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U
nderstanding the driving forces by
which self-aggregating molecules
bind their targets inside the cell is

of the utmost importance to elucidate their

mechanisms of action.1�7 Self-aggregating

peptides bearing a definite charge are able to

establish strong electrostatic interactionswith

oppositely charged polymers. In particular,

recent bulk studies have shown that amyloid

peptides with positive charges (e.g., human

lysozyme,Aβ40,R-synuclein, histidine-leucine
peptides) have a strong binding affinity to

negatively charged polymers (e.g., nucleic

acids, polysaccharides, polylysines), stimulat-

ing aggregation and fibril formation.1,8�13

Such ubiquituous interaction has triggered
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ABSTRACT

Knowledge of the mechanisms of interaction between self-aggregating peptides and nucleic acids or other polyanions is key to the understanding of many

aggregation processes underlying several human diseases (e.g., Alzheimer's and Parkinson's diseases). Determining the affinity and kinetic steps of such interactions is

challenging due to the competition between hydrophobic self-aggregating forces and electrostatic binding forces. Kahalalide F (KF) is an anticancer hydrophobic

peptide that contains a single positive charge that confers strong aggregative properties with polyanions. This makes KF an ideal model to elucidate the mechanisms

bywhich self-aggregation competes with binding to a strongly charged polyelectrolyte such as DNA.We use optical tweezers to apply mechanical forces to single DNA

molecules and show that KF and DNA interact in a two-step kinetic process promoted by the electrostatic binding of DNA to the aggregate surface followed by the

stabilization of the complex due to hydrophobic interactions. From the measured pulling curves we determine the spectrum of binding affinities, kinetic barriers, and

lengths of DNA segments sequesteredwithin the KF�DNA complex. We find there is a capture distance beyondwhich the complex collapses into compact aggregates

stabilized by strong hydrophobic forces and discuss how the bending rigidity of the nucleic acid affects this process. We hypothesize that within an in vivo context, the

enhanced electrostatic interaction of KF due to its aggregation might mediate the binding to other polyanions. The proposed methodology should be useful to

quantitatively characterize other compounds or proteins in which the formation of aggregates is relevant.
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discussions on its connection to neurodegenerative dis-

eases and on the hypothetical role of aggregating pep-

tides as scaffolds for polynucleotide assembly in early

prebiotic life.1,14 Despite their prevalence, and even

though much progress has happened within the past

few years, the complex and nonspecific nature of these

interactions makes it difficult to quantitatively determine

key parameters such as their binding affinities and the

kinetic steps during the interaction process.
Indeed, a full characterization of the interaction

between hydrophobic peptides and polyanions is
challenging due to the competition between peptide�
peptide self-aggregating interactions and peptide�
substrate electrostatic binding forces, as well as due
to the transient and heterogeneous nature of the
formed complexes.11 An excellent model to address
such questions is the anticancer drug kahalalide F (KF),
a 14-residue cyclic depsipeptide originally isolated
from the Hawaiian mollusk Elysia rufescens.15 KF is a
low-solubility compound with a highly hydrophobic
structure and a single positive residue (L-ornithine)
(Figure 1),16 which exhibits a potent cytotoxic activity
against several tumor cell lines,17�19 causing the dis-
ruption of the plasmamembrane due to the accumula-
tion of peptide aggregates.20 Although KF is a
molecule with a strong tendency to aggregate, it also
has a single positive charge capable of establishing
electrostatic interactions with negatively charged sub-
strates such as DNA. Herewe use optical tweezers, AFM
imaging, and dynamic light scattering (DLS) to fully
characterize the interaction of KF aggregates binding
to DNA. Although the formation of KF�DNA complexes
can be directly observed in AFM andDLSmeasurements,
only force spectroscopy methods make it possible to
quantitatively determine the driving thermodynamic
forces. In addition, by applying mechanical force to the
ends of the DNA it is possible to control and gain insight
into the kinetic steps involved in the formation of the
complex.
We have found that binding of DNA to KF occurs in

two kinetic steps: First, DNA binds KF particles due to
the electrostatic attraction between the negatively
charged DNA and the positively charged groups ex-
posed on their surface (L-Orn). Electrostatic binding
compacts DNA by sequestering DNA segments along
the surface of the aggregate in a way reminiscent of
a condensation process. This is followed by a slow
remodeling of hydrophobic contacts and the irrever-
sible entrapping of DNA within the KF�DNA complex.
Modeling of the stretching curves yielded character-
istic parameters of the interaction, such as the average
length of DNA segments electrostatically bound to the
aggregate, their affinity of binding, and the barrier to
unpeel them. DNA unzipping experiments show that
KF also forms complexes with ssDNA. However the
different mechanical (bending rigidity) and chemical

(hydrophobicity) properties of the polyelectrolyte de-
termine the kinetics of formation of the complex.

RESULTS

KF Compacts dsDNA. To study how KF binds DNA, we
stretched a single half λ-DNA (24-kb) in the presence of
KF in the optical tweezers setup (Figure 2a, inset). First a
DNA molecule was tethered between two beads, and
its elastic properties were measured using the worm-
like chain (WLC) model (see Materials and Methods).
Next the DNAmolecule was rinsedwith 40 μMKFwhile
it wasmaintained at an end-to-end distance of 6 μm. In
this configuration the DNA can explore bended con-
formations due to thermal fluctuations, as the force
remains below 0.4 pN at this extension. The flow was
temporarily stopped after 5, 15, and 30 min in order to
record a series of force�extension curves (Figure 2a).
We collected measurements for at least 10 different
molecules, finding a reproducible pattern (Figure S1,
Supporting Information).

After flowing KF for 5 min, DNA maintained at low
tension was compacted by the peptide. In order to
stretch the compacted molecule, the KF�DNA complex
must be unraveled, and therefore a sawtooth pattern
with many force rips was observed (Figure 2a, purple).
This suggests that KF behaves as a DNA condensing
agent, inducing kinks and loops on the DNA. The relaxa-
tion curves, however, remained similar to those obtained
for naked DNA (Figure 2a, black), indicating that DNA
compaction took place after the extension of the mole-
cule was reduced. The relaxation curves were well de-
scribedby theWLCmodel and showedadecreaseof 25%
in the persistence length (Figure 2b, inset). In experi-
ments where KF was flowed for 5 or 15 min, the whole
contour length of the DNA could be recovered after
pulling up to 40 pN (Figure 2c). This reduction of the
persistence length is likely due to the positively charged
L-Orn residue, which decreases the self-repulsion of the
DNA phosphate backbone.

However, after 15 to 30 min, many interactions
could not be disrupted, leading to an apparent shorter
contour length, which was correlated to an increase of
the persistence length. This phenomenon suggests
that the KF�DNA complex started to collapse into a
more stable and stiffer structureafter 15min. Remarkably,
a repulsive negative force was detected after 30 min in

Figure 1. Kahalalide F structure.
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most of the experiments if end-to-end distances lower
than 4 μm were allowed (Figure 2a, yellow), suggesting
the formationof a thickKF�DNAaggregateof 1�3μmin
length. It was not possible to remove the bound KF by
rinsing the molecule with peptide-free buffer for more
than 45 min, reflecting the high stability of the final
complex.

Binding of KF to DNA exhibits two regimes. First,
there is a weak and fast regime apparently determined
by the electrostatic attraction between the positively
charged residues of the KF particles and the negatively

charged backbone of DNA. According to our interpre-
tation, in this regime DNA binds to hydrophilic spots
exposed on the surface of KF particles. Unpeeling
of DNA segments requires forces typically lower than
20 pN. We will refer to this mode of binding as electro-
static binding (EB). This regime is observed in the first
15 min of the experiments shown in Figure 2a and is
characterized by a constant contour length, the pres-
ence of force rips associated with unpeeling events,
and a reduced persistence length; the increased flex-
ibility of the filament indicates a charge compensation
that reduces self-repulsion of phosphates along the
DNA backbone. There is a second stronger binding
regime that occurs over longer time scales, which we
attribute to the formation of an increasing number of
stable hydrophobic contactswithin the growing KF�DNA
complex.Our interpretation is that in this regimeDNAgets
buried inside the bulk of the aggregate after being
recruited by the hydrophilic spots exposed on its surface,
creating a stiff filament (as suggested by its increased
persistence length). The slower time scales observed in
this regime suggest that thismodeof binding requires the
remodeling and growth of a strongly hydrophobic com-
plex. We will therefore refer to this second regime as
hydrophobic collapse (HC). It is characterized by an
irreversible decrease in contour length, an increase
in persistence length, and the final collapse of the
KF�DNA complex that is eventually compressed by
pushing the two beads closer than 4 μm. The force
required to disrupt this HC structure is above those
accessible with our setup (∼100 pN), as suggested
from previous AFM pulling experiments of single hy-
drophobically collapsed polymers.21

What is the parameter that controls the prevalence
of each binding regime? We expect that DNA bending
fluctuations determine its binding to KF and the sub-
sequent stabilization of the complex. Therefore, the
molecular extension;or distance between beads;
should be the parameter controlling the transition
between both regimes. To verify this hypothesis, we
carried out experiments where the DNA was repeat-
edly pulled in the presence of KF between a maximum
force of 40 pN and a minimum extension that progres-
sively decreased from 8 to 2 μm in steps of 500 nm per
pulling cycle. Such minimum extension controls the
degree of compaction reached by the complex. For
each cycle we then measured the apparent contour
length at the maximum force (40 pN). The results
(Figure 2d) confirm the presence of the aforemen-
tioned regimes, which are separated by a threshold
capture distance of 5.5 μm (corresponding to 66% of
the contour length of the molecule). In the EB regime
(relative extensiong66%) the apparent contour length
of the DNA fiber does not change, whereas in the HC
regime (relative extension e66%) it decreases linearly
with the minimum distance between the two beads.
A KF analogue in which the ornithine residue was

Figure 2. KF binds to dsDNA. (a) DNA pulling curves before
(black) and after flowing KF at different waiting times: 5 min
(purple), 15 min (green), and 30 min (blue). The molecule is
maintained at an extension of 6 μm (vertical dashed line),
and the flow is temporarily stopped to perform pulling
cycles between aminimumextensionof 4.5 μm(dotted line)
and a maximum force of 45 pN. The sawtooth pattern
observed indicates that KF induces the compaction of
DNA. Pulling cycles reaching end-to-end distances lower
than 4 μm are shown in yellow. Data are filtered at 10 Hz
bandwidth, v = 500 nm/s. (Inset) Experimental setup. (b, c)
Persistence and contour length of five DNAmolecules after
flowing KF (black corresponds to naked DNA). The changes
in the elastic parameters are a signature of the two regimes
observed in KF�DNA complex formation: electrostatic
binding and hydrophobic collapse. (d) Apparent contour
length of a DNA molecule repeatedly pulled between a
maximum force of 40 pN and a minimum extension that
decreases in steps of 500 nm per pulling cycle (mean( SD,
N = 10).
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replaced by a negatively charged glutamic acid was
investigated. No interaction between the KF analogue
and DNA was observed (Figure S2, Supporting
Information), confirming that the positive charge of
the ornithine residue is essential for electrostatic bind-
ing and providing further evidence that electrostatic
interactions are key for the initial binding of the
peptide to DNA. As well, a salt titration showed that
the initial binding of KF to DNA and the subsequent
DNA compaction is highly dependent on the ionic
strength of the buffer, in agreement with the proposed
mechanism (Figure S3, Supporting Information).

The formation of KF�DNA aggregates was directly
observed by AFM imaging using a 2743-bp DNA frag-
ment (Figure 3a�c). Formation of blobs was observed
at the initial time of mixing, and their average size and
number increased with time. Notably, after 20 min, a
sharp decrease in the number of individual molecules
bound to the mica surface was observed (Figure 3d).
We attribute this to the formation of intermolecular

complexes in which several DNA molecules are re-
cruited into a single aggregate. As a consequence, no
free DNA was observed after 30 min incubation time.
These results were further confirmed with the use of
longer DNA molecules (λ-DNA, 48-kb, Figure 3e,f). In
the absence of DNA, large aggregates were not found
on the images (Figure S4, Supporting Information). The
observed aggregation of KF and binding to DNA were
also characterized with DLS (Section S2, Supporting
Information). The hydrodynamic radius of KF aggre-
gates increased with time and remained constant after
addition of DNA.

KF�DNA Affinity Measurements in the EB Regime. Pulling
experiments of DNA in the presence of KF show a
force�distance curve pattern with force rips and hys-
teresis even if the pulling is performed at very low
speeds (Figure 4a, blue). Low pulling speeds are parti-
cularly useful to characterize the affinity of DNA bind-
ing to KF aggregates during the EB regime. In these
experiments, the slope between two consecutive force
rips reflects the elastic response of DNA with a given
apparent contour length l0. Each force rip is due to the
unpeeling of a DNA segment that was electrostatically
bound to the KF particle. A statistical analysis of force
rips was used to determine the length of the DNA
segments released during the unpeeling process (see
Materials andMethods).22 In this way, each experimental
data point was associated to an apparent contour length
l0 (Figure 4a, red left). A histogram of all the l0 values
showed a series of peaks that identify states that are
stabilized by KF�DNA contacts (Figure 4a, red right). The
distance between two consecutive peaks is the length of
the DNA segment released at every unpeeling event. The
histogram was then fitted to a sum of Gaussians
(Figure 4a, bottom), and the distance between themean
of consecutive peaks was calculated. The experimental
distribution of unpeeling events is broad (from a few nm
to∼400nm) and follows an exponential distributionwith
mean size Δl0

* = 31 ( 6 nm (Figure 4b). An exponential
distribution of unpeeling lengths is known to correspond
to the distribution of intervals expected in random
partitioning a given contour length, in agreement with
our hypothesis that DNA binds KF aggregates at hydro-
philic spots in a random fashion.

A force vs contour length representation (Figure 4c)
emphasizes the release of DNA segments in a stepwise
manner during the unpeeling process. The mechanical
work performed at each unpeeling event (W = FΔx)
was then inferred from the rupture force value and
released extension (see Materials and Methods). A
histogram of the dissipated work (Figure S5, Support-
ing Information) shows an exponential distribution
with average unpeeling energy of 13.5 ( 5 kcal/mol.
This value sets an upper limit to the free energy of
binding of KF to DNA.

To gain a better understanding of the affinity of
DNA binding to KF particles, we used a simple

Figure 3. AFM images of KF�DNA complexes. (a�c) AFM
images of reactions of 1.65 ng linearized pGEM plasmid
(2743-bp) and 100 μM KF obtained at 0, 20, and 30 min
incubation times at room temperature, respectively. The
number of free DNA molecules decreases with incubation
time, and large compaction blobs are observed. (d) DNA
surface density at different incubation times, determined as
the average number of free individual molecules per image
of 9 μm2 (mean ( SD, N g 6). (e, f) Full λ-DNA (48-kb)
incubated with 100 μM KF for 30 min. DNA condensation
and formation of blobs are also seen for this larger DNA
substrate. Bar scale is 600 nm (a, b, e) and 200 nm (c, f). Color
scale (from dark to bright) is 0�2 nm in all AFM images.
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theoretical model that reproduces the experimental
force�extension curves. We considered a model pre-
viously used to characterize the DNA�dendrimer con-
densation transition (see Materials and Methods).23

The model reproduces the essential features of the
experimental curves (Figure 4d) over a wide range of

pulling speeds (30�500 nm/s). Despite the apparent
large number of free parameters, only certain values in
very specific ranges can reproduce these features
(Section S3, Supporting Information). In brief, the
experimental force�extension curves could be well
described by assuming (a) a lowbinding energy of DNA
to KF aggregates (ΔG ≈ 6 ( 2 kcal/mol); (b) a brittle
unpeeling of the DNA segments (xi

† = 2 ( 1 nm, the
barrier lying close to the formed conformation); and (c)
a broad right-tailed distribution p(B) of high-energy
activationbarriers givenbyp(B) = (1/w0) exp[�(B� B0)/w0]
with B g B0 = 89 kBT and w0 = 5 kBT.

DNA Binds to KF Aggregates at Forces Lower than 1 pN. We
followed the kinetics of DNA compaction by perform-
ing constant-force experiments at forces such that EB
prevails (molecular extensiong5.5 μm, Figure 2d). The
DNA molecule was maintained at constant force using
force feedback, and we followed the time evolution of
the molecular extension while KF was flowed in.

At 1 pN, a fast compaction took place (Figure 5a).
The extension was reduced up to 40% in 20 min at a
reproducible rate. This compaction is characterized by
intermittent drops of extension that shorten the mo-
lecule by hundreds of nanometers in a few seconds
(Figure 5a, arrows). Pulling curves performed after this
experiment (Figure 5b) showed again the characteris-
tic sawtooth pattern.

In contrast, at 5 pN the molecular extension re-
mained constant within 100 nm after flowing KF for
more than 30 min (Figure 5c). Still, intermittent large
fluctuations on the order of tens of nanometers were
often detected (Figure 5c, arrows). These large fluctua-
tions were never observed in controls without KF
(Figure 5c, gray), and we attribute them to individual
binding events. Pulling cycles performed between 5
and 40 pN immediately after the peptide flow show a
slight decrease in the persistence length and weak
hysteresis effects, suggesting very weak binding of
DNA to KF (Figure 5d). Only by further decreasing the
extension and force of the molecule were full binding
events observed (Figure 5d).

Interestingly an overstretching transition was not
always observed (Figure 5d, yellow). We attribute this
to the recruitment of DNA segments close to both ends
of the tethered molecule by KF particles that induce a
torsionally constrained fiber, inhibiting the over-
stretching transition (Figure 5d, inset).24 Otherwise,
KF binding does not suppress or tilt the overstretching
plateau as observed for DNA intercalators.25 Moreover,
the characteristic sawtooth pattern of KF remained
visible after fully overstretching the DNA (Figure S6,
Supporting Information).

Unzipping Experiments Reveal Different Binding Modes of KF
to dsDNA and ssDNA. In a different setup (Figure 6a), a 6.8-
kb DNA hairpin was tethered and partially unzipped,
maintaining at least half of the dsDNA stem open
(Figure 6a, dashed line), and then KF was flowed into

Figure 4. Modeling of DNA stretching experiments. (a)
(Top, left) Blue curve shows a typical force�distance curve
in a KF�DNA pulling experiment (20 Hz bandwidth, v =
30 nm/s). Red curve shows the apparent contour length l0
(right axis) for each experimental data point. The release
cycle is fitted to the WLC model (black). (Top, right) Histo-
gram of l0 values. (Bottom) Detailed view of the histogram
(red) and fit to a sum of Gaussians (blue). (b) Histogram of
unpeeling segment lengths Δl0 and fit to an exponential
distribution (green). Inset shows a log-normal plot (mean(
SD, N = 435 events, 3 molecules). (c) Force vs apparent
contour length representation of the pulling experiment.
Each color identifies a state (apparent contour length)
temporally stabilized by KF�DNA contacts during the un-
peelingprocess. (Inset) Sharp transitionsbetween states are
observed. Minimum andmaximum forces of every state are
indicated with crosses and diamonds, respectively. (d) The
black curve is an experimental pulling curve after 15 min
interactionwith KF (v = 500 nm/s). A set of six simulations of
the theoretical model is shown in red. (Inset) Scheme of the
free-energy landscape of a two-state system at different
forces (f). The main parameters describing the system are
the free energy difference (ΔG) between the formed (F) and
dissociated (D) conformations, the height of the barrier (B),
the distance (xi) separating the two conformations, and the
distance (xi

†) from the transition state (TS) to the formed
conformation. As the force is increased, the free-energy
landscape is tilted favoring the dissociated conformation
once the critical force (fc) is reached.

A
RTIC

LE



CAMUNAS-SOLER ET AL . VOL. 7 ’ NO. 6 ’ 5102–5113 ’ 2013

www.acsnano.org

5107

the chamber. In this configuration the released ssDNA
is long but rigid enough to severely restrict thermal
fluctuations in themolecular extension (rmsd∼20 nm).
The advantage of this setup is that the long separation
between the hairpin and the beads (∼4 μm) inhibits
any interaction between the beads and both the
dsDNA region and linkers. The unzipping pattern of a
DNA molecule is a fingerprint of its base sequence26

(Figure 6a, gray), and changes of that pattern indicate a
direct interaction between the peptide and DNA.
Moreover, with this setup we could explore the effect
of KF on a DNA molecule maintained at zero force and
forming a random coil (the force stretches the linkers
but not the hairpin).

After flowing KF for 3 min, the unzipping pattern
substantially changed (Figure 6a), and forces up to
22 pNwere needed to unzip the DNA. We attribute this
to the increased force required to simultaneously
break the base-pairing interactions and unpeel DNA
segments from the KF particles. Consecutive unzipping
curves show that ssDNA remains bound to KF particles
at the maximum forces (25 pN). Surprisingly enough,
the rezipping trajectories overlapped with the rezi-
pping curves of naked DNA over a wide range of
extensions (g1500 nm). This is in agreement with a
reannealingmechanism in which rehybridization takes
place first, followed by the formation of the complex.
A similar phenomenon has been observed in the forma-
tion of amyloid nucleic acid fibers, in which the binding

of amyloid peptides to oligonucleotides promotes their
hybridization.8

Note that in this experiment we unzipped only the
region of the hairpin that remained in double-stranded
form while KF is flowed (right of the dashed line in
Figure 6b). However, when we tried to rezip the region
of the hairpin that remained as ssDNA during the
peptide flow (left of the dashed line in Figure 6b), we
could not recover the characteristic unzipping pattern
of the molecule. This indicates that KF can bind ssDNA
in a way that prevents rehybridization of ssDNA
strands. If the molecule was continuously submitted
to unzipping/rezipping cycles, the region of the DNA
hairpin that previously rezipped progressively loses
that capability (Figure 6c), suggesting that KF is slowly
binding to the stretched ssDNA (arrow in Figure 6c).

These results suggest that KF binds to the phos-
phate backbone in a configuration that does not
interfere with base-pairing interactions when DNA is
in its double-stranded form. However, when DNA is in
its single-stranded form, KF can adopt configurations
that interfere with the rezipping of themolecule. These
experiments also show that the interaction of the
peptide with ssDNA is slow (on the order of minutes),
as only the ssDNA regions of the hairpin that remained
exposed for long times to the peptide were unable to
rehybridize.

KF Binds ssDNA. To characterize the interaction of
ssDNA with KF aggregates, we developed a simple

Figure 5. Kinetics of DNA binding to KF particles at a constant force. (a) DNA compaction at 1 pN. A control without peptide
(gray) and two equivalent experiments at 40 μM KF (blue and yellow) are shown. The molecule was maintained at an initial
extension A that relaxed at constant force down to a final value B. (b) Stretching of a DNA molecule before (black) and after
(green, purple) the constant-force experiment at 1 pN. (c) KF does not compact DNA at 5 pN. A DNA molecule subjected at
5 pN is rinsed with KF, and changes in the molecular extension are monitored. A control experiment without peptide (gray)
and two independent experiments at 40 μM KF (blue and yellow) are shown. Large fluctuations indicative of individual
binding events are observed (arrows). (d) Stretching of a DNAmolecule only at forces higher than 5 pN immediately after the
constant-force experiment at 5 pN (purple). If the force was relaxed below 5 pN (green and yellow), the characteristic
sawtooth pattern was immediately recovered. The force�extension curve of that molecule before flowing KF is shown in
black. For all plots, raw data (1 kHz) are shown in light colors, and filtered data (1 Hz bandwidth for kinetic experiments, 10 Hz
bandwidth for pulling experiments) are presented in dark colors. Pulling speed is 500 nm/s.
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method to generate a long ssDNA template (13-kb) for
optical tweezers experiments (see Materials and
Methods). By using this setup we could therefore
measure the elastic response of the ssDNA down to
forces as low as 1�2 pN (Figure 7a).

We then followed their molecular extension in the
presence of KF. At 5 pN we observed a slow compac-
tion (∼20�30 min) with an absolute reduction in
extension close to 16% (Figure 7b, upper panel),
demonstrating that ssDNA binds KF. This compaction
was reproduciblewithin different experiments, and the
slow kinetics agree with the results from unzipping
experiments (Figure 6c). We also measured the time
evolution of the stiffness of the KF-ssDNA fiber by
recording the magnitude of the thermally induced
fluctuations in the molecular extension (Section S4,
Supporting Information). At 5 pN the molecule stif-
fened with time at a rate of (13( 5)� 10�3 pN/(nm 3 s)
(Figure 7b, middle panel). However this change was
observed only 10�15min after compaction of the fiber

started, suggesting that stiffness changes are mostly
due to the hydrophobic collapse of the KF-ssDNA
aggregate rather than electrostatic binding of ssDNA
to KF particles.

Pulling curves obtained after the peptide flow
(Figure 7c) also show force rips in the stretching curves.
However the sawtooth pattern was smoother than for
dsDNA, suggesting the occurrence of fewer events and
higher unpeeling forces (Figure 7c). We attribute this to
the increased hydrophobic forces that stabilize the
KF�ssDNA complex, which also lead to a systematic
shortening of the effective contour length of the
ssDNA. At a higher stretching force of 10 pN, KF did
not induce compaction of ssDNA though, but inter-
mittent jumps in the extension were observed, indic-
ative of individual binding events (Figure S7a,
Supporting Information). At this higher force, the stiff-
ness of the molecule remained constant within the
resolution of measurements (Figure S7b, Supporting
Information). However, KF�ssDNA compaction could
be induced by lowering the force to 5 pN (Figure S7a,
Supporting Information), reproducing the results re-
ported in Figure 7b.

Binding of ssDNA to KF aggregates was further
corroborated by AFM. ssDNA molecules (2743-bp)
were generated by heat denaturation and fast cool-
ing to 4 �C (Figure 7d). Addition of KF to the ssDNA
preparation triggered the formation of aggregation
spots immediately after mixing (Figure 7e). Interest-
ingly enough, longer incubation times yielded a reduc-
tion of free ssDNA molecules, together with the
formation of large aggregates of KF surrounded by
double-stranded DNA (Figure 7f,g). This observation
suggests that KF induces the rehybridization of ssDNA,
as ssDNA molecules do not anneal after 30 min in-
cubation at room temperature in the absence of KF.
This is in agreement with the unzipping results (see
previous section) and is likely due to the fact that KF
traps and maintains close in space different ssDNA
molecules that are occasionally able to rehybridize.

DISCUSSION

By combining single-molecule techniques and bulk
measurements we showed that KF forms particles that
bind and compact DNA. Ourmeasurements reveal that
this process is characterized by two distinct phases
controlled by themolecular extension of theDNA. First,
there is a fast and weak binding regime determined by
electrostatic binding to positive residues exposed on
the surface of the KF particles (Figure 8a). This binding
is triggered by spontaneous bending fluctuations
along DNA. Upon reduction of the molecular exten-
sion, a slow remodeling of the KF�DNA complex takes
place; we propose that this new regime is led by the
formation of new hydrophobic contacts that stabilize a
hydrophobically collapsed structure. A capture dis-
tance separatingboth regimes is identified, corresponding

Figure 6. Unzipping experiments show that KF binds both
dsDNA and ssDNA. (a) An unzipping pattern of the DNA
hairpin before incubation with KF is fully represented in
gray in each panel. The dashed line represents the position
at which the molecule remained unzipped during the pep-
tide flow. Consecutive pulling cycles of the dsDNA stem
region after incubation with KF (blue, red) show a strong
distortion of the unzipping pattern. However, the rezipping
of the hairpin remains unaffected, indicating that the mo-
lecule can hybridize again. (Inset) A 6.8-kb hairpin is main-
tained partially unzipped, leaving less than half of the
dsDNA stem closed during the incubation with KF. This
configuration prevents KF�DNA interactions mediated by
the beads. (b) The region of the hairpin that remained as
ssDNA during the peptide flow (left of dashed line) cannot
hybridize again, in contrast to what happens without KF
(gray curve) or in the region maintained as dsDNA during
the peptide flow (right of dashed line). Three pulling cycles
are plotted in blue, red, and yellow. (c) If the hairpin is rinsed
with KF and then submitted to several consecutive pulling
cycles, the nonhybridizing region increases with time. Four
pulling cycles that reflect this trend are shown (red, blue,
yellow, and purple). Data are filtered at 10 Hz bandwidth,
v = 50 nm/s.
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to a relative extension of 66%. Remarkably enough,
theoretical studies between spherical charged aggregates
and oppositely charged polymeric chains predicted a
capture distance leading to the irreversible adsorption of
the chain to the aggregates.27 The recruitment of DNA
segments along the surface of the aggregate (EB) is driven
by the electrostatic attraction between the negative
charge of DNA and the positive charge of L-Orn residues
that are most likely exposed on the surface of the particle
forminghydrophilic spots (Figure8b). This interpretation is
supportedby the following facts: (i) Thepersistence length
ofDNA is reducedduring the initial bindingof thepeptide,
suggesting a charge compensation that reduces self-
repulsion of the DNA phosphate backbone (ii) A KF
analogue without a positive charge does not bind to
DNA (Figure S2, Supporting Information), providing evi-
dence that the positive charge is essential for binding. (iii)
A salt titration shows that bindingof KF toDNA is inhibited
at high salt condition and that the strength of the inter-
action increases with decreasing ionic strength (Figure S3,
Supporting Information). (iv) The zeta-potential values of
KF, DNA, and KF�DNA complexes (Table S1, Supporting
Information) indicate different surface charge densities
depending on whether DNA is complexed with KF or not.

In addition, the interaction observedduring the EB regime
cannot be understood from the isolated action of KF
peptides (each bearing a single positive charge). It must
be due instead to the concurrent action of several positive
charges that are contained in each peptide aggregate,
which are then able to electrostatically interact with DNA
in a similar fashion that dendrimers or other polycationic
agents do. Modeling of the experimental results shows
that EB of DNA to KF particles is consistent with an
exponential distribution of unpeeling lengths (average
valueΔl0 = 31( 6 nm), a low binding energy (ΔG≈ 6(
2 kcal/mol), a brittle unpeeling process (xi

† = 2 ( 1 nm),
and a disordered collection of activation barriers higher
than B0 = 89kBT with an exponential right tail of width
w0 = 5kBT. This is in contrast to results obtained for
nucleosomal particles that show a single characteristic
unpeeling length of 26 nm and a single energy barrier of
(36�38)kBT.

28 The force at which we observe dsDNA
compaction (1 pN) is in the same range of forces that has
been reported for otherDNAcompactingmolecules such
as histone-like FIS and HU proteins29,30 or polycationic
condensing agents.23,31,32

Unzipping experiments show that KF also forms com-
plexes with ssDNA. Interestingly, unzipping experiments

Figure 7. Kinetics of ssDNA binding to KF particles. (a) Method used to generate a long ssDNA template from a DNA hairpin.
The specific binding of an oligonucleotide to the hairpin inhibits the hybridization of themolecule (blue) at forces lower than
the averageunzipping force. The full force�extension curve of the hairpin is plotted as a reference (gray). (b) Compaction and
stiffening of ssDNA at 5 pN are representative of EB and HC, respectively. (Top) Extension of a ssDNAmolecule rinsed with KF
at 5 pN. Three independent experiments at 40 μM KF (blue, red, and yellow) and a control without peptide (gray) are shown
(compaction starts at t = 0). (Middle) Average stiffness of the ssDNA molecule at 5 pN during the peptide flow (red) and a
control without peptide (black). Three individual experiments are shown in light red. The stiffness is measured from the
fluctuations in the trap position. (c) Stretching curves of a ssDNAmolecule before (gray) and after incubationwith 40 μMKF at
3 pN for 25min (purple, green, and blue). Data are collected at 1 kHz (light colors) and filtered to 1Hz bandwidth (dark colors).
Pulling speed is 100 nm/s. (d) ssDNAmolecules (1.8 nMmolecules, 5 μMnucleotides) are adsorbed on amica surface showing
amore compact conformation than dsDNA due to its lower persistence length. (e) Immediately after mixing KF (100 μM)with
ssDNAmolecules (5 μMnucleotides)we observe the formation of aggregation spots and a substantial decrease in the number
of ssDNA molecules per image. (f) After 30 min incubation at room temperature, these effects are more evident as big
aggregates are seen. (g) Histogram of ssDNA molecules at different incubation times (0 and 30 min) with and without KF,
determined as the average number of free individual molecules per image of 4 μm2 (mean ( SD, N g 6).

A
RTIC

LE



CAMUNAS-SOLER ET AL . VOL. 7 ’ NO. 6 ’ 5102–5113 ’ 2013

www.acsnano.org

5110

together with AFM show that KF does not inhibit dsDNA
hybridization. These results agree with previous studies
on the formation of amyloid nucleic acid fibers, which
showed how charged surfaces of peptide complexes
recruit oligonucleotides and promote their hybridizat-
ion.8 The twodistinctphasesobserved in the formationof
KF�dsDNA complexes (EB and HC) were also seen for
ssDNA, showing that the mechanism of complexation is
similar in both polyelectrolytes. Yet, our experiments

suggest a stronger stabilizationof the complex for ssDNA,
which is likely due to its increased hydrophobicity and
lower persistence length. Indeed, we have found that KF
can compact ssDNA at higher forces than dsDNA does,
indicating the role of spontaneous bending fluctuations
to initiate EB. Finally, constant-force experiments with
both DNA substrates show a correlation between the
degree of compaction of the molecule and the effective
rigidity of the tether (Figure 8c).
In relation to its biological activity, and as previously

shown for amyloid fibrils,1,9,13 the enhanced positive
charge of KF aggregates could allow them to interact
more effectively with other polyanionic molecules
such as polysaccharides (e.g., glycosaminoglycans).
Whether or not the cytotoxic effects of KF are related
to its interaction with polyanions, we hypothesize that
these interactions could play a role in modulating
the activity of the peptide either intracellularly or in
the extracellular matrix. In particular KF might also
interact with the phospholipids of the plasma mem-
brane inducing the formation of pores and cell
necrosis.20

CONCLUSION

This study represents the first attempt to extract
quantitative information about the binding affinity and
kinetic steps involved in the interaction between a
nucleic acid (DNA) and an anticancer self-aggregating
peptide (KF) at the single-molecule level. To date, most
studies of aggregation kinetics have been performed
using ensemble techniques where the individual be-
havior of molecules cannot be distinguished. Using
optical tweezers, we have shown that KF binds DNA in
two kinetic steps (an initial electrostatic binding that is
followed by a hydrophobic collapse of the peptide�DNA
complex) and characterized the spectrum of binding
affinities, kinetics barriers, and lengths of DNA segments
sequesteredwithin the KF�DNA complex. The proposed
methodology is not limited to the characterization of
amorphous aggregates.33 Protein aggregation, a topic of
major interest due to the role of the aggregation of
misfolded proteins in neurodegenerative diseases,34

might be well addressed using single-molecule force
spectroscopy. As well, AFM images of the nucleoid-
associated proteins Dps35,36 and of the drug cisplatin37

are very similar to those we found here for KF�DNA,
suggesting that many biochemical studies of protein
complexes that face similar aggregation or compaction
phenomena are susceptible of being studied with this
approach. For instance, the aggregation of the splicing
factor MBNL1 by mutant mRNA hairpins is at the core of
myotonic dystrophy type I.38,39 Research on the forma-
tion of these RNA�protein aggregates and of peptides
that disrupt this interaction40 could greatly benefit from
the aforementioned approaches. Our study confirms
force spectroscopy studies of single aggregates as po-
tentially very useful to characterize the thermodynamic

Figure 8. Model of KF�DNA complex formation. (a) Scheme
of the two kinetic steps during the formation of the
KF�DNA complex: electrostatic binding (EB) and hydro-
phobic collapse (HC). At low forces DNA (blue) binds to KF
particles (yellow) due to the electrostatic attraction of the
phosphate backbone to positive residues exposed on the
aggregate surface (EB). This process is followed by the
formation of new hydrophobic contacts between aggre-
gates that form a larger collapsed structure (HC). (b) Pictor-
ial representation of how bending fluctuations induce the
EB of DNA (black) to electrophilic spots (blue) on the
aggregate surface and how hydrophobic interactions be-
tween peptides lead to a collapsed structure in which DNA
becomes entrapped within the aggregated complex. (c)
Phase diagram showing conditions that trigger DNA com-
paction due to EB of KF in constant-force experiments.
Average stiffness of the dsDNA (red) and ssDNA (green)
molecules before flowing KF in the constant-force experi-
ments (2e Ne 9, mean( SD). We observe DNA compaction
only in the region highlighted in gray, suggesting that
compaction depends directly onDNAbending fluctuations
via template stiffness. A WLC model (red line) and FJC
model (green line) with the parameters determined in the
main text for dsDNA and ssDNA, respectively, are plotted
as a reference.
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and mechanical properties of nucleic acid�peptide
complexes. On a longer term, the study of the me-
chanical response of aggregates related to many

relevant neurodegenerative diseases could also be
approached by using a peptide template instead of a
DNA molecule.

MATERIALS AND METHODS

Optical Tweezers Setup. A miniaturized dual-beam optical
tweezers instrument described in ref 26 has been used for the
single-molecule experiments. A single optical trap is created
by focusing two counter-propagating laser beams (λ = 845 nm,
P = 200mW) into the center of a fluidics chambermounted on a
motorized stage. The optical trap can be displaced in a range of
12 μm by using a pair of piezoelectric actuators mechanically
coupled to the laser optical fibers. For manipulation with the
optical tweezers, DNA molecules are differentially end-labeled
with digoxigenins and biotins so each end of the molecule can
specifically bind to antidigoxigenin and streptavidin-coatedbeads,
respectively (Supporting Information). A single DNA molecule is
then tethered between two polystyrene beads. One is placed
on the tip of a micropipette, whereas the other one is confined
in the optical trap (Figure 2a, inset). The molecule can be
stretched by moving the trap relatively to the micropipette,
and both the extension and force applied to it are determined
in real time.

Force applied to the optically trapped bead is directly
determined from the change in light momentum bymeasuring
the deflection of the laser beams with position-sensing detec-
tors (PSDs).41 To measure the position of the optical trap, about
8% of the lasers light is split before entering the objective lenses
and redirected to PSDs. In this way, trap displacements can be
followedwith sub-nanometer resolution. The relativemolecular
extension is inferred by subtracting the trap compliance (F/k) to
the absolute displacement of the optical trap (trap stiffness =
70 pN/μm). The extension and force applied to themolecule can
be recorded at 1 kHz rate, and a resolution of 0.1 pN is achieved.

Stretching Experiments of dsDNA and ssDNA. The persistence
length (lp) and stretch modulus (S) of each dsDNA molecule
were determined before flowing KF with a fit to theWLCmodel.
Average values of lp = 44.7 ( 2.0 nm and S = 1419 ( 240 pN
were obtained (N = 10), in good accordance with the generally
accepted parameters.42�44 A compatible value of lp = 43.0 (
2.0 nm was also found using the inextensible WLC model.
The stretching curves also showed the characteristic over-
stretching plateau at a force of 62.5( 0.5 pN with an extension
∼70% of the contour length. Molecules that showed an abnor-
mally high hysteresis on the overstretching transition (generally
attributed to highly nickedDNAmolecules) were discarded. For the
fits to the WLC model, the correction to the Marko�Siggia inter-
polation formula suggested in ref 45 was used, and a Levenberg�
Marquadt algorithm was used for both minimizations.46 Details of
the experimental setup and molecular synthesis are found in the
Supporting Information.

To generate a 13-kb ssDNA molecule, a 6.8-kb DNA hairpin
was fully unzipped in a buffer containing a 30-base oligonucleo-
tide that binds to the loop and its flanking region due to base-
pair complementarity. The high bending rigidity of the duplex
at the loop region strongly stabilizes the ssDNA form over the
dsDNA form at forces lower than the average unzipping force
(14.5 pN). Stretching curves of the ssDNA molecule were fitted
to the freely jointed chain model (Section S5, Supporting
Information), finding a Kuhn length of b = 1.57 ( 0.05 nm
(N = 5) in agreement with previous results.26,42

Statistical Analysis and Simulations. For every data point
(xexp, fexp) of a force�distance curve, we determined its most
probable apparent contour length (l0) by finding the theoretical
WLC45 that passes closest to that point at the force fexp:

jxexp� xWLC(l0, fexp)j ¼ min
l

(jxexp � xWLC(l, fexp)j) (1)

The theoretical extension (xWLC(l0,fexp)) was determined
using the elastic parameters (lp, S) obtained from a WLC fit to
the relaxation curve.

To determine the mechanical work (W = FΔx) performed to
disrupt each KF�DNA contact in DNA stretching experiments,
we determined the average rupture force and the extension of
DNA released at every unpeeling event. This work is partially
used to stretch the released DNA up to the rupture force. The
rest of thework is dissipated into the solvent in the form of heat:

Wdissipated ¼ FΔF

k
�ΔGstretching (2)

ΔGstretching ¼ ΔL

L

Z xrup

0
FWLC(x) dx (3)

where xrup is the molecular extension of the DNA fiber at the
rupture force. In the above expressions we use the fact that the
force�extension curve of the WLC model is a sole function of x/L.

Themodel considered to reproduce the KF�DNA stretching
curves simulates the contacts made between KF aggregates
and DNA segments as a set of N noninteracting two-level
systems. When force is applied to the molecule, each segment
can yield an extension xi in a thermally activated process
characterized by a critical force fc and a dissociation rate kc.
Each segment is described by its free energy of formation ΔGi,
activation barrier Bi, and distance to the transition state xi

†. The
released extension xi was assumed to follow the experimental
distribution (Figure 4b), and we introduced some structural
disorder by assuming that ΔG and B are also exponentially
distributed. Simulation parameters that best describe the ex-
perimental curves are p(ΔG) = (1/w)e�(ΔG�ΔG0)/wwithΔGgΔG0 =
10 kBT andw=1 kBT; xi

†=2(1nm; fc = 5(3pN; kc = 0.5 s
�1;p(B) =

(1/w0)e�(B�B0)/w0
with Bg B0 = 89 kBT and w0 = 5 kBT. The contact-

length distribution (xi) was assumed to follow the experimental
distribution p(xi) = (1/w)e�(xi�xi,0)/w for xig xi,0 (p(xi) = 0 otherwise)
with xi,0 = 8 nm and w = 24 nm. Other specific parameters for the
simulations shown in Figure4dare ktrap=0.07pN/nm, v=500nm/s,
lp=35nm, andDNAslack=6500nm. Errors are anestimationof the
range in which the features of the process are well reproduced by
the model when each parameter is independently modified.

Sample Flow Setup. A syringe pump (PicoPump, KDScientific)
and a glass syringe have been used for KF sample infusion.
Polyethylene PE-10 tubing (BD Intramedic) is used to connect
the syringe to the fluidics chamber. For the experiments
performed with a constant force protocol a buffer flow-rate of
3 μL/min is used to keep a low drag force on the bead. For the
other experiments a higher flow-rate of 9 μL/min was preferred
(Supporting Information). The arrival of the KF solution into the
experimental area can bemonitored due to the slight change in
the refractive index of the medium caused by the 2% DMSO
content of the peptide buffer.

We were not able to establish DNA tethers between poly-
styrene beads with KF in the buffer, suggesting that strong
condensation effects appear on untethered molecules. There-
fore, experiments were always performed by flowing KF to DNA
molecules that had been tethered in peptide-free buffer. Flow
experiments performed with polystyrene beads without DNA
do not show aggregation of KF onto the bead surfaces nor an
increase in stickiness between beads, ruling out aggregation on
bead surfaces.

AFM Sample Preparation and Imaging. KF�DNA reactions in-
cluded 1.65 ng of DNA (0.9 nM dsDNA molecules, pGEM3Z,
2743 bp) (Promega) linearized with BamHI and 100 μM KF in
20 mM Tris-HCl (pH 7.5) and 100 mM NaCl. To facilitate adsorp-
tion of DNA in a buffer devoid of Mg2þ ions, we pretreated the
mica surface with 100mM spermine tetrahydrochloride (S85610,
Fluka, Sigma) dissolved in 10 mM Tris-HCl (pH 7.5). Pretreatment
with spermine consisted in deposition of 20 μL of 100 mM
spermine tetrahydrochloride on a freshly cleaved mica surface,
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one-minute adsorption, washing with Milli-Q water, and drying
withnitrogengas. Use of spermine at lowconcentrations allowed
uniform adsorption of DNA molecules. Immediately after the
spermine treatment, the mixture of KF and DNA incubated at
room temperature and for the stated time was deposited on the
mica. After 30 s, themica surfacewaswashedwith filtered-Milli-Q
water and blown dry in a gentle stream of nitrogen gas. To study
KF�ssDNA interactions, a stock of ssDNA was produced by heat
denaturing the linearized pGEM plasmid at 95 �C for 5 min and
placing the tube quickly after on ice. DNA molecules of ∼3 kb
remain stable in its ssDNA form following this procedure as long
as they remain at 4 �C for at least one week. KF and ssDNA were
mixed at the same proportions as for dsDNA and followed the
sample preparation procedure described above. Samples were
imaged in air at room temperature at identical conditions as
previously described.47 Standard image processing consisted of
plane subtraction and flattening using WSxM freeware.48
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