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In this work, we have measured, by means of optical tweezers, forces acting on depletion-induced
DNA condensates due to the presence of the DNA-like charged protein bovine serum albumin (BSA).
The stretching and unfolding measurements performed on the semi-flexible DNA chain reveal (1) the
softening of the uncondensed DNA contour length and (2) a mechanical behavior strikingly different
from those previously observed: the force-extension curves of BSA-induced DNA condensates lack
the “saw-tooth” pattern and applied external forces as high as ~80 pN are unable to fully unfold the
condensed DNA contour length. This last mechanical experimental finding is in agreement with force-
induced “unpacking” detailed Langevin dynamics simulations recently performed by Cortini et al. on
model rod-like shaped condensates. Furthermore, a simple thermodynamics analysis of the unfolding
process has enabled us to estimate the free energy involved in the DNA condensation: the estimated
depletion-induced interactions vary linearly with both the condensed DNA contour length and the
BSA concentration, in agreement with the analytical and numerical analysis performed on model
DNA condensates. We hope that future additional experiments can decide whether the rod-like mor-
phology is the actual one we are dealing with (e.g. pulling experiments coupled with super-resolution
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fluorescence microscopy). Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975103]

I. INTRODUCTION

DNA condensation or DNA compaction is a term usually
used to describe a process in which disperse DNA molecules
are compacted into tiny, nanometer-sized forms often present-
ing a globule, rod, or tours-like morphology.' In such a process,
the micrometer-sized, worm-like DNA chain is folded in a
highly dense and liquid-crystalline ordered structure, with a
drastic reduction in its spanned volume.

In vitro, DNA condensation can be usually achieved
by using cationic molecules with a charge equal or higher
than +3 (cation-induced condensation)'-> or neutral polymers
such as polyethylene-glycol (PEG) and monovalent salt (-
condensation).? In the former case, the positional correlation
among the cationic ligands onto the DNA double-helix acts by
promoting DNA segment-segment attraction resulting in the
collapse of the DNA molecule,* whereas in the latter one, the
condensing agent does not bind the double-helix and the com-
paction process is driven by the exclusion of the depletants
surrounding the DNA segments, thus giving rise to attractive
depletion-induced DNA segment-segment interactions.> Since
the amounts of depletants usually needed to achieve DNA con-
densation are in the range of ~10%—30%(w /w %), the solution
conditions are termed “crowded.”®

An inverse scenario is presented, e.g., by the ejection
of phage genomic DNAs from within its capsid into bac-
teria. The highly confined DNA chain is released into the
cytosol and the bending and electrostatic energies which are
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needed to confine the viral DNA inside its capsid are respon-
sible for the ejection. It has also been shown that crowding
can suppress partially or totally the DNA ejection from T4
phages into a neutral polymer (PEG) solution.” The ejection
of phage DNA into bacteria is an example of a biological pro-
cess which is, to some extend, related to pulling experiments
performed with single DNA chains in PEG solutions where
fractions of the condensed DNA contour length are pushed
into a crowded environment:® here crowding plays both roles
of keeping the condensate structure (keeping the chain con-
fined within the condensate volume) and opposing the swell
or release of the semi-flexible chain into the crowded solution,
in such a way that, an external force is needed to unfold the
condensate.

On the one hand, there is an abundant literature on
force spectroscopy of cation-induced DNA condensates under
several solution conditions showing, e.g., the well known
stick-release pattern in the force-extension curves (a sig-
nature of this sort of condensate), the unfolding of its
loops, and changes in the free energies involved.”"'> On
the other hand, very few experimental works have focused
on the mechanics of depletion-induced DNA condensation
in a crowded environment,'>!# despite the known relative
importance of crowding in the nuclear architecture and func-
tioning in eukaryotic cells'® (and references therein). More
recently,'® Langevin dynamics simulations were used to study
the details involved in the folding/unfolding of torus and rod-
like DNA condensates. Rod and torus-like condensates seem
to have a different “finger-print” during the stretching, i.e.,
the force-extension curve is markedly different for these two
morphologies.

Published by AIP Publishing.
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To fill in this gap on the experimental side, we have mea-
sured the force-extension curve of DNA condensates induced
by the BSA protein (bovine serum albumin), a DNA-like (neg-
atively) charged protein, at a single molecule level, using
optical tweezers to perform force spectroscopy. DNA-like
charged protein-induced DNA condensation was initially pro-
posed on theoretical grounds by de Vries'” based on analytical
and numerical calculations which took into account detailed
protein-DNA interactions and later, observed experimentally
by means of fluorescence microscopy by Yoshikawa et al.'®
From the measurements presented in this work, we have been
able to find the experimental case where the stick-release
behavior is not present during the condensate unfolding, as
predicted for rod-like condensates under tension,'® as well
as to estimate the DNA segment-segment induced attractive
interactions as a function of the BSA concentration.

The experimental setup and the procedure used to perform
the measurements were described in detail previously.®1%20 In
brief, our optical tweezers consist of a 1064 nm ytterbium-
doped fiber laser (IPG Photonics) operating in the TEMqg
mode, mounted on a Nikon Ti-S inverted microscope with
a 100x NA 1.4 objective. The tweezers are previously cali-
brated by using the Stokes force calibration procedure before
the experiments. Once calibrated, the apparatus is used to trap
the polystyrene bead attached to a DNA molecule. By moving
the microscope stage using a piezoelectric actuator, we stretch
the DNA while monitoring the changes of the bead position
in the tweezers’ potential well, using video-microscopy. In all
experiments, we used A-DNA (~48 500 base-pairs, ~16.5 um
contour length) in a Phosphate Buffered Saline (PBS) solution
with [NaCl] = 125 mM and pH = 7.4. Such an ionic strength
was chosen based on the detailed phase diagram of BSA-DNA
mixtures mapped as a function of both BSA concentration and
solution ionic strength.'® The BSA concentration ranged from
0% to 30% (w/w%) or equivalently, the solution osmotic pres-
sure ranged within ~0—2 atm?! and the force needed to stretch
the chain as a function of the DNA extension was measured.
Unlike the osmotic stress experiments’? in which a certain
osmotic pressure is applied and the DNA-DNA inter-axial dis-
tances are measured, we here measure the force needed to pull
the ends of a single DNA molecule apart to a certain distance
against an applied osmotic pressure.

Il. RESULTS

We have performed stretching experiments on BSA-
induced DNA condensates in both the low-force entropic
regime and in the high-force enthalpic regime, thus prob-
ing the mechanics of initial/intermediate states as well as
the mechanics of fully condensed DNA. In Fig. 1 we show
the force-extension curves of BSA-induced DNA condensates
obtained in the low-force entropic regime. Further analysis
can be performed by fitting the force-extension curves to the
Marko-Siggia Worm-Like Chain (WLC) model,®> which is
valid for F <5 pN (dashed lines in Fig. 1). From these fit-
tings, one can extract the values of two basic mechanical
properties of the semi-flexible DNA chain under crowding
conditions in the entropic regime: the contour and persistence
lengths.

J. Chem. Phys. 146, 054901 (2017)
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FIG. 1. Force-extension curves obtained in the low-force entropic regime for
A-DNA in the PBS buffer with [NaCl] = 125 mM and various BSA concen-
trations (w/w%). Black o: bare DNA (Cpggsy = 0); blue O: Cpgq =2.5%; green
¢: Cpsa = 15%; red X: Cpsp = 30%. Dashed lines: fittings to the WLC model,
from where the apparent contour and persistence lengths can be determined.

Observe that the protein solution promotes an apparent
(or effective) shortening and softening of the DNA molecule:
due to the depletion-induced interactions, an effective
attraction among the DNA segments sets in even at very
low BSA concentrations ~2.5%(w/w%) reducing the orien-
tational correlation among the DNA segments and therefore
its persistence length. These forces measured at low BSA con-
centrations must be the pulling forces acting on intermediate,
partially folded DNA condensates as seen under fluorescence
microscopy by Yoshikawa et al.'®

In Figs. 2 and 3 we synthesize, respectively, the behaviors
of the apparent contour length L and the apparent persistence
length A as a function of the BSA concentration in the solu-
tion, obtained from the WLC fittings. The behavior of these
mechanical parameters is quite similar: they initially decrease
from the bare DNA values, reaching minimum values at Cgga
between 20% and 30% (w/w%).
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FIG. 2. Apparent contour length L (normalized by the full DNA contour
length Lg) of the DNA molecule as a function of the BSA concentration
(w/w%) in the buffer (PBS with [NaCl] = 125 mM). Observe that L initially
decreases from the bare DNA value, reaching a minimum at Cpgy4 between
20% and 30%.
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FIG. 3. Apparent persistence length A of the DNA molecule as a function
of the BSA concentration (w/w%) in the buffer (PBS with [NaCl] = 125
mM). Observe that A initially decreases from the bare DNA value, reaching a
minimum at Cggy between 20% and 30%.

In Fig. 4 we show typical force-extension curves obtai-
ned in the high-force enthalpic regime for four BSA con-
centrations. Observe that the curve corresponding to the bare
A-DNA (Cpsa = 0) exhibits the well-characterized denaturation
plateau which is related to the force-induced melting transi-
tion induced by stretching forces around = 65 pN. The onset of
such a plateau is shifted towards lower and lower extension as
the BSA concentration is increased and is totally suppressed
by 20% (w/w%) of BSA. This shift is in agreement with the
fact that, as the bulk BSA concentration increases, larger is
the DNA condensed contour fraction (in the sense that will
be discussed bellow) and, moreover, only the uncondensed
contour fraction is subject to the force-induced melting tran-
sition. Finally, as a last remark, no significant hysteresis has
been found in the stretching-relaxation curve sets for any BSA
concentration used in this work, which indicates that our
stretching experiments were all performed under equilibrium
conditions.
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FIG. 4. Typical force-extension curves obtained in the high-force enthalpic
regime for .-DNA in the PBS buffer with [NaCl] = 125 mM and various BSA
concentrations (w/w%). Black o: bare DNA (Cpggs = 0); blue O: Cgga =2.5%
w/w; green ¢: Cpsa = 15%; orange A: Cpsg = 20%; red X: Cpsa = 30%.
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lll. DISCUSSION

During the stretching and unfolding process, the pulling
force exerted by the optical tweezers performs work (Wr)
which, to a first approximation, may be estimated as

Wr = W + s Vo, (1)

W being the work performed to stretch the chain, hinder-
ing undulations and aligning the unitary tangent vector along
the tweezers’ force direction.”? The second term at the rhs of
Eq. (1) is the osmotic work performed by the applied exter-
nal force, Il,,,, being the solution osmotic pressure and V
the overlap volume. Therefore, the external work both reduces
the chain condensed contour and stretches its uncondensed
contour fraction. This is significant in the context of BSA-
induced DNA condensates, since fluorescence images clearly
show condensed and uncondensed fractions of the DNA con-
tour coexisting within the same molecule, especially for BSA
concentrations lower than 15%.'® Again, to a first approxima-
tion, the force associated with the solution osmotic pressure
(or work per unit length F,,) can be estimated as

dy+dg > dg’

)~ (5. @)
dp and dy being the protein and the DNA diameters respec-
tively, whose values are ~ 7.0 nm and =~ 2.4 nm (within a more
realistic approximation, the charge of both species would
effectively increase these values!”). To measure the osmotic
work, we restrict ourselves to the analysis of the unfolding
process which happens within the enthalpic regime, i.e., for
forces higher than ~5—10pN. The idea behind this reason-
ing is the following: within the enthalpic regime, the bare
DNA measured extension is nearly equal to the bare DNA
contour length, since the thermal undulations along the chain
are suppressed. Therefore, any change in the extension of the
condensed DNA molecule relative to the extension of the bare
DNA, within the high-force enthalpic regime, must be solely
ascribed to the osmotic work. Note that such an approximation
leaves not much room even for work contributions related to
DNA secondary structural distortions, once the difference in
relative extensions is measured for the same applied force.

The force F,s, associated with the osmotic pressure,
according to Eq. (2), is expected to be constant, therefore, a
constant, opposite, and equally intense applied external force
F is needed to unpack the DNA condensed contour length, i.e.,
to bring condensed DNA segments into the crowded colloidal
suspension. At this point, we need to introduce the concept of
the condensed contour length. We are led to define and measure
it as follows: for the same applied force F, we directly measure
the bare DNA extension L, and the condensed DNA extension
Lyy,. Assuming that the condensate’s linear dimensions are
much smaller than the bare DNA full contour length,'®%* the
condensed contour L is estimated as L. = L, — Lpy,. Therefore,
the DNA condensed contour fraction is given by L, — Lp/L,
and the DNA uncondensed contour fraction is given by L,,/L,.

In Fig. 5, we present the DNA condensed contour length
fraction as a function of the applied force F': as we could expect,
L. decreases (although just slightly) with the increasing (not
constant) external applied force at low BSA concentrations; at
high protein amounts, changes in L, are close to 20%. Thus,

Fosm = Hogn(
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forces as high as ~ 60 pN applied on the DNA chain are unable
to fully unpack the condensed segments, just as predicted by
Cortini et al. for rod-like DNA condensates.

The change in the chain’s free energy (from the condensed
to the uncondensed state) may be estimated from the Gibbs-
Duhem equation once the change in the condensed contour

AL.(F) as a function of the applied external force F is known
(at constant temperature),

Ly

Au = —/ALC(F)dF. 3)
L;

The resulting changes in the Gibbs free energy per unit
length (measured in KpT/nm) are shown in Figure 6 along
with the BSA concentration under which the unpacking pro-
cess happens: the depletion-induced interactions vary lin-
early with the changes in the condensed contour length and
with the BSA concentration as predicted, although the values
found here are somewhat higher than those obtained numeri-
cally by de Vries.!” Differences in protein charges and sizes,
as well as in the ionic strength could explain part of this
disagreement.

Recently, Langevin dynamics simulations have shown
that the force-extension measurements of condensed semi-
flexible chains may depend on the morphology of the con-
densate and can influence the dynamics of the unpacking
process.'® Particularly, the authors discuss the differences in
stretching a torus and a rod-like DNA condensate, morpholo-
gies usually adopted by DNA condensates.”* For the torus-
like configuration, the authors found a stick-release pattern,
already observed in pulling experiments of condensed DNA
by multivalent cations such as spermine or spermidine.

On the other hand, for the rod-like configurations, the
force-extension measurement is strikingly different. First,
there is no stick-release pattern and more interestingly, the
tensions used in their simulations are unable to unfold the
condensate, i.e., to stretch the full contour of the DNA chain.

90 : :
——=—BSA 2.5%
80 I . —<—BSA 15% ||
—<—BSA 30%
70
P
= 60 fi—
S
o 50
-
~
© >
- Q\’\e\g\‘ |
o3 <
30
20 - Lmﬂﬂ] .
10 1 1 | | | |
0 10 20 30 40 5 60 70

F (pN)

FIG. 5. Condensed contour L. per unit length as a function of the applied force
for F(pN) during the stretching of .-DNA in the PBS buffer with [NaCl] = 125
mM and different BSA concentrations (w/w%). Blue O0: Cpgq = 2.5%; green
¢: Cpsa = 15%; orange A: Cpsa =20%; red X: Cpsa =30%. The straight lines
are linear fits whose values are used to estimate numerically the strength of
the depletion-induced interactions. See the discussion below.
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0.20

FIG. 6. Change in the chemical potential per unit length Au/L, (measured in
KpT/nm) as a function of the changes in the DNA condensed contour fraction
AL /L, and of BSA concentration (w/w%).

According to the authors, the rod-like structure is parallely
aligned to the applied tension at the beginning, which makes
DNA segments slide on each other. At a certain point, once
a given fraction of the DNA’s contour is unpacked, the rod-
like condensate tends to be oriented perpendicularly to the
pulling force. In this case, the result is not the relative sliding
of the DNA segments, in which one or a few chain segments
are removed from the condensate each time, but to pull apart
many DNA segments at once against the osmotic pressure.

This latter scenario seems to be the case found in
our experiments, where a chain tethered at both ends is
induced to collapse by the addition of BSA. Surprisingly,
model-independent thermodynamics arguments provide us
with quantitative insights into the force-induced unfolding
process of a negatively charged semi-flexible chain in a
crowded DNA-like charged environment which are in reason-
able agreement with detailed numerical calculation, although
for restricted changes in L, and without the explicit presence
of the depletant.'®

A question which is raised is why, in our experiments,
the chain would collapse preferentially forming rod-like
DNA condensates. Analytical calculations have shown that,
depending on the persistence length, a certain morphology is
favored,? i.e., the semi-flexible chain may collapse into a glob-
ule, arod, or a torus-like conformation. For increasingly more
flexible chains, the rod and the globule-like morphologies are
the stable states, whereas for chains with a higher persistence
length, the toroidal conformation prevails.

The addition of BSA makes the chain effectively more
flexible (see Figs. 1 and 4) which favors the rod-like structure
instead of the torus-like conformation. Therefore, the initial
effect of crowding would be the generic effect of worsening
the solvent quality by whatever physical-chemical means,
from a good solvent to a 8 solvent: reduced excluded-volume
interactions and correlations among chain segments.’® The
reduced persistence length could be the cause of the preferen-
tial rod-like collapsed DNA state, since condensation would
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FIG. 7. Force-extension curves obtained for three different types of DNA con-
densates: BSA-induced condensates discussed here are obtained with Cpga
= 30% (red solid line), cation-induced DNA condensates promoted by the
tetravalent amine spermine (SPM) at 0.1 mM (green dashed line), and ¢y DNA
condensates promoted by the neutral polymer polyethylene-glycol (PEG)
8000 at 20% (blue dashed line).

involve less free energy in producing kinks along the chain
contour. A scaling and numerical analysis of semi-flexible
chains’ persistence length in a crowded environment points
at the same direction.?” Of course, only additional numerical
calculations just as those performed in Ref. 16 or additional
stretching experiments coupled with super-resolution fluores-
cence microscopy or FRET on condensed DNA could settle
the question. We hope to perform such experiments in the near
future.

Finally, in order to compare the force-extension curves
of DNA condensates obtained from a different solution con-
dition, in Fig. 7 we show a comparison between the force-
extension curves obtained for three different conditions: the
BSA-induced condensates discussed here are obtained with
Cpsa = 30% (red solid line), cation-induced DNA condensates
promoted by the tetravalent amine spermine (SPM) at 0.1 mM
(green dashed line), and DNA -condensates promoted by
the neutral polymer polyethylene-glycol (PEG) 8000 at 20%
(blue dashed line). The results for SPM- and PEG-induced
condensates were previously obtained in Ref. 8.

These few experimental results, so far obtained for stretch-
ing curves of depletion-induced and cation-induced condensed
DNA, seem to indicate a correlation between the interac-
tions leading to condensation and the force-extension curves’
profile. Clearly, more work is needed to prove/disprove this
hypothesis.
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