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We present measurements of isothermal DNexadecyltrimethylammonium (DNACTA) complex and pure
DNA hydration at 25°C using a sorption microcalorimeter. This calorimeter provides simultaneous
measurement of (i) water activity (sorption isotherms) and (ii) the partial molar enthalpy of water as a function
of water uptake. For pure DNA, hydration is exothermic over the studied concentration range and we find an
approximately linear relation between the partial molar enthalpy and the partial molar free energy. A kink in
the isotherm appears at 20t00.3 water molecules per base pair for a water activity of 0.80, consistent with
A—B transition of the DNA. There is no detectable heat effect associated with this transition. At low water
contents, the hydration of the DNACTA (1:1) complex is exothermic as for the pure DNA, but after
incorporation of the first 7.6t 0.1 water molecules, the enthalpy changes sign. At 22 water molecules per
base pair, the enthalpy levels off to 270.2 kJ/mol. In a separate experiment, the swelling limit for the
DNACTA complex was found to be 2 1 waters per base pair. The DNACTA complex is arranged in a
hexagonal structure. We propose a model for the DNACTA complex based on the packing of the components
in an electroneutral way consisting of six DNA helices, presumably in an A configuration, placed around a
central CTA' cylinder. The hydration of the complex is seen as a balance between the attractive electrostatic
interaction causing the formation of the complex and a repulsive component arising from a hexagonal
deformation of CTA cylinders. An important contribution to the partial molar enthalpy of water comes, in
this interpretation, from the release of conformational constraints of the CTA ion alkyl chains.

Introduction attractive interaction that has both electrostatic and hydrophobic
components. The fact that the precipitate containd®water
molecules per charged group, when equilibrated relative to
practically pure water, shows that repulsive interactions are also
at play. In living systems, there are numerous examples of
macromolecular assemblies where the components are separated
To control such a delivery process, it is essential to characterizeby a thin agueous Iayer.. Currently, .there IS no est.abhghed
framework for a quantitative description of such a situation.

the self-assembly processes, resulting in the formation of ne has a borderline case where theories based on a continuum
supramolecular structures. These structures contain substantia?

The interaction of cationic amphiphiles with DNA induces
condensation of DNA into compact dense structéfaSurrently
there is a considerable interest for such DNemphiphile
complexes due to the possibility of applying such nonviral
assemblies as vehicles for delivery of foreign DNA into céifls.
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amounts of water, and the hydration of the charged DNA and
lipid headgroups is an important factor in determining the
properties of the complexes. Both lamellar and hexagona
structures have been found for stoichiometric aggregates of DNA
and different lipidst?2 Nearly all structural studies have been
carried out on systems in equilibrium with a bulk aqueous
solution of low osmotic pressure, and the extent, as well as the
role of the hydration, have not been an issue. As the stoichio-
metric complex is formed in solution, counterions are released
and the DNA-lipid aggregates are tightly packed with only a
limited amount of water incorporated into the structure.

In addition to the importance for possible applications, the
DNA—amphiphile complexes can also serve as useful model
systems for studying the interaction between ionic groups in
the presence of limited amounts of water. The precipitation of
the anionic DNA-cationic amphiphile complex is due to an

* Author to whom correspondence may be addressed. E-mail:
Cecilia.Leal@fkeml.lu.se.

T Physical Chemistry 1, Lund University.

* Building Materials, Lund University.

§ University of Coimbra.

description of the solvent break down, while there are still a
large number of thermally excited molecular degrees of freedom.

| There is thus a case for collecting informative experimental data
for systems complex enough to be interesting but still simple

enough to allow for a detailed analysis.

In the present paper, we present a calorimetric study of the
hydration of a stoichiometric complex between DNA and the
cationic surfactant hexadecyltrimethylammonium bromide
(CTAB). We have used a microcalorimetric vapor sorption

technique developed by Wadaad Markov& 8 that makes it

possible to simultaneously measure both the partial molar free
energy and the partial molar enthalpy of the water at nonsat-
urated conditions. Since corresponding data for the hydration
of pure DNA is not available in the literature, we have, for
reference purposes, performed measurements for this pure
system as well.

Materials and Methods

Materials. We have used two types of sodium salt DNA,
calf thymus DNA (fibrous type 1 “highly polymerized”) and
salmon testes DNA. They were both obtained from Sigma and
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used as received. All calf thymus DNA molecules are larger O = K(Psat — Pw) @)

than 12 kbp; salmon testes DNA is highly polydisperse with

an average molar mass of 2 kbp, as estimated by electrophoresigyherek is the diffusional permeability for water vapor through
(0.8 wt % agarose gel in TBE). When DNA was purified by the gas phase between the top and the bottom vessglis
ethanol precipitation, no major differences were observed in the saturation vapor pressure of water, ppdefers to the vapor

the electrophoresis between purified and “as received” DNA. pressure in the sample vessel. A calibration experiment with a
The concentration of DNA was determined by a spectroscopic drying agent such as molecular sieves acting as sample (with a

method using the molar extinction coefficiesnto = 6600 L water vapor pressure close to zero) is made to find the maximal
mol~t cm at 260 nm. TheAzsd/Azgo ratio of DNA solutions mass flow ratem max
was found to be 1.9, suggesting that DNA was free of proteins.

CTAB (Merck p.a. quality) and sodium bromide (Riegdel O = Ommax= KPsat 3
deHaen extrapure quality) were used as received. The water
used was from a Milli-Q filtration system (Millipore). By combination of eqs 2 and 3, one can get the water activity

For the sorption microcalorimeter, an experiment with (for practical purposes here defined Rgpsa)
morphine sulfate (fine powder 99,6% pure, Macfarlan Smith,
Edinburgh, UK) was used to test the instrument. The results a, =1 = 0/0n max (4)
obtained agreed with published resiit¥o avoid diffusion
problems, it is important that the solid sample in the calorimeter The water gain of the sampl€,, (9/g), is
is in a form of a fine powder. The present samples were powdery
for the DNACTA complex and fibrous for DNA. _1

A _ ! Co == [(qy ) (5)

ample Preparation. DNA solutions were prepared by my

weighing the desired amount and dissolving it in 10 mM NaBr.
The pH of all solutions was 7 0.2. DNA-—surfactant wherem is the mass of the sample in the beginning of the
stoichiometric aggregates were prepared by mixing equimolar measurement. In the experiments, the differential enthalpy of
solutions (7 mM) of DNA calf thymus and CTAB under stirring.  sorption,AHser, corresponds to the enthalpy change as a small
The precipitate was equilibrated in solution for 48 h. It was amount of liquid water at atmospheric pressure is added to the
then separated from the aqueous phase by filtration (Duran, poresample, and it is calculated relative to the liquid state of water
size 12um) at reduced pressure and washed extensively with as
Millipore water. The macromolecular complex salt (DNACTA)
was dried for 3 days in a DW6-85 freeze-dryer. For sorption
experiments, the samples were further dried in high vacuum
during 24 h at room temperature and loaded at dry atmosphere

inside a glovebox. Provided equilibrium is maintainedyHsor, corresponds to the

crocalorimeter was used to study the hydration of DNA and the sample and in liquid water.

DNACTA complex. A detailed description of the instrument is

given elsewher&-8 Several applications of this new technique Results
have been carried out, such as studies of phospholipid hydra-
tion1%11and hydration of single-chain alkylglucosideés.

The instrument consists of a calorimetric cell constituted by
two vessels connected by a stainless steel tube and an isotherm
double-twin microcalorimeter placed in a thermostat. The cell
is arranged so that the top vessel is in the top calorimeter and
the bottom vessel is in the bottom calorimeter.

At the start of the measurement, the bottom vessel contains
20—100 mg of a dry sample and the top vessel about 400
of water. During the measurement, water is vaporized and
diffuses through the steel tube (the maximum diffusional flow
is about 0.4«g of H,O per s) down to the bottom vessel where
it is taken up by the sample. An experiment can be seen as
continuous titration of a dry sample with water vapor, and a
measurement is stopped after Bdays when the water activity
of the sample has reached 0-:9m95. With this method, one
can get both sorption isotherms (water content as a function of activities, which are at the focus of interest.

water activity) and the differential enthalpy of sorption. The sorption curves for different initial masses of DNA show

The double microcalorimeter continuously and separately gjmilar features, but they are slightly shifted relative to each
measures the thermal powers of the processes of vaporizationyher at low water contents, probably reflecting the difficulty
(Py) and sorption ). The water flow rateqm (9/s), fromthe  j, achieving an equilibrium structure under very dry conditions.

N (Ps—P)

sorp q
m

AH (6)

DNA Hydration. Sorption IsothermThe calorimetric sorp-
tion isotherm gives a relation between the water content in the
ﬁample and the chemical potential of the water expressed in
Ferms of the activity (or equivalent relative vapor pressure).
Figure 1 shows the results for DNA at different initial masses.
Two of the sorption experiments (51.1 mg calf thymus and 44.1
salmon testes) reached 0.84 water activity, while others were
conducted for longer periods of time reaching 0.92 water activity
(44.5 mg and 21.3 mg calf thymus). Before the experiments,
the samples were dried under high vacuum for 24 h. At the
start of the experiments, the water activity was measured to be
0.02, indicating that the samples were not totally dry. It has
4een shown that some water molecules per base pair may remain
even in extensively dried sampl&sThis introduces a small
uncertainty in the absolute values of the water content but will
not influence the features of the isotherm at higher water

top vessel to the sample vessel is calculated as In Figure 1 is also shown the early results by Falk et4al.
measured gravimetrically. There is a full agreement between
Om = Py/AH, @ the two methods within the experimental accuracy. This

additionally indicates that, if our “dry” samples contain some
where AH, (J/g) is the enthalpy of vaporization of water. By water, we also quantitatively reproduce this feature of the older
use of Fick’s law, one can calculate the diffusion of water vapor study.
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Figure 1. Sorption isotherm for DNA of different sources and initial E 40 -
masses ((solid line) 44.5 mg calf thymus, (dashed line) 51.2 mg calf =
thymus, (dot-dashed line) 21.3 mg calf thymus, (dotted line) 441 mg © &0
salmon testes): water content (water molecules/DNA base pair) vs water g
activity. The dotted curve corresponds to water content as a function =2 -80-
of water activity calculated from the PoisseBoltzmann equation. The =
open circles correspond to the gravimetric data for NaDNA calf thymus = -100 -
hydration obtained by Falk et #Time involved in the sorption process <]

is showed at the top of the graph. -120 -

The sorption experiments are rather slow; in the first 10 h, 0 5 10 15 20 25 30 35

we reach 0.5 water activity, while 60 h more are necessary to n /n

reach 0.9 water activity. Toward the end of the experiments, HO  DNAbp

the diffusional transport process becomes very slow and theFigure 2. (a) Partial molar enthalpy of water in the sorption process
heat effects are lost in the noise. This puts an upper limit to the (AHw) as a function of water content. Arrows indicate the point where
accessible range of water activity. isotherm kinks appear. (b) Calculated integral of partial molar enthalpy

: ; ; L of water (AH) vs water content ((solid line) 44.5 mg calf thymus,

We can observe different regimes in the sorption isotherm ..o g ﬁe)) 51.2 mg calf thym(l(Js, (dot-dglshed Iin%) 213 mg calf
for DNA. The water gain gradually rises up to 16:00.4 water thymus, (dotted line) 44.1 mg salmon testes).
molecules per DNA base pair and 0.62 water activity, at this
point we observe a kink in the isotherm. The exact location of T T T T T T T
the kinks was obtained by the differentiated isotherms not 25+ i
presented here. When the water activity is 0.80 and the water
molecules per base pair are about 24.@.3, another kink in
the curve is observed. The experiment ends at 0.92 water
activity, and DNA takes up 35.& 0.1 water molecules per
base pair.

Sorption EnthalpiesThe novel aspect of the present technique

N
o
1
f

n Hzoln DNACTA
-
)]
1

is that the partial molar enthalpy of water is obtained simulta- 10+ T
neously with the partial molar free energy (sorption isotherms).

Figure 2a shows the partial molar enthalpy of the wate() 5 .
plotted against the water content. Arrows in the graph cor-

respond to the kinks in the isotherm. At low water contents, 0

the enthalpy is strongly negative and it increases gradually with
increasing water content. At approximately 20 water molecules
per base pair, the enthalpy has increased to the level where the water activity
difference from zero is smaller than the experimental uncertainty gigyre 3. Sorption isotherm at 25C for DNACTA ((solid line) 25.0
(0.5-1 kJ/mol). We note that there are no significant changes mg; (dashed line) 48.6 mg): water content (water molecules/DNACTA)
in the enthalpy values at the observed kinks in the isotherm. vs water activity.
Figure 2b shows the calculated integral of the partial molar
enthalpy (differential enthalpy of sorption). absorbed amount increases more pronouncedly, and at 0.92
DNACTA Hydration. Sorption Isothermsn Figure 3, the water activity, 17.0+ 0.3 water molecules are incorporated in
sorption isotherms for different masses of DNACTA complexes the complex. For the 25 mg DNACTA sample, 22 water
are presented. The curves are similar, suggesting that themolecules are incorporated at 0.96 water activity. No kinks or
sorption process takes place under quasiequilibrium conditions.plateaus are observed in the curves. In an independent sorption
One of the experiments (48.6 mg) was conducted for 5 days experiment, where samples were allowed to equilibrate for a
until 0.92 water activity was reached, while the other (25.0 mg) long time in a desiccator with a salt solution of relative humidity
was carried out for 7 days until 0.96 water activity. As the water of 99.5%, the water uptake was measured ast?1 water
activity has increased to 0.68, not more than £0.1 water molecules per base pair, which in practice should correspond
molecules are absorbed by the complex. After this point, the to the swelling limit.

00 01 02 03 04 05 06 07 08 09 1.0
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Figure 4. Partial molar enthalpy of water in the sorption proce'sis,() Figure 5. Partial molar enthalpy of waténH,,) vs partial molar free

as a function of water content for DNACTA ((solid line) 25.0 mg; energy of water,0) for DNA (21.3 mg calf thymus).
(dashed line) 48.6 mg).
Boltzmann theory can give reasonable results even for very

Sorption Enthalpiesn Figure 4, we present the partial molar  dense systen®. It is thus informative to work out the
enthalpy vs the amount of water. The enthalpy is strongly predictions of the PB theory for the pure DNA system by
negative at low water contents. As for the pure DNA, it increases applying a cell modet® with DNA represented as a smooth
monotonically with increasing water content, but at the point uniformly charged cylinder (2¢3.46 A), of radius 11 A in the
indicated by the arrow in the graph, the enthalpy goes through B form, located in a cylindrical cell with an outer radius
zero. This occurs at 7.8 0.1 water molecules per base pair, determined by the water content. In the experiments, the
and it corresponds to a water activity of 0.68 in the sorption electrolyte concentration is negligible relative to the counterions,
isotherm. The enthalpy continues to increase until the complex so one use the counterion-only solutfn.
has absorbed approximately 12 water molecules. A further |, Figyre 1, we show the sorption isotherm calculated from
increase in the water content leads to an apparently constanthe pB equation. It is clear that the PB data set (dotted curve)

value of the partial molar enthalpy of 27 0.2 kJ/mol HO. falls below the experimental isotherm, but although the dis-
crepancy is substantial, the calculations do give the right order
Discussion of magnitude. In this situation with limited amounts of water

) ) o ) available, it becomes an essential complication that the DNA

DNA Hydration. Although the main focus of this investiga-  gouple helix has a molecularly rough surface with grooves so
tion is on the DNA-surfactant complex, measurements wWere hat the uniform cylinder approximation becomes problematic.
performed on pure DNAwater systems to provide reference at higher water contents, the degrees of freedom of the polymer
data. DNA hydration has been extensively studied by several hackhone also contributes to reduce the water activity. The PB
gravimetric, spectroscopic, osmotic stress, calorimetric, and gescription not only gives a prediction of the osmotic pressure
scattering methods'">* However, to our knowledge, simulta-  through the counterion concentration on the outer cell boundary,
neous free energy and enthalpy data have not been reportegyyt it also provides the electrostatic “energy” through an
previously. integration of the electric field squared. This “energy” is from

It is well established that, by reducing the vapor pressure, a thermodynamic point of view a free energy, since it contains
one can induce a transition from the common B form of DNA a temperature-dependent dielectric constarito obtain a
to the more compact A form. This occurs at a water activity of molecular understanding of the electrostatic contribution to the
approximately 0.80, and there are around 20 water moleculespartial molar enthalpy of water, one can start by realizing that
per base pair at the transitiéim the sorption isotherm presented adding water to a DNA system results in a separation of charges
in Figure 1, the kink at 0.8 water activity may be attributed to on average. The integral of the field squared increases, indicating
the well-known A-B transition. In a pure homogeneous system, the enthalpy should be positive. However, due to the unusual
an A to B transition should have a first-order character with a temperature dependence of the dielectric constant for water, the
jump in water content at constant water activity. However, in proper thermodynamic quantity has the opposite sign, giving a
practice, inhomogeneities and kinetic effects lead to a certain negative contribution to the partial molar enthalpy. Furthermore,
smearing of the transition and one only observes a steep rise inthe continuum picture of the watecharge interaction is
water content signaled by the kink in the curve. We do not problematic at these short distances.
observe any strong enthalpy effects at this transition although  For the pure DNA system, the partial molar enthalpy is
it is associated with substantial conformational changes in the negative over the entire range it is measured. Also, in this case,
DNA molecule. the electrostatic model predicts qualitatively the correct sign of

With monovalent counterions in water, DNA behaves as a the effect, but for the enthalpy, the quantitative discrepancy is
typical polyelectrolyte and swells indefinitely if exposed to water larger. In Figure 5, the partial molar enthalpy is plotted vs the
vapor at saturation pressure. At long range, the BNDNA partial molar free energy, and theH,, values are consistently
interaction is dominated by the electrostatic double-layer forces, larger than theu,o values by approximately a factor of 2. This
while deviations from the continuum electrostatic description means then that the entropy terATS is positive but of the
are expected for more concentrated systems. However, experisame order of magnitude as the partial molar free energy. In
ence has shown that a description based on the Poeisson addition to the ionic species, there are a number of polar groups
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on the surface of the DNA, and the hydration of these groups 4 —————7———7———T7——

contributes to both free energy and enthalpy at low water 2] d

contents. ] /
DNACTA Hydration. Sorption IsothermWe have prepared ) 0 ]

stoichiometric complexes of DNA and a cationic surfactant, T -2 4

CTAB, where DNA counterions (Nig were replaced by the el 1

surfactant cation (CTA). This complex (DNACTA) is a E '4'_ i

precipitate that can be separated from the aqueous phase by 2 -6+ .

filtration and washed with pure water. At charge neutralization, ‘; 8] ]

counterion release is maximal and nearly compl@efore the | T ]

sorption experiments, we dried the samples to remove water < 101 §

incorporated within the DNACTA complex. During the experi- 12 ]

ment, water molecules are incorporated back in the complex, .

and the energy involved with that process is measured. -14 5 5 % 5 3 . 0
According to current models, DNAamphiphile aggregates (kJ/mol H.O)

are tightly packetiand the amount of water entrapped within MHZO 2

them should be rather limited. From the sorption isotherm, We rjg e 6. Partial molar enthalpy of watdnf.,) versus partial molar
see that, when the water activity is around 0.96, the complexX free energy of watengy,o) for DNACTA (25.0 mg).
contains 22 water molecules per base pair and desiccator

experiments yield a value of 27 water molecules per base pairfor the DNACTA case, enthalpy values tumn positive after seven
in the limit of a water aCthlty of 1. It is clear that the water molecules per base pair have been added. From a
precipitation of the complex, and thus its finite swelling in water, thermodynamic perspective, this means that, between 7 and 25
is due to an electrostatic attraction between the pOSitiVe water molecules per base pair' the Sorption is driven by an
amphiphile and the negative DNA. May etdhave presented  entropic rather than an enthalpic effect. Further insight into this
a quantitative model for the electrostatic interaction in this type palance between entropy and enthalpy is obtained from Figure
of system. 6, which shows that there is, in a way analogous to found in

Itis more problematic to find the cause of the swelling leading Figure 5, an approximately linear relation between the partial
to the incorporation of up to 27 water molecules per base pair. molar free energy and enthalpy, but in this case with a nonzero
It is a common observation that systems consisting of a intercept.

polyelectrolyte and an oppositely charged amphiphile form  mechanism of Swelling and the Structure of the DNA-
aggregates with a finite water contéft®> A general interpreta-  Surfactant Complex. The stoichiometric DNACTAB (1:1)
tion of this flndlng is that it is difficult to obtain a |Oca”y perfeCt precipitate has previous|y been studied by X_ray (Sma”_ and
charge matching. wide-angle) scattering.We repeated such experiments on
That there is any water uptake at all in the presently studied samples prepared the same way as for the calorimetric measure-
system can be qualitatively attributed to the fact that both DNA ments and found agreement with the results of Mel'nikov et al.
and the surfactant have preferred aggregate geometries, and @he small-angle region showed 2 diffraction peaks consistent
perfect chargecharge matching at short range is not optimal. with a 2D hexagonal lattice with a period of 49.4 A for the
During the swelling, DNA apparently does not change confor- DNACTA complex prepared at water activity of 1.0. In the
mation cooperatively, as we do not observe any kink in the wide-angle region, no peak was detected. We perforhhed
sorption curve when hydrating the complex again. Infrared NMR on dry and wet DNACTA precipitate¥,and for the fully
studies of DNA-lipid aggregates show that the conformational hydrated complex, several narrow peaks were observed, whereas
state of DNA after condensation with amphiphiles in aqueous for the dry complex there was one rather broad peak. The
solution might differ from the native B form present in solution. spectrum for the wet complex is similar to the one observed
A, B, and C forms of DNA have been suggested as well as for CTAB rodlike micelles arranged in an hexagonal structre.
mixtures of different DNA forms2 For certain DNA-CTAB This indicates that, in the most hydrated state of the DNACTA
systems, circular dichroism experiments have shown that thecomplex, the amphiphile is arranged as in a liquid crystalline
DNA remains essentially in B form as CTAB binds to the hexagonal structure.
duplex. However, in these studied complexes, DNA is in excess  When DNA interacts with double-chain lipids that by
relative to CTAB since one is below the precipitation lithir themselves form lamellar liquid crystals, the DNApid
the concentrations are I6such that the binding degree of  complex is also lamelldr Thus, it is a reasonable assumption
CTAB to DNA is only 60%? In our studies, the DNACTA  that, since CTAB by itself easily forms a normal hexagonal
complex is a neutral precipitate. We consider it an open questionphase, the structure of the hexagonal DNACTA complex is also
what conformation the DNA takes in the precipitate. of the normal type. The fact that there are no extra counterions
Sorption Enthalpiedn the DNACTA system, there is atight  implies that the DNA and the CTA must pack in such a way
packing of DNA helices and surfactant aggregates, and thethat there is charge neutralization on as small a scale as possible.
sodium counterions of the pure DNA system are replaced by In the hexagonal phase of CTAB, there is an area per headgroup
the more bulky quaternary ammonium groups. For lower water of 53 A2 and a cylinder diameter of 43 ®.This means that,
contents, the partial molar enthalpy of the water is at least a projected on the cylinder axis, there is one charge per 0.36 A.
factor of 2 less negative than for the pure DNA system. Since Surfactant aggregates are formed by a self-assembly process
the charged groups have the strongest interactions with water,so that under different conditions one can expect adjustments
they are the first to be hydrated; we interpret the observed in these numbers, but there should not occur major changes; a
difference at low water contents as mainly reflecting the change in headgroup area exceeding, for example, 20% appears
difference between hydration of sodium ions relative to qua- unlikely. For DNA, there are more fixed atomic positions in
ternary ammonium ions. A second significant difference is that the double helix so the structure is locally stiffer. On the other
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hand, there are different conformations of the helix, and for the
pure DNA in particular, we considered the-8 transition. The
general observation is that A DNA is favored when the
electrostatic repulsion along the helix is reduced either by
lowering the vapor pressure or by the addition of &&tnding

to the highly positive CTA aggregate is an extreme case of
reducing the electrostatic repulsion, and on the basis of this
argument, one should expect that in the DNACTA system the
A form is favored relative to the B one. However, for systems
where DNA is in excess relative to the surfactant, there are
spectroscopic CD observations that DNA remains in the B form
on complexatior$*35 At present, this issue appears unresolved,
but it has a significant bearing on the possible mutual arrange-
ment of DNA helices and CTA cylinders in the complex.

In the A form, DNA has approximately one unit charge per
1.27 A, and in the B form, it has one unit charge per 1.72 A
when projected onto the axis. If one does not allow for structural
rearrangements, this would imply a ratio of 3:5 DNA helices
per CTA cylinder with A DNA and a ratio of 4:8 with B DNA.
These numbers, combined with the measured lattice spacing
and the estimated cylinder radii, put rather strict conditions on
conceivable structures of the hexagonal packing. The radius of
the CTA cylinder is approximately twice that of the DNA and
it is reasonable to place it in the center of the hexagonal cell.
With a 6-fold symmetry, there are essentially three ways to place
the DNA helices around the central CTA cylinder that could
be consistent with the charge neutralization condition. These
are illustrated in Figure 7. The possibility a gives a 2:1 ratio,
which is clearly too small to give charge neutralization unless
there are major structural changes of the DNA and/or CTA
cylinders. The alternative b with a ratio of 3:1 could be
compatible with charge neutralization if the DNA is in the A
form, while the possibility ¢, which is a combination of a and
b, gives a ratio of 5:1, which fits if DNA is in the B form.
However, in this structure, there are 12 DNA double helices
spread around the periphery of one CTA cylinder, and with a
helix radius of 16-11 A, there is hardly space for these
cylinders, given a spacing of 49 A between the (1 0) planes.
(See caption in Figure 7). Thus, from a consideration of the
possibilities of packing the components in an electroneutral way,
we arrive at the conclusion that the basic structure shown in
Figure 7b is the most likely one.

In such a structure, adjustments must occur to satisfy the
neutrality condition. This can be accomplished by either
expanding the CTA cylinders somewhat in the longitudinal
direction and/or by slightly twisting the DNA helices around
the central cylinder. Whichever occurs, there is also another
type of adjustment in response to obtaining optimal packing
from an interaction point of view. With the countercharge

b)

J. Phys. Chem. B, Vol. 108, No. 9, 2002049

localized to six helices, the surfactant aggregate senses aFigure 7. lllustration of different packing arrangements for an
pronounced 6-fold local symmetry and its cross sectional areaéelectroneutral DNACTA complex consisting of a 6-fold symmetry of
should reflect this deviation from lateral isotropy. Hence one DNA helices (darker circles) around the central CTA cylinder for

could write in plane the contour of the aggregd&eas
R= Ry(1 + asin(6®)) @)
whereRy is the radius of a cylinder and the parametenea-

sures the deviation from cylindrical symmetry. In Figure 8 we
show typical expected packing.

different ratios of (DNA helices/CTA cylinder): (a) 2:1, (b) 3:1, and
(c) 5:1. Considering the CTA radius 21.5 A and the DNA radius 10 A,
the cross-sectional areas occupied in the cells are: (a) 62(hjrn72
nm?, and (c) 90 nra A (1 0) lattice spacing of 49 A corresponds to a
total area of 83 n making alternative c difficult to realize physically.

partly caused by a desire to reduce the deformation of the
surfactant aggregate toward the intrinsically most favorable
value of zero. By use of this perspective, the enthalpy data for

Such a model provides a basis for a discussion of the the DNACTA complex can be interpreted in terms of a primary
hydration behavior. The space outside the surfactant aggregate$iydration of the charged groups, primarily the phosphates,
and the DNA helices is occupied with water. Thus, the lower involving approximately 7 water molecules per base pair.
the water content, the larger we expect the deviation parameterSubsequent addition of water up to the swelling limit involves
a to be and one can see the driving force for the swelling as primarily a decrease in cylinder deformation. This involves a
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Figure 8. Expected DNACTA packing for an electroneutral complex

consisting of a hexagonal arrangement of DNA helices (darker circles)

around the central CTA distorted cylinder. The contour of the CTA
cylinders consistent with eq 7.

release of constraints on conformations of the surfactant chains,

leading to an increase in entropy and enthalpy.

Conclusions

Leal et al.
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