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Diffusion and segmental dynamics of the double-stranded A-phage DNA polymer are quantitatively
studied over the transition range from stiff to semiflexible chains. Spectroscopy of fluorescence fluctua-
tions of single-end fluorescently labeled monodisperse DNA fragments unambiguously shows that double-
stranded DNA in the length range of 10°-2 X 10* base pairs behaves as a semiflexible polymer with
segmental dynamics controlled by hydrodynamic interactions.
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The dynamic behavior of individual macromolecules in
solution is governed by chain connectivity and hydrody-
namic interactions [1]. Understanding polymer dynamics
and quantitative verification of polymer theories requires
detailed information on segmental motion of individual
polymer molecules. However, the classical experimental
techniques, such as dynamic light scattering (DLS) or
transient electric birefringence (TEB), predominantly de-
liver information on large-scale shape fluctuations of mac-
romolecules, and development of new experimental
approaches providing detailed information on internal dy-
namics of individual molecules is of high importance.

Precise experiments in polymer physics are impossible
without well-defined monodisperse polymer samples cov-
ering a wide range of molecular weights. The recent
progress in molecular biotechnology resulted in a variety
of techniques to produce monodisperse DNA fragments,
which stimulated the use of DNA as a model compound in
studies of polymer dynamics in solution [2]. Double-
stranded DNA (dsDNA) is a biopolymer characterized by
a large persistence length [, ~ 50 nm [3]. As a result,
dsDNA fragments exhibit rodlike, semiflexible, or even
flexible polymer behavior, depending on their length.
Thus, simple generic models of polymer dynamics [1]
are not expected to provide a quantitative description of
dsDNA behavior, and more advanced models accounting
for the persistence of the polymer chain [4] are required.

The dynamics of dsDNA in solution has been a subject
of a number of experimental investigations carried out by
various techniques, including DLS [5], single-molecule
fluorescence microscopy [6], electrophoresis [7], and
TEB [8]. Fluorescence correlation spectroscopy (FCS)
[9], a single-molecule technique that can provide more
detailed information on the macromolecular dynamics
than the classical ensemble-based methods, has been re-
cently applied to investigation of DNA in solution [10—12],
which has lead to a controversy whether dsDNA dynamics
in dilute solution is controlled by hydrodynamic interac-
tions [10,12] or not [11]. Apart from this controversy, for
different reasons, none of these FCS-based experiments
produced parameters of DNA dynamics. Generally, to the
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best of our knowledge, no experimental studies were pub-
lished so far where diffusion and intramolecular dynamics
of dsDNA have been simultaneously investigated over the
transition range from stiff to semiflexible chains. In the
present Letter, we fill this gap and carry out a study of the
solution dynamics of single-end fluorescently labeled
dsDNA fragments in the range of lengths L from 10? to
2 X 10 base pairs (bp) (L/I, ~ 0.7-140) by following the
Brownian motion of the labeled ends of single DNA mole-
cules using fluorescence correlation spectroscopy.
Diffusion coefficients of dsSDNA fragments obtained from
FCS data in a model-independent way, as well as polymer
relaxation times obtained by applying the theory of semi-
flexible polymer dynamics [4] to experimental data, show
excellent agreement with both independent experimental
data and theory. Our results clearly demonstrate that in this
length range dsDNA behaves as a semiflexible polymer
with strong hydrodynamic interactions.

We employ the technique of the polymerase chain reac-
tion (PCR) [13] to produce monodisperse samples of DNA
fragments with the predefined sequence, structure, and
length determined by the forward and reverse primers
[14] using A-phage DNA (Fermentas Life Sciences,
SD0021) as a template. DNA samples fluorescently labeled
at the same single end were produced by using the forward
primer labeled at its 5’ end with Alexa 488 dye (Molecular
Probes) [15] via a C4-amino linker. Reverse primers were
selected to produce DNA fragments with the lengths of 0.1,
02,05, 1, 2,5, 10, and 20 kbp. All primers were obtained
from IBA GmbH. In contrast to the approach used in [11],
our PCR-based procedure [16] provides true single label-
ing and excludes the presence of unlabeled or double-end-
labeled DNA fragments.

FCS [9] is a powerful experimental technique to study
diffusional motion, intramolecular dynamics, and chemical
reactions of fluorescently labeled molecules at nanomolar
concentrations under (quasi)equilibrium conditions in so-
lutions and cellular systems. The method consists in study-
ing fluctuations of the confocally detected fluorescence
signal F(r) = (F) + 6F(¢) via the correlation function
G(1) = (8F(t)8F(t + 7))/(F)*. In the absence of addi-

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.97.258101

PRL 97, 258101 (2006)

PHYSICAL REVIEW LETTERS

week ending
22 DECEMBER 2006

tional photophysical processes and chemical reactions, the
fluorescence signal fluctuates as a result of the Brownian
motion of fluorescently labeled particles through a
femtoliter-sized confocal detection volume whose shape
can be well approximated by a 3D Gaussian
exp(—2r2/r3 — 27%/73) [17] with the lateral and axial
extensions ry and z. If the Brownian motion of a fluoro-
phore is characterized by a Gaussian distribution of dis-
placements with the mean-square displacement (MSD)
(r?(¢)), the FCS correlation function is

Glr) = !

(N) 2 () 2 ¢ 2(1)>’
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where (N) is the effective number of fluorescent molecules
in the detection volume.

FCS experiments were carried out on a ConfoCor?2 setup
(Zeiss) [18] (excitation: Ar-ion laser, 488 nm; objective: C-
Apochromat 40X NA 1.2 W (Zeiss); pinhole: 90 um;
fluorescence detection range: 505-550 nm). FCS data
were recorded as sequences of photon arrival times and
processed using a software correlator. The laser intensity at
the sample was 1.2 wW. At this intensity, the effects of
triplet blinking [19] and photobleaching [20] on the shape
of FCS curves were found to be negligible. The detector
afterpulsing was removed according to Ref. [21]. To avoid
artifacts due to evaporation-induced convection, samples
were hermetically sealed between two cover glasses using
a silicone spacer. Concentrations of DNA estimated from
the background-corrected amplitudes of the FCS curves [9]
were in agreement with results of spectrophotometric mea-
surements [22], and were well below the corresponding
coil overlap concentrations [1]. All measurements were
carried out at 25.0 = 0.5 °C.

The FCS setup was calibrated using an aqueous solution
of freely diffusing rhodamine 6G dye (Lambda Physik)
[diffusion coefficient (4.14 = 0.1) X 10719 m?s~! in
water at 25 °C [23]] or Alexa 488 (the same value under
identical conditions). This allowed us to determine the
parameters of the fluorescence detection volume: ry =
0.20 um and zy/ry = 5.6 £ 0.1.

To facilitate a model-independent analysis of experi-
mental data, FCS correlation functions were normalized
by the respective amplitudes [24], and MSDs of fluores-
cently labeled DNA ends were estimated by inverting
Eq. (1). Equation (1) is strictly valid only if the distribution
of displacements of the fluorescently labeled polymer end
group is Gaussian. The validity of this assumption has been
confirmed for a wide range of polymer lengths and flex-
ibilities [25]. We find (Fig. 1) that for the relatively small
molecules the correlation curves and the reconstructed
MSDs follow the expected behavior for free diffusion in
three dimensions (MSD ~ 7). For DNA fragments with
lengths = 0.2 kbp, the short-time dynamics of the labeled
end deviates from free diffusion and approximately follows
a power law ~#. At longer times, as expected, the end
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FIG. 1 (color online). Normalized FCS correlation func-
tions (a) and calculated reduced mean-square displacements (b)
of freely diffusing Alexa 488 dye (D), labeled forward primer
(P), and single-end-labeled A-DNA fragments with lengths of
0.1 (D, 0.2 (I), 0.5 (IID), 1 (IV), 2 (V), 5 (VD), 10 (VII), and
20 kbp (VIII). Also shown are the fit of Alexa 488 data to the free
diffusion model (a) and the corresponding MSD (b). Panel (b)
additionally shows intramolecular contributions to the MSD
(gray curves) obtained by subtracting the contributions due to
overall Fickian diffusion of dsDNA polymers from the corre-
sponding data, as well as r*/3 (long dashed line) and '/2 (short
dashed line) power laws. The erratic deviations of the curves
reflect statistical errors in the data.

segments exhibit Fickian diffusion due to the translational
Brownian motion of the whole macromolecule.

For long flexible polymers, the Rouse and Zimm models
predict the short-time behavior of the MSD of the polymer
end to follow a power law ~## with exponents 8 = 1/2
(free-draining regime) and 2/3 (nondraining regime), re-
spectively [1]; for semiflexible polymers, the short-time
behavior with 8 = 3/4 is expected [4,26]. One should
keep in mind, however, that these power laws are valid
only for times much shorter than the longest relaxation
time of the polymer, whereas at comparable and longer
times the intramolecular contribution to the MSD saturates
due to the finite size of the polymer coil [Fig. 1(b), gray
curves]. Thus, direct application of the above power laws
to the analysis of the MSD time dependences, as has been
recently proposed in Ref. [11], can be misleading. Indeed,
even for the longest sample the apparent power law in
(r?(t)) observed in the range of 10°-10° us is to a large
extent due to the crossover from intramolecular motion to
overall polymer diffusion [Fig. 1(b)]; only for times shorter
than ~10° us can one observe a power-law —type behavior
in the intramolecular contribution. For shorter DNA
samples, the time range of the power-law—type segmental
dynamics shifts to even shorter times. As a result, the direct
analysis of the MSD of a labeled polymer segment should
be carried out with extreme caution and applied only to
time ranges much shorter than the longest polymer relaxa-
tion time. We would like to point out that such an analysis
of the short-time dynamics, still possible in our study for
the two longest DNA fragments, clearly rules out the
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Rouse-type behavior reported for dsDNA in [11] and leads
to a definitive conclusion on the importance of intramo-
lecular hydrodynamic interactions in dsDNA polymer
dynamics.

To extract quantitative results on polymer dynamics, a
model describing the experimental FCS correlation func-
tions is required. We carry out such a quantitative analysis
on the basis of semiflexible polymer theory [4], where we
use Eq. (1) with the MSD of the labeled DNA end given by
a sum of contributions due to translational diffusion and
intramolecular dynamics [4,12]:

(o) =601+ 2L S 0 - e, @)

=1

where T is the temperature, kg the Boltzmann factor, and 7
the viscosity. ¢;(L/2) is the value of the /th eigenfunction
of a chain of length L at its end, 7, is the /th relaxation time
in the presence of hydrodynamic interactions, 7; is the free-
draining relaxation time, and D is the translational diffu-
sion coefficient of the macromolecule. For details, see [4].
The two relaxation times are related via 7, = 7,/(1 +
37 AH;) and D = kzT(1 + ApHyy)/37nL, where H),
(I = 0) are the matrix elements of the Rotne-Prager tensor
H in terms of the eigenfunctions ¢; within the preaverag-
ing approximation [4]. The correction factors A and Aj
are introduced in our quantitative analysis of the experi-
mental data to account for the effect of the approximations
employed, which lead to an overestimation of the diffusion
coefficient and underestimation of the relaxation times
(p- 106 of Ref. [1], and references therein). Nonlinear
weighted least-squares fitting of normalized FCS curves
was carried out by setting (N) = 1.0 and using the persis-
tence length /, and the coefficients A and A, as free
parameters [27]. In the calculations we used the inter-
base-pair distance of 0.34 nm/bp and DNA thickness of
2.5 nm [3]. As exemplified in Fig. 2, for dSDNA fragments
with lengths within the range of 0.5-20 kbp the model
reproduces the shape of the FCS curves extremely well,
providing the mean persistence length value of 51 £ 1 nm,
in agreement with literature data. The correction coeffi-
cients are A = 0.6 and A = 0.9, which is equivalent to a
40% and 10% reduction in the hydrodynamic interactions
affecting 7; and D, respectively. Considering the simplicity
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FIG. 2 (color online). Normalized FCS autocorrelation func-
tions of 0.5, 1, 2, and 20 kbp DNA fragments (left to right) and
their fits by Egs. (1) and (2) (dashed line).

of the model and the approximations involved (preaverag-
ing, neglecting off-diagonal elements of H, no excluded-
volume interactions), these are small quantitative devia-
tions from the theoretical predictions. The difference be-
tween A and Ap could indicate a somewhat stronger
influence of the approximations on 7; than on D. Notice
that the effect of A and Ap on the dynamic parameters
becomes less pronounced with decreasing fragment length.

Figure 3 displays the obtained diffusion coefficients D
[28] and the longest relaxation times 7, = 7; for dsDNA
fragments in a wide range of lengths; the upper part of this
range is not readily accessible to the classical techniques
like DLS or TEB. Within the range of lengths studied, D ~
L7253 and 7, ~ L2, and thus the results do not follow the
predictions of either the Rouse or Zimm model [1]. At the
same time, our data are in a very good agreement with
experimental results obtained by other techniques not re-
lated to FCS [5-8] and closely follow the predictions of the
semiflexible polymer theory [4].

Therefore, our results clearly demonstrate that in the
range of the lengths studied, dsDNA behaves as a semi-
flexible polymer with strong hydrodynamic interactions
[29]. The Zimm regime with MSD ~#*/3, D ~ L~1/2,
and 7, ~ L3? (or corresponding expressions modified to
account for excluded-volume interactions) [1] can be
achieved only for long dsDNA molecules with lengths
exceeding 10° bp, or ~10°/, (Fig. 3).
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FIG. 3. Diffusion coefficients (a) and longest relaxation
times (b) of dsDNA. Present work (corrected to 20°C) (@,
W), data from Refs. [5(a)] (O), [5(b)] (D), [6] (V), [7] (),
[8(a)] (O), [8(b)] (). Predictions of the semiflexible polymer
theory [4] for [, = 50 nm, Ap =0.9, and A = 0.6 (solid line).
Zimm-type [1] scaling D ~ L~'/2 and 7, ~ L3/? (long dashed
line). Rouse-type [1] scaling D ~ L~" and 7, ~ L? (short dashed
line). Notes: For the two shortest DNA fragments, the intra-
molecular relaxation times could not be reliably resolved and are
not presented. To account for the difference in experimental
techniques, the TEB relaxation times from [8] are multiplied by
a factor of 2. Insets show the ratios of our experimental results to
the prediction of the semiflexible polymer theory.
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Recently, several FCS-based studies of dsDNA dynam-
ics in solution have been published [10-12]. In experi-
ments [10,12] the interpretation of FCS data in terms of
segmental dynamics is more complicated due to multiple
labeling of DNA molecules; additionally, in [10] a power-
law approximation for intramolecular DNA dynamics was
used over the whole time range. In study [11], Rouse-type
dynamics was observed in the mean-square displacement
of end-labeled dsDNA fragments, which was attributed to
weakness of hydrodynamic interactions for dsDNA in
dilute solution. This explanation contradicts previous
knowledge and theoretical predictions, as well as our
present results. Unfortunately, no experimental depen-
dences of D and 7, on the dsDNA length were obtained
in [11] to support this unexpected finding. We conjecture
that the method of producing dsDNA samples in [11] could
yield a considerable amount of unlabeled DNA molecules,
thus resulting in a semidilute solution characterized by
Rouse-type dynamics [1].

In conclusion, diffusion and segmental dynamics of
dsDNA have been quantitatively studied over the transition
range from stiff to semiflexible chains by applying fluo-
rescence correlation spectroscopy to single-end fluores-
cently labeled monodisperse DNA fragments. FCS
correlation functions, diffusion coefficients, and longest
macromolecular relaxation times of dsDNA fragments
with lengths in the range of 0.1-20 kbp are in excellent
agreement with the theory of semiflexible polymers [4] and
clearly demonstrate that hydrodynamic interactions con-
trol the segmental dynamics of dsDNA.
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