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Polymer induced condensation of DNA supercoils
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Macromolecular crowding is thought to be a significant factor driving DNA condensation in
prokaryotic cells. Whereas DNA in prokaryotes is supercoiled, studies on crowding-induced DNA
condensation have so far focused on linear DNA. Here we compare DNA condensation by
poly(ethylene oxide) for supercoiled and linearized pUCI8 plasmid DNA. It is found that
supercoiling has only a limited influence on the critical amount of PEO needed to condense plasmid
DNA. In order to pack DNA supercoils in condensates, it seems inevitable that they must be
deformed in one way or another, to facilitate dense packing of DNA. Analytical estimates and
Monte Carlo simulations indicate that packing of DNA supercoils in condensates is most likely
facilitated by a decrease of the superhelical diameter rather than by unwinding of the supercoils.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2998521]

I. INTRODUCTION

Ever since its discovery by Lerman,’ crowding-induced
DNA condensation has been intensively studied as a model
for DNA condensation in living cells, especially bacteria.””
The physical mechanism behind crowding-induced DNA
condensation is the general mechanism for phase separation
in mixtures of asymmetric colloids: depletion interactions
between the solution components.4 In model studies the
crowding agent usually is a flexible polymer [such as poly-
(ethylene oxide) or PEO] that is supposed to mimic high
intracellular concentrations of globular proteins that do not
bind to DNA. Recent experimental studies have focused on
studying crowding-induced DNA condensation at the single-
molecule level’ and on re-entrant decondensation at low
polymer molecular we:ight.6 Recent theoretical studies have
elucidated the strong ionic-strength dependence of the con-
densation treshold’ and have shown that nonbinding globular
proteins are, in fact, much poorer DNA-condensation agents
than flexible polymers,s’9 consistent with experimental
observations.'” Whereas DNA in these studies is invariable
assumed to be linear, DNA in bacteria is typically circularly
closed and supercoiled due to the twist introduced into the
DNA by both specific enzymes and by processes such as
transcription and replication. '

Supercoiled DNA inside prokaryotic nucleids is con-
densed to such an extent that it is not unreasonable to specu-
late that, in fact, it might exhibit liquid crystalline order,>"?
and indeed there is some experimental evidence pointing in
this direction."

In contrast to the large number of studies on liquid-
crystallinity of linear DNA, " only a few experimental papers
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have addressed the arrangement of supercoiled DNA in lig-
uid crystalline condensed states.'”>™" These studies do sug-
gest that the structure of individual plectonemic supercoils
changes upon condensation. However, with the scattering
methods used in these papers, it is difficult to separate scat-
tering due to intersupercoil and intrasupercoil interferences.
For this reason, scattering experiments provide only limited
information on the conformational changes of individual
DNA supercoils in the presence of a high concentration of
surrounding DNA supercoils. Analytical estimates by Odijk12
suggest that condensation and liquid-crystalline ordering
could ultimately lead to supercoil unwinding but only in very
strong nematic fields. Some earlier theoretical work'® has
addressed the issue how DNA topology influences the shape
and packing of DNA in the toruslike condensates that form at
very low DNA concentrations.

In this paper, we study how supercoiling affects
crowding-induced DNA condensation, by comparing
polymer-induced condensation of supercoiled and linearized
plasmid DNA. A simple condensation assay is used to deter-
mine the critical amount of polymer needed to condense the
DNA molecules. We find that there is little difference be-
tween the critical amounts of polymer needed to condense
linear and supercoiled plasmid DNA. Apparently, supercoil-
ing does not introduce a large free energy penalty for pack-
ing DNA into condensates. Since the supercoils are quite
large and the condensate densities quite high, this means that
there are low-energy supercoil deformations that facilitate
packing. To elucidate the nature of the possible low-energy
supercoil deformations, we develop analytical estimates for
supercoil unwinding and use Monte Carlo simulations of a
single DNA supercoil, mimicking the dense environment of
surrounding supercoils through the use of a nematic field and
an effective depletion attraction between DNA segments.

© 2008 American Institute of Physics
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Il. MATERIALS AND METHODS
A. Plasmid DNA

The plasmid pUC 18 was extracted from E. coli using a
Qiagen Plasmid Mega Kit. The linearized form was obtained
by enzymatic digestion (2 h at 37 °C) of the supercoiled
DNA using the restriction enzyme EcoRI. The DNA concen-
tration was measured spectrophotometrally (1.0 OD at
260 nm equals 50 pwg/ml. of DNA). The ratio between
Asgo/ Argy was found to be equal to 1.88; the integrity of both
forms was checked using agarose gel electrophoresis (1%
agarose).

B. Condensation assay

The condensation assay was similar to that used by Mur-
phy and Zimmerman.'” PEO (molar mass 20 kg/mol) was
dissolved in 30 mM tris-HCI, pH 7.0 After that, the NaCl
concentration was adjusted to the required value using a con-
centrated NaCl stock solution. 50 ul solutions of PEO were
prepared at given concentrations (measured in wt %) of PEO
and NaCl. As the last component, we added pUCI18 (linear-
ized or supercoiled) plasmid DNA, again from a concen-
trated stock solution, to a final DNA concentrations of
12 ug/ml. Solutions were left at rest for 1 h and centrifuged
for 1 h at 14000 g, at room temperature. A small aliquot
(5 ul or 10% of the total volume of the solution) of the
supernatant was collected immediately after centrifugation
and its DNA content was analyzed using agarose gel electro-
phoresis (1% agarose). Images of the gels were analyzed
using IMAGEJ software.

C. Monte Carlo simulations

Monte Carlo simulations of DNA supercoils were car-
ried out as described previously,lg except that a Verlet neigh-
bor list was used to speed up the evaluation of the non-
bonded interaction energies. In brief, a single, circularly
closed, DNA molecule was modeled as a closed string of N
beads at positions r;---ry (with ry,;=r;), interacting
through a Hamiltonian H that includes terms for bond
stretching, bending energy, twisting energy, nonbonded inter-
actions between the beads, and a term AH mimicking the
influence of an environment consisting of neighboring
densely packed DNA supercoils:

N
1
Hlry, ...,ry]- Eksz (I =il = 1,)*
i=1

N

1 2%k
+—k,>, arccos(t; - t;,,)* + L(ALk — wr)?
2 N
i=N
+ E u(|ri_rj|)+AH[r19'--9rN:|' (1)
i=2,j<i

Unit tangents t; are defined as t;=(r;,,—r;)/|r;;; -1, and k,,
kp,, and k, are the elastic constants for, respectively, stretch-
ing, bending, and twisting. The equilibrium bond length for
the beads is [, and ALk and wr are, respectively, the excess
linking number and the writhe of the closed circular DNA.
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The isotropic potential of interaction u(r) between the beads
is taken to be a sum of steric repulsion and longer-ranged
Debye-Hiickel electrostatic repulsion,

12
un) _ (ﬂ) + 1,2 SR 2)

kT~ r
where o, is the DNA steric diameter, « is the strength of an
effective Debye—Hiickel point charge located in the center of
the beads, [z=e?/ekT is the Bjerrum length, e is the elemen-
tary charge, € is the solvent permittivity, and k7 is the ther-
mal energy. The Debye screening length of the electrostatic
repulsion is k~'=(8lzn,)~""?, where n, is the number den-
sity of monovalent electrolyte.

The term AH is used to mimic the influence of an envi-
ronment consisting of neighboring densely packed DNA su-
percoils on a single test DNA supercoil. We distinguish ef-
fective contributions at the one-segment and the two-
segment level. At the one-segment level, the main effect is
alignment and possible unwinding due to nematic ordering
of surrounding DNA supercoils. This effect is taken into
account through an effective nematic potential:

N
1
AI-Ineml:rb ’rN] = EknE (1 - (ti . n)Z)’
i=1

where k, is the strength of the nematic field, and n is the
nematic director. The two-segment level corresponds to ef-
fective interactions between the two segments of the test
DNA supercoil induced by an environment of neighboring
densely packed supercoils. At this level, we believe that the
main effect is an effective depletion attractions between test
segments in the presence of high concentrations of surround-
ing DNA segments (see Sec. III),

N
AI-Idepll:rl, cee ’rN] = E ”depl(|ri - rj|).

i=2,j<i

The functional form of the depletion potential between beads
that we have used here is similar to that used in our previous
work on depletion attractions between DNA segments in the
presence of nonadsorbing globular proteins:9

(1 =118, r=
Mdepl(r)z{vdpl(o r/é) :>§

for some value of the strength v, and range £ of the deple-
tion interaction.

Trial moves consisted of small random translations of
randomly chosen beads. Trial moves were accepted or re-
jected based on the Metropolis Monte Carlo criterium. The
stepsize of the moves was adjusted to give an acceptance
ratio of about 50%. Parameter values were the same as in
Ref. 19, and correspond to DNA bend and twist persistence
lengths of, respectively, 50 nm and 75 nm, and an ionic
strength of 0.15M.

From the saved trajectories, we determine the values of
the writhe and diameter of the supercoils. The writhe is com-
puted from the full Gauss integral for the polygon.20 For the
effective supercoil diameter, we first determine, for each
(test) bead, the distance to the closest neighboring bead, ex-
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FIG. 1. Condensation assay. Mixtures with a fixed concentration of DNA
and an increasing concentrations of PEO are centrifuged for 1 h at 14 000 g.
The supernatant is analyzed with agarose gel electrophoresis. The figure
shows typical gels for [NaCl]=0.15M. Lane 1: without PEO 20K; lanes
2-12: PEO 20K concentration increasing from 2 to 12 wt. %. (a) Super-
coiled pUC 18, the faint band is a small amount of nicked DNA. (b) EcoRI
linearized pUCI18.

cluding 40 beads on the left and right sides of the test bead.
The effective supercoil diameter reported is the average of
these distances over all beads.

lll. RESULTS AND DISCUSSION
A. Condensation assay

As can be seen in Fig. 1, the fraction of DNA in the
supernatant after centrifugation starts decreasing at a PEO
concentration close to 7% (w/v) at 0.15M of NaCl. Figure 2
shows the relative intensity of the bands for the supercoiled
DNA and the corresponding linear form. As can be seen, the
threshold concentration for condensation is nearly the same
for both forms, the threshold for the supercoiled DNA being
slightly higher than that of the linear DNA. Figure 3 shows
the dependence of the critical PEO concentration as a func-
tion of the NaCl for both DNA topologies. The salt depen-
dence is very similar for both DNA topologies, and is also
very similar to the salt dependence that has been determined
before for linear DNA using single-molecule fluorescence’
and circular dichroism.’

B. Theoretical considerations

In previous theoretical work, we have shown that the
critical concentration of flexible polymer needed to condense

DNA in supernatant (%)

2 4 6 8 10 12 14
PEG 20K (w/w%)
FIG. 2. Condensation assay. Intensity of the DNA bands as a function of

wt % PEO 20K, again at [NaCl]=0.15M. Squares: EcoRI linearized pUC18.
Circles: supercoiled pUC18.
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FIG. 3. Condensation treshold (PEO 20K wt % at which the intensity of the

DNA bands in the condensation assay start decreasing) as a function of
[NaCl]. Squares: EcoRI linearized pUC18. Circles: supercoiled pUC18.

DNA (assuming no flexible polymer is left in the conden-
sates) can be estimated by equating the free energy of insert-
ing DNA, respectively, in the free or condensed form in the
polymer solution:

fins,free = fins,cond‘ ( 1 ,)

Since generally the supercoil diameter is appreciably larger
than the size or characteristic lengthscale of the crowding
agent (in this case the correlation length of the semidilute
PEO solution), the first term is expected to be essentially
unaffected by DNA supercoiling, as was also argued previ-
ously by Odijk for the depletion of nonbinding globular pro-
teins around supercoiled DNA.?

The second term fi cona Might be increased by super-
coiling (leading to a higher boundary for condensation) if it
costs more to pack supercoiled DNA to the same density as
linear DNA. Packing problems may be alleviated by defor-
mations of the supercoils. The absence of a strong effect of
supercoiling on the amount of polymer needed to condense
DNA suggests that the free energy associated with these de-
formations is small, most likely appreciably smaller than the
packing free energy itself.

In this section, we estimate the deformation energy as-
sociated with supercoil unwinding and compare it to the es-
timated packing energy, in order to see whether supercoil
unwinding can qualify as a low-energy deformation that
could facilitate the packing of DNA supercoils in a conden-
sate.

For a typical plasmid superhelical density of o=-0.06,
the twisting energy per unit length of DNA for the com-
pletely unwound configuration is

H. . 272 CkT
twist _ —20-2 =~ 0.4kT/nm, (2’)
L p

where p=3.4 nm is the equilibrium DNA helical pitch, C
=75 nm is the DNA twist persistence length, and L is the
DNA contour length. The actual energy required to com-
pletely unwrithe the supercoil to a flat configuration (with
writhe wr=0) is less than this, since not all excess linking is
stored as writhe: typically wr/ALk=0.6. Hence a somewhat
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sharper upperbound for the energy of completely unwrithing
the supercoil is

H. .
% ~ 0.24kT/nm. (3)

Partial unwrithing and decreasing the superhelical diameter
should only cost a fraction of this. In order to compare this
deformation free energy to the actual packing free energy of
the supercoils, we assume the latter is rather close to the free
energy of packing linear DNA to the same density. If this
were not the case, we would certainly have seen larger dif-
ferences in the critical amount of polymer needed to con-
dense the DNA. The free energy fy, (per unit length) of
packing linear DNA into a condensate is estimated according
to the theory of Odijk21 for hexagonally packed gels of semi-
flexible polyelectrolytes:

fins 32m)'"? gﬁexp(— kD + %(Ku)z) Cund

KT~ (1+3cu®D) PP’

(4)

where D is the lattice spacing, u is the rms amplitude of the
thermal undulations of the semiflexible chains, &.i is the ef-
fective dimensionless linear charge density of DNA (com-
puted as in our previous work), and the numerical constant is
cuna=2"23. For a given lattice spacing D, the undulation am-
plitude u is determined by balancing the electrostatic repul-
sion (the first term, which favors small values of u) against
the configurational entropy (the second term, which favors
large values of u). We assume some typical numbers: a DNA
center-to-center distance in the condensates of D=6.5 nm, an
ionic strength ¢,=0.15M, which gives a dimensionless DNA
charge parameter of &.=7.0, and an undulation amplitude
©#=~0.9 nm. Under these conditions, the osmotic pressure is
[1=4.3 X 10* Pa, which corresponds to a PEO 20K concen-
tration of about 7 wt %, close to the condensation threshold.
For this case,

Spack = 0.3kT/nm. (5)

This is comparable to the free energy of completely unwind-
ing the supercoils. Hence, significant unwinding is unlikely
according to this estimate, since that would certainly lead to
much higher packing energies and a higher boundary for
condensation. Therefore, we should look for other low-
energy deformations of the supercoils that could facilitate
packing.

C. Monte Carlo simulations

Although we could also have developed estimates for
other possible modes of deformation of DNA supercoils in
condensates, such as a decrease of the superhelical radius,
we instead decided to perform direct numerical simulations.
Simulating a dense assembly of supercoils is at present too
computationally intensive; therefore, we use a mean-field ap-
proach and simulate a single test supercoil under the influ-
ence of an averaged environment of surrounding supercoils.
At the one-segment level, the main effect is nematic align-
ment, which has also been considered by Odijk.12 We also
consider the impact at the two-segment level: a dense envi-
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ronment of surrounding DNA supercoils will also influence
interactions between two segments of the test supercoil.

1. Nematic fields

Following Odijk, we first consider the influence of a
nematic field on configurations of plectonemic supercoils,
where the nematic field is a simple approximation for the
complex environment of nematic supercoils surrounding a
certain test supercoil:

L

AH, . [r(s) kT = %FP‘I f ds[1 - (a-a(s))?], (6)
0

where @(s)=dr(s)/ds is the unit tangent along the continuous
space curve r(s) describing the shape of the DNA of contour
length L. The strength of the nematic coupling parameter I is
related to the coupling strength k, for the discrete DNA
model used in the simulations by I'=k,P/{l), where (l) is the
equilibrium bond length in the discrete DNA model (see Sec.
II), and P=50 nm.

We simulated a small 1.3 kb DNA circle (corresponding
to a contour length of about 450 nm) for two typical values
of the superhelical density, c=-0.040 and o=-0.055, vary-
ing the strength of the nematic field from I'=0,...,175. For
strong nematic fields, the orientational distribution is a
Gaussian,

a 1
P(0)=E6Xp(— Eaﬁz), (7)

where 6 is the angle of the DNA axis with respect to the
nematic director n. The constant « is related to the strength
of the nematic potential by12

= iaz. (8)

From experimental data, Odijk12 estimated that typically «
does not increase much beyond O(10), implying that typi-
cally, I'<<100. Results for the superhelical diameter and the
writhe from our simulations are shown in Fig. 4. At small
field strengths, I <30, the supercoil responds by lowering its
diameter. Only at very large field strengths, I'>30, does the
supercoil start unwinding (as shown by decreasing values of
wr/ALk) at a relatively constant value of the superhelical
diameter. Snapshots of typical configurations of the DNA
supercoils without and with a (very strong) nematic field are
shown in Fig. 5. The tentative upperbound of I'<<100 for
DNA liquid crystals plus our simulation data indicate that a
decrease of the superhelical diameter may certainly be ex-
pected, but that significant superhelical unwinding is un-
likely consistent with the analyical estimates of the previous
section and the estimates of Odijk.

2. Depletion attraction

The dense environment of supercoiled DNA not only
tends to align individual DNA segments it also influences the
effective interaction between two DNA segments of the test
supercoil (for example, the interaction between segments on
opposing sides of the plectonemic test supercoil). If we make
a cut through the plane perpendicular to the nematic director,
we have a two dimensional fluid of cross sections of DNA
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FIG. 4. Monte Carlo simulations of small 1.3 kb DNA circles in nematic
fields, at two different superhelical densities: o=-0.040 (squares)
and o=-0.055 (triangles). (a) Superhelical diameter D as a function of the
strength I" of the nematic potential. (b) Writhe per added link wr/ALk as a
function of the strength I" of the nematic potential.

segments with a pair-correlation function g(r) that we can
interpret in terms of a potential of mean force u,,¢(r) between
two nearly parallel DNA test segments,

8(r) = exp(= u(r)/kT). )

This potential of mean force u,(r) has a contribution V(r)
due to the direct interaction between nearly parallel DNA
segments and a contribution AV(r) due to the presence of the
large number of DNA segments surrounding the two test
segments,

uni(r) =V(r) + AV(r). (10)

The potential AV(r) is effectively a depletion attraction: for
distances shorter than some characteristic exclusion length &,

[=0 dee
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L

FIG. 5. Snapshot of typical configurations of the 1.3 kb DNA circles during
the Monte Carlo simulations in the absence (top) and the presence (bottom)
of a strong nematic field.
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FIG. 6. Monte Carlo simulations of small 1.3 kb DNA circles with an added
depletion attraction between the beads representing the DNA, at two differ-
ent superhelical densities: 0=-0.040 (squares) and o=-0.055 (triangles).
(a) Superhelical diameter Dy as a function of the strength v, of the deple-
tion potential between the beads. (b) Writhe per added link wr/ALk as a
function of vy

there will be no more DNA segment entering the space be-
tween the two test segments, and the test segments will be
pushed together by the surrounding segments. For a crude
estimate, we use the approach that we have previously used
to estimate the depletion attraction between DNA segments
(per unit length) induced by surrounding nonbinding globu-
lar proteins:9
1
AV(F)Q _zfins(l_r/g)s r<§ . (11)
0, r>¢

where in the present case, fi,, is the free energy per unit
length of inserting a test segment in the liquid-crystalline
suspension of DNA supercoils (i.e., the DNA chemical po-
tential per unit length),

This corresponds to a strength v 4, of the depletion attraction
per bead as used in the simulations of

Daep = THD)DX(1) = O(KT). (13)

The exclusion range ¢ is estimated as’ £=~2(o,+x)
~6.5 nm. Figure 6 shows the results for the superhelical
diameter D, and for the writhe wr/ALk as a function of the
strength of the depletion potential. Not surprisingly, the
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depletion attraction decreases the superhelical diameter, with
the largest changes being observed for the most loose super-
coils, with superhelical density o=-0.040. Perhaps more
surprising is that the attraction opposes unwinding of the
supercoils, because the attraction brings the configurations
closer to that of the optimal plectonemic supercoil in which
all twists are relaxed into writhe and which has a superhelical
diameter that tends to zero. This should be compared to the
predicted dependence of wr/ALk and D on ionic strength
that is found in the absence of depletion attraction:** >
longer ranged repulsion then leads to a lower wr/ALk and a
higher D. Thus, increasing the attraction changes wr/ALk
and Dy in the same way as decreasing the electrostatic re-
pulsion (by lowering the ionic strength).

IV. CONCLUDING REMARKS

We have shown that depletion condensation of DNA in-
duced by flexible polymers is hardly hindered by DNA su-
percoiling. This suggests that packing of supercoils must be
facilitated by supercoil deformations that cost very little free
energy. In agreement with the scaling estimates, the simula-
tions show that significant unwinding of supercoils in the
condensates is not very likely: This only occurs in very
strong nematic fields and is opposed by effective depletion
attractions operating between DNA segments in the conden-
sates. The lowest energy deformation, promoted by both a
nematic field and by depletion attraction, is a decrease of the
superhelical diameter. This therefore seems to be the most
likely candidate for the deformation that is neccessary to
pack DNA supercoils into condensates.
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