PRL 110, 058102 (2013)

PHYSICAL REVIEW LETTERS

week ending
1 FEBRUARY 2013

Structure of DNA Coils in Dilute and Semidilute Solutions

Manish Nepal,' Alon Yaniv,' Eyal Shafran,' and Oleg Krichevsky'**

lPhysics Department, Ben-Gurion University, Beer-Sheva 84105, Israel
2lise Kats Center for Nanoscience, Ben-Gurion University, Beer-Sheva 84105, Israel
(Received 13 March 2012; revised manuscript received 10 October 2012; published 29 January 2013)

We apply scanning fluorescence correlation spectroscopy to study the structure of individual DNA coils
in dilute and semidilute solutions. In dilute solutions, over two decades in length, from 0.6 to 46 wm,
DNA behave as ideal chains, in agreement with theoretical predictions and in disagreement with prior
experiments. In semidilute solutions, up to very high densities, the structures of individual DNA coils are
independent of concentration, unlike flexible coils that shrink with increasing density. Our experimental
findings are consistent with the marginal solution theory of semiflexible polymers.
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In solutions of flexible polymers we distinguish between
good, 6—and bad solvents based on the second virial coeffi-
cient v of interactions between polymer segments in the
solvent, and at least two concentration regimes: below and
above coil overlap concentration, or, respectively, dilute and
semidilute solutions [1]. Over a very narrow range of parame-
ters around @ temperature, Van der Waals attraction compen-
sates excluded volume repulsion between the segments, so
that v = 0. Thus, in dilute-8 solutions polymers behave as
ideal chains with a random walk statistics: in particular,
their gyration radius R, scales with polymer length L as
R, ~ L'/2 In semidilute-6 solutions, the solution correlation
length ¢ dependence on monomer concentration ¢ is deter-
mined by three-body collisions between segments of inter-
penetrating chains leading to & = ¢~ !, while the structure of
individual coils is unaffected by the weak interactions with
other chains [2]. In good solvents, repulsion dominates
(v > 0) resulting in the swelling of polymer coils in dilute-
good solutions so that R, ~ L% [1,3]. In semidilute-good
solutions, the interactions between interpenetrating chains
lead to & o« ¢ =3/ and to the screening of interactions between
same chain segments, so that the individual polymers adopt
the ideal chain statistics and their coils contract. In bad
solvents, the attraction between polymer segments is domi-
nant (v < 0) bringing about chain collapse.

Semiflexible polymers bend only weakly in space: their
persistence length /,, is much larger than the monomer size
a (while smaller than L). This means that there is a lot of
“free”” volume within their coils, and the probability of
collisions between the same chain monomers is low. In a
Flory-type calculation [3], the Schaefer et al. theory for
semiflexible polymers [4] predicts a wide range of dilute-6
conditions: such chains behave as ideal up to the contour
length of L, ~ 813 /a* > a. For semidilute solutions, the
theory [4] predicts a totally new, marginal, regime inter-
mediate between 6 and good solvent types in which the
correlation length should obey Edwards’ scaling [5] with
concentration & ~ ¢~!/2, different from other regimes.
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Yet as in 6 conditions, despite this collective screening
effect, the structure of each individual chain is predicted to
remain largely unaffected by the presence of other chains
[4,6]. The attempts to test this theory using synthetic
polymers have been inconclusive [4,7-10].

A particularly striking discrepancy between theory and
experiments relates to the structure of DNA coils in dilute
solutions. DNA has been the most prominent model of
semiflexible polymers (and polymers in general) over the
past several decades. Its persistence length of /, = 50 nm
is much larger than its double-helix diameter of 2 nm.
In physiological conditions (pH6-8, 100-200 mM of
monovalent salts) electrolyte ions screen the electrostatic
interactions between negatively charged DNA segments
beyond Debye-Hiickel distance of ~1 nm. The double-
helix and the Debye-Hiickel layer widths add up to an
effective DNA diameter of d = 4 nm. Theoretical esti-
mates then show that in physiological conditions, DNA
up to L, = 803 /d* = 60 pm in length should have negli-
gible excluded-volume interactions and behave as an ideal
chain [11].

Surprisingly though, this prediction has never been con-
firmed experimentally. In fact, a variety of experimental
results actually contradict it: the diffusion coefficient of
DNA coils of lengths 2.6 < L < 130 um [12], the segment
distribution of DNA of lengths 15 < L <60 um tethered
to a substrate [13], AFM measurements of DNA end-to-end
distance distribution for 0.5 < L < 15 um [14]—all reveal
the scaling R, o L%~ indicating strong excluded vol-
ume interactions. While none of these studies present a
direct measurement of coil structure in solution, even static
light scattering (SLS) experiments that do measure the
structure factor of solutions, reveal a significant 30-40%
expansion of 14 um DNA chains [15,16] far exceeding
theoretical estimations (~ 4%) [17,18]. A known issue in
SLS studies is the very poor scattering by DNA, that requires
extrapolation procedures from higher concentrations to
measure DNA structure in dilute solutions [16]. SLS is
also sensitive to scattering by dust particles, that are not
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trivial to remove because of the closeness of their sizes to
those of DNA molecules [15].

The disagreement between experiment and theory on
DNA coil structure questions the most basic calculation
in polymer physics—Flory estimation of excluded volume
interactions within a polymer chain [3]—as applied to
semiflexible chains. Here we present the first measure-
ments of the structure of DNA coils showing that over
almost two decades in length, from ~0.6 to ~46 um,
DNA behaves as a nearly ideal polymer in accordance
with theoretical predictions: their structure factor S(q) is
described by the Debye expression for ideal chains [19]
and their R, (L) dependence follows that of an ideal worm-
like chain. We use a new approach we introduced recently
that is based on scanning fluorescence correlation spec-
troscopy (SFCS) of fluorescently labeled DNA molecules
[20]. With the help of this technique we showed previously
[20] that the screening length of semidilute marginal solu-
tions of DNA indeed obeys Edwards’ scaling as predicted
by Schaefer et al. [4]. Here, we couple our method with
specific fluorescence labeling to also test another predic-
tion of the theory: the invariance of the structure of indi-
vidual coils in marginal semidilute solutions, a question
that could not be addressed previously in experiments.

In our approach, the emission /., arriving from a diffrac-
tion limited confocal volume is monitored as the sample is
moved at a constant speed v through the beam. If the speed
is sufficiently high so that there is no significant DNA
internal dynamics while the molecule is passed through
the beam, then the temporal correlation function of emis-
sion fluctuations G(t) = (61,,,(0)81,,,(1))/{I2,) reflects
monomer-monomer density spatial correlation function
g(r) = (6c(0)8c(r)) where Sc(r)=c(r)—{c) with r=wvt.
We showed [20] that the measured G(¢) is a convolution of
g(r) and of the function characterizing setup excitation-
detection profile, so that it can be expressed in Fourier
space as:

GG)«[daH@Pawaﬁ, (1)

where I(g) is the optical transfer function of the setup.
The measurement setup and experimental conditions
were similar to those used in Ref. [20]. Briefly, DNA
molecules of varying lengths from 0.6 to 46 um were
dissolved in phosphate buffered saline and placed onto
the piezodriven stage of a home-built confocal SFCS setup.
The samples were scanned at ~4 mm/s speed in a pattern
of imperfect circles of 60 wm diameter whose center
moves along a 40 pum diameter circle. Such a complex
pattern was designed to minimize the chances of repeated
passage of the beam through the same point in the sample.
Although the formalism of our method is strictly correct
only for scanning along the line with constant velocity, it
can be applied in our setup since the characteristic curva-
ture radius of sampling trajectory is much larger than
the typical sizes of DNA coils (up to ~1 wm in R,).

The scanning speed was held constant to within 1-2%
(standard deviation). We verified that the scanning speed
is high enough for the sample to be considered *“frozen’ by
obtaining similar results with scan velocities as low as
1 mm/s. The effective point spread function of the setup
1(7) was assumed to be Gaussian and was calibrated as in
[20]. The characteristic dimensions of the confocal volume
are w,, = 0.25 um and w, = 1.4 pm in lateral and axial
directions, respectively.

In dilute solutions, the majority of the measurements
were carried out on DNA stained nonspecifically with
ethidium bromide (EtBr) dye. At EtBr concentrations in
the 5 to 20 uM range in phosphate buffered saline, dye
intercalation extends DNA contour length by a factor of
~1.4 but does not affect its persistence length [21,22]. We
use 10 uM EtBr concentrations at which the dye binds
DNA in ~1:5 dye/base pair ratio. Short DNA fragments of
different lengths (L < 48502 bp) were obtained by apply-
ing commercially available restriction enzymes to A-DNA
(48502 bp), pUCI18 (2686 bp), and pBR322 (4361 bp).
The longest DNA probed in this study were A-DNA and its
dimers. In order to obtain the dimers, A-DNA were annealed
to open their overhangs, ligated to each other and separated
with the help of field inversion gel electrophoresis [23].
A-DNA and its dimers were annealed at 65 °C for 10 min
before each measurement in order to keep the chains linear.
In part of the experiments, A-DNA were hybridized to their
complementary oligonucleotides in order to further restrict
polymer ability to form a closed circle: the results were
similar to those on annealed molecules.

In another approach to sample labeling, we stained
DNA molecules uniformly along their contour with cova-
lently bound carboxyrhodamine 6G (Rh6G) dye. This was
achieved by synthesizing DNA fragments of different
lengths through Polymerase Chain Reaction (PCR) with
part of the native nucleotide bases (dTTP) in solution sub-
stituted by an analog (amino-allyl-dUTP, AA-dUTP) having
a chemically reactive site (amino group) [24]. Following
PCR, succinimidy] ester moiety of Rh6G is reacted onto the
amino group of AA-dUTP. Practically, the modified base is
introduced in ~1:200 ratio to native bases.

The DNA concentrations for all samples were kept well in
the dilute regime: less than4 wg/mL for A-DNA and shorter
molecules andless ~1 wg/mL for A-DNA dimers, while the
overlap concentration for A-DNA is ~10-15 pg/mL [20].

The examples of measured SFCS correlation functions
for DNA in dilute solutions are shown vs > = (vt)? in
Fig. 1. As expected, spatial correlations extend to larger
distances for longer chains. All the correlation functions
can be fit well with Eq. (1) where the Debye structure
factor for ideal polymers is used [19]:

S(q) =

Ry CR TR O
8

with R, as a fit parameter (Fig. 1).
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FIG. 1 (color online). Examples of normalized SFCS correla-
tion functions for DNA in dilute solutions. DNA lengths: 0.64
(crosses), 2.1 (full triangles), 4.5 (open circles), 8.0 (full circles),
11.5 (open squares), 23.1 (full squares), and 46.2 wm (open
triangles). Solid lines represent fits to the experimental data with
Eq. (1) assuming ideal structure of the chains [Eq. (2)]. The
dashed line represents the calibration of the excitation-emission
profile of the optical setup corresponding to the SFCS correlation
function of independent point sources.

For DNA longer than 4 pm, the structure factors can be
extracted by Fourier transforming Eq. (1) as in Ref. [20] in a
sufficiently large dynamic range to be fit directly with
Eq. (2) (for shorter DNA the measured correlation functions
are close to that of uncorrelated point sources and the
extracted S(g) are reliable in a dynamic range much smaller
than a decade). The fits are good for g <9 um™! (Fig. 2) for
all DNA lengths L > 4 pm tried. The upward trend in the
extracted S(q) for g >9 um™! appears to be an artifact of
the deviations of the optical field from Gaussianity (as mea-
sured through direct mapping of /(7) by scanning 100 nm
gold beads). The overall quality of the fits in Figs. 1 and 2
points to the negligible excluded volume effects in agreement
with theoretical predictions.

The gyration radii R, obtained from the fits are plotted
vs DNA contour length L in Fig. 3. The data from both sets
of the samples, those stained with intercalating dye and
with covalently bound labels, exhibit excellent agreement.
The R,(L) dependence follows closely a R, o [032=002
power law which indicates the absence of any major coil
expansion. Alternatively, we can describe R (L) depen-
dence with the expression for an ideal wormlike chain [25],

Ll 23 21 L
R2L — P _ 2+ P _ P[]_ (__)]
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Indeed, the above expression fits the data very well (Fig. 3)
giving an estimate for a DNA persistence length of
51 = 1 nm, consistent with the known value of ~50 nm.
Furthermore, the SFCS approach in combination with
specific fluorescent labeling allows us to address a diverse
set of questions, similar to the application of neutron
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FIG. 2 (color online). Symbols represent measured structure
factors S(g) for dilute DNA solutions. DNA lengths: 4.5 (open
circles), 8.0 (full circles), 11.5 (open squares), 23.1 (full
squares), and 46.2 wm (open triangles). Lines are fits of S(g)
with Debye expression (2).

scattering to flexible polymer systems where chains can
be selectively deuterated [26-28]. Here, we probe the
structure of individual DNA coils in semidilute solutions
(in contrast, our previous study focused on the overall
structure of such solutions [20]). A small fraction of cova-
lently labeled DNA chains was mixed with a large amount
of unlabeled chains (apart from a single point in the dilute
regime where the concentrations of both types of chains are
small). The labeled DNA has a length of 4.8 pm (14.2 kbp)
and its concentration is kept low at ~1-2 ug/mL, so that
labeled chains do not interact directly. Unlabeled DNA is of
16.5 pum (A-DNA) and its concentration is varied from the
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FIG. 3 (color online). The dependence of R, on DNA contour
length. Data were obtained on DNA stained with EtBr (circles)
and with covalently bound Rh6G dye (squares). The presented
values of R, were extracted from the direct fits to SFCS
correlation functions as in Fig. 1. The fits to S(g) (Fig. 2) give
R, values lower by ~5% (not shown). Error bars are close to
symbol size. Solid line: The best power law fit R, o L0-32=002,
Dashed line: Fit with Eq. (3) for wormlike chain giving
[,=51=%1nm.
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FIG. 4 (color online). Normalized SFCS correlation functions
of individual covalently labeled 4.8 wm DNA chains mixed with
unlabeled 16.5 wm chains at different densities. The lines
marked with different symbols correspond to total DNA con-
centrations of: 1 (full triangles), 9 (full squares), 47 (full circles),
190 (open circles), 670 (open triangles), and 1040 wg/mL (open
squares). Symbols are placed sparsely (not at every data point) to
avoid clutter.

dilute regime ~1 wg/mL through the onset of the semi-
dilute regime at ~10 ug/mL up to 1040 pg/mL [29].

The measured correlation functions for different con-
centrations of unlabeled DNA are presented in Fig. 4. Since
unlabeled DNA is “invisible,” the correlation functions
reflect the structure of labeled chains. Up to the concen-
tration ~600 pg/mL there are no changes in the chain
conformation. We stress that this happens deep in the
semidilute regime. In this concentration range, the polymer
solution screening length changes about tenfold from
~1 pum to 100 nm [20]. The results point to an amazing
feature of these solutions: large changes in the collective
behavior (screening of spatial correlations) are brought
about by the tiny rearrangements in the structure of indi-
vidual coils. This contrasts with the behavior of flexible
chains that significantly change their conformations and
contract in semidilute solutions. Yet our results obtained
on DNA correspond to the theoretical expectations for
marginal solutions [4,30].

At high concentrations the SFCS correlation functions
indicate a weak contraction of the DNA coil with increas-
ing DNA density: ~18% contraction over 5.5 fold increase
in DNA concentration from 190 to 1040 wg/mL. We note
that in these conditions, the solution is at the crossover to
yet another new, concentrated regime in which the screen-
ing length is comparable to the DNA persistence length.
Theory predicts no change in ¢ and R, with concentration
in this regime [20]. So, the observed contraction of DNA
coils at the highest probed concentrations contradicts theo-
retical predictions. Our measurements of & cover only a
part of this range up to ~400 wg/mL and within the whole
range are consistent with the scaling predicted for marginal
solutions [20]. Understanding the discrepancy between

theory and experiment at the crossover to concentrated
regime will require further measurements.

To conclude, we implemented a new approach to mea-
sure the structure of individual DNA coils in dilute and
semidilute solutions. Up to 46 um contour length, DNA
coils do not exhibit significant excluded volume effects:
their structure factor can be well described by the Debye
expression for ideal chains and their R, (L) dependence
follows closely that of an ideal wormlike chain. We present
the first data on the structure of individual DNA coils in
semidilute solutions. Up to the concentrated regime where
solution screening length becomes comparable to DNA
persistence length, the structure of DNA coils is unaffected
by the presence of other coils. Overall, our data are
consistent with the theoretical predictions for marginal
solutions [4].
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