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Abstract
Using single-molecule fluorescence microscopy and particle-tracking techniques, we elucidate the role
DNA topology plays in the diffusion and conformational dynamics of crowded DNA molecules. We
focus on large (115 kbp), double-stranded ring and linear DNA crowded by varying concentrations (040%) of dextran (10, 500 kDa) that mimic cellular conditions. By tracking the center-of-mass and
measuring the lengths of the major and minor axes of single DNA molecules, we characterize both DNA
mobility reduction as well as crowding-induced conformational changes (from random spherical coils).
We reveal novel topology-dependent conformations, with single ring molecules undergoing compaction
to ordered spherical configurations ~20% smaller than dilute random coils, while linear DNA elongates
by ~2-fold. Surprisingly, these highly different conformations result in nearly identical exponential
mobility reduction dependent solely on crowder volume fraction Φ, revealing a universal critical
crowding concentration of Φc ≅ 2.3. Beyond Φc DNA exhibits topology-independent conformational
relaxation dynamics despite highly distinct topology-driven conformations. Our collective results reveal
that topology-dependent conformational changes, unique to crowded environments, enable DNA to
overcome the classically expected mobility reduction that high-viscosity crowded environments impose.
Such coupled universal dynamics suggest a mechanism for DNA to maintain sufficient mobility required
for wide-ranging biological processes despite severe cellular crowding.
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DNA naturally occurs in both relaxed circular (ring) and linear topologies, with long molecules –
kilobasepairs (kbp) to mega kbp in length – forming the genomes of eukaryotic and prokaryotic cells,
respectively. Within biological cells, these large DNA molecules are forced to function in highly crowded
environments of other macromolecules, with concentrations of ~200-400 mg/ml (20-40%).1 This
ubiquitous crowding hinders DNA mobility and can induce conformational changes that directly impact a
wide range of biological processes, including replication, transcription, chromosomal compaction, DNA
looping, gene expression and delivery, and transfection and transformation.1-8 Ring and linear DNA have
been shown to exhibit highly varying dynamics in both dilute and concentrated DNA solutions,3, 4, 9-17 yet
both topologies must perform similar functions in the cell. Ring DNA is of specific interest as circular
plasmids are used widely for introducing genes into cells to increase antibiotic resistance.18 Despite the
widespread importance and relevance of crowding-induced DNA dynamics,1, 3, 4, 8, 10, 12, 17, 19 how crowding
affects topologically distinct DNA remains an open question. Beyond the obvious biological importance,
elucidation of this question is essential to advancements in the design of specific drug delivery systems
and gene therapy techniques that use ring versus linear DNA;3, 4, 20 as well as fabrication of
multifunctional biomaterials and artificial cells.
We previously found remarkably large differences between ring and linear DNA mobility in
entangled DNA solutions with a complex dependence on solution concentration as well as topology of
both the diffusing molecule and those entangling it.21-23 Namely, isolated rings or those entangled by other
ring DNA diffused ~1.3x faster than linear DNA, but when entangled with linear chains, the mobility of
rings was reduced ~10x more than diffusing linear DNA.24 Several simulations11, 13, 16, 25 and synthetic
polymer experiments26-29 have investigated mobility of concentrated ring and linear polymers reporting
topology-dependent results similar to ours, which are generally understood to be due to threading of rings
by surrounding linear chains.
Several previous studies have also found evidence of topology-dependent DNA and polymer
conformations in concentrated solutions, reporting varied and conflicting results.9, 11, 13-15, 30 While
simulations13-15 have reported evidence of concentrated rings collapsing whereas linear chains maintain
random coil configurations, other groups have shown these rings actually swell beyond their dilute size
and adopt more aspherical or elongated configurations.9, 30 Simulation studies have also reported evidence
of ring compaction when concentrated by other rings, but swelling when surrounded by linear chains due
to threading.11, 15
Macromolecular crowding adds a layer of complexity to the phase space of concentrated polymer
solutions as the surrounding polymers are distinct in size, shape and structure from the diffusing polymer
of interest (here large ring and linear DNA). We previously showed that for linear DNA (11, 115 kbp) in
in-vitro crowded environments (0-40% w/v dextran solutions), crowding-induced mobility reduction was
independent of DNA length and solely mediated by crowder size and concentration.10 While the mobility
of DNA was reduced with increasing crowding, DNA actually diffused faster than classically predicted
by the Stokes-Einstein relation (D ~ η-1) for increasingly viscous dextran solutions. We also revealed
novel crowding-induced dynamic elongation states of single DNA random coils, which we understand to
be due to entropic effects. Specifically, to maximize the available volume (and thus entropy) of the
crowders, thin DNA molecules are driven to elongate into lower entropy, smaller volume states. For
reference, the random coil volume of 115 kbp DNA is ~1 µm3 compared to a volume of ~10-4 µm3 for a
fully elongated strand. While compaction would also reduce crowder excluded volume, perhaps even
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Enhanced mobility coupled with elongation for linear DNA suggests that this conformational
change, while lowering DNA entropy, facilitates mobility through the crowded cell. These findings raise
the question: Is there a similar mechanism that rings can access to facilitate mobility in the cell? Ring
DNA could potentially elongate from a random coil configuration by flattening to allow the two halves of
the molecule to align with each other. However, this conformation, compared to elongated linear DNA, is
expected to be prohibitively costly due to the added electrostatic energy of two negatively charged strands
in close proximity, as well as large bending energies at the ends. Thus, can ring DNA exhibit enhanced
mobility when crowded? If so, what conformational change, if any, allows for this mobility? While there
have been numerous studies investigating the impact of crowding on macromolecular dynamics and
conformations, there are surprisingly few studies devoted to crowded ring polymers or the impact of
topology on crowded DNA.33 Thus, these important questions have remained unanswered.
Here, we elucidate the complex issues and questions outlined above by using fluorescence
microscopy and robust particle-tracking and image analysis techniques to characterize the diffusion and
conformational dynamics of long ring DNA in in-vitro crowded solutions of dextran (10, 500 kDa). We
reveal novel dynamic compaction of ring DNA and enhanced DNA mobility that is surprisingly
independent of molecular topology. Our collective results uncover the topologically-dependent
underlying molecular dynamics and properties that drive DNA mobility, conformation and function in
complex crowded cell-like environments and biomaterials.

Methods and Materials
Double-stranded supercoiled DNA (115 kbp) is prepared via replication of bacterial artificial
chromosome constructs in Escherichia coli, followed by extraction and purification as described
previously.21, 34 Supercoiled DNA is converted to ring (relaxed circular) and linear topologies via
treatment with topoisomerase-I and MluI (New England Biolabs), respectively.24 All subsequent sample
preparation, data collection and analysis techniques are depicted and described in Figure 1. For
measurements, a trace amount of DNA, uniformly labeled with YOYO-I (Invitrogen), is embedded in
solutions of 0-40% w/v dextran (10 or 500 kDa; Sigma) dissolved in aqueous buffer (10 mM Tris-HCl, 1
mM EDTA, 10 mM NaCl, 4% β-mercaptoethanol). Dextran serves as the crowder in our experiments, as
it is a commonly used inert crowder similar to the size of biological proteins in the cell.17, 35, 36 Dextran
solution viscosities were measured using optical tweezers as described previously.10
DNA-dextran solutions are loaded into a microscope sample chamber, equilibrated, and then
imaged using a high speed CCD QImaging camera on a Nikon Eclipse A1R inverted microscope with a
60X objective. For each crowding condition, ~200 molecules are imaged for 30 seconds each at a rate of
10 frames per second. Using our previously established10 custom-written software (Matlab), we measure
and track the center of mass (COM) position and lengths of the major axis (Rmax) and minor axis (Rmin) of
each molecule in each frame (measurement techniques described in more detail in Ref 10). We calculate
diffusion coefficients from COM mean squared displacements (i.e. <(Δx)2> = <(Δy)2> = 2Dt). Using
measured Rmax and Rmin values we also quantify molecular elongation E = (Rmax/Rmin) – 1. To determine
the time dependence of conformational states, we also calculate the ensemble averaged fluctuation length
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Figure 1: Experiment Schematic. (A) A trace amount of YOYO-I-labeled 115 kbp DNA, embedded in a crowded
solution of 0-40% w/v dextran (10 or 500 kDa) is loaded into a sample chamber, sealed, and equilibrated. (B) Single
embedded DNA molecules are imaged for ~30 seconds at 10 fps with a high speed CCD QImaging camera on a
Nikon Eclipse A1R inverted microscope with a 60X objective. (C) To quantify DNA mobility and conformational
dynamics the center of mass position (x,y) and lengths of major and minor axes, Rmax and Rmin, are measured and
tracked in time t. Measured quantities are used to quantify the molecular diffusion coefficient (D), elongation (E),
and fluctuation length (L) via the displayed equations.

Results and Discussion
Diffusion
We first characterize the impact of DNA topology, crowder size and crowder concentration on
DNA diffusion, and compare our measured diffusion coefficients to those classically predicted provided
the viscosity of dextran solutions (i.e. D ~ η-1) (Fig 2). Our measured diffusion coefficients for ring and
linear DNA display remarkably similar effects of crowding concentration on mobility reduction. As
displayed in Figure 2, the mobility reduction appears completely independent of DNA topology, driven
solely by crowding conditions. Such similarity is surprising given the large differences reported between
the mobility of ring and linear polymers (including DNA) in entangled and complex crowded
environments.22 11, 13, 16, 25 Furthermore, DNA diffusion is actually faster than expected from the increasing
viscosity of the dextran solutions (Fig 2 inset), as we previously reported for crowded linear DNA of
varying lengths.10 To determine whether the dependence on crowder size is due to differences in crowder
mobility or volume occupied by different sizes of dextran, we normalize dextran concentrations by the
overlap concentration for each crowder (C*≅ (M/NA)/(4π/3)RG3 where the radii of gyration RG are 3.5 nm
and 19 nm for 10 kDa and 500 kDa dextran respectively37) to express concentrations in terms of the
volume fraction Φ of crowders in solution. Note that Φ > 1 indicates that crowders are overlapping. As
seen in Figure 2B, upon converting concentrations to volume fraction, all DNA diffusion coefficients
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collapse onto a single universal curve. Mobility of both ring and linear chains is exponentially suppressed
with increasing crowder volume fraction, i.e. D ≈ D0 exp(-Φ/Φc), revealing a critical volume fraction of
Φc ≅ 2.3 necessary for substantive non-classical crowding effects on mobility. Thus, DNA mobility
reduction in crowded environments is solely driven by the reduction in available solution volume for
DNA rather than the size, mobility or number of crowders. This finding appears universal for DNA of
varying topologies as well as varying lengths.10 Furthermore, our measured critical volume fraction Φc,
corresponding to 9.4% and 2.9% for small and large dextran, is below physiologically relevant cellular
concentrations, suggesting that this universal nonclassical scaling is important to DNA function in
cellular environments. We note that this novel result conflicts with previous simulation studies that find
that crowders of varying size at equal volumes fractions affect both mobility and conformational changes
differently.33, 38 However, in these studies the size of crowders and tracked polymers are more comparable
to each other than in our experiments where the RG of dextran is >100x smaller than that of DNA.

Figure 2: Crowding-induced mobility reduction of ring and linear DNA. DNA diffusion coefficients (D),
normalized by respective 0% values (D0), and inverse normalized viscosity of dextran solutions, η0/η (gray), versus
(A) dextran concentration, C (% w/v), and (B) volume fraction, Φ, for ring (purple circles) and linear (red squares)
DNA in 10 kDa dextran (open symbols) and 500 kDa dextran (closed symbols). Remarkably, all DNA and crowder
combinations exhibit the same exponential mobility reduction with increasing Φ. This universal scaling reveals a
critical volume fraction Φc = 2.3 for substantial crowding-induced mobility reduction of DNA. Note that DNA
mobility is faster than expected from the classical Stokes-Einstein relation D ~ η-1 (inset). Viscosity data and most
linear DNA data are reproduced from Ref 10.

As described in the Introduction, we previously interpreted the enhanced mobility for crowded
linear DNA, as due to the conformational changes induced by crowding. Particularly, linear DNA
molecules elongate from dilute random coil configuration upon crowding to aid mobility through
crowders. Our universal crowding-induced mobility reduction suggests that rings must be undergoing
similar conformational changes to facilitate movement through crowder obstacles. However, because the
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ends of ring DNA chains are connected, the maximum elongation possible is only half that of their linear
counterparts, and such elongated conformations would be significantly more energetically costly
(requiring close alignment of two negatively charged strands as well as significant chain bending). To
elucidate this seeming contradiction, we characterize the conformational dynamics of ring DNA upon
crowding in comparison to linear DNA.

As described in Methods, we measure and track the major axis, Rmax, and minor axis, Rmin, of ring
DNA to quantify the impact of crowding on DNA conformational size (i.e. Rmax) and elongation from
spherical conformation (E = Rmax/Rmin – 1) (Fig 3). Surprisingly, crowding appears to induce nearly
opposite conformational changes in rings compared to linear DNA as demonstrated by the probability
distributions of Rmax and E displayed in Figure 3. Ring DNA displays compaction, shown by a ~20%
reduced Rmax (Fig 3A) with little change to overall shape (i.e. no change in E) (Fig 3B), in stark contrast to
linear DNA elongation (E values increased >5x and Rmax values increased 30%). However, the population
of both compacted rings and elongated linear chains only becomes substantial after ~2ΦC, coupling
conformational changes to the critical excluded volume necessary for crowding-induced mobility
reduction. Further, while the distribution of conformational states broadens with linear chain elongation,
with the standard deviations σ of E and Rmax values increasing by >3-fold and ~2-fold, respectively, the
spread (σ) in Rmax and E values for rings remains relatively unchanged (Fig 3, right panels). The
significantly increased number of linear DNA elongation states, as compared to dilute random coils and
compacted rings, indicates a more disordered spread in population dynamics induced by crowding.
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Figure 3: Crowding induces compaction of ring DNA and elongation of linear DNA. Probability distributions
for the (A) major axis length Rmax and (B) elongation parameter E for ring (left) and linear (right) DNA in 0-40% 10
kDa (cold colors) and 500 kDa (warm colors) dextran. Distributions for Φ = 0 (black), 1.1 (purple), 2.2 (blue), 3.2
(light blue), 4.3 (light green), 3.5 (yellow), 6.9 (light orange), 10.4 (orange), 13.8 (red) are shown. Right panels
show the mean and standard deviation (σ) for each distribution with the same color/symbol scheme. As shown, ring
minimal shape change (change in E) from spherical random coil. Linear DNA, on the other hand, elongates upon
crowding by ~2-fold, sampling an increased range of conformational states (increasing σ). Conformational changes
for both DNA topologies are only apparent for volume fractions >2ΦC. Most raw data for linear DNA is the same as
that from Ref 10.

To elucidate the time-dependence of this displayed topology-dependent spread in DNA
conformations, we quantify the lengthscale of fluctuations L(t) between different conformational states
and the corresponding relaxation timescales (Fig 4). In other words, we sought to determine whether the
distributions of conformational states (Fig 3A) arise from an ensemble of individual molecules, each with
relatively fixed conformational states that varied from molecule to molecule, or from individual
molecules (all in similar states) fluctuating between different states in time. As described in Methods, the
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Figure 4: Crowded ring and linear DNA fluctuate between conformational states on equal timescales but over
topology-dependent lengthscales. (A) Ensemble-averaged fluctuation length (L) and (B) fractional fluctuation
length (L/Rmax) vs. time for ring and linear DNA. Fluctuation length curves for all crowding concentrations (Φ = 0 to
13.8) for each DNA topology are shown with the same color scheme as Figure 3. Fluctuation lengths for all cases
exponentially approach maximal fluctuation or “breathing” lengths LB between different conformational states at
rates β (right panels). Maximal breathing lengthscales LB for ring DNA decrease by 36% upon crowding,
demonstrating ordered compaction, while linear DNA LB increases by 27% indicating broadly distributed elongation
states. Relaxation rates for both topologies, differing by ~1.3x in the dilute case, both drop to an identical fluctuation
rate of 0.25 s-1 for all volume fractions Φ exceeding ~6 (~2.5Φc). This topology-independent rate is surprisingly
robust to further increases in Φ. Most raw data for linear DNA is the same as that from Ref 10.

fluctuation length (L(t) = <|Rmax(0) - Rmax(t)|>) quantifies how quickly the conformational state of a
molecule is changing and the corresponding lengthscale of conformational fluctuations or “breathing”
between different states. Explicitly, the fluctuation length measures the difference between the magnitude
of the major axis of the DNA molecule in time t and the major axis length at t = 0. Thus we expect L(t) to
grow from 0 to a maximal value (LB) reflecting the spread in conformational states accessed by each
molecule or the lengthscale of conformational breathing (as seen in Fig 4). This lengthscale LB is
8

Soft Matter Accepted Manuscript

Soft Matter

Soft Matter

comparable to the standard deviation of the Rmax distributions in Fig 3A, demonstrating that the spread in
conformational states is in fact due to each molecule conformationally breathing between different states
as it diffuses. Each fluctuation length approaches LB exponentially in time at a breathing rate β that
measures how quickly DNA molecules are changing conformational size or shape as they diffuse (Fig
4A). Both LB and β are determined via single-exponential fits to each L (R2 values are 0.89 – 0.97 with a
mean of 0.95).
In the dilute case, rings fluctuate ~1.3x faster (Fig 4, right panels) over ~1.3x smaller length
scales (LB) than linear DNA, as expected provided the ~1.3x faster diffusion of dilute ring DNA, with a
correspondingly reduced radius of gyration.24 However, upon crowding, fluctuation relaxations of both
ring and linear DNA are slowed to a topology-independent rate of β ≅ 0.25 s-1 at ~2.5ΦC (Fig 4, right
panels). This topology-independent fluctuation timescale, which further corroborates our universal
mobility reduction results, is surprisingly robust to further increases in crowding concentrations.
Interestingly, this topology-independent relaxation is coupled with starkly different changes in fluctuation
length scales for rings compared to linear chains. For volume fractions above ~2ΦC, the maximal
fluctuation length of ring DNA is reduced by 36%, in support of a reduction in DNA size (compaction),
while linear DNA fluctuations display an 81% increase in LB, supporting elongation.
This crowding-induced change in fluctuation lengthscales could be solely a result of decreasing
and increasing sizes or lengthscales of ring and linear DNA, with the fractional extent of fluctuations
remaining constant relative to conformation size. However, these changes could also indicate that the
lengthscale of fluctuations relative to the DNA size is increasing or decreasing, suggesting a mechanism
for altered mobility characteristics. To delineate between these two effects, we normalize fluctuation
lengths L(t) by the maximum lengthscale of DNA conformations (Rmax), to quantify the fractional
fluctuation length of DNA (Fig 4B). We find that the drastic topology-dependent changes in L(t) largely
disappear upon this normalization, with all L/Rmax values for rings and linear chains increasing or
remaining unchanged from the dilute case. Thus, the reduction in LB for rings does indeed indicate
compaction (reduction in DNA size) rather than reduced conformational fluctuations. Furthermore, the
crowding-induced increase in fractional fluctuation lengths (most apparent for linear DNA with an
increase from ~0.25 to 0.35) indicates that while crowding forces slower molecular movements (both
COM diffusion and conformational relaxation), each movement is larger, offsetting extreme viscositydriven slowing. In other words, while the time scale of random walk “steps” DNA takes is longer, the step
size is also increased, reducing the drastic slowing classically predicted by increasing the step timescale
of a random walk.
We note that the increase in L/Rmax is actually nonmonotonic with volume fraction, increasing
until Φ≈ 8 then decreasing again. We can understand this nonmonotonic variation in fractional
conformational breathing as due to reduced microscale variations in the crowding mesh once crowder
concentrations are well above the overlap concentration (Φ ≥ 10). For volume fractions on the order of 1
the crowders are, on average, just barely overlapping, leading to likely microscopic inhomogeneities in
the network with the DNA encountering regions of overlapping mesh and regions of discrete, nonoverlapping crowders (with these regions changing in time due to the mobility of the crowders). Diffusion
through microscopically varying environments leads DNA to undergo larger scale fluctuations between
conformational states. In other words, the distribution of crowding environments will cause DNA to
access a larger distribution of conformational states (also reflected in the non-monotonicity of the
standard deviation of Rmax distributions). However, for Φ ≥ 10, the environment the DNA diffuses through
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Figure 5: Entropically-driven compaction and elongation of ring and linear DNA in crowded environments.
Microscope images of typical fluorescent-labeled ring and linear DNA conformations in both dilute solutions (top
panels) and crowded dextran solutions (bottom panels). Crowders (dextran) are depicted as white marks in the dilute
as well as crowded environments to illustrate the ability of crowders to spread out more when DNA compacts or
elongates. DNA random coils (top), the maximum entropy conformation for ring and linear DNA diffusing in dilute
solutions, take up substantial volume in crowded solutions that crowders cannot access (white circle). To minimize
this excluded volume, thereby maximizing crowder entropy, DNA undergoes topology-dependent conformational
changes. Ring DNA undergoes ~20% compaction while linear DNA elongates by ~2-fold. The two highly distinct
conformational changes lead to surprisingly similar transport (see Fig 2).

We previously explained crowding-induced elongation of linear DNA as due to entropic excluded
volume effects. As described in the Introduction, smaller volume compacted states, which could provide
even more volume for crowders to access than elongated states, was understood to be prohibitively costly
due to electrostatic repulsion of neighboring DNA segments. So why then can ring DNA compact in the
same conditions? As described in the Introduction, because ring DNA has no free ends, any attempt to
conformationally elongate would come with an electrostatic cost (as well as bending energy cost) not felt
by linear chains. Thus, no volume-minimizing conformation is allowable for ring DNA that does not
come with an energetic cost. Because crowder entropy (i.e. volume) maximization is still the driving force
behind the conformational change, and both volume-minimizing conformations come with an electrostatic
cost for ring DNA, rings will convert to whichever conformation provides more gain in crowder volume.
Thus, ring DNA undergoes compaction, reducing the conformational volume to ~47% of the random coil
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is a uniform mesh with likely little variation. Thus, the DNA can access a smaller range of free energy
minimizing conformational states as it diffuses through different regions of the homogenous crowding
network (Fig 4, bottom right panel). This nonmonotonicity can also explain why the COM diffusion
coefficients continue to decrease with increasing volume fraction while the conformational breathing rates
remain unchanged beyond ~2.5ΦC 
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excluded volume, while linear chains elongate, with a less extreme volume reduction to ~66% of the
corresponding dilute coil volume (Fig 5). Both conformations, while lowering the configurational entropy
of DNA, aid molecular transport through crowders. While ring DNA compaction results in smaller,
tighter conformations that can diffuse faster through crowders than random coils, elongated linear chains
can take larger Brownian steps than random coils (Fig 4B). Non-classical coupling of DNA transport and
conformation, unique to crowded environments, has also recently been reported for DNA hairpin looping
kinetics in which viscosity alone can only slow looping kinetics while crowding is needed to alter the
steady-state populations of hairpins.7

In conclusion, we use single-molecule fluorescence microscopy and particle-tracking techniques to show,
for the first time, that long ring and linear DNA in cellular crowding conditions, undergo universal
enhanced diffusion, independent of DNA topology and length as well as crowder size. This universal
exponential scaling of mobility is entropically driven solely by the solution volume taken up by increased
concentrations of crowders. We further find that conformational relaxation rates of DNA are equally
universal reaching a crowding-induced rate of ~0.25 s-1 independent of DNA topology and size. We show
that this enhanced topology-independent mobility is coupled to nearly opposite conformational changes
for ring and linear DNA, with rings undergoing compaction while linear DNA elongates. Together, our
diffusion and conformational dynamics results reveal a critical crowding volume fraction of Φc ≅ 2.3
necessary for such topology-independent mobility coupled with topology-driven conformational changes
of large crowded DNA. Our findings reveal mechanisms by which DNA and other macromolecules, with
both closed and free ends, can access different conformational states to achieve similarly efficient
mobility in cellular environments. As such, our results elucidate a wide range of biological processes in
both bacterial and eukaryotic cells, including replication, transcription, and a myriad of DNA-protein
binding events. Furthermore, our results are essential to the optimal design of advanced gene therapy and
drug delivery techniques, as well as new biomimetic materials and artificial cells.
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