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METHODS 

Sample preparations 

DNA matrix. Charomid (42 kbp) DNA was purchased from Nippon Gene. The linear and cyclic 

forms of Charomid DNA were prepared from the supercoiled form of the corresponding DNA.  

To prepare the linear DNA samples, 10 µg of the DNA were added into 50 µl of the digestion 

buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM DTT, 

pH = 7.9) containing 50 units of the restriction enzyme Sma-I (New England Biolabs) The 

reaction mixture was incubated at 25 °C for 8 hours. Then, a 25 µl of sodium acetate solution (3 

M) and 40 µl of isopropanol were added into the reaction mixture and mixed well. The mixture 

was ultra-centrifuged at 15,000 rpm for 15 – 20 minutes at 4 °C and the supernatant was 

carefully decanted. The DNA pellets were washed with 70 % ethanol and vortexed for 1 second. 

These steps were repeated three times. The obtained pellets were dried in air and dissolved in 

an 8.5 µl of TE buffer. 

To prepare of the cyclic DNA, 10 µg of the DNA were added into 20 µl of the digestion buffer 

containing 10 units of Topoisomerase-I (New England Biolabs) and 100 µg ml-1 bovine serum 

albumin (BSA). The reaction mixture was incubated at 37 °C for 2 hours. The enzyme was 

deactivated by incubation at 65 °C for 2.5 minutes. The DNA samples were then precipitated 

using the isopropanol method, dried in air, and dissolved in the TE buffer as described above.  

 

Fluorescently labeled DNA. One µL of the DNA intercalotor dye YOYO-I (1 mM, Molecular 

Probes, Carlsbad, CA) in DMSO was diluted in 99 µl of a sterile Tris EDTA (TE) buffer (10 mM 

Tris, 1 mM EDTA, pH = 7.5) to prepare 10 µM of YOYO-I solution. The linear and cyclic DNA 

samples were dissolved in TE buffer at a concentration of 50 µg ml-1. Three µl of the dye 

solution (10 µM) and 20 µl of the DNA solution were mixed with 977 µl of TE buffer. This gave a 

final DNA concentration of 1 µg ml-1 with base pair (bp) : dye molecule ratio of 50 : 1. 

 

Samples for the single-molecule fluorescence imaging experiment. A dilute solution of 

fluorescently labeled linear (Dilute L) and cyclic (Dilute C) DNA was prepared by adding the 20 µl 

of the fluorescently labeled DNA into 180 µl of TE buffer, which gave a final DNA concentration 

of 0.1 µg ml-1. To prepare the concentrated DNA solutions, a 1 µl of the fluorescently labeled 

tracer DNA (1 µg ml-1) and a 0.5 µl of 1 M NaCl solution were added into the solution of the 

matrix DNA (8.5 µl containing 10 µg of DNA). The solution was gently mixed. The final 

concentrations of the fluorescently label tracer and the non-labeled matrix DNA were 0.1 µg ml-

1 and 1 mg ml-1, respectively. We prepared three different combinations of the tracer and the 

matrix DNA: linear tracer DNA in the linear matrix DNA (L-L); cyclic tracer DNA in the cyclic 

matrix DNA (C-C); and cyclic tracer DNA in the linear matrix DNA (C-L). The 10 µl DNA sample 
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was sandwiched between a clean coverslip and a glass slide. The sample was sealed by a 

double-sided adhesive (Grace-Biolabs). The adhesive also served as a spacer and provided a 

sample thickness of 0.12 mm. 

 

Measurements  

The single-molecule fluorescence imaging experiments were performed with a home-built 

fluorescence microscopy setup that consisted of an inverted microscope (IX71, Olympus) and 

an EM-CCD camera (iXon Ultra 897, Andor Technology).1 The excitation light provided by a 488 

nm line of a continuous wave (CW) solid state laser (MLD, Cobolt) that passed an excitation 

filter (FF01-488/6, Semrock) and a beam expander (Thorlabs) was introduced into the 

microscope through a focusing lens (f = 300 mm). The laser was reflected by a dichroic mirror 

(FF506-Di03, Semrock), and the sample was illuminated through an objective lens (UAPON 

100XO TIRF NA 1.49 oil immersion or UPLSAPO 60 XW NA 1.2 water immersion). The excitation 

power was adjusted to 0.9 W cm-2 using an acousto-optical tunable filter (AOTF; AA 

Optoelectronics) inserted in the excitation beam pass. The exposure of the EM-CCD camera was 

synchronized by the AOTF using a laser control system (PCUB-110, Andor Technology) to 

minimize photo-damage to the sample. The fluorescence from the sample was collected by the 

same objective, passed through the dichroic and emission filter (FF01-609-181, Semrock), and 

focused on the EM-CCD camera. When the fluorescence images were recorded with the ×60 

objective, an additional lens with ×1.6 magnification was inserted in the detection pass. 

Fluorescence images were recorded with frame rates between 156 Hz and 0.4 Hz. The exposure 

time was 6.4 ms for the imaging experiment with a frame rate of 156 Hz. All imaging 

experiments with frame rates slower than 100 Hz were conducted with 10 - 15 ms exposure 

time. The frame rates were determined based on the diffusion rates of the molecules so that 

the diffusion constants could be determined most accurately using the cumulative-area tracking 

method. The pixel sizes of the images recorded by the ×100 and ×60 objectives were 160 and 

167 nm, respectively. 

 

Analysis 

Determination of the diffusion coefficients by the cumulative-area (CA) tracking. The diffusion 

coefficients of the DNA molecules were determined by CA tracking analyses of the fluorescence 

images obtained by the singe molecule imaging experiments.1 In the CA analysis, the diffusion 

constant of a moving fluorescent molecule is determined based on an increase in the 

cumulative area occupied by the molecule. We first defined five image pixels that corresponded 

to the area occupied by the molecule in each frame after background subtraction and removal 

of noise pixels. Next, we calculated the cumulative area occupied by the diffusing molecule at 

the time point t = ti by superimposing all the images obtained in the previous step from t = t1 

until t = ti. Then, the increments of the cumulative areas due to the diffusion of the molecule 
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(i.e., the cumulative area difference (CAD)) that occurred between time frame ti and ti+1, ti and 

ti+2, ti and ti+3, ……, ti and ti+n, were calculated. Occasionally, the CAD dropped to zero because 

the newly occupied area was masked by the already occupied cumulative area. In this case, the 

CAD was determined by reversing the order of the image superimposition. The mean CADs 

(MCADs) were calculated using the cumulative area differences obtained in the previous step 

and plotted against the time lag (Δt = ti+n - ti). The diffusion coefficient (D) was calculated by the 

initial slope of the CAD plot using the following equation: 

MCAD = 4𝐷∆𝑡.          (Eq. 1) 

 

Simulation of the 1D and 2D random diffusion. The diffusion trajectories of the 1D and 2D 

random motion were constructed using routines written in Matlab. The generated 

displacements in each time step followed a probability distribution function (q) for the random 

diffusion expected from the normal diffusion theory:2 

𝑞 =
2𝑟

〈𝑟2(∆𝑡)〉
⋅ exp [

−𝑟2

〈𝑟2(∆𝑡)〉
],          (Eq. 2) 

where r and Δt denote the displacements and the time lag, respectively. We generated random 

values between 0 and 2π and the value 0 or π for the angles between the two consecutive 

displacements for the 2D random and 1D random diffusion trajectories, respectively. Based on 

the positions of the molecule in each simulated trajectory, the locations of the five pixels 

representing the area occupied by the molecule were determined. Using the simulated 

trajectories, the diffusion coefficients were calculated by CA analysis. 

 

Analysis of the diffusion mode by CA tracking. The diffusion mode was analyzed based on the 

time course of the cumulative area obtained from the image analysis described above. A mean 

cumulative area (MCA) was calculated using the cumulative area data obtained from 

approximately 100 molecules. The MCAs for the simulated 1D and 2D random diffusions were 

calculated using 100 simulated trajectories. To compare the MCAs obtained experimentally 

with those obtained from the simulated trajectories, we set the average displacements in the 

simulated 1D and 2D random trajectories to the values equal to the mean displacements 

obtained experimentally. The MCAs were fitted by a power-law function: 

MCA = 𝑎 ⋅ 𝑡𝑏,           (Eq. 3) 

where b is the scaling exponent. The diffusion modes were analyzed by comparing the scaling 

exponents obtained for the experimentally determined MCAs with those obtained for the 

simulated MCAs (i.e., different diffusion modes were distinguished by the slope of the double 

logarithmic MCA plot). A change in the slope of the double logarithmic MCA plot corresponds 
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to the presence of different diffusion modes at different length scales. In such cases, the MCAs 

were analyzed by fitting each regime separately using Eq. 3. 

 

Determination of the relaxation time of the DNA molecules by CA tracking. The 

conformational relaxation time of the DNA molecules was determined by analyzing the 

temporal fluctuation of the area occupied by the molecule.1 The area occupied by the molecule 

in this analysis was determined by setting the thresholds in such a way that all parts of the 

molecule were included when the molecule adopted a fully extended conformation. The 

relaxation time (τr) was estimated by fitting the autocorrelation curve of the temporal 

fluctuation of the area occupied by the molecule (G(τ)) using the following equation: 

𝐺(𝜏) =
〈𝐴𝑖⋅𝐴𝑖+𝜏〉

〈𝐴𝑖〉
2

= 𝐵 ⋅ exp (−
𝑡

𝜏r
),         (Eq. 4) 

where τ denotes the time lag.  

 

Analysis of the heterogeneity of the diffusion rate. The distributions of the diffusion coefficient 

obtained by CA racking analysis (σD; standard deviation of the frequency histogram) were 

quantitatively characterized by comparing σD with those obtained from the simulated 2D 

random diffusion trajectories (σD,sim). The σD,sim was determined by the diffusion coefficients 

obtained for 1,000 simulated trajectories using CA tracking analysis. The mean displacements in 

the simulated trajectories were set to values equal to the mean displacements obtained 

experimentally. The σD,sim values are attributed to statistical errors in CA tracking analysis. The 

ratio between σD and σD,sim thus provides quantitative information about the broadening of the 

distribution of the diffusion coefficient due to deviation from a perfectly homogeneous 

diffusional motion. A larger σD/σD,sim value results from the heterogeneous diffusion rate of 

individual molecules in the sample. 
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Figure S1. Simulated time-lapse fluorescence images and cumulative area images. (top) 

Simulated time-lapse fluorescence images of a single molecule that show (a) 2D random motion 

and (b) 1D random motion. (bottom) The simulated time-lapse images of the cumulative area 

occupied by (a) a molecule that exhibits 2D random motion and (b) a molecule that exhibits 1D 

random motion displayed in the top panels. Scale bars = 1 m. 
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Figure S2. Examples of the cumulative area plot of Dilute L. (a) The cumulative area plots 

obtained from five different molecules. The dashed line shows the mean cumulative area plot 

calculated from approximately 100 molecules. (b) The cumulative area plots obtained from five 

different simulated trajectories that exhibit 2D (solid lines) and 1D (dotted lines) random 

diffusion. The mean displacement in the simulated trajectories is set to a value equal to the 

mean displacement obtained experimentally. The dot-dashed lines show the mean cumulative 

area plots calculated from 100 simulated trajectories. (c) Log-log plots of the cumulative area 

plot displayed in (a). (d) Log-log plots of the cumulative area plot displayed in (b). 
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Figure S3. Examples of the cumulative area plot of Dilute C. (a) The cumulative area plots 

obtained from five different molecules. The dashed line shows the mean cumulative area plot 

calculated from approximately 100 molecules. (b) The cumulative area plots obtained from five 

different simulated trajectories that exhibit 2D (solid lines) and 1D (dotted lines) random 

diffusion. The mean displacement in the simulated trajectories is set to a value equal to the 

mean displacement obtained experimentally. The dot-dashed lines show the mean cumulative 

area plots calculated from 100 simulated trajectories. (c) Log-log plots of the cumulative area 

plot displayed in (a). (d) Log-log plots of the cumulative area plot displayed in (b). 
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Figure S4. Examples of the cumulative area plot of L-L. (a) The cumulative area plots obtained 

from five different molecules. The dashed line shows the mean cumulative area plot calculated 

from approximately 100 molecules. (b) The cumulative area plots obtained from five different 

simulated trajectories that exhibit 2D (solid lines) and 1D (dotted lines) random diffusion. The 

mean displacement in the simulated trajectories is set to a value equal to the mean 

displacement obtained experimentally. The dot-dashed lines show the mean cumulative area 

plots calculated from 100 simulated trajectories. (c) Log-log plots of the cumulative area plot 

displayed in (a). (d) Log-log plots of the cumulative area plot displayed in (b). 
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Figure S5. Examples of the cumulative area plot of C-C. (a) The cumulative area plots obtained 

from five different molecules. The dashed line shows the mean cumulative area plot calculated 

from approximately 100 molecules. (b) The cumulative area plots obtained from five different 

simulated trajectories that exhibit 2D (solid lines) and 1D (dotted lines) random diffusion. The 

mean displacement in the simulated trajectories is set to a value equal to the mean 

displacement obtained experimentally. The dot-dashed lines show the mean cumulative area 

plots calculated from 100 simulated trajectories. (c) Log-log plots of the cumulative area plot 

displayed in (a). (d) Log-log plots of the cumulative area plot displayed in (b). 
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Figure S6. Examples of the cumulative area plot of C-L. (a) The cumulative area plots obtained 

from five different molecules. The dashed line shows the mean cumulative area plot calculated 

from approximately 100 molecules. (b) The cumulative area plots obtained from five different 

simulated trajectories that exhibit 2D (solid lines) and 1D (dotted lines) random diffusion. The 

mean displacement in the simulated trajectories is set to a value equal to the mean 

displacement obtained experimentally. The dot-dashed lines show the mean cumulative area 

plots calculated from 100 simulated trajectories. (c) Log-log plots of the cumulative area plot 

displayed in (a). (d) Log-log plots of the cumulative area plot displayed in (b). 
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Figure S7. Cumulative area analysis of the calculation of the diffusion coefficient. (a) A typical 

cumulative area plot obtained by Dilute L. (b) The cumulative area difference plots at the 

different lags (Δt) obtained from the cumulative area plot displayed in (a). The blue lines show 

the means of the cumulative area difference plots. (c) The mean cumulative area difference 

plot obtained from the cumulative area difference plots displayed in (b). The blue line shows a 

linear fit. The diffusion coefficient of the molecule is determined by the slope of the plot. 
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Figure S8. Cumulative area analysis of the calculation of the relaxation time. (a) A typical time 

trajectory of the area occupied by L-L. (b) The autocorrelation plot obtained from the temporal 

fluctuation of the area occupied by the molecule shown in (a). The blue line shows a fitting with 

a single-exponential decaying function. 
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Figure S9. Frequency histograms of the diffusion coefficients for Dilute L, Dilute C, L-L, C-C, and 

C-L calculated by cumulative area analysis. 
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Figure S10. Frequency histograms of the relaxation times for Dilute L, Dilute C, L-L, C-C, and C-L 

calculated by cumulative area analysis. 
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Figure S11. Probability distribution of the diffusion coefficients determined for the 42 kbp DNA; 
(a) Dilute L, (b) Dilute C, (c) L-L, (d) C-C, and (e) C-L. The diffusion coefficients of individual molecules 

were determined by the CA tracking analysis (blue bars) and the single-molecule localization tracking 

analysis (green bars). 
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Figure S12. Probability distribution of the diffusion coefficients determined for the 42 kbp DNA; 
(a) Dilute L, (b) Dilute C, (c) L-L, (d) C-C, and (e) C-L. The blue bars represent the distributions determined 

experimentally by analyzing individual diffusion trajectories using CA tracking. The red lines show the 

distributions obtained by analyzing 1,000 simulated trajectories. 
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Table S1. Diffusion coefficients, relaxation times, and diffusion modes of the DNAs obtained by 

the cumulative area analysis 

Sample D (µm2 s-1) τr (s) Exponent Exponent (simulation) 

2D 1D 

Dilute L 0.99 0.14 0.71 0.79 0.52 

Dilute C 1.1 0.12 0.68 0.77 0.51 

C-C 0.11 0.15 0.61 / 0.69 0.77 0.49 

L-L 0.0072 2.4 0.57 / 0.79 0.81 0.50 

C-L 0.0046 13 0.73 0.79 0.53 
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