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ABSTRACT: We measure the forces confining the displacement of a single DNA molecule embedded within a
concentrated solution of long relaxed circular DNA molecules (115 kbp at 1 mg/mL) using optical tweezers. We
compare these measurements with our previous measurements of forces imposed by entangled linear DNA
molecules of the same length and concentration. A tube-like confining field and three relaxation modes were
observed, but the tube radius was 25% smad€d.6 «m) and the longest relaxation time3 times shorters£11

s) than with linear molecules, consistent with recent theoretical predictions by lyer, Lele, and Juvekar. For
displacements greater than the tube radius, the confining force imposed by circular polymers was substantially
lower and shorter range than that measured with linear polymers.

Introduction

Intermolecular entanglements exert strong effects on the
molecular dynamics and bulk fluid properties of concentrated
polymer solutions. The reptation model, developed by de
Gennes, Doi, Edwards, and others, has been essential in
understanding such effects, especially as applied to linear
polymers!=3 Circular polymers, such as DNA, present a more
puzzling case, however. Their configurations and entanglements
are less well understood, and it is not clear to what extent
reptation theory applies. The key assumption of reptation theory
is that entanglements act on short time scales to confine each
molecule in a tube-like region tangent to its contour. While linear
polymers can diffuse either head- or tail-first out of their tubes,
forming new displaced tubes, circular polymers have no ends = (Ay) F.(Ay)
by which to escape tube constraints by conventional reptation. y bl

Studies of synthetic circular polymers have, in some cases, Figure 1. Schematic diagram of the experiment. (A) A single DNA
found substantial differences in physical properties such asmolecule is held stretched between two optically trapped microspheres
molecular diffusion and fluid rheology, as compared with linear and suspended in a concentrated solution of circular DNA. (B) Reptation
polymers?~10 However, a consensus understanding of the modelsb po?]tulatg thatf_cplle?_tl\llg |3terrr]nc()jk?'cular interactions give rise
existing data has not been reached. In the case of DNA, Weto a tube-shaped confining field (dashed lines).
recently measured diffusion coefficients for entangled linear and as found to be negligible, but we measured a significant

relaxed circular molecules by tracking the Brownian motion of transverse force. We found that the transverse confining potential
single molecules with fluorescence microscépWwe found that per unit length was roughly kT at a displacement distance
the scaling of the diffusion coefficient with concentration and  simijlar to the theoretically predicted tube radius, in accord with
length was consistent with the reptation model for both predictions of recent molecular dynamics simulati&ale also
topologies, but relaxed circular DNA diffused up to 7 times found that the effective tube radius increased with time, also in
faster than linear DNA of the same length and concentration ggreement with the simulatio%In addition, we measured the
(45 kbp at 1 mg/mL). Thus, relaxed circular DNA appears to force relaxation and observed three relaxation modes. The
be less effective than linear DNA at producing restrictive shortest relaxation time corresponded to the calculated Rouse
entanglements. time (zr) and the longest to the calculated disengagement time
We recently developed a method for directly measuring the (z) in the Doi-Edwards (D-E) model? An intermediate
intermolecular forces imposed by entangled DNA molecules relaxation time was also observed, consistent with a relaxation
using optical tweezerg.Our initial studies only examined linear  mechanism proposed by Mhetar and ArcHer.
molecules. Here, we extend this method to study entangled Some theories predict that entangled circles adopt a tree
circular molecules and report significantly different results than structure resembling a randomly branched polymer, and it has
with linear DNA. In our technique, a stretched probe molecule peen conjectured that they could diffuse by reptation with
is displaced within an entangled DNA solution while measuring protruding finger-shaped loops that continually thrust forward
the induced force (Figure 1). In our studies with linear DNA, and back, in an amoeba-like fashin!8 Several simulations
the force opposing displacement parallel to the probe molecule of circular polymer melts find evidence for a lower degree of
entanglement and higher threshold length for entanglement than
* Corresponding author. E-mail:des@physics.ucsd.edu. for linear moleculed® 23 Recently, lyer et al. formulated a
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detailed dynamical theory for entangled circular polymers using 20
concepts from the pormpom model, previously used to describe
branched polymers within a tube model framew&¥R Within

the pom-pom ring (PPR) framework of lyer et al., an entangled
circular polymer adopts a lattiedree structure (akin to a
randomly branched polymer but formed from loops) consisting
of a primary/longest length (“trunk”) and shorter, randomly
positioned loops (“branches”). The longest time scale dynamics 0
of such a structure is modeled as being governed by a reptation-
type motion of the trunk (with predicted lengtiN?3, whereN

is the length of polymer) with added friction from the smaller
loop branches, which are unentangled and able to relax more
quickly.26 We note that these existing theories have all been
aimed at describing melts. However, tube models for linear
polymer melts have been successfully extended to analyze 0
solutions of entangled polymers using “blob” thedff;?8in 10
which each chain is divided into correlation blobs of length
and the solution is modeled as a melt of chains with effective
monomer sizeZ. It is possible that blob theory may also be
applied to circular polymers.

According to D-E theory, the confining tube radius is given
by a = (24/5(NJ/N)Rs?) Y2, whereRg is the radius of gyration <
and Ne the molecular length per entanglemén rigorous 0.0 - -
theoretical definition ofNe, specified in terms of molecular 0.0 0.5 1.0 1500 0.5 1.0 1.5
properties, has proven elusive, Ngis usually an empirically Displacement (um) Displacement (um)
determined quantity inferred from measurements of the bulk Figure 2. (Top-left) Induced force per unit lengtky) measured during
plateau modulu&n© of polymer solutions. On the other hand, @ small displacementy at rates of 65um/s (red), 25:m/s (blue), 13

! : _um/s (green), 0.52m/s (cyan), and 0.10m/s (orange); color schemes
efforts have recently been made to define and quantify entangle are the same for the other panels. The lines are fits to the fun€jion

ments directly through molecular dynamics simulatighd? = «(1 — ™). (Top-right) Forces measured with linear DNA of the
Zhou and Larson have recently used such an approach to directlysame length and concentration in our previous stdcihe lines are
calculate the tube confining potential by analyzing an ensemble linear fits. (Middle-left) Confining potential per unit lengtb(y)

of simulated molecular trajectoriédand our measurements on determined by integration of the force data for circular DNA. (Middle-

- ) . o right) Potential measured with linear DNA. (Bottom-left) Relative
linear DNA compare favorably with some of their predictidfs. probability P(y) = e UWKT for the chain segments to fluctuate a

According to the PPR model proposed by lyer et al., the transverse distancg from the primitive path. Inferred tube radii
relative size of the tube radius for circular polymers compared determined as the displacements w9 = 1/e U = 1kT), indicated
with linear polymers depends dv as well as the ratio of the by the positions where the curves cross the dashed line (0.70, 0.76,

; ine (i 0.95, and 1.6tm for the 65, 25, 13, and 0.5&n/s rates, respectively).
corresponding\e valyes for both topologies (I'd\!EdNe'-’ Where (Bottom-right) Relative probability plotted for linear DNA. The inferred
the C and L subscripts refer to the values for linear and circular ype radii are 0.65, 0.82, 0.94, 1.0, and At for the 65, 25 & /7e.),
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polymers, respectivelyf They derive the expressica?/a, 2 13, 0.52, and 0.1@m/s rates, respectively.
= (NedNer)N?~1, wherev = 0.3 is the static scaling exponent
predicted for semiflexible polymers such as DRIANeo/NeL displacement was measured by recording the deflection of the

has not been predicted theoretically, so I_yer etal. assume a valugrapping laser, as described previou§° A laser power of 150
of Ned/NeL = 5, deduced from rheological measurements on mw was used in each trap, which causes minimal local heating,
polystyrene melt8.According to D-E theory, for linear DNA from ~22 °C ambient temperature t627 °C. This increase is minor

the tube radius is predicted to be= (24/5(NJ/N)R?)Y? = 0.5 in that it does not cause any structural changes in the DNA (since
um, using measured values Bf and Gy(©.12:3437 Thus, for it is only expected to melt at a much higher temperature-80
circular DNA the theory of lyer et al. predictgs = 0.7a. = °C), and it changes the thermal eneldly (whereT is in kelvin)
0.3um. As will be described below, this prediction compares by only 1.6%. Previously, to obtain a confining force per unit length,
favorably with our measurements. independent of the arbitrary probe length, we normalized the total
induced force by the number of correlation blobs spanned by the
Materials and Methods probe moleculel(/¢ = 8.4um/52 nm= 162)12In order to directly

The details of our experiment are essentially the same as in ourc0Mpare our findings for circular DNA to those of linear DNA,
previous study? except that a solution of relaxed circular DNA W€ chose to normalize the data for circular DNA by the same
was probed instead of linear DNA. The probe molecule was a 25.3 duantity.
kbp DNA (8.4um) construct prepared and labeled with biotin on
one end and digoxygenin (DIG) on the other using PCR as describedResults and Discussion
previously3® The probe was suspendetia 1 mg/mL solution of
115 kbp DNA molecules and tethered by attaching the biotin end  Transverse displacements were imposed at rates of 0.10, 0.52,
to an optically trapped streptavidin microsphere and the DIG end 13, 25, and 6xm/s, as in our previous study with linear DNA.
to an optically trapped anti-DIG coated microsphere, as described The results with circular and linear DNA are compared in Figure
previously3® The tethered probe was stretched with a tension of 2. For small displacementg\y < 0.4 um), the forces were

10 pN. The 115 kbp (3g@m) molecules were prepared by clonin . . .
in Ep coli.3® These rﬁcfle%ulc)as were treated Wﬁh t%poiso%erase Igto approximately the same for both topological cases and increased

producetorsionally relaxednon-interlinkeccircles® Displacements  linéarly with displacement for the higher displacement rates
were made by moving the sample chamber with a piezoelectric (13—65 um/s). The induced force was rate-dependent, as
nanopositioning stage, and the induced force along the axis of discussed previoush%.A Hookean response was observed with
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Figure 3. Induced force during a large displacemehy & 15.5um). Figure 4. Measured force relaxation following the imposed transverse
The colors indicate different displacement velocities as defined in Figure displacements of 2.6 or 15.am. The colors indicate different

2. (Top-left) Measurements with circular DNA. (Top-right) Measure- displacement velocities as defined in Figure 2. The solid lines are fits
ments with linear DNA? (Bottom-left) Confining potential for circular to sums of two or three decaying exponentials. The linear DNA data
DNA. (Bottom-right) Confining potential for linear DNA. is from our previous stud¥?

Displacement (um)

the linear DNA for displacements up tel.5 um, but the
response with circular DNA deviated from linearity and was
better described by a more slowly rising function of the féfm  apparent with circular DNA for all displacements rates (Figure
= a(1 — e#W), whereo and 3 are rate-dependent constants. 2). With linear DNA we observed a decrease if/dy at a

By integrating the force versus displacement data we can displacement of~5—10 um, which is similar to the predicted
determine the potential per unit lengtd(fy)] confining trans- primitive path length of the entangled linear DNBo( = (N/
verse displacements (Figure 2). We can then use the approactNg )a, = 9 um)2 and we attributed this decrease to displace-
described by Zhou and Larson to determine the relative ment-induced slippage of some of the entanglements off the
probability [P(y)] that a chain segment thermally fluctuates a probé?2 (Figure 3). Our present results with circular DNA are

smaller than that with linear DNA, depending on the rate of
displacement. A decrease irfr/dy for Ay > 1 um was also

certain transverse distangefrom the primitive path via the
relationshipP(y) = e YOk (Figure 2)13 We can then define a

also consistent with this interpretation, because we see an earlier
decrease infe/dy at~1—2 um, and the predicted primitive path

characteristic confining distance corresponding to the displace-|ength for circular DNA isLoc = 2 um. Such behavior observed

ment whereU = 1 KT (i.e., P(y) = 1/e), as discussed

in the large-displacement regime may be related to the phe-

previously!” For the three fastest displacement rates, the nomenon of convective constraint release, predicted by certain
confining distance was nearly the same for both topologies. theories to be important in understanding the nonlinear response
However, for 0.5tm/s, the characteristic confining distance was ¢ polymeric liquids3s4t-44 With linear DNA we also observed
twice as large for the C|_rc_ular DNA, and at _the_slowest rate a subsequent increase iR/dy for the 13um/s rate, which may
(0.1um/s) there was negligible confinement with circular DNA, - pe que to the probe encountering new entanglements. No such
in contrast to the case with linear DNA. Thus, we have Shown fe51,re was observed with the circular DNA, again suggesting
that tube confinements are less persistent on long time scalegy 5t entanglements tend to more easily slip off the probe as it
with circular DNA than with linear DNA. is displaced. On the basis of our findings, we would expect

th As dljpttjsgidbprevhqusly,vmen com%arllng ourhrele:ths wgh convective constraint release to occur more readily with circular
€ predicted tube radius in model, one snhouid probe | polymers than with linear polymers.

the tube on a time scale close to the predicted therma ) ) )
equilibration timere = a%(24DgRs?).2 Using the value ofa Further information came from the measured force relaxation
predicted by D-E theory, we calculates. = 20 ms for linear following the imposed displacements (Figures 4 and 5). These
DNA, and using the prediction of lyer et abd = 0.7a,), we measurements probe the relaxation of the distorted molecules
surrounding the probe molecule. In our previous studies with

calculaterec = 2.1 ms for circular DNA. Thus, in our previous > e . -
measurements with linear DNA, we displaced the probenat linear DNA, we found three distinct exponential decay times,
as mentioned in the IntroductidA.Here, with circular DNA

= a/(teL = 20 ms)= 25 um/s, as well as testing lower and
higher rates (0.1865 um/s). Here, we made measurements at We found that the relaxations following a small displacement
the same rates with circular DNA so as to directly compare the (Ay=2.6 um) were well fit by the sum of just two decaying
two cases. However, according to the calculation above, the €xponentials, with similar time constants for both large and small
appropriate displacement rate for circular DNA for probing the displacements and the different displacement rates. The relax-
tube on the thermal equilibration time would be differentc ations following a large displacememy = 15.5um) (with
= acl(tec = 2.1 ms)= 78 um/s. If we extrapolate our 1365 the exception of the slowest, Quin/s dataset) also revealed a
um/s force data to 7&m/s, we findac = 0.6 um = 0.75,, third, longer relaxation time. To accurately determine the
which is very close to the prediction of lyer et al.af= 0.7a, . relaxation times, we fit the averaged data to a discrete sum of
While the small displacement data was similar for both three decaying exponentials, findingc = 0.3+ 0.1 s,72¢c =
topologies, in the circular case the force rose much more slowly 4.1+ 1.6 s, andrsc = 11+ 2.1 s. In comparison, with linear
with displacement for large displacements (Figure 3). The DNA we obtainedr;; = 0.4+ 0.3 5,75, = 5.4+ 2.8 s, andrs.
maximum force reached with circular DNA was?2—10-fold = 34 £+ 5.8 s. Thus whiler; and 7o are similar for both
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50 T . ment from the initial tube is still proposed to occur only after
a timezp. As we discussed previously evidence for a similar
__ 40 . relaxation time has also been reported in nonlinear step shear
b experiments with linear polystyrene solutiéh® and in flow
© 304 i deformation studies of linear DN&. While the nature of the
= deformation of the entangled polymers was different in the
%_ 20 i previous flow experiments than in our experiment, it is possible
€ that this model may still be applied to the present case, since in
< 104 | both cases entangled polymers are deformed and allowed to
relax.
The longer relaxation time scale ofL1 s observed following
0+ B . .. . .
X 1 10 the larger displacement is in closer agreement with the predicted
Time (seconds) disengagement time of 8 s. The measured radifrs. = 0.3

Figure 5. Spectrum of decay times determined by inverse Laplace for circular vs linear polymers is also close to the predicted
igure 5. u y times i y invers . . . .
transform of a typical force relaxation measurement following a ratio of 0.2 for the disengagement times. It is not clear why

transverse displacemenly = 15.5um at 65um/s. The three peaks  this longer relaxation time only occurs following larger dis-
are centered at; = 0.3 5,7, = 3.3 s, andrs = 12 s. placements, but within the context of the Mhet&rcher model,

we can speculate that reptation occurring on an intermediate

topological casesyg is much shorter for the circular molecules,  time scale may be sufficient for circular polymers to completely
and this mode was only observed with large displacements. disengage from their deformed tubes following small (but not

According to D-E theory, the shortest relaxation time for |arge) deformations. That a relaxation time corresponding to
an entangled polymer is the Rouse ting = 6Rs%37?Dg, the disengagement time occurs with linear DNA for small
which is the time scale on which a deformed polymer elastically displacements may be connected with the finding of larger
relaxes back td,o. Using the values obg andR; determined  confining forces for linear DNA $2 times larger than with
previously34~3¢ we calculaterrc = 0.14 s andr. = 0.6 s, for circular DNA at 2.6um). Perhaps a weaker, less persistent
the circular and linear cases, respectively. These values are closeonfining field leads to less deformation, and reduces the time
to the measured values. The longest predicted relaxation timeneeded for the polymer to reptate into an equilibrium tube
in D—E theory is the disengagement timg = (18Rs%/a?)tR, configuration.
on which a polymer is predicted to reptate out of its deformed At Jong times approachingp, we expect the tube-like
tube. For linear DNA, we calculate,. = 40 s, in agreement  constraints to weaken and eventually disappear. Indeed, at the
with our measured value ab_ = 34 & 5.8 s. In the case of  |owest displacement rate (Qutn/s), we found negligible forces
circular DNA, lyer et af® predictrpc/tor = (acHa )N?~* = resisting transverse displacement of the probe molecule. That
0.2, implying7pc = 8 s. Because the mechanism of reptation thjs displacement rate corresponds-tt0a, /7o, for the linear
is usually discussed in the context of linear polymers, we case but only~2ac/zpc for the circular case is consistent with

emphasize here, as mentioned in the Introduction, that reptationgyr finding of a much lower confining force with circular DNA

of a circular polymer in the PPR framework refers to the gzt this lowest displacement rate.

reptation of the tree trunk structure, slowed by the frictional
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