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Microscopic Mechanism for Experimentally Observed Anomalous Elasticity
of DNA in Two Dimensions
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ABSTRACT By exploring a recent model in which DNA bending elasticity, described by the wormlike chain model, is coupled to
basepair denaturation, we demonstrate that small denaturation bubbles lead to anomalies in the flexibility of DNA at the nano-
metric scale, when confined in two dimensions (2D), as reported in atomic-force microscopy experiments. Our model yields very
good fits to experimental data and quantitative predictions that can be tested experimentally. Although such anomalies exist
when DNA fluctuates freely in three dimensions (3D), they are too weak to be detected. Interactions between bases in the helical
double-stranded DNA are modified by electrostatic adsorption on a 2D substrate, which facilitates local denaturation. This work
reconciles the apparent discrepancy between observed 2D and 3D DNA elastic properties and points out that conclusions about
the 3D properties of DNA (and its companion proteins and enzymes) do not directly follow from 2D experiments by atomic-force

microscopy.

INTRODUCTION

Whereas traditional bulk experiments provide average
behaviors of dominant subpopulations, new methods exist
that address DNA mechanical properties at the single-mole-
cule level (1-3). Observations by atomic force microscopy
(AFM) of double-stranded DNA (dsDNA) adsorbed on
atwo-dimensional (2D) substrate (4,5) have recently allowed
a direct quantification of the distribution, p(¢), of bending
angles 6 (6,7). This led to the unexpected observation of
an overabundance of large 6 (8), with respect to the wormlike
chain (WLC) model, at very short range (=5 nm, much less
than the persistence length =50 nm). These observations
suggest that, even in the absence of any bending constraints,
nonlinearities, such as kinks where DNA is locally unstacked
(9) or small denaturation bubbles, are excited solely by
thermal fluctuations with a high enough probability to be
observable at room temperature (Tgx = 298.15 K). These
findings cast some doubt upon the adequacy of the WLC
model traditionally adopted in three dimensions (3D) (10).
In this respect, Cloutier and Widom (11) have observed
that short dsDNA, ~100 basepairs (bp) long, formed looped
complexes in 3D with a much higher probability than
expected, which was attributed to partial denaturation (12).
However, these findings have been questioned by new exper-
iments that pointed out a flaw in the experimental procedure
(13) and showed that short-DNA cyclization data were accu-
rately fitted by the WLC model, without invoking kinks. A
recent study based on flow experiments draws similar
conclusions (14). These converging elements are supported
by all-atom numerical simulations (9,15) suggesting that
kinks are not excited by thermal fluctuations with any
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measurable probability in unconstrained DNA fluctuating
freely in solution.

Apart from 2D confinement, what is the difference
between both types of experiments? Fig. 1 shows a sketch
of DNA fluctuating in solution or adsorbed on a mica surface
as in AFM experiments (5—7). These experiments are carried
out in air (the solvent is dried) and DNA is electrostatically
adsorbed using magnesium ions, forming an ionic crystal
with the charged substrate. DNA electrostatics are thus
expected to be strongly affected as compared with DNA in
water, hence hydrogen-bonding energies between two
complementary bps and stacking energies between adjacent
base aromatic rings are substantially modified.

Recently, we have proposed a solvable model where
bending elasticity is intrinsically coupled to bp melting
(16,17) in contrast to older approaches for which bending
is not explicitly included (18,19). Single-stranded DNA
being two orders-of-magnitude more flexible than dsDNA,
this coupling must be taken into account because local dena-
turation strongly increases flexibility. Here, we argue that in
2D the modification of the above denaturation parameters
(bonding and stacking energies), due to adsorption, increases
the probability of bp opening, which lowers, in turn, the
bending rigidity. This explanation reconciles the apparent
discrepancy between 3D and 2D experiments.

THEORY
Model background

‘We model dsDNA as a chain of N bpsi (1 < i < N) possessing two degrees
of freedom (16,17): an Ising variable, a;, set to +1when the bp is unbroken
(U) or set to —1 when the bp is broken (B). In addition to this internal vari-
able, an external one, the unit vector t;, sets the spatial orientation of the
monomer. The Hamiltonian couples explicitly the ¢; and t;:
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The bending rigidity of the joint between bps i and i + 1, k(o;, 0;,1), takes
different values according to the internal state of the two neighboring bps.
We denote ky = k(1, 1), kg = k(—1, —1), and kyg = k(1, —1) = k(—1, 1).
The Ising parameters J and u have the following physical meanings: J is the
destacking energy (energetic cost to unstack two consecutive aromatic
rings); and 2u is the energy difference per bp between open and closed
states.

This discrete WLC model coupled to an Ising model can be completely
solved using a transfer matrix approach (16,17). Calculating the partition func-
tion amounts to solving a spinor eigenvalue problem (formally equivalent to
a quantum rigid rotator). In 3D, the orthogonal eigenstates, denoted by
|'ff,‘,,,;,>, are indexed by three quantum numbers: / = 0, 1, ..., %; and
m = —I, ..., [ are the usual azimuthal and magnetic quantum numbers associ-
ated with the spatial orientation of t; and 7 = = is related to the bonding and
antibonding bp states (as for the one-dimensional Ising model or the H, " cova-
lent bond). When projecting the eigenstates onto the real space basis | Q), with
o a bp state and (6, ¢) = Q, the two spherical angles defining t, one gets
(0QIW 1117) = ¥1,,(Q) (011, 7). The 1,,(2) = v/ArY,,,(Q). proportional to
the spherical harmonics, are the eigenvectors of the pure chain model (i.e.,
when all « are set equal). The eigenvalues 4,, , are degenerate in m and can
be expressed in terms of modified Bessel functions of the first kind
I, w=1+ %) (20) (see (17) for the expressions for the |/, 7)). We have (I, 7|/,
T) = 0y, but {I', 7|, 7) # 640,, because if | # /', the matrix element is
between states of different rotational symmetry. This is why our coupled model
is not the trivial direct product of both the Ising and discrete WLC models.

The previous exact solution can also be found when the chain is confined to
2D, as already stated by one of us in Palmeri and Leibler (21); for example,
when DNA is adsorbed on a substrate at thermodynamical equilibrium (7).
The spherical angles (6, ¢) become a single polar angle 6 € (—r, 7]; the spher-
ical harmonics ¥, ,,(0, ) become the simpler ¥,(0) = ", with n integer;
the 2D analogs of the eigenvalues are denoted by 4,, , and the eigenvectors
.7) Q1).

In the model as presented here, we do not take into account additional
DNA degrees of freedom, such as torsion or stretching. Although we have
recently demonstrated that it is possible to do so in the context of thermal
denaturation (22), the additional mathematical complications of taking
them into account in the bending-angle distribution calculation would tend
to obscure the basic physical mechanism leading to the onset of nonlinear
effective bending elasticity, and is therefore not warranted here.

Short-distance chain statistics in 3D and 2D

To compute the probability distribution p(t; - t;_,) of finding the polymer with
a given relative orientation between bps i and i + r, we introduce the partial
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FIGURE 1 Sketch of a dsDNA segment solvated in
water (/eft) with its sodium counterion cloud (the phosphate
groups of the DNA backbone are negatively charged); and
in air (right), electrostatically adsorbed on a mica substrate
forming an ionic crystal via magnesium ion bridges
between the DNA and the negatively charged substrate.
Therefore, the parameters associated with the hydrogen
bonding of bps and the stacking of adjacent bases are
significantly modified.

partition function, Z(z;, z;,), where all degrees of freedom are integrated out
except the projections on the z axis of t; and t;, ,, which are set to z; and z; .

(both € [—1, 1]),
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where P is the transfer matrix and |[V) the boundary vector (16). The
complete calculation from Eq. 2 of p(s) = 47Z(1, s)/Z, where s = t;-t;
= cos 0, 6 is the bending angle between two monomers separated by
a distance r, and Z is the full partition function, is given in the section B
in Supporting Material. It uses the decomposition of P on the eigenbasis
|li’,<m;,). We have checked that boundary effects are negligible at Tr as
soon as i is larger than a few unities. We thus give the final result for p(s)
in the limit of long DNA when the internal segment [i, i + 7] is far from
both chain ends (i.e., for N — o andi — «),

=21 + 1
p) = Y TP YO (0, L e )

1=0 T==%

where P/(s) is a Legendre polynomial (20). Equation 3 is a sufficient approx-
imation of Eq. S12 (in Supporting Material) for fitting purposes. This expres-
sion reveals the role of infinitely many tangent-tangent correlation lengths,
= 1/In(Ao, +/A;, ;). At Tg, the persistence length, £” = 150 bp, coincides
with the dominant correlation length &%, | (17).
The same calculation holds in 2D. We find the probability distribution
(section C in Supporting Material)

p(d) = —|— Zcos (nd) Z<O

where Efm = 1/In(Ao, /Ay, ;) are also the tangent-tangent correlation lengths
associated with 2D eigenmodes |n, 7) with eigenvalues 2,,, . For the numerical
calculation of infinite series such as Eq. 3 or Eq. 4, the sum is performed up to
order 100 (a higher cutoff has been checked not to change numerical values).
Atroom temperature, T, one observes below (see also Fig. 2, @ and ¢) that,
for # smaller than a threshold 6., p(s) and p(6) coincide with the discrete WLC
model probability distribution, ppwy ¢, which is the simplified version of Eq. 3
or Eq. 4 when no denaturation bubbles appear (formally all k equal to ky),

2+ 1|1y (BK)
pDWLC(S)—Iz:; ) Py(s) 1%(&() )

|n, 7) 2ot (4)

®
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FIGURE 2 Theoretical predictions of DNA elastic prop-
erties in two and three dimensions. (a) Logarithm of the
probability distribution p(cos §) = p(s) in 3D (Eq. 3, solid
lines) for different values of r = 5, 15, and 25 bp (from
left to right) compared with the WLC model (dotted lines).
One bp length is @ = 0.34 nm. The Ising and elastic param-
eter values (in units of kgTr) come from fits to earlier exper-
iments (16): ky = kyg = 147; kg = 5.54; u = 1.7977; and
J = 3.6674. The probability distribution p(6) is given by
p(6) = sinf p(cosh), because ds = sin 6 df. (b) Logarithm

of the probability distributions p(#) in 2D. Symbols repre-
sent experimental data taken from Wiggins et al. (7),

whereas the curves are now our best fits, from Eq. 4. The
curvilinear distances between monomers in Wiggins et al.
(7), namely 5, 10, and 30 nm, correspond, respectively, to
r =15, 29, and 88 bp. The value kg = 5.54 (in units of
kgTr) comes from Palmeri et al. (16) and ky = 160.82
comes from fitting the » = 88 bp set of data by a pure
WLC model, as in Wiggins et al. (7) (because for such
large r, the Gaussian character is restored). The remaining
parameters (kug, J, and u) are fitted. One possible param-
eter set is (kyg, J, and u) = (20.97,1.3173,and 1.6685)
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(section D in Supporting Material). Dotted lines show the
predictions of the WLC model, for comparison. (¢) Loga-
rithm of the probability distribution p(6) in 2D. Parameter

values are coming from fits (see panel b), and r = 5, 15, and 25 bp (from top to bottom, solid lines). Dotted line shown the predictions of the WLC model
and dashed lines show the same profiles when kg = 0. (d) Average excess chain melting AMp(6) in 2D. Same parameter values as in panel b. From left to right,
r =35, 15, and 25 bp. The elasticity is linear until a threshold 6, «/r, where excessive bending induces bp melting.
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in 3D and 2D, respectively (dotted lines in Fig. 2, a and ¢), with § = (kgT)~".
In the Gaussian spin-wave approximation, 8k >> 1, valid here, the discrete
WLC model leads to a quadratic dependence in 6. Indeed, in this case,
[l,%(ﬁ:c)]r:l,%(ﬁ:c/r). One ends up with the probability distribution for
a single joint of effective bending modulus «/r, and ppwic=pcsw =
/Br/(2mr)exp[—Bk6*/(2r)] in 2D (section E in Supporting Material).
This implies that the free energy required to bend the polymer by an angle
0 is quadratic, F(0, r) = k6%/(2r). In this approximation, the bending rigidity
k and the persistence length £P are related through &° = 28« in 2D and
£P = Bk in 3D (23).

RESULTS

We first examine the distribution p(s) = p(t;-t;,,) in 3D.
Whereas it is dominated at large r by the largest persistence
length £° = 150 bp and is well described by the WLC model,
this is not true at short r and large 6.

Fig. 2 a displays the probability density p(s), s = t; t;,, =
cos 0, for realistic parameters (16,17). At Tg, for § smaller than
a threshold 6., p(s) coincides with the discrete WLC model
distribution, pwi c(s) (Eq. 5), the simplified version of Eq. 3
when no denaturation bubbles appear. For § > 6., the plot
becomes nonquadratic because of partial DNA denaturation.
The threshold 6, is estimated by equating the energetic cost
of bending the polymer by an angle ¢ in its unmelted state,
F(0, r) = kub2/(2r), with the free-energy cost of nucleating
a single denaturation bubble (of one bp), denoted by AGg,
which is AGg = 17 kgT in 3D (17). Using this scaling
argument, we find
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which gives a good estimate of the observed thresholds
(Fig. 2 a). The anomalies (or nonlinearities) appear for larger
and larger values of § when r grows, and are nonexistent in
the plots of p(s) as soon as » > 50 bp, i.e., at length-scales
larger than 15 nm, thus recovering standard Gaussian
behavior. Indeed, setting 6. = m in Eq. 7 yields the upper
limit, r.x = 50 bp, as observed in the plots. This also
explains why cyclization experiments with r > 50 bp are
correctly described by the WLC model (13). For r < 50 bp,
this local melting effect is extremely weak, occurring with
a probability f;:p(cosﬁ)sinﬁ dd=10"" for r > 5.

The situation is very different when DNA is confined in 2D.
It has been demonstrated in experiments that DNA is in 2D
thermodynamical equilibrium (5,7). This is the reason why
our statistical mechanical model applies and in the large N
limit, the probability distribution p(f) is given by Eq. 4. Plots
are provided in Fig. 2, b and c, for realistic parameter values.
At large enough angles, one also sees deviations from the
WLC behavior, appearing as soon as p(f) = 0.01 rad ™',
a now measurable value (7).

We fit 2D experimental data (7) in Fig. 2 b, using Eq. 4 with
Kug, J, and u as fitting parameters (section D in Supporting
Material). The fits are good over the whole #-range. For the
best-fit parameter sets, the fraction of melted bps for uncon-
strained DNA is then >0.1% at Tg, two orders-of-magnitude
higher than in 3D (16). The predicted melting temperature,
T\, and transition width, both ~600 K, are also much higher
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than their 3D analogs. Despite the high value for 7}, in 2D, the
large transition width leads, with respect to 3D, to nonnegli-
gible bubble nucleation, even at Tg. In other words, the loop
initiation factor (18), ¢ = ¢ *0/%Tr =102 where J, is the
renormalized destacking parameter (17), is increased by
several orders of magnitude with respect to 3D (24). The
same argument as in 3D leads to r,.x = 120 bp in 2D, after
modifying AGg = 6.6 kgT according to our fitted parameters.
Furthermore, we display in Fig. 2 d the average excess of
melted bps when t;-t;, . = cos @ is fixed, as compared with
an unconstrained DNA (see Appendix). As anticipated, the
deviation from the WLC behavior at 6. coincides with the
appearance of melted bps making the polymer more flexible.

DISCUSSION

How can the apparent discrepancy between 2D and 3D
parameter values be explained? Not by the fact that the
DNA used in 2D experiments are heteropolymers, whereas
the values derived in 3D come from poly(dA)-poly(dT)
homopolymers (16). Indeed, even for the most robust pol-
y(dG)-poly(dC), T,, = 360 K in solution. A simple and
straightforward explanation for the discrepancy in parameter
values is related to the change in the DNA electrostatic energy
when it is solvated in water (3D) or adsorbed through magne-
sium (Mg“) bridges on the mica in a dry environment.
Indeed, it is known that slightly modifying electrostatic inter-
actions (such as by varying the salt concentration) changes
dramatically the denaturation profile of DNA in solution
(see, e.g., (25)). The energy required to break a bp, 2u, and
the energy to destack consecutive bps, 2J, should also be
sensitive to the change in the direct adsorption energy
between mica and ds or single-stranded DNA. Strong support
for this mechanism comes from the experimental results of
Wiggins et al. themselves (7). In their Fig. S3, they present
the angle distribution and end-to-end distance statistics for
DNA adsorbed on a different-quality mica. Even though the
data match to a good approximation those of their Fig. 3,
a detailed analysis of the plots for » = 5 and 7.5 nm leads to
the conclusion that the two data sets do not coincide, even
taking into account error bars. This is an experimental indica-
tion that the substrate on which DNA molecules are adsorbed
does indeed influence its microscopic parameters. Recent
AFM experiments also testified to a DNA structural modifica-
tion after adsorption on mica and drying (26): poly(dG)-
poly(dC) proves to shorten its contour length, supposedly
by taking an A-DNA conformation, in contrast to poly(dA)-
poly(dT) or plasmid DNA, both of which keep their B-DNA
conformations.

As aresult, inferring the parameters u and J from their 3D
analogs is a challenging task. At the time of the writing of this
article, the best strategy is certainly to fit them to experimental
data. The above results are confirmed by recent accurate
all-atom molecular dynamics simulations: Mazur has investi-
gated in detail the short-distance angle distribution of 3D
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DNA and did not find any evidence for the strong deviations
from a WLC distribution found experimentally in 2D (15).

Now we discuss in greater detail the role of bubble flexi-
bility, kg, and of cooperativity, J, by comparing our model
with earlier ones. In the kinkable WLC model (27), kinks of
vanishing rigidity can be activated by thermal fluctuations.
This model and ours become physically equivalent in the
kg — 0 limit: a 2-bp denaturation bubble plays the role of
a kink, in the sense of a thermally activated local defect
without rigidity. Our microscopic vision of a kink thus differs
from Lankas et al.’s local unstacking one (9), but yields the
same short-range mechanical properties. When kg = 0, the
interesting behavior of p(f) in the denatured region is
destroyed: p(f)) becomes flat (Fig. 2 ¢), as in Wiggins et al.
(27), and is practically insensitive to r once a kink is nucle-
ated, because a chain segment including a kink has vanishing
rigidity. This is the reason why Wiggins et al. appeal to a
different linear subelastic chain (LSEC) model, with a
phenomenological bending energy Epsgc = Alf|, which
enables them to satisfactorily fit their experimental data
(7,28). In contrast to this LSEC model, our approach proposes
a microscopic explanation associated with bubble nucleation
for the subharmonic behavior of p(f). Due to excess bubble
formation, our model predicts deviations from WLC (or
Gaussian) behavior as soon as 1 < Fyax With rmax = mku/
(2AGg) (from Eq. 7). This expression differs from the
LSEC model one, for which r,.x = Bky.

Setting J = 0 with kg finite also affects the profiles by soft-
ening the transition and increasing significantly the large angle
probabilities, by a factor >10 (data not shown), which
confirms the importance of cooperativity (when in addition
kyp = 0, we find again the model proposed in Yan and Marko
(12) in the context of cyclization). Neglecting J or kyg would
require the use of unphysically large kg values when fitting
experimental data, while worsening the fit quality.

Our model is restricted to homopolymer DNA. However,
a more accurate treatment should incorporate sequence
effects by using bp-dependent model parameters (29).
Considering that the heteropolymer case is difficult to treat
theoretically, and experiments provide only an average
description of bending angle probability distribution, we
limit ourselves here to describing the anomalous behavior
using an averaged approach. If more detailed experimental
results become available, it would be worthwhile to extend
our model to treat the heterogeneous case.

Currently, many AFM experiments explore DNA confor-
mations and complexation between nucleic acids and
proteins (see reviews (4,30,31)). When AFM imaging is
carried out on DNA (6,7,32,33) or DNA/histone complexes
(34) to access their statistical and dynamical properties,
effects of surface interactions on DNA structure are likely
to modify sensibly these properties. More generally, our
work suggests that studying DNA/companion proteins inter-
actions by AFM (35-38) does not provide any quantitative
clue to 3D complexation.

Biophysical Journal 96(11) 4464—4469
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FIGSURE 3 Logarithm of the probability distributions p(f) in 2D
(r = 15 bp), for both the LSEC model (with A = 27.2 pN.nm (7), dashed
lines) and our theory (solid lines), for increasing temperature 7. From top
to bottom, 7 = 298.15 K, 330 K, and 360 K. Our model predicts that
increasing T enhances flexibility in a pronounced manner (note the logarith-
mic scale) thanks to the opening of bps. At § = 1.5 rad, an experimentally
accessible value (7), the decrease of —In p() with increasing T is twice that
found with the LSEC model.

In the cell, packaging involves wrapping DNA around
positively charged histones (39). It has been shown that this
adsorption is mainly driven by electrostatics (40). Our results
suggest that in this case, DNA adsorption on a curved charged
surface (such as the histone) is likely to modify profoundly
local elastic and denaturation properties of dSDNA. Enhanced
flexibility due to denaturation is then likely to facilitate wrap-
ping. This mechanism might also be important for improving
the accessibility of enzymes to the single strands in local
bubbles (41,42) when DNA is wrapped.

One way of validating this model at the experimental level
would be to quantify the effects of temperature, which can be
predicted for both our coupled model and the LSEC one (28)
(Fig. 3; see section E in Supporting Material for LSEC
formula). Our model predicts that increasing temperature
enhances flexibility in a more pronounced manner, thanks
to the opening of bps. We believe that such a deviation
between the predictions of both models would be a credible
experimental test of their respective validities. Additional
tests of the quantitative difference between DNA properties
in 3D and 2D would be to compare cyclization rates by
AFM in both situations for the same dsDNA strands, or to
check that denaturation remains weak in 2D when approach-
ing the 3D melting temperature, as predicted by our results.

APPENDIX: BENDING-INDUCED MELTING IN 2D

Following a calculation as in Wiggins et al. (27), we derive the excess chain
melting AM3 as a function of 4. It measures the average excess of melted bps
in the bended chain as compared with the free, unconstrained one and is
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given by AMg(0)= —% % Inp(6) (section F in Supporting Material).

The comparison of Fig. 2, ¢ and d, confirms that the deviation from the
WLC model corresponds to the appearance of melted bps that make the
polymer more flexible at short range. An interesting feature of these calcu-
lations is the saturation of AMp at a finite value, even when r < rpax
increases. In Fig. 2 d, this value is close to 3, which means that the total
excess number of denatured bps does not exceed 3 on average. In other
words, even if r bps, or more, can in principle be melted to relax the
constraint t;-t;,, = cos(f), only a few of them actually do, since it costs
more energy to melt more bases, whereas, owing to the small value of kg,
a small denaturation bubble suffices to give the whole molecule a very small
resistance to torque.

SUPPORTING MATERIAL

Three figures and thirty-four equations are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(09)00695-X.

We thank Roland R. Netz and Catherine Tardin for enlightening discussions.
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