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Coil—Globule Transition of DNA Molecules Induced by Cationic Surfactants: A Dynamic
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The compaction and aggregation of DNA induced by cationic surfactants was studied by dynamic light
scattering (DLS). Furthermore, the effect on surfactant-compacted DNA of the addition of nonionic amphiphiles
and salt was studied. When using sufficiently low amounts of DNA and cetyltrimethylammonium bromide
(CTAB), compacted DNA molecules could be monitored by the appearance of a band characterized by lower
hydrodynamic radius and by the decrease in the intensity of the peak corresponding to extended DNA molecules.
Notably, we observed a region where compacted molecules coexist with extended ones; these two populations
were found to be stable with time. For higher concentrations of CTAB, only compacted molecules were
observed and the size of the particles increased with time indicating aggregation. The number of globules
present in the coexistence region increased linearly with the surfactant concentrations, as given by the area
of the band corresponding to this population, which indicates a double-cooperativity of the binding. The DLS
experiments were in good agreement with previous fluorescence microscopy studies, with certain advantages
over this technique since there is no need to add fluorescence dyes and antioxidants. Furthermore, it allows
the study of molecules which are too small to be visualized by fluorescence microscopy.

Introduction slow wormlike motion, or in a compacted state, presenting a
faster movement and higher fluorescence intensity. Intermediate

Th_e |3teract|on tl)ett\_/veen DNA T?dt catlct>?|c SI:LfacE)t_ants C:‘_aslstates are usually not found. Instead, for intermediate concentra-
received, since early imes, a great interest from the biomedicaly;q \g of the cationic surfactants, the two populations coexist in
sciences. Recently, physical chemists have devoted particular,

ttention to th ¢ . ft i 1o bett derst %olution. This is a very interesting phenomenon established for
attention to these systems in an attempt 1o betler understanty\ molecules on the addition of not only cationic amphiphiles
the driving forces behind the molecular interactions; this is also but also flexible polycationmultivalent ions#9and organic
expected to increase the efficiency and number of uses for these\s '

A olvents'®
systems. The coil-globule transition of DNA is described as a discrete

'I_'he_ strong associative _behavior displaye_d by DNA and (quasi-) first-order transition for individual chains but continuous
cationic surfactant systems is well-known and is related to most ¢ thair ensemble averad@® Compaction of DNA is driven

of its applications such as extraction, purification, and counting. py, ayractive interactions between different parts of the molecule
Also gene delivery and transfection constitutes a po_tentlal US€ que to ion correlation effects arising from a low solvent dielectric
of these systems. However, synthetic surfactants, like CTAB .,stanto or by the presence of multivalent ions, for

(cetyltrimethylammonium bromide), cannot be used alone for examplet’=13 The compaction is more efficient the higher

tbhis purpose becdause_ of tO).(iCihy agd since tTe_ co][pple_xes charged the condensing agent, the maximum degree of compac-
etween DNA and cationic micelles do not result in effective yion heing obtained for the interaction with polycatids.

transfection; but these amphiphiles can be used, in smal

amounts, for'pos'm.ve ch?rglng of neutral liposomes, thus self-assemble in the vicinity of DNA thus acting as multivalent
improving their eff!C|encyl: ] ] . ions1517 The fact that the compaction of DNA depends on the
Fluorescence microscopy (FM) is one of the most interesting ygrophobicity of the surfactant is a strong indication for this.
techniques used for the study of these systems, since this “pe coexistence of DNA molecules with different conforma-
technique allows for the direct visualization of single DNA * jiong in the bulk has only been observed, to our knowledge, by
molecules in solution and the study of their conformational f,orescence microscopy. It has been suggested that conventional
behavior in the presence of cosolutes such as surfactants Okechniques, like circular dichroism and light scattering, do not
polyamines. Several studies have been published based on thig,\ide a discrete coflglobule transition of the DNA molecules
technique~" There are a number of interesting aspects concern- since they monitor the characteristics of the ensemble of
ing these systems. One is the fact that compaction of DNA iS ¢h4ing18 | fact, the conditions at which the coexistence can
very drastic, that is, the DNA molecule appears either in an pe ohserved are very limited in concentration. While for very
extended coil conformation, moving freely in solution with &  gjjyte solutions there are few techniques available which are
sensitive enough, when using larger concentrations of DNA and

Even though surfactant molecules are singly charged they
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Dynamic light scattering (DLS) appeared to be a good where 7 is the correlation time. This function is usually
technique to study these systems and to present some importamormalized to unity forr toward infinity. The limit T toward
advantages over FM experiments. Light scattering techniquesinfinity means that the measuring time must be rather long
are very relevant in the study of colloidal particles, especially compared to the time scale of the typical movements in the
in what concerns the size of macromolecules and molecular sample. For data evaluation, the field correlation functigim)
assemblies. While there have been a number of DLS reportsis needed. For ergodic samples it can be derived fgg) by
on the properties of DNA solutions (see, for example, refs 19 the Siegert relation
22), studies involving interactions between DNA and cationic
amphiphiles are very limited in numb&t.2> Recently we have gy(7) = 4/gy(1) — 1 )
reported the possibility of using DLS for studying the eoil
globule transition of DNA molecules induced by cationic Monodisperse spherical particles show a single-exponential
surfactant$® Here this is further studied with an emphasis on decay ingy(z).
the concentration range for which the coiled and globular
conformations coexist. gy(r) = i (3)

Considering the most popular applications for DiNéationic
lipid systems we realize that the formation of the complexes is The productDc? is the decay ratd’. D is the translational
an intermediate step. For nucleic acid purification the desired diffusion coefficient and is the length of the scattering vector.
result is pure DNA,; also, in gene delivery DNA must be released It is related to the scattering angfevia
from the complexes, after the transfection.

The dissociation of DNAsurfactant complexes in highly q :@Sm(g) )
diluted solutions was previously studied by the addition of A 2
various cosolutes, like monovalent s¥lsynthetic polyacid;
neutral liposome$’ and nonionic and anionic surfactai$s?
Anionic species such as multivalent ions and simple surfac-
tants3% as well as negatively charged liposoniésyere shown

A is the used wavelength in a vacuum amithe refractive index
of the sample. From the diffusion coefficiebt the hydro-
dynamic radiusy can be obtained by using the Stok&snstein

to dissociate lipoplexes and release DNA into solution. relation.
In this paper we also follow the dissociation of DNA keT
surfactant complexes by the addition of nonionic surfactants D=——— (5)
and simple salt. 6y
Experimental Section with 7 being the viscosity of the dispersing medium.

] . For polydisperse samples the simple exponential function in
Materials. The surfactants used were cetyltrimethylammo- eq 3 is replaced by the weighted contributions of the individual

nium bromide (CTAB), obtained from Merck and recrystallized populationsgy(z) is, therefore, expressed by the integral
three times with an acetone/ethanol mixture, and hexaethylene

glycol monododecyl ether (GEs), from Fluka and used as = WMe " dr 6
received. Coliphage T2 DNAM = 1.1 x 105, ca. 164 kbp) 9,(7) f (Ne ©6)

was gurchased from Sigma and phage Lambda DMA=(3.15 W(T) is an intensity distribution function of all decay ratEs

x 10/, ca. 48.5 kbp) from MBI Fermentas. The DNA concen-  contained in the signal. Equation 6 is a Laplace transformation.
tration was determined spectrophotometrically considering the gor the data evaluation, i.e., the determinationVdT), the
molar extinction coefficient of DNA bases to be equal to 6600 gjstribution function of the diffusion coefficients fromaa(r)

M~* cm™%2 The ratio of the absorbance of the DNA stock inyersion of this transformation has to be performed. From the

solution at 260 nm to that at 280 nm was found to be 1.9. NaBr gistribution ofD the distribution ofRy can be easily calculated

was obtained from Merck and the Trizma base from Sigma. \yith eq 5. The problem is the inverse Laplace transformation,
Sample Preparation.All stock solutions were prepared ina  \which is a mathematically ill-conditioned problem. There exist

10 mM Tris-Cl buffer (pH 7.6). DNA, surfactant, and NaBr  goftware packages which allow the solution of this transforma-
stock solutions were prepared by simple dissolution into the tion, like CONTINS or ORT 38

desired concentrations. The final concentration of DNA was A simpler evaluation is the method of Cumulaftsor a

0.5 /lM in nucleotide units. The concentration of cationic monodisperse Samp|e with one decay, a p|0t Ofgwﬁ) VST
surfactant was varied in the compaction studies and the shows a linear behavior. Polydispersity leads to deviations from
concentrations of nonionic surfactants and salt were varied thjs simple linear fit. The evaluation is done by series expansion
during the decompaction experiments. and usually is used to obtain the average size and a polydis-
Dynamic Light Scattering: Theory. Dynamic light scatter- persity index.
ing (DLS), which is also called quasielastic light scattering  Experimental Setup and Data Evaluation.For the DLS
(QELS) or photon correlation spectroscopy (PCS), is a widely measurements we use a laboratory built goniometer, which is
used method for the determination of dynamics and sizes of equipped with a single mode fiber and an ALV single photon
colloidal system$*-% It measures the time-dependent fluctua- detector. The light source is a Verdi V5 diode laser from
tions of the intensity of the scattered light at a fixed scattering Coherent with a wavelength of 532 nm and a maximum output
angle. The homodyne method, which we use in this work, of 5 W. The data acquisition is performed with an ALV 5000
detects only light scattered from the sample. From this the multiple 7 digital correlator, which is combined with an
intensity correlation functio,(z) is calculated, which is related  additional fast board. This allows a minimum time interval of

to the measured intensities by 12.5 ns for the correlation function. The ALV-5000/E software
package is used to record and store the correlation functions.
1T All experiments are carried out at 2T and at a scattering
=lim = +
%(7) #moTt/; 1O (t+ ) dt (1) angle of 90. For one sample (0.xM T2DNA plus 2 uM



10460 J. Phys. Chem. B, Vol. 109, No. 20, 2005 Dias et al.

presented only one peak, corresponding to the translational mode
of the molecules and resulting in a mean hydrodynamic radius
of about 330 nm. For CTAB solutions, the scattering intensity
was also very low and we found no significant peaks for
solutions with the maximum concentration used in this work.

When the cationic surfactant is added to the DNA solution
in a stepwise manner, there are first no detectable changes and
then, for a CTAB concentration of 2ZM, we observe the
appearance of a second peak corresponding to entities with a
smaller hydrodynamic radius, of about 80 nm. With further
addition of CTAB this peak increases in amplitude while the
pure DNA translational mode decreases, until it disappears for
surfactant concentrations above @0 (Figure 1).

This is a significant result since it suggests, as observed
previously in fluorescence microscopy (FM), not a gradual
change of the DNA size but the existence of two populations
sesneeats sasesnses in the sample, one of extended DNA coils coexisting with DNA

D, ()

10 100 1000 compacted molecules.
R, (nm) In Figure 2a the hydrodynamic radius of the DNA molecules
Figure 1. Intensity weighted distribution functions of Q1 T2DNA is represented as a function of the surfactant concentration, with

solution in the absence (upper curve) and presence of CTAB. The data taken from the size distribution calculations (Figure 1).
concentrations of the cationic surfactant are from top to bottom: 0 Figure 2b shows the long axis of the DNA molecules versus
(only DNA), 1.0, 2.0, 4.0, 6.0, 10.0, and 304M. Scattering angle the surfactant concentration as measured directly in FM. The
(0) =90° andT = 27 °C. two graphics are quantitatively very similar. As observed for

) FM the coexistence of two populations of DNA molecules is
CTAB) we also performed measurements &t &0d 103. This evident: one due to extended molecules which present some

is to control if the second population that we observe does not fictyations in their shape, i.e., size (Gaussian chain), as given
derive from internal motions of the DNA. The laser power for  py the width of the respective peak: and another consisting of
the experiments is between 0.5 and 1.5 W, depending on thecompacted molecules presenting a smaller hydrodynamic radius
scattering power of the sample. Coiled DNA, being the weakest anq |ess fluctuation in size. The measurements performed by
scatterer, needs the highest power. Each sample is measuref| s a|so give an improvement relative to the FM data in what
ZQ times for 40 S. Correlatlon functions qlearly showing some gncerns the size of the DNAsurfactant aggregates (note the
kind of flaw (like from big aggregates passing through the beam) gitference in the scales), since DLS measurements do not need

are discarded. The others are averaged and used for calculation f,orescent probe, and direct FM measurements overestimate
of the size distributions. We use the ORT software to obtain he size of the complexes, due to the blurring effect of the

the intensity weighted size distributions from the correlation pna—DAPI complex?” Despite the difference in size one can

functions. observe that the ratio between the two populations is the same
for both experimental setups. It also can be seen in Figure 2
that the concentration at which DNA compaction starts, as well
Compaction of T2DNA by Cationic Surfactants.We started as the width of the coexistence region, are different with the
by performing DLS measurements on the DNA and surfactant different techniques. This is probably due to the fact that in the
(CTAB) solutions independently. For the DNA solutions, the microscopy experiments it is necessary to add an antioxidant,
average scattered intensity was very low. The DNA used in to increase the observation times. This is normally added in
these experiments has a high molecular weight but its concen-relatively large amounts and can thus change the properties of
tration was very low, 0.5M in phosphate groups, so as to the systems.
avoid interactions between the molecules. The intensity weighted Previous DLS measurements on DNA solutions have shown
size distribution of the DNA solution (upper curve in Figure 1) that2%21for angles of 57 and higher, the correlation function

Results and Discussion

500 5.0
a) 450 | b) 45 F
400 | 40
350 4, 35¢ %
300 | T 30 F
E; 250 + g 25 |
& 200 | = 20
150 | 15 |
100 | 5 i 3 10 | $ 3 ¢ §
50 | ii i 05 f
o . 00 bL— : -
0.0 10.0 20.0 30.0 1.0 10.0 100.0 1000.0
[CTAB] (uM) [CTAB] (uM)

Figure 2. (a) Hydrodynamic radius of the DNA molecules, taken from the position of the peaks of the calculated intensity distribution functions
(Figure 1), vs the concentration of surfactant, CTAB. The error bars represent the width of the peak at half-height. (b) Long-axis ¢érjthA
molecules, vs the concentration of CTAB, obtained from fluorescence microscopy experiments. Error bars indicate the statistical erroitinttbe distr
and are given by the standard deviation.
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Figure 3. Intensity weighted distribution functions of Q81 T2DNA molecules, calculated by numerical integration, vs the concentration

with 2 uM CTAB at different scattering angles: 6Qdiamonds), 90 of surfactant.
(circles) and 105 (triangles).T = 27 °C.
of the two peaks remains essentially constant, indicating that
the two populations are stable for at least that period of time.
Experiments were also performed in the globular region. It
was observed that in the low concentration part of the globular
region, the compacted DNA remains in a single-molecule
complex, possibly due to the retaining of some negative charges
on the surface of the globulésHowever, for higher concentra-
tions of surfactant the globules aggregate and eventually
precipitate. Attempts were made to follow the kinetics of
aggregation but it was found not to be reproducible enough.
For the same concentrations, the aggregation could start
immediately or the compacted molecules could remain stable
id hoa up to 30 or 60 min before starting to aggregate.
1.00E+01 1.00E+02 1.00E+03 Double Cooperativity. As was mentioned above, the am-
R, (nm) pIitLljde Iof the r;eak clorresdpor(;ding to the hex:]endzg DNAf
molecule’s translational mode decreases with the addition o
Figure 4. Intensity weighted distribution functions of T2DNA - .
Wi?h 4uM CTAB ;/t diﬂgrent times: 5 (open diamond(slfjtllS (squares), SurfaCtant_’ while the one corresp_o_ndlng to t_he_compacted DNA
75 (triangles), and 830 min (crosses). Scattering arle=(90 ° and molecule increases with the addition of cationic surfactants. In
T=27°C. Figure 5 we plot the area of the bands corresponding to the
compacted molecules in Figure 1 versus the CTAB concentra-
can exhibit two or more relaxation modes, reflecting internal tion. We can see that the area under the band increases linearly
dynamics in addition to the translational diffusion of DNA. It  with the concentration of surfactant until all the molecules are
might be argued that since our measurements were performedn the compacted state and no more extended DNA is found in
at 90 this could be the case; however, we observed no internal solution; then the amount of compacted DNA reaches a plateau.
modes. When surfactant is added to the DNA solution, the DNA This result demonstrates that the number of globular DNA
molecules undergo compaction that leads to a shift in the molecules is directly related to the CTAB concentration. This
translational mode of DNA to lower hydrodynamic radfsf has already been suggested by the FM studies; however,
the peak for lower hydrodynamic radius was due to internal microscopic techniques are not very reliable since the sampling
modes, the increase in the surfactant concentration would leadis somewhat limited. The combination of the two techniques
to its disappearance, since no internal modes are detected foteads clearly to the picture of a double cooperativity in the
homogeneous hard sphef@ghis is a reasonable assumption surfactant binding to DNA.
for the structure of a compacted DNA molecule. What we  As mentioned above, the compaction of DNA is dictated by
observed instead is an increase in the intensity due to thethe cooperativity of the surfactant self-assembly in the vicinity
increase in the number of DNA globules in solution. However, of the macromolecule; the surfactant self-assemblies are mul-
to make this point clear, we also performed angular dependencetivalent counterions which induce electrostatic attractions
experiments. A concentration of CTAB was chosen in the between different parts of a DNA molecule due to ion correlation
coexistence region and measurements performed “at9g0), effects!®12In this system there seems to be a different binding
and 105. situation as compared to systems of more flexible polyelectro-
As can be seen in Figure 3, the two peaks are present for alllytes!> With DNA we do not observe an even distribution of
three different angles and their positions are essentially invariant.the surfactant molecules among the DNA molecules and a
This supports the view that we are in the presence of two gradual change in the polymer conformation, but the coexistence
different populations. of DNA molecules saturated with CTAB and DNA molecules
Stability of the Populations. The stability of the two with no significant amount of bound surfactant, as can be seen
populations was checked for some samples by measurementdy the fact that the peak corresponding to extended DNA
at different times. In Figure 4 the size distribution for a sample remains in the same position with the addition of CTAB.
in the coexistence region is presented, for [CTABK.0 uM, It is the first time, to our knowledge, that the ceilobule
measured after 5, 45, 75, and 830 min. As can be observed thecoexistence is observed in bulk, in a direct way. Even though
two bands are still visible even after 10 h and the height ratio FM is an appealing technique for the direct visualization of the

D, (1)
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Figure 6. (a) Intensity weighted distribution function of G4 ADNA Figure 7. (a) Intensity weighted distribution function for the decom-

solution in the absence (upper curve) and presence of CTAB. The Paction studies. T2ZDNA (0.6M) is present in all the samples and its
concentrations of the cationic surfactant are from top to bottom: O distribution function is shown alone for comparison purposes (triangles);
(only DNA), 2.0, 5.0, 8.0, 12.0, and 204M. Scattering angle wa§ the other_three samples haye ,;Wl_of CTAB and the concentration
90° andT =’27- °b. .(b’) Hyarodyﬁamic radiué of the DNA molecules, of nonionic surfactant, GEs, IS 0 (C|rc_les), 1 mM (open squares)z and
taken from the position of the peaks of the calculated intensity > MM (€rosses). (b) Correlation functioGs(r) of the systems described
distribution functions in part a, vs the concentration of surfactant, |_Ir_1_pa2rt7 ;a&:usmg the same symbols. Scattering an@le<( 90 ° and
CTAB. The error bars represent, as in Figure 2a, the width of the peak = — )
at half-height. ) ) )
smaller in this case than for T2DNA molecules, which can be

interactions of DNA with cosolutes, we believe that DLS related to alower limit in the size of the DNACTAB globules.
experiments give more reliable information about the sizes of Decompaction of I;)NA—Qationic Surfactgnt'CompIexeS.
the complexes and the concentrations at which the extendedit is possible to dissociate the DNAcationic surfactant
and compacted DNA molecules coexist. complexes, and release DNA in solution, by the addition of

Different DNA Chain Lengths. DLS measurements provide ~honionic surfactants® We performed experiments using an
one other advantage when compared with FM studies. They Oxyethylene surfactant (gEe) as a decompacting agent. In these
make possible the study of DNA molecules which are long €xperiments a problem arose due to the strong signal of the
enough to undergo compaction but are too small to be visualizedmMixed micelles that were formed in solution; this signal
on the optical microscope. overlapped the comparatively weak signal of DNA alone. The

We showed this by performing measurements@NA. third population, that of the cationitmonionic mixed micelles,
These molecules with 48.5 kbp have a contour length of only IS quite clearly displayed in Figure 7a. In the correlation
about 16.5:m (against~56 um of the T2DNA), which makes functions presented in Figure 7b, for intermediate concentrations
them too small to be observed by FM and impossible to of the nonionic surfactant, the two decays corresponding to the
distinguish between compacted and extended states. Figure gnixed micelles and the DNAcationic complexes in solution
shows the evolution of the hydrodynamic radius of #BNA are well resolved; however, for higher concentrations of nonionic
molecules with the addition of surfactant. As above a discrete Surfactant where free DNA molecules are considered to appear,
transition of extended DNA molecules to compacted ones is ONlY the signal corresponding to the mixed micelles is unam-
observed, with a coexistence region of the two populations for Piguously V'S'ble-. .
intermediate CTAB concentrations. The dashed line represents As was mentioned above, simple salt, when added at
aggregation of the DNA globules, thus observed already for relatively high concentrations, can also dissolve the complexes.
this amphiphile concentration. It is to be noted that, even though This approach proved to be most suitable for these experiments
the size distributions for these aggregates are very similar to since there was no additional complex formation.
those of extended DNA molecules, it is possible to distinguish  In the upper curve of Figure 8 is shown the size distribution
them since the scattering of the aggregates is much strongeifor pure DNA. The other curves correspond to samples with
than the scattering due to DNA coils. The hydrodynamic radius DNA and 10uM CTAB, presenting O (as control), 5.0, 10.0,
of the macromolecules is represented in Figure 6b with the and 40.0 mM of NaBr. This concentration of CTAB was used
respective fluctuations in sizes. We can see here that the ratiosince all the DNA molecules were compacted but was still low
between the extended and the compacted molecules is slightlyenough so that CTAB micelles would not form in solution. It
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Figure 8. Intensity weighted distribution function for the decompaction
studies. The top curve shows data f¥NA alone (present in all other
samples). On the following curves 1M CTAB is always present
and the concentration of NaBr is varied, from top to bottom: 0 (only
DNA), 0 (DNA + 10uM CTAB), 5.0, 10.0, and 40.0 mM. Scattering
angle was 90and T = 27 °C.

1.0E+01

is well-known that the CMC of ionic surfactants can decrease
up to an order of magnitude with the addition of dalit can
be seen in the figure that for low concentrations of salt the
cationic surfactant remains complexed with DNA, but for
relatively high concentrations of NaBr (40 mM) the DNA

cationic surfactant complexes are dissociated and only extended
DNA molecules are found in solution. The surfactant is present
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