA solution does not play any role, but
premixing the surfactant with CoHex3+ before adding to the
DNA solution leads to slightly different results. This may
indicate some interaction of cis-isomers with cobalt hexamine.

Moreover, the absorption spectrum of cis-isomers upon
interaction with DNA in the presence of CoHex3+ slightly
differs from that for DNA−cis-isomer in solution without
trivalent ions. Nevertheless, the spectral data indicate that the
presence of CoHex3+, as well as other trivalent ions, does not
prevent the binding of trans- and cis-isomers of the surfactant
to DNA.

It is known that Mg2+ and all trivalent ions used in the
research prefer to bind to the DNA phosphates, which are also
the main binding sites for the positive heads of surfactants. The
high charge of the trivalent ions is responsible for their strong
binding to DNA phosphates with the reorganization of the
DNA molecular coil due to the formation of intramolecular
electrostatic “linkages”. The latter leads to a stronger shrinkage
of the DNA coil than is observed when polyelectrolyte swelling
is completely suppressed at 1 M NaCl. In addition, this
shrinkage is accompanied by the appearance of a large number
of mutually oriented rigid DNA segments, which manifests
itself in an increase in the optical anisotropy of the molecular
coil Δγ (see, for example, Figure 7a). The other trivalent ions
affect similarly a change in the DNA conformation. Figure 7a
also demonstrates that the DNA concentration has no
influence on the measured parameters; only the concentration
of the introduced cobalt ions is important and not the charge
ratio, as is observed for the DNA−surfactant interaction. This
difference in the DNA binding with small ions and with
polycations was analyzed earlier in this Article.34 Interestingly,
surfactant influence on DNA polyelectrolyte swelling in this
regard is similar to that for polycations, apparently due to the
fact that in solutions the surfactant molecules in most cases
form associates with each other.

Despite the fact that the absorption spectra of surfactants
upon binding to DNA change in the same way in solutions
containing di- or trivalent metal ions and without them, the
DNA tertiary structure in such solutions behaves differently.
Spectral data show that surfactant molecules find the
opportunity to bind to DNA after the formation of DNA
complexes with di- and trivalent ions. It means that not all
phosphates are involved in binding to metal ions, and the
overall decrease in the screening of the DNA surface charge
does not play a role in this case. In contrast, in 1 M NaCl, the
excess of small monovalent counterions prevents surfactant
interaction with DNA via the effect on the excluded volume of
DNA. Indeed, the addition of cobalt ions to the DNA−

Figure 8. Condensation of DNA molecules due to CoHex3+ cations in
system I, top view, 55 ns. The water molecules are not shown, and the
cobalt of CoHex3+ is shown by pink spheres here and in the figures
below.
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surfactant solution at Z < 0.5, as well as the addition of the
surfactant to the formed DNA−cobalt complexes, leads to an
additional drop in the volume of the macromolecule up to Z <
0.5 when DNA is significantly compacted (Figure 7b).

Experimental measurement of the DNA optical anisotropy
in solutions with a surfactant shows that neither the persistent
length of DNA nor the average difference in the polarizabilities
of the DNA base pairs change at under Z < 0.8 for the trans-
and cis-isomers. Only the polyelectrolyte swelling of DNA
shows a decrease. The addition of cobalt hexamine to DNA−
surfactant solutions leads to a drop in the optical anisotropy of
the macromolecule already at Z > 0.1. Accordingly, the binding
of CoHex3+ to DNA leads to an increase in its optical
anisotropy (see Figure 7a, curve 1). We can assume in this case
that the persistent length of DNA decreases under these
conditions. In addition, DNA packaging can be accompanied
by a decrease in the asymmetry of the molecular coil (its
transition to a more spherical shape is possible).

The considered data set allows us to conclude that the
electrostatic interactions play a very significant role in DNA
surfactant interaction indeed. First, the ionic strength of the
solution, which is provided by a certain concentration of salt,
has a huge impact on DNA shrinkage induced by the
surfactant. It affects also the association of surfactant molecules
with each other. The different type of binding of trans- and cis-
isomers (cooperative for trans- and noncooperative for cis-
isomers) does not influence the possibility of di- and trivalent
ion association to DNA. Apparently, in both cases, the
surfactant molecules are located on DNA in the form of
pseudomicelles, leaving the possibility for the subsequent
binding of two- or trivalent ions. However, it should be noted
that the UV-induced trans−cis transition in the case of
complexes formed does not lead to a destruction of DNA−
surfactant complexes, but promotes the transition of DNA-
bound trans-surfactant molecules to their cis-conformation. In
addition, screening of the DNA charge by divalent and
trivalent ions also does not prevent the subsequent binding of
surfactant molecules, which find the remaining unshielded
phosphate groups of the macromolecule to bind. In this case, if
unshielded phosphates remain on the macromolecule, the
surfactant binds to DNA according to the usual scenario (as in
a NaCl solution).

To confirm the above assumptions, let us turn to the results
of modeling of DNA systems with cobalt hexamine.

■ RESULTS OF MODELING
DNA Condensation by Cis- and Trans-Surfactants in

the Presence of Cobalt Hexamine. During the first few
nanoseconds, CoHex3+ cations in systems I, II, and IV (see
Table 1) are condensed on DNA phosphates and remain there
until the end of the simulation time. At the same time,
surfactant cations (systems II and IV) were mostly still moving
freely in the solution. Later, the surfactant cations began to
aggregate with each other in solution as well as to bind to DNA
phosphates and to form aggregates on DNA. The structure of
the aggregates for the cis- and trans-surfactants has been
studied in detail earlier.62,63 Obviously, small trivalent cations
have an advantage over the monovalent surfactant cations in
binding to DNA phosphates.

Figure 9. System II. Two DNA molecules (side view), 30 ns (a), and four DNA molecules (top view), 86 ns (b), connected by surfactant
aggregates. The nitrogen atoms of the “head” of the surfactant cations are shown by blue spheres here and in the figures below.

Figure 10. System III at 92 ns, top view. The Na+ ions are shown in
violet color.
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In the system containing DNA and CoHex3+ (system I) in a
time of approximately 25 ns, two DNA molecules approached
each other up to a distance (between the phosphates) of
approximately 1 nm. A little bit later (30 ns), the other two
molecules also approached each other, and then joined
together with the duplex formed before. This reflects well
the experimentally observed tendency for cobalt ions to bind
distant segments of the macromolecule with the formation of
mutually parallel helical sections. By the end of the simulation
time (55 ns), the smallest DNA−DNA spacing turned out to
be approximately 0.5 nm; see Figure 8. This is in good
agreement with the simulation result in the work,56 where
DNA condensation due to CoHex3+ cations was also observed,
and the first maximum of the phosphate−phosphate radial
distribution functions was about 0.7 nm.

In the system containing surfactant in the trans-form in the
presence of CoHex3+ (system II), after about 12 ns the DNA
molecule with an attached surfactant aggregate approaches

another DNA at a distance of about 2 nm; see Figure 9a. The
surfactant aggregate between DNA molecules is oriented so
that the surfactant cations in it are parallel to the DNA chains.
Approximately at 40 ns of simulation, one more molecule
joined these two DNAs, and a little later (at 50 ns) the
remaining molecule joined them; the final configuration is
shown in Figure 9b. In the control system (III) containing Na+

ions, at about the same time as in the system II, two DNA
molecules also approached each other, and a surfactant
aggregate gradually was formed between them, linking these
two molecules. As a result (at 48 ns), all four DNA molecules
were connected through a surfactant cation, forming a chain
(Figure 10).

The cis-surfactant cations form aggregates in solution and on
DNA phosphates (systems VI and V), although not as fast as in
the case of trans-surfactants. Indeed, experiments have shown
that trans-surfactants, in contrast to cis-isomers, bind to DNA
cooperatively. In system IV containing CoHex3+, approx-
imately 30 ns after the start of simulation, two DNA molecules
stick together through a surfactant aggregate (Figure 11a),
which is much later than in the case of the trans-surfactant (12
ns, system II). At 50 ns, all four DNAs stick together; the final
conformation is shown in Figure 11b. In the same system with
Na+ ions (system V), DNA molecules began to stick together
also approximately at 30 ns after the start of simulation too.
The final conformation is shown in Figure 12; it looks like the
final conformation of the system with CoHex3+ cations.
Binding of CoHex3+ Cations to DNA Base Pairs. To see

the difference in the interaction of cobalt hexaamine with the
GC and AT base pairs, for a system containing DNA and
CoHex3+ cations (system I), the spiral staircase distribution
functions (SSDF)80 were calculated; see Figure 13. The SSDF
shows the concentration of hydrogen atoms of the CoHex3+

cation, averaged over all layers containing base pairs of a
certain type (AT or GC) of the considered DNA fragment and
over the simulation time. It is easy to see that the maximum of
the concentration of CoHex3+ cations around the GC pair is
opposite to the major groove of DNA (near N7 guanine), and
that around the AT base pair is opposite to the minor groove,

Figure 11. System IV. Two DNA molecules (side view), 31 ns (a), and four DNA molecules (top view), 82 ns (b), connected by surfactant
aggregates.

Figure 12. System V at 145 ns, top view.
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but CoHex3+ does not penetrate in the minor groove. These
results are consistent with the simulation work57 and the
spectral experiments.58

CoHex3+ cations condense on DNA and create a single-layer
“coat” on DNA, in contrast to mobile monovalent Na+ ions,
which form a two-layer and extended ionic atmosphere around
DNA. SSDF functions for sodium ions were obtained.80 It can
be noted that hydrogen atoms of CoHex3+ can approach the
DNA atoms, including those in grooves, as close as Na+ ions.

■ CONCLUSIONS
Experimental data with Mg2+, Fe2+, La3+, and CoHex3+ and
simulation with CoHex3+ show that the addition of di- and
trivalent cations to the solution does not qualitatively change
the interaction of the cis- and trans-surfactants with DNA. The
binding constant for the cis-isomers was estimated. Moreover,
the different type of binding of the trans- and cis-isomers
(cooperative for trans- and noncooperative for cis-isomers)
does not influence the possibility of di- and trivalent ion
association with DNA. Apparently, in both cases, the surfactant
molecules are located on DNA in the form of pseudomicelles,
leaving the possibility for the subsequent binding of di- or
trivalent ions. It can be noted only that CoHex3+ cations
condense on the DNA surface faster than surfactant cations
due to their larger charge and smaller size.

The association of both cis- and trans-surfactants on the
surface of DNA promotes the intra- (in experiment) and
intermolecular (in simulation) adhesion of DNA. Because cis-
surfactant cations associate on DNA weaker than do trans-
isomers, DNA condensation induced by cis-surfactant cations
started later than that by trans-surfactant. This conclusion from
simulation is in good agreement with the experimental data.
The UV-induced trans−cis transition in the case of complexes
formed does not lead to a destruction of the DNA−surfactant
complexes, but promotes the transition of DNA-bound trans-
surfactant molecules to their cis-conformation.

It has been observed that CoHex3+ is mainly attracted to
DNA phosphates, but simulation also shows some weak

sequence-specific affinity toward DNA grooves. Indeed, the
CoHex3+ ions demonstrate an attraction to the N7 atom of
guanine in the major groove of DNA, but for DNA with AT
base pairs CoHex3+ does not penetrate inside the grooves.
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Figure 13. SSDF for the hydrogen atoms of CoHex3+ around the GC (a) and AT (b) DNA base pairs. DNA atoms are shown by black (C), blue
(N), red (O), gray (H), and yellow (P). The value 1 on the density map corresponds to the mean density of the hydrogen atoms of CoHex3+ in the
simulation box.
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