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Dodecyltrimethylammonium bromide surfactant effects on DNA: Unraveling the competition
between electrostatic and hydrophobic interactions
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We present a new study on the interaction of the DNA molecule with the surfactant dodecyltrimethy-
lammonium bromide (DTAB), performed mainly with optical tweezers. Single-molecule force spectroscopy
experiments performed in the low-force entropic regime allowed a robust characterization of the DNA-DTAB
interaction, unveiling how the surfactant changes the mechanical properties of the biopolymer, the binding
parameters, and the competition of the two mechanisms involved in the interaction: electrostatic attraction
between the cationic surfactant heads and the negative phosphate backbone of the DNA and hydrophobic
interactions between the tails of the bound DTAB molecules, which can result in DNA compaction in solution
depending on the quantity of bound surfactant. Finally, force clamp experiments with magnetic tweezers and gel
electrophoresis assays confirm that DTAB compacts DNA depending not only on the surfactant concentration
but also on the conformation of the biopolymer in solution. The present study provides new insights on general
aspects of the DNA-surfactant complexes formation, contributing to the fundamental knowledge of the physics

of such interactions.

DOI: 10.1103/PhysRevE.102.032401

I. INTRODUCTION

Surfactants are amphiphilic molecules that play important
roles in industrial processes, acting as detergents, emulsifiers,
dispersants, or foaming and wetting agents. These molecules
have two distinct parts, a hydrophilic head and a hydrophobic
tail, and due to this amphiphilic feature, surfactants tend to
stay at interfaces, reducing the surface tension at a liquid-
liquid, a liquid-air, or a liquid-solid interface. In solution,
surfactants also have the tendency to form micelles above a
certain concentration [critical micelle concentration (CMC)]
in order to avoid the contact of their hydrophobic tails with
water, minimizing the free energy of the system at this config-
uration.

In the past few years, interactions between polyelectrolytes
and oppositely charged surfactants have been extensively
studied. It is well established that, at low surfactant concentra-
tions, the driving force of such associations is the electrostatic
attraction between the polyelectrolytes and the surfactant
molecules. For high surfactant concentrations, on the other
hand, the binding usually results in a phase separation due to
the strong cooperative behavior of hydrophobic interactions
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that start to dominate the binding process at such concentra-
tions [1]. Thus, from the point of view of fundamental physics,
the interactions between surfactants and polyelectrolytes is a
very rich field due to the amphiphilic nature of surfactants,
which can lead to a competition between very different bind-
ing modes. Such competition motivates the investigation of
possible transitions between the different modes, the eval-
uation of the relative magnitudes between the interactions
behind these modes, and the search of conditions in which this
relative magnitude can be modulated by solution properties
like the surfactant concentration, ionic strength, pH, and/or
the type of counterions used; see for example, Ref. [1].

In particular, much attention has been given to the interac-
tions of surfactants with biological relevant macromolecules,
and in particular with DNA, a negatively charged biological
polyelectrolyte [2—13]. This kind of study is important not
only to test the toxicity of industrial surfactants but also
because they can bring new useful information for the appli-
cation of these molecules in fields such as the control of DNA
compaction and decompaction [14,15], nucleic acids purifi-
cation [16], drug delivery [9], gene therapy [6,7,17], gene
expression [18], and in the development of biosensors [19].

In the present work we report a study on the DNA interac-
tion with the surfactant dodecyltrimethylammonium bromide
(DTAB), performed at the single-molecule level. We were

©2020 American Physical Society


https://orcid.org/0000-0001-9682-4802
https://orcid.org/0000-0002-4261-9624
https://orcid.org/0000-0003-0323-3718
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.102.032401&domain=pdf&date_stamp=2020-09-01
https://doi.org/10.1103/PhysRevE.102.032401

E. F. SILVA et al.

PHYSICAL REVIEW E 102, 032401 (2020)

CH,
|+ BT
NE—CH,
ch/\/\/\/\/\/\o/ |
CHs

FIG. 1. Chemical structure of the DTAB surfactant.

able to identify and characterize in detail the two different
components of the binding mechanism: electrostatic attraction
between the cationic head of DTAB and the negative phos-
phate backbone of the DNA double helix, followed by a strong
hydrophobic interaction between the tails of the bound DTAB
molecules, resulting in a DNA compaction induced by the
surfactant. Although there is a previous study in the literature
which uses optical tweezers to perform force spectroscopy
with DNA-DTAB complexes, such a study was performed
in the high-force enthalpic regime, in which the complexes
are stretched with forces on the order of tens of piconew-
tons [4]. On the contrary, our study uses very low forces
(<3 pN) to stretch the complexes, i.e., we work in the entropic
regime, where the forces are small enough to only change
the biopolymer conformation in solution, not affecting its
structure. Such regimes give completely different insights on
different aspects of the interaction; while the former is useful
to understand the changes on the DNA secondary structure
and helix stability on surfactant binding, the latter gives
insights on the mechanical properties of the complexes formed
and on the physical chemistry of the interaction [20-22].
Finally, note that the approach presented here can contribute to
improving the fundamental knowledge about DNA-surfactant
systems and possibly to the development of novel applications
for these complexes.

II. MATERIALS AND METHODS

DTAB was purchased from Sigma-Aldrich and used with-
out further purification. Figure 1 shows the chemical structure
of this surfactant.

All experiments with DNA were performed in a phosphate-
buffered saline (PBS) solution whose composition is as fol-
lows: [Na,HPO4] = 4.375 mM, [NaH,PO4] = 1.25 mM, and
[NaCl] = 140 mM, pH 7.4, and ionic strength / = 154 mM.

A. Electrical conductivity and CMC determination

Before investigating the DTAB association to DNA it
is fundamental to determine the CMC concentration of the
surfactant in pure solvent in order to know whether micelles
are formed in solution under our experimental conditions and
to evaluate the role of DNA on micelle formation in our
interaction experiments.

Here we have determined the CMC of DTAB by measur-
ing the electrical conductivity of the solution (surfactant +
solvent) with a conventional conductivity meter (DIGIMED
DM-32), where injections of 40 ul from a concentrated solu-
tion of DTAB (50 mM) were added to 20 ml of water. The
solution was stirred for 60 s after each injection to reassure
that the equilibrium was reached. The same experiment was
also performed using our PBS buffer instead of water, such

that the CMC could be determined in the solvent used in the
interaction experiments.

B. Optical tweezers

For optical tweezers assays, the sample chamber consists
of an o-ring glued in a streptavidin-coated coverslip, where the
working solution is deposited. This solution contains A-DNA
molecules (~48,500 base pairs, ~16.5 um contour length,
Promega Corp. D1501) end labeled with biotin. One end of
the molecules is attached to a streptavidin-coated polystyrene
bead, 3.0 um in diameter (Bangs Labs), while the other
end is attached to a streptavidin-coated coverslip. With this
procedure, the DNA molecules became tethered by the ends
between the bead and the coverslip. DNA and DTAB were
incubated for ~20 min for surfactant equilibration before
starting the measurements.

The optical tweezers used consist of a 1064-nm fiber laser
(IPG Photonics) mounted in a Nikon Ti-S inverted micro-
scope with a 100x N.A. 1.4 objective (a single-beam optical
tweezer).

The DNA molecules and the DNA-DTAB complexes are
stretched using a piezoelectric device (Physik Instrumente)
to move the microscope stage. The force-extension curves
(FECs) collected were fitted to the Marko-Siggia equation
of the wormlike chain (WLC) model [23] using a standard
procedure [24]. From these fittings, the mechanical parame-
ters (contour and persistence lengths) were determined with
high accuracy for various different DTAB concentrations.
The reported values of these parameters and the correspond-
ing error bars (standard error of the mean) were obtained
for each DTAB concentration using eight different DNA
molecules, performing six force-extension curves for each
different molecule. We limit the maximum stretching forces
to ~3 pN, therefore working within the entropic regime, as
stated earlier. This is important for determining the mechan-
ical properties with accuracy and guarantees that the system
is always close to the chemical equilibrium [21]. In addition,
this is the regime that allows one to measure the “apparent
contour length” resulting from DNA compaction, since high
stretching forces decompact collapsed DNA [21,25,26]. Here
we call this “apparent contour length” just contour length,
since all our experiments are restricted to the entropic regime.
Complete details of our experimental procedures used with
this technique can be found in a previous work [24].

C. Magnetic tweezers

The sample preparation procedure for the magnetic tweez-
ers experiments is very similar to that used for optical tweez-
ers; the main difference is that here we use streptavidin-coated
superparamagnetic beads, 2.8 um in diameter (Invitrogen
M-280), for DNA attachment.

The magnetic tweezers used here is mounted in a Nikon
Ti-S inverted microscope with a 100x N.A. 1.3 objective.
A homemade three-dimensional stage to control the position
of a permanent magnet with precision is mounted above
the microscope objective using three Newport linear stages
(UMRS.25) and a piezoelectric device (Newport PZA12).
With this apparatus, one can align the magnet position with
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FIG. 2. Electrical conductivity ¥ of DTAB solutions in (a) water and (b) PBS. From these curves we determine the CMC of the surfactant
in each solvent. The arrows indicate the CMC in each curve: (15.7 £ 1.1) mM in water and (8.1 £ 1.4) mM in PBS.

the sample chamber to apply forces to the superparamagnetic
beads and, consequently, to the tethered DNA molecules.

The DNA molecules are stretched along the optical axis of
the microscope (i.e., perpendicularly to the coverlip surface)
with a certain desired constant force by positioning the magnet
adequately. DNA extension was obtained by determining the
bead height relative to the coverslip surface. Such measure-
ments is done with a standard calibration procedure in which
we compare the contrast on the center of the working bead
(attached to DNA) with the contrast on the center of an identi-
cal bead glued on the coverlip surface, whose height is known
to be equal to the bead radius. Such a procedure is similar to
others used in the literature to determine the DNA extension
in magnetic tweezers experiments [27,28]. The force applied
on DNA is determined by analyzing the bead fluctuations,
a standard procedure also used in previous works [27,28].
The error bars (standard error of the mean) reported in the
results refer to different measurements performed over the
same DNA molecule.

D. Gel electrophoresis

In order to confirm the DTAB-induced DNA compaction
with a bulk technique, we have performed gel electrophoresis
assays incubating DTAB with DNA at various concentrations
of the surfactant in an agarose gel (1.2% in mass), maintain-
ing the DNA concentration fixed, as performed in our force
spectroscopy experiments.

The experiments were performed following a procedure
similar to the assays of Murphy and Zimmerman [29]. First,
DNA and DTAB were incubated in a microtube at desired
concentrations for a few hours. Then, the microtubes were
centrifuged at 14,000 rpm for 30 min, and the supernatant
is then separated from the rest of the sample, which is dis-
carded. The compacted DNA molecules tend to sink, staying

at the botton of the microtube after centrifugation. Thus, it is
expected that the supernatant will contain more DNA for low
DTAB concentrations, when the compaction induced by the
surfactant is lesser.

III. RESULTS AND DISCUSSION
A. CMC determination

The results showing the solution conductivity as a function
of the DTAB concentration in solution are shown in Fig. 2 for
[Fig. 2(a)] deionized water and [Fig. 2(b)] PBS. The CMC is
determined with a method previously described [30], and the
results obtained were (15.7 & 1.1) mM in water and (8.1 +
1.4) mM in PBS. These results are compatible to those found
by other groups [31].

B. Force spectroscopy with optical tweezers allows the unveiling
of the different binding mechanisms involved in the
DNA-DTAB interaction

In Fig. 3 we show some exemplifying FECs for some
DTAB concentrations. The WLC fittings are also shown as
solid lines. Observe that the WLC model fits very well to our
experimental data, allowing the determination of the contour
and persistence lengths with accuracy. Observe that the FEC
corresponding to 0.2 mM of DTAB (blue squares) is very
close to the bare DNA curve (red circles), indicating that the
mechanical parameters of the DNA-DTAB complexes vary
little within this concentration range. On the other hand, the
FEC measured for 0.4 mM of DTAB (green diamonds) is
very different, which indicates that substantial changes on
the mechanical properties, especially on the apparent DNA
contour length, occurs at such a concentration.

The FECs along with the mechanical properties derived
from the fittings are the raw results determined from our force
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FIG. 3. Force-extension curves (FECs) obtained for some DTAB
concentrations. The solid lines are fittings to the WLC model, from
which the mechanical parameters of the complexes are extracted.

spectroscopy measurements performed with optical tweezers,
free of any interpretation. The mechanical properties are
shown in Figs. 4 and 5.

In Fig. 4 we show the contour length L of the complexes
formed between DNA and DTAB as a function of the surfac-
tant concentration in the sample Cr. Observe that this mechan-
ical parameter stays constant until C; ~ 0.35 mM and then
abruptly decreases, indicating that DTAB strongly compacts
DNA above a certain critical concentration, which for our
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FIG. 4. Contour length L of the DNA-DTAB complexes as a
function of the surfactant concentration in the sample Cr. Observe
that the contour length remains constant until a certain critical
concentration, Cy ~ 0.35 mM, and then abruptly decreases.
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FIG. 5. Persistence length A of the DNA-DTAB complexes as a
function of the surfactant concentration in the sample Cy. One can
distinguish two distinct behaviors: For low concentrations (Cy < 0.2
mM) the persistence length increases as DTAB binds to the double
helix. For Cy > 0.2 mM, the mechanical parameter strongly de-
creases. This behavior suggest that two different binding mechanisms
play a role here.

experimental conditions is between 0.35 and 0.40 mM. It is
very difficult to obtain more experimental data of the mechan-
ical properties beyond this critical concentration, since DNA
compaction induced by the surfactant tends to bring the bead
attached to the DNA very close to the coverslip surface,
often attaching such bead on the surface (which ends the
experiment).

This abrupt DNA compaction measured here resembles
somewhat the DNA condensation process induced by multi-
valent cations. In such a process, cations with charge equal
or higher than +3 condense DNA into tiny globules, toroids,
or other structures above a certain critical concentration, and
the condensation occurs in a very narrow ligand concentration
range [32-34], resembling a high cooperative “none-or-all”
process [35,36]. When using multivalent cations, the conden-
sation is a result of a high neutralization of the DNA negative
phosphate backbone. In the present case, however, there is a
noticeable difference: The hydrophobic interactions between
the surfactant tails is the driven force that promotes DNA com-
paction, as will be evidenced below, since the positive head of
DTAB is monocationic and thus have a limited electrostatic
effect in neutralizing the DNA phosphate backbone.

In Fig. 5 we show the corresponding persistence length
A of the same DNA-DTAB complexes as a function of the
surfactant concentration in the sample Cy. Here one can
clearly distinguish two distinct behaviors: For low concentra-
tions (Cr < 0.2 mM) this mechanical parameter increases as
DTAB binds to the double helix. For C; > 0.2 mM, on the
other hand, it strongly decreases. Such data suggest that two
different binding mechanisms play a role here, the first one
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FIG. 6. Scheme of the DNA-DTAB interaction, showing three
different steps of the binding mechanism. (a) At low surfactant
concentrations, DTAB molecules bind individually along the dou-
ble helix, and such binding is initially driven by the electrostatic
interaction between the positive surfactant heads and the negative
phosphate backbone of the double helix, although the hydrophobic
tails play a role in the resulting persistence length. (b) As the
DTAB concentration reaches a certain threshold, the hydrophobic
interactions between the tails of the surfactant molecules start to
dominate the binding process. (¢) When there are sufficient DTAB
molecules very close to each other, they can form a structure similar
to a micelle, compacting the DNA molecule.

increasing the persistence length and the second one decreas-
ing this parameter until finally inducing the compaction of the
biopolymer.

Based on the data of Figs. 4 and 5 we propose the fol-
lowing scenario for the DNA-DTAB interaction. A illustrating
scheme is shown in Fig. 6 to help in the following discussion.
It is known that surfactants in general interact with DNA via
a competition of electrostatic and hydrophobic interactions
[4,10] and that some surfactants can compact DNA depend-
ing on the size of the hydrophobic tail [4,12]. First, at low
surfactant concentrations, DTAB molecules bind individually
along the double helix, as represented in Fig. 6(a). Such
interaction is mediated initially by the electrostatic attraction
between the positive surfactant head and the negative phos-
phate backbone of the double helix. Observe, however, that
even here the hydrophobic tail plays a role on the mechanics of
the resulting complex, since the persistence length increases
for low DTAB concentrations—a behavior opposite to that
expected if the interaction involved only phosphate charge
neutralization [37,38]. Thus we propose that DTAB molecules
bind individually for Cr < 0.2 mM, as shown in Fig. 6(a).
When the DTAB concentration reaches a certain threshold, the
hydrophobic tails tend to stay close in order to avoid contact
with surrounding water, and the hydrophobic interactions
between those tails start to dominate the binding process: As
more DTAB molecules bind to double helix, there is a prefer-
ence for these molecules to bind very close to the previously
bound DTAB due to the hydrophobic interaction between their
tails, maximizing the entropy of the system. Such situation
is illustrated in Fig. 6(b) and approximately corresponds to
the concentration range 0.2 mM < Cr < 0.4 mM, in which
the contour length remains constant but the persistence length
decreases due to bendings introduced on DNA as a result of
the surfactant aggregation. Finally, when there are sufficient

DTAB molecules very close to each other, they can form a
structure similar to a micelle, as illustrated in Fig. 6(c), com-
pacting the DNA molecule. For our experimental conditions,
such behavior starts to occur at Cr ~ 0.4 mM and can explain
the abrupt decrease measured for the DNA contour length at
this concentration (see Fig. 4). We note that such micelle-type
aggregation occurs at a concentration much smaller than the
DTAB CMC, which was measured here as ~8.1 mM in PBS.
Thus, note that micelle formation is highly facilitated along
the DNA, i.e., the biopolymer promotes the aggregation of
bound surfactant molecules in a micelle-type structure. Such
behavior is expected, since the surfactant molecules bound to
DNA tend to stay, on average, closer to each other than when
they are free in solution. Note that there are two different
transitions on the DNA-DTAB system. The first one occurs
at Cr ~ 0.2 mM, where hydrophobic interactions between the
surfactant tails start to strongly dominate the binding process
inducing the decrease of the persistence length. The second
transition, on the other hand, takes place at Cr ~ 0.4 mM,
with the formation of the micelle-type structures that results
in DNA compaction.

In order to advance in the above discussion, we use a
quenched-disorder statistical model of ligand binding devel-
oped by our group [21,39] to extract the physical chemistry of
the DNA-DTAB interaction from the persistence length data
of Fig. 5. Such modeling was discussed in detail in a previ-
ous review article [21]. Here we propose that two different
binding isotherms can be used to describe the two different
binding mechanisms presented in Figs 5 and 6: A first binding
isotherm (BI 1) describes the individual DTAB binding in the
low concentration range (0 to 0.2 mM of DTAB) and a second
binding isotherm (BI 2) describes the mechanism dominated
by the hydrophobic interactions between the surfactant tails,
which occurs in the high concentration range (0.2 to 0.4 mM
of DTAB).

We choose the Hill equation as the binding isotherms to
perform the fittings. Such an equation reads

o KGr 0

Fmax I+ (K Cf )
where r is the bound site fraction (fraction of DNA base pairs
occupied by the bound ligands), ryax is the saturation value
of r, K is the equilibrium association binding constant, Cy is
the free (not bound to DNA) ligand concentration, and n is
the Hill exponent, a parameter that measures the cooperativity
degree of binding reactions [21].

Such an isotherm can be plugged into our model that pre-
dicts how the persistence length varies as the ligand molecules
bound to the double helix,

l:l r/rmax_i_r/rmax, (2)
A Ay Ay
where Ay is the persistence length of the bare DNA molecule
and A; is the local persistence length induced by the ligand
on binding on a site (or, equivalently, the persistence length at
bound ligand saturation).

The model was used to fit the experimental data of Fig. 5
and the results are shown in Fig. 7. Observe that each binding
isotherm (BI 1 and BI 2, each with a different set of binding
parameters) fits well to the experimental data, and from these
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FIG. 7. Fittings of the persistence length data performed with
our quenched-disorder statistical model of ligand binding [21,39],
from where the binding parameters were determined. Two different
binding isotherms were used to describe the different binding mecha-
nisms: individual DTAB binding at the low concentration range (0 to
0.2 mM of DTAB) and the mechanism dominated by the hydrophobic
interactions between the surfactant tails, which occurs in the high
concentration range (0.2 to 0.4 mM of DTAB).

fittings we determine the binding parameters shown in Table I.
One should note in Fig. 7 that extrapolating the two proposed
binding isotherms does not allow them to cross each other.
This fact is because such proposed isotherms are valid only
when a single binding mechanism is clearly dominant, but not
in the transition region between the two regimes, which occurs
around 0.2 mM. The first isotherm (BI 1) is in fact valid when
individual DTAB binding clearly dominates, while the second
(BI 2) is valid when hydrophobic interactions between the
DTARB tails clearly dominate. In theory it would be possible
to propose an interpolated isotherm to fit the transition regime
around 0.2 mM. Nevertheless, even if one had a plenty of ex-
perimental points at this transition region around 0.2 mM, an
interpolated isotherm would have a lot of adjustable binding
parameters, such that the results returned for these parameters
from the fitting would be hardly accurate.

The results of Table I show that the equilibrium binding
constants of the two different mechanisms are on the same

order of magnitude, although higher for the initial individual
DTAB binding.

Nevertheless, the Hill exponent obtained from the fittings
suggest a completely different interpretation about the coop-
erativity of the two binding mechanisms. For the first one
(individual binding) we obtained n; ~ 1, confirming DTAB
molecules bind individually at this concentration range, i.e.,
independent on the previous bound surfactant molecules, and
therefore the mechanism is noncooperative. Such a result
is in very good agreement with the interpretation discussed
in Fig. 6. On the other hand, for the second mechanism
(hydrophobic interaction between the surfactant tails), the Hill
exponent obtained was n, ~ 3.4, suggesting that three to four
bound DTAB molecules cooperate positively, a result also
in agreement with the interpretation depicted in Fig. 6. The
discontinuity in the persistence length derivative at ~0.2 mM
(see Fig. 7) arises as a result of the transition between the two
DTAB binding mechanisms: individual DTAB binding for
Cr < 0.2 mM and hydrophobic interactions between DTAB
tails for C; > 0.2 mM. Since cooperativity increases abruptly
at the transition point (~0.2 mM), with the Hill exponent
increasing from ~1 to ~3.4, some type of abrupt change on
the persistence length behavior is expected. Thus, the Hill
exponent is the physical parameter that sets the transition
between the two different binding mechanisms.

Finally, the results obtained for the local persistence length
A reflect the fact that the first binding mechanism tends
to make the DNA more rigid, and the second one highly
decreases the bending rigidity of the DNA-DTAB complexes,
allowing the compaction observed in Fig. 4 for C; ~ 0.4 mM.

Finally, in order to have a more precise view on the DNA
compaction induced by DTAB, in Fig. 8 we plot the radius
of gyration R, of the DNA-DTAB complexes as a function of
the surfactant concentration in the sample Cr. The radius of
gyration was obtained from the contour and persistence length
data of Figs. 4 and 5 using the equation

= 1ALl 3A 3
= (-2 ), ()

Observe that for low surfactant concentrations (0 to
0.2 mM) the radius of gyration weakly increases as DTAB
binds, a result correlated to the fact that the surfactant in-
creases the persistence length of the complexes formed within
this concentration range. For C; > 0.2 mM, on the other hand,
R, decreases strongly as a result of DNA compaction. Such a
decrease, however, is not so abrupt when compared to typical
DNA condensing agents such as multivalent cations [40].

TABLE I. Binding parameters and local persistence length obtained from model fitting for each binding mechanism.

Binding mechanism-DTAB concentration range KM n A; (nm)
Individual DTAB binding

(0-0.2 mM) 3700 £ 500 1.0 £0.1 133 £ 10
Hydrophobic interaction between DTAB tails

(0.2-0.4 mM) 1100 &+ 150 34+04 ~0.1
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FIG. 8. Radius of gyration R, of the DNA-DTAB complexes as
a function of the surfactant concentration in the sample Cr. Observe
that R, increases until C; ~ 0.2 mM and then decreases strongly as
a result of DNA compaction.

C. Force clamp experiments with magnetic tweezers unveil the
conditions for DTAB-induced DNA compaction

In order to investigate the role of the stretching force
on the DTAB-induced DNA compaction process, here we
used magnetic tweezers to apply a desired constant force on
tensioned DNA molecules. In fact, magnetic tweezers can be
used to maintain the biopolymer stretched at a certain constant
force while introducing the surfactant in the sample chamber,
allowing investigating the effects of this applied force on the
DNA extension, which tends to decrease when DNA is being
compacted. Such experiments complement those reported in
the previous section, in which the force was varied during
the assays.

We have performed the measurements at various DTAB
concentrations and some values of the applied force. In sum-
mary, the conclusion was that forces as small as ~0.4 pN are
sufficient to hinder DNA compaction under our experimental
conditions. This is not in contradiction with the optical tweez-
ers results, in which we have used forces <3 pN and verified
DNA compaction. The difference is that in optical tweezers
assays we set the DNA-DTAB complexes free of forces
after each measurement (i.e., after each force-extension curve
collected). Such a procedure guarantees that DNA compaction
will occur if conditions are prone to it. On the other hand, in
our magnetic tweezers assays the force is always present, i.e.,
the DNA molecules are constantly tensioned with the desired
force. Below we show some significant exemplifying results
that allowed us to draw the conclusion mentioned above.

In Fig. 9 (black circles), we show a control experiment in
which we maintain a bare DNA molecule stretched with a
constant force of (0.40 &£ 0.05) pN. The extension (end-to-end
distance) of the biopolymer remains constant and equal to

20

® bareDNAatF=0.4pN
M DTABO6mMatF =0.4pN
@ DTABO6matF=0.04pN

i;i*}i‘
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FIG. 9. Black circles: Control experiment with a bare DNA
molecule stretched with a constant force of (0.40 4 0.05) pN. Red
squares: DNA-DTAB complex (DTAB at 0.6 mM) stretched with a
constant force of (0.40 £ 0.05) pN. Blue diamonds: DNA-DTAB
complex (DTAB at 0.6 mM) subjected to a nearly zero (~0.04 pN)
stretching force. Such results show that even forces as small as ~0.4
pN are sufficient to hinder DTAB-induced DNA compaction.

(15.0 &£ 1.0) um as a function of the time, indicating that our
methodology is robust and there are no drifts in the system
which could lead to artifacts in the measurements. Similar
experiments were performed with the same force applied
on the DNA but now introducing DTAB at the beginning
of the experiment (time = 0) at various concentrations in
the range <1.2 mM. In Fig. 9 (red squares), we show the
particular result for 0.6 mM of DTAB. We observed that the
DNA extension remains constant during the whole experiment
(~42 min) and with the same value as the one without DTAB,
showing that the surfactant does note induce any compaction
on DNA when the biopolymer is tensioned with ~0.4 pN
at the concentration range investigated (<1.2 mM). In other
words, no compaction occurs if forces are applied to the
biopolymer maintaining its extension (~15 pm in the present
case) close to the contour length (~16.5 um for A-DNA).

We also investigate the situation in which the biopolymer
is basically free in solution, i.e., where the stretching force
is completely negligible. In Fig. 9 (blue diamonds), we also
show the resulting DNA extension for a constant applied force
10 times smaller, (0.040 £ 0.006) pN, i.e., nearly zero, for a
DTAB concentration of 0.6 mM. Observe that there is a very
significant difference from the other data: The DNA remains
at the same initial extension, (4.8 £ 0.9) um for this case, only
until ~16 minutes after the insertion of DTAB in the working
solution. Then the biopolymer is suddenly compacted to an
extension of (2.5 £ 0.8) um. This result shows that DTAB
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FIG. 10. Typical result of our electrophoresis assays. It can be
observed that as the DTAB concentration increases, less DNA is
found in the supernatant of the incubated and centrifuged samples,
which confirms the effect of DTAB in compacting DNA under our
experimental conditions.

compacts the DNA molecule at a concentration Cy = 0.6 mM
if the biopolymer is basically free in solution, with a negligible
stretching force applied, or, in other words, when the DNA
extension is considerably smaller than the contour length. In
addition, such a result allows one to estimate the timescale for
the DNA-DTAB complexes to achieve chemical equilibrium,
which is ~16 min under our experimental conditions.

D. Gel electrophoresis confirms DNA compaction by DTAB

In Fig. 10 we show a typical result of our electrophoresis
assays. It can be observed that as the DTAB concentration in-
creases, less DNA is found in the supernatant of the incubated
and centrifuged samples, which were the aliquots deposited
in the gel. Such a result confirms the effect of DTAB in
compacting DNA and also indicates that such a compaction
is not abrupt when considering a large ensemble of DNA
molecules, since the brightness of the samples deposited in
the different wells of the gel decreases continuously. In other
words, this result shows that the number of compacted DNA
molecules increases smoothly with the DTAB concentration,
a conclusion that could not be obtained by performing only

single-molecule experiments such as the force spectroscopy
assays presented here.

The same type of electrophoresis assay was repeated for
different incubation times, from 30 min up to 10 h, and we
have verified that the proportion of condensed DNA also de-
pends on such incubation time, in addition to the DTAB con-
centration dependence: The longer the incubation time, more
DNA condense for a given DTAB concentration. Although
such a result cannot be directly compared to those obtained
from our single-molecule force spectroscopy experiments,
since here we are dealing with a large ensemble of molecules,
it is equivalent to those obtained for DNA condensation
induced by multivalent cations or neutral polymers using a
similar electrophoresis assay [26].

IV. CONCLUSION

We have investigated the DNA interaction with the sur-
factant DTAB using three different experimental techniques:
optical and magnetic tweezers and gel electrophoresis. From
our optical tweezers assays, we were able to report how
DTAB changes the mechanical properties of DNA on binding
and the specific binding parameters of the interaction. Our
results show that DTAB interacts with DNA in the con-
centration range of fractions of millimolar, presenting two
distinct binding mechanisms: individual DTAB binding at low
concentrations, followed by a strong hydrophobic interaction
between the tails of the bound DTAB molecules, resulting in
a DNA compaction induced by the surfactant for sufficient
high concentrations. The transition between the two bind-
ing regimes is mediated by cooperativity, which increases
abruptly at the transition concentration (Cy ~ 0.2 mM), with
the Hill exponent increasing from ~1 to ~3.4. Finally, mag-
netic tweezers and gel electrophoresis were used to confirm
DNA compaction under our experimental conditions. These
findings, along with the methodology presented here, give
new insights for future studies involving surfactants and the
DNA molecule.
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