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Probing single DNA mobility with fluorescence correlation microscopy
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Fluorescence correlation spectroscopy combined with micros@e@gM) is used to study the mobility of
DNA fragments in aqueous solution and tissue models on the single molecule level. The effective hydrody-
namic radius was measured for various lengths of ds-DNA chains and obeyed the theoretically inveterate
[DNA length]®® relationship. Hindered diffusion of ds-DNA through the gel matrix of various densities is
thought of as an extension of Kramer’s problem for a flexible polymer chain. With increasing DNA length the
average barrier crossing time rises [@NA length]? and this agrees with theory predictions for polymer
molecules surmounting an entropic barrier.
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INTRODUCTION In this paper we present original experimental results of
Random thermal walks of polymer macromolecules inthe Qiffusion of ds-DNA fragments in vyater and agarose gel
constrained environments have a potential in addition tgnatrix probed by fluorescence correlation spectroscopy com-
probing the general features of polymer diffusion to providePined with a microscop¢FCSM). The new approach has
information about the structure and physical properties of thé&een achieved by the use of the single molecule probing
constraints. Generally, the mobility of flexible polymer-chain technique when a focused laser beam illuminates a tiny vol-
molecules varies as a power of the polymer length while theime where fluorescence is excited and the diffusion of a
detailed mechanism of polymer diffusion remains unclearmacromolecule in and out of this volume is thoroughly re-
Recently it was proven with time-lapse video microscopycorded. The excitation volume and concentration of ds-DNA
that the polymer overcomes obstacles through the mechare such that either one or no molecules could be present in
nism of entropic barriers crossing and the conventional beliefhe excitation volume concurrently. The effective hydrody-
of a polymer rolling over the barrier like a rigid sphere of namic radius measured for various lengths of ds-DNA chains
corresponding size was not quite realigtid. Entropic bar-  obeyed the theoretically inveterd®NA length]®® relation-
rier crossing is physically equivalent in many aspects to thehip in great agreement with Zimm’s model. Hindered diffu-
solving of Kramer’s problem for the Brownian particle es- sion of ds-DNA in the agarose gel matrix revealed that the
caping from a potential well2,3] and involves the discrete average crossing time is proportional[@NA lengthl? in a
cavity-to-cavity jumps and the stretching of a polymer overrandomly oriented three-dimension@D) fiber meshwork.
the barrier reducing its free enerfiy]. Intuitively it is likely  To the best of our knowledge FCSM has not yet been applied
that the statistics of barrier Crossing times would be enforce@b such studies. The previous experiments Cha"enged theory
by properties of constraints and it is practical to extract thispredictions with video-fluorescence microscopy,6] or
information from macroscopic translational diffusion of the fluorescence recovery after photobleachjdgg]. However,
whole polymer. It would be of particular interest and rel- there are some issues of polymer diffusion still remaining
evance to drug delivery related applications where liposomegnclear. We believe that a deeper understanding of the
mediated gene transfer after dissociation of DNA from ||p|d mechanism of po|ymer diffusion will launch new app”ca_
requires free DNA diffusion through the cytoplasmic interior tions of biopolymers in different areas of science. We assume
of the cell[4]. Macromolecular fractionalization on intracel- that entropic barrier crossing is the prevalent mechanism in
lular compartments causes the strong size-dependent mobthe diffusion of long-chain DNA molecules in a constrained
ity of DNA vectors and is a serious factor limiting the effi- environment. We made an attempt to link together Kramer’s
ciency of nonviral gene transfer through the cell cytoplasmproblem for a polymer escaping from a potential well and the
On the other hand, this would be of unambiguous benefit iﬁnacroscopic diffusion of DNA fragments measured with
bioanalytical microarrays for fast and continuous diagnostic&csm.
and sorting of macromolecules. The discrimination between The application of FCSM in the studies of long polymer
different molecular masses of DNA using asymmetric mo-chain diffusion has certain limitations, which need to be con-
lecular size obstacles in such microarrays can be very effisidereda priori. FCSM operates with a spot size, which can
cient and fast5], and has a potential to replace the routinepe smaller than the macromolecule itself. It results in the
gel separation, however, this requires the accurate informayollection of fluorescence from a partially illuminated mac-
tion of DNA power-scaling mobility to quantify and predict romolecule[7] that at the same time is undergoing rapid
the possible design of such devices. conformational changes. The polymer can reconfigure itself
withdrawing a part of itself from the illumination volume
and causing fluctuations of intensity, which are not associ-
*Corresponding author. Electronic address: ated with diffusive motion of the whole polymer. In our ex-
s.a.tatarkova@durham.ac.uk periment the illumination volume was larger than the corre-

1539-3755/2005/7%)/0419135)/$23.00 041913-1 ©2005 The American Physical Society



S. A. TATARKOVA AND D. A. BERK PHYSICAL REVIEW E 71, 041913(2005

For a relatively low numerical aperture of the objective
0 w (NA=0.6) the theoretical diffraction limited spot size is ex-
N pected to be um. We examined the actual spot size by
measuring the diffusion time of low molecular weight fluo-
rescent dye molecules in agueous solution. We used diluted
solution of Rhodamin 6G for which the diffusion coefficient
is well known and equal to 2.8-10cn?/s. The estimated
0 spot size was 1.wm with a correction factor for 3D-
geometryz/r=3.0. Hence the corresponding detection vol-
— ume was 7- 138 m?3 (7 fl).
We used ladder DNABioLabs Inc), which contained

S enzyme-restricted fragments ranging from 0.5 to 10 kb. The
APD double-stranded DNA was digested to completion with the
< appropriate restriction enzymes, phenol extracted and equili-
G brated to 10 mM Tris-HC{pH 8.0 and 1 mM EDTA. Sepa-
3 rate fragments of DNA were extracted in routine 1% agarose

gel electrophoresis run and recovered using QIAquick Gel
‘ Correlator Extraction Kit (BioLabs Inc) designed to extract and purify
A DNA from standard and low-melt agarose gels in TBE
. ' . buffer. For the study of DNA diffusion in the gel matrix the
based on the Up-rght research microscope. Nikon E800 ith acgioW-Melemperatre(melting at 40 °G agarose gel of
: ; : -higher concentration was mixed with particular DNA solu-
tional home-built detection scheme to carry out the spectroscopi

measurements.

fion.

We used PicoGree(b02/523 (Molecular Probesas an
ultrasensitive fluorescent nucleic acid stain to mark our pre-
sponding radius of gyration of the longest DNA fragment, selected DNA fragments. This fluorescent stain exhibits a
therefore, we eliminated the influence of the internal dynamhigh increasgabout 16 fold) in their fluorescence quantum
ics of the polymer on our results. Additionally the density of yields upon binding to double-stranded DN8J. The dye
intercalating fluorescent markers might affect the persistenitercalates between the DNA base pairs that finally affects
as well as total length of the polymEt,6,7]. Then two origi-  the total contour and persistent length of the DNA fragment
nally identical polymer macromolecules with different den-[1,6—8. The diluted solution of PicoGreen reagéht200 in
sities of fluorescent labeling will have contrasting diffusion TE buffer, at final concentration of 0,8M [9]) was incu-
mobility. In order to overcome this restriction we paid par- bated for 5 min in the dark with 500g/ml of ds-DNA so-
ticular attention to the balanced labeling density of all DNA lution, producing a total volume of 1 ml of stained mol-
fragments. ecules. All FCSM measurements were carried out on the
single molecule level for concentrations of 1-3 molecules

per excitation volume.
METHODS

. . . . RESULTS AND DISCUSSION
The experimental setup consists of an up-right epi-

fluorescent research microscope Nikon E800 incorporated The molecule of DNA is a long polymer chain of self-
with an additional home-built detection scheme to carry Out§|m|lar elements. The characterlstlc'measure for such chgln
the spectroscopic measurements. Optical scheme is shown i ItS monomer number or base-pair number. Representing
Fig. 1. The laser light488 nm was launched into the single- DNA as a flexible cylinder of dlam_etc_er 2_.38 nm the contour
mode optical fiber using Gradium achromatic doublet lend€NgthL can be calculated by multiplication of the length of
(Newpor). The effective lens NA matched to the NA of the ©N€ Pase-paif0.34 nm by the total number of base-paiks
fiber to ensure a stable light split and no modal noise due t§°MPOsing the molecule. For example, DNA molecule with
environmental perturbations. The output of the fiber was ex® Kb has a contour length 14m. Diffusing freely in solu-
panded into the parallel beam and used to illuminate the baciion the chain undergoes a random walk of Kuhn segments
of the microscope objective40X/0.60 Plan Fluor, Nikon ~ With Kuhn lengthl=2l,, wherel,=50 nm is a persistent
Fluorescence from the sample was collected through a dféngth of the native DNA chaif10]. _

chroic beam splitter(Q505DLP and a band-pass filter If the hydrodynamic radiugy is uged to characterise the
(HQ535/50, Chroma Technology Grouand focused on the €xcluded volume apparently occupied by a DNA molecule,
multimode optical fiber. Then the fiber output was focusedthen the diffusion coefficient of the molecule as a whole is
on the face of the silicon avalanche photodi¢d®D) which ~ calculated from the Stokes-Einstein relation:
operates in a single photon counting mq@&CM-AQ-121, kT

EG&G). Output of SPCM directly feeds the computer-based =
correlator(ALV-5000/Fast, ALV-GmbH, Langen, Germahy
Correlation data is analyzed byaLv-software and wherekg is Boltzmann's constant] is temperature is
SIGMAPLOT2000 package by using Marquardt nonlinear viscosity, and hydrodynamic radidR,) serves as a key de-
least-square fitting routine. terminant of diffusive mobility of DNA.

= , 1
6m Ry @)
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We extracted the diffusion coefficient of each singled out
DNA fragment from experimental autocorrelation functions.
In general the autocorrelation function is defined G(g)
-1=(8l(t)8l(t+7))/{1)%, wheredl(t) is intensity fluctuations
detected by single photon counting module and the angle
brackets mean time averaging. These fluctuations are created
by the diffusion of molecules in a focused Gaussian beam.
The measured autocorrelation function is fitted to its analyti-
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whereN is the number of molecules in the illuminated vol-

flexible chain model ume, 74 is diffusion time,K=2/r is the ratio of axial to radial

; V dimensions of excitation volume. The diffusion coefficient is
recovered using the relationship=r?/4r.

Our experimental results are shown in Fig. 2. An example
of experimental autocorrelation function for 5 kb DNA is
2 4 6 8 10 shown in Fig. 2a). With the duration of each measurement

DNA length (kb) of 300 s, the average of at least three consequent measure-
ments was taken to yield the single point in Figh)2 Stan-
S : T dard deviation did not exceed 5%. The dotted line in Fig.
DNA and its fitting showing the validity of the model use() 2(b) confirms the power-scaling facté0.5) for our experi-

Theoretical modelgsolid and dashed lingaused to describe the | d . I ith the ab . ,
polymer dynamics in diluted solutions and experimental datgMental data in excellent agreement with the above Zimm’s

(shown by points with error bars and fitting shown by dotted)line diffusion model(3). Estimated hydrodynamic radi, var-
of diffusion of DNA fragments acquired by FCS. ied from 46 nm(0.5 kb to 143 nm(8 kb). As it was already

noted the persistent and contour lengths of the polymer in-
crease due to the labeling of native polymer with fluorescent
dye [6,7]. For example, the increase of native molecule
I]ength by a factor of 1.35 was reported [i6] when using
TOTO-1 as a fluorescent dye. In our case of DNA labeled
with PicoGreen dye in a ratio of 1 dye molecule per 1 bp
corresponding diffusion coefficient decreased by a factor of
1.25 from that calculated using formuid) [solid line in Fig.
2(b)].

There are some other experimental data on the power-
wherev=0.312+0.565p+0.1/p? andp is the ratio of poly- scal@ng law of DNA mobility available from Iiteratgre. The
mer contour length to its diameter. For our range of experiScaling factor(=0.72 was found in the FRAP experimefd]
mental parameters this power-scaling relationship is showfPr continuous sampling of the diffusion mobility of
in Fig. 2 (dashed ling As the persistent length, restricts ~ 21—6000 bp DNA fragments an@0.68 for 367-2311 bp
folding of the polymer by shorter pieces, then the diffusionin the dynamic |Igh§ scattering experimefit4]. We m|ght
of small DNA fragments could be well described within this Suggest that the discrepancy of these data with Zimm's
model. For longer chains the discrepancy between the rigi@hodel is because the behavior of a real polymer varies from
rod and real molecular dynamics grows with the length offigid rod to flexible chain when its length increases from a
p0|ymer[12] A more realistic presentation of po'ymer per- few tens to a few thousand.s of base pairs. The h|gher abso-
mits very distant segments to interact when they becomé#ite value of the power-scaling argument could be a result of
close to each other in space. The model which takes int@" attempt to fit a wider range of data by the single unified
account this sort of interactions is known as Zimm's model.model, however, the real polymer molecule might not be

Zimm's model[13] considers the translational diffusion of Well described within that model. Additionally Smitt al.
the p0|ymer as a ﬂexib'e Chain W|th power-sca”r[g [6] found a Sca“ng behaV|0r (Qf‘OGl]) fOI’ dSDNA betWeen
~N950r D~N96for good solvent conditions. As an ideal 4 and 300 kbp. This result matches well with the expected
solvent is less common in nature, the Sca"ng argumenY&'UGS for a good solvent mentioned above in Zimm’s model,

(-0.6) is less likely to be met in rigorous experimental con-While for shorter DNA the scaling parameter increases as

e
experiment
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FIG. 2. (a) The experimental autocorrelation function for 5 kb

Assuming that only few of the neighbors along the chain
are permitted to interact with each other, the whole chai
migrates in free space asigid rod and its diffusion coeffi-
cient is calculated using the following expressidd,12:

kg T
Drr=—— In(p+ 2
RR 3yl n(p+v), (2

ditions and the diffusion coefficient is calculated by expected for the transition to rigid rod polymers.
Diffusion of chain-like molecules in confined geometry,
such as a porous media or gel matrix, is expected to be more
D,= 0.196 ksT /300 N-05 (3y  complicated. Microscopic studies of gels revealed that gel
-k N ’ meshwork creates extended cavities with junctions between
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DNA length (i) polymer is gradually increased. If this ratio appears to be
10 0 2 4 6 8 25 linearly proportional to DNA length it would serve as proof
3 R that the barrier crossing is favored by some free energy dif-
free diffusion 5 _‘_//// 12° ference between the two sides of the barf&r DNA mol-
2 |l ) . 715 ecule squeezing through a pore in the membrane of opposite
B | U 1.0 charge can serve as an example of such a transition. If it
2 N'Z%Eﬂ.\‘ occurs to be proportional fONA length]? then there is no
QE ] ™~ S \f\ ) free energy differencé3] that is more likely to occur in
~G - neutral gel. The fitting gives a good approximation to the
1 05%gel * o, ™ parabolic law and poor to linear. In a 3D randomly oriented
~ agarose gel matrix the crossing time is proportional to
L , . & [DNA length]?. We deduce the similar parabola-like relation-
05 075 1 25 5 7510 ship for barrier crossing time from dataeff] for diffusion of

DNA fragments in cell cytoplasm, however, that parabola
runs steeper.

FIG. 3. Experimental log-log data for diffusion of DNA mol- ~ We presented experimental data of DNA mobility in water
ecules in low concentration agarose ¢@l2 and 0.5% The top- and gel matrix. Polymer translocations were measured with
dashed line serves as a reference on data received for free DNRCSM on the single molecule level. Diffusion rate greatly
diffusion in aqueous solution. On the insgop right corner the ~ depends on DNA length. We suggest that both theoretical
ratio of diffusion coefficient in aqueous solution to diffusion coef- models governing polymer diffusion in aqueous solution—
ficient in gel is shown as a function of polymer length for two rigid rod and flexible chain—might be effective for descrip-
subsequent gel concentrations. tion of native fragments of DNA molecules resolving the

controversy of published experimental data. However, for
them, where DNA molecules can diffuse freely. The transi-our range of DNA fragments the Zimm’s model gives a uni-
tions of a polymer molecule between the separate cavities igersal description of polymer translocations. As the longer
equivalent to crossing the entropic potential barrier and fronDNA fragments rapidly became immobile in the cell cyto-
a mathematical point of view is the generalization of Kram-plasm our data covers most of the practical range of polymer
er's problem for a Brownian particle in a bistable potentiallengths applicable to gene therapy. FCSM can also evaluate
well [2,3]. A fully mobile DNA molecule moves through the the mobility of very short fragments of DNA, which are due
gel matrix by leaps from one cavity to another accompaniedo fast diffusion out of reach by low temporal resolution
by a decrease of free energy of the polyrfier3]. methods like FRAP or real-time video-microscopy. Our fu-

In Fig. 3 the experimental log-log data are shown forture concern is to access the diffusion of short DNA frag-
DNA diffusion in agarose gels. The volume fraction of fiber ments with contour length of a few times greater than its
in the gel was low and all DNA fragments could diffuse persistent length, which are likely to distort the traditional
freely eventually overcoming barriers formed by bunches olunderstanding of polymer diffusion.
agarose gel fibers$=0.00195 for 0.2% mass agarose con- We examined the case of low obstacle concentration,
centration andp=0.0049 for 0.5% correspondinglyrhe top  which is essential for many biotechnological applications
dash-line serves as a reference for the above data of frée,15,1§. The obstructed diffusion of DNA molecules in
unrestricted DNA diffusion in aqueous solution. The fittings agarose gel matrix preserves the dynamical scaling of
reveal a unique scaling fact¢r0.5 for both gel composi- Rouse’s model while the microscopic crossing time is pro-
tions. It serves as an indication of the diffusion according toportional to [DNA length]?> and the diffusion is sustained
Rouse’s model originally based on the presentation of a polywithin cavities of greater size than the gyration radii of mol-
mer by a set of beads connected along a cha@). These ecules with random jumps between them.
data are supported by previously obsery&dt, 14 and re- FCSM shows to be an excellent instrument to probe the
flect the fact of strong size-dependent DNA mobility in con- diffusion of macromolecules of larger size than the excitation
strained environments. They also can be used to estimat®lume. Although the application of the method to test long-
various structural or functional features of gel, for example chain polymers is overcomplicated by their folding dynamics
the gel pore siz¢8]. [7], FCSM has a great advantage over other single-molecule

In the top right corne(Fig. 3) there is an inset showing techniques in studies of spherically shaped macromolecules
the ratio of diffusion coefficient in water to diffusion coeffi- such as liposomes with potential capability, for example, to
cient in gel as a function of DNA length. The diffusion co- quantify drug delivery in native physiological conditions.
efficient in a constrained environment is proportional to a
depth of the cavity substituting the potential well, within
which diffusion is sustained and inversely proportional to
average residence time in this cavity or barrier crossing time We thank BBSRC “Bioimaging Initiative,” GR/M32054/
(Dgei~al{m)). Thus the ratio of diffusion coefficients can 01, for their support of this work, N. Kelessidou for help
reveal the information about barrier crossing time when thewith sample preparation and D. Tatarkov for assistance with
cavity size is defined by the gel density and the length ofigure drawings.

DNA length (kb)
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