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Abstract 

 

Type II topoisomerase-induced DNA cleavage is an important step in supercoiling 

relaxation. The topoisomerase of Paramecium Bursaria Chlorella Virus-1 (PBCV-1) was 

investigated and characterized in this study. Single-molecule Förster Resonance Energy 

Transfer (smFRET) showed that Mg2+-induced dynamic bending fraction was much higher 

than that of the human topoisomerase IIα. Moreover, another bending state that was 

insensitive to the Mg2+ concentration was discovered. This bending state was not observed 

in human topoisomerase IIα. The total fluorescence intensity enhancement showed that 

PBCV-1 topoisomerase II had an extremely long binding time. Due to this long binding 

time, the binding and dissociation rates could not be measured. However, the bending, 

straightening, cleavage and re-ligation rates were measured since a single enzyme rarely 

dissociates after its binding. The bending rate and cleavage efficiency of PBCV-1 

topoisomerase II in 2.5mM Mg2+ were higher than in 1.25mM Mg2+. This result shows that 

the bending frequency between cleavages is reduced when more Mg2+ is presented. 

 

 

Keywords : Type II topoisomerase, PBCV-1, cleavage efficiency, smFRET, DNA 

bending 
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The Single Molecule Study of PBCV-1  

Topoisomerase II 

 

1. Introduction 

 

Topoisomerase is an enzyme that relaxes the supercoils of DNA, one of the obstacles to 

overcome in gene expression and replication. The following mechanism has been 

suggested for topoisomerase: DNA binding, DNA strand cleavage, T-segment transport, 

and re-ligation.[1] As a molecular ruler, Single Molecule Förster Resonance Energy 

Transfer (smFRET) is a feasible investigation method for observing single-molecule 

interactions of DNA-topoisomerase to clarify and further elucidate the mechanism. Lee et 

al. reported smFRET results for human topoisomerase IIα (hTopoIIα). They showed that 

Mg2+-induced DNA bending was critical for the G-segment cleavage. However, the 

smFRET study of hTopoIIα only provides the binding for the bending kinetics since DNA 

cleavage by hTopoIIα was rarely observed in normal, physiological conditions. [2] 

Therefore, we investigated topoisomerases from other species to clarify the mechanism of 

DNA cleavage under physiological conditions. 

Paramecium Bursaria Chlorella Virus-1 (PBCV-1) is one of the viruses that infect 

chlorella-like algae. During the early phase of the infection, viral protein inhibits host 
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metabolisms, like CO2-fixation and photosynthesis. (Figure A1) In addition, PBCV-1 

expresses its topoisomerase gene to reduce possible topological problems due to the large, 

380-kb viral genome. [3, 4] Fortune et al. reported that PBCV-1 topoisomerase has a high 

intrinsic DNA cleavage efficiency using a bulk biochemical assay. Under physiological 

conditions, the DNA cleavage efficiency of PBCV-1 topoisomerase II was twice that of 

hTopoIIα. [5]. However, the kinetic rate of the intermediate steps from binding to cleavage 

cannot be elucidated through bulk study. Therefore, we concluded that PBCV-1 

topoisomerase II was an alternative model system of hTopoIIα for observing single 

molecule real-time cleavage dynamics.  

The objective of this study was to characterize PBCV-1 topoisomerase II by answering 

several research questions. The first research question investigated how the intermediate 

steps of the topoisomerase mechanism kinetically and thermodynamically affect the 

cleavage efficiency. The second question investigated why the kinetics of the intermediate 

steps afforded PBCV-1 topoisomerase II higher cleavage efficiency. From the results of the 

second question, we discuss PBCV-1 topoisomerase II from an evolutionary and 

physiological aspect. From the smFRET results, distinct behaviors of PBCV-1 

topoisomerase II were observed. The enzyme had an extremely long binding time and high 

Mg2+-induced dynamic bending fraction. We compared the results of our study with those 

of Fortune et al. (the bulk study) and Lee et al. (smFRET study with hTopoIIα). 
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2. Experimental Methods 

2.1. Single Molecule FRET Experimental Design 

In order to observe DNA dynamics induced by topoisomerase, donor (Cy3) and acceptor 

(Cy5) fluorophores were labeled on each complementary DNA strand. 

 
Figure 1. FRET observation by TIRFM. DNA was immobilized on a PEG-coated slide. Using green laser 

beam illumination, the donor (Cy3) was excited at 532nm. When the FRET efficiency is high, the 

emission from the acceptor (Cy5) becomes strong. 

 
For total-internal reflection fluorescence microscopy (TIRFM), a quartz slide was coated 

with poly-ethylene glycol and biotin-PEG (PEG; Laysan Bio Inc., AL) (Figure 1). The 

coating protected the quartz surface from non-specific enzyme interactions. Streptavidin 

mediated biotin-PEG coated slides and biotinylated DNA samples were linked together. 
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2.2. Single Molecule FRET Sample Preparation 

The chosen DNA was the same as in the study of Lee et al. It was a short segment from the 

plasmid pBR322 and the sample size was a 50 mer. An oligonucleotide of 16 thymines was 

biotinylated and added at the 3’ end of the acceptor-side strand to avoid steric hindrance 

from the PEG-coated surface (Figure 2, shown as dashed line). DNA synthesis and 

biotinylation were done by Integrated DNA Technologies (IDT, Coralville, IA). 

Additionally, for labeling the NHS-ester Cy dyes, carbon linkers were attached to the 

thymines that were positioned 8 nucleotides from the cleavage sites. 

 

Figure 2. s1_clv DNA design for smFRET. Site 1 of pBR322 is the cleavage site of topoisomerase. Length 

of s1_clv is 50 bp so G-segment dynamics can be observed. 

 
Before making the DNA duplex, a single strand was labeled with Cy3 and its 

complementary biotinylated strand was labeled with Cy5. 

 

2.3. Single Molecule FRET Assay 

The conformational change of the s1_clv DNA caused the distance between Cy3 and Cy5 
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to change resulting in the donor fluorophore (Cy3) on one strand, initially in an excited 

state, to transfer energy to the acceptor fluorophore (Cy5) on the other strand, hence FRET. 

From these FRET changes, we were able to obtain information on the dynamics of 

topoisomerase. FRET changes were observed in a detection chamber that was full of 

imaging buffer. The basic buffer composition was 10mM Tris-HCl (pH 7.5) with 0.4% 

(w/v) glucose, 1% (v/v) Trolox, 1 mg/ml glucose oxidase (all from Sigma-Aldrich, St. 

Louis, MO), 0.04 mg/ml catalase (Roche, Basel, Switzerland), 31.25 mM NaCl, 31.25 mM 

KCl, 2.5 mM MgCl2, and 20 nM PBCV-1 topoisomerase II (a gift from Dr. Neil Osheroff 

of Vanderbilt University School of Medicine, Nashville, TN). However, the salt 

concentrations were varied in some experiments (Figures 6 and 7). 

 

Figure 3. Observed time traces in the absence of PBCV-1 topoisomerase II. The FRET efficiency 

distribution was fitted by single Gaussian with a peak center of 0.3 

 

At first, FRET was measured in the absence of topoisomerase II as a control. No 

fluctuations and FRET changes were observed. (Figure 3) Therefore, the results confirm 
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that there were no factors affecting DNA conformational change (FRET change) in the 

absence of topoisomerase. 
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3. Results and Discussion 

3.1. Single-molecule Observation of Enzyme binding 

Total intensity enhancement and high FRET efficiency were induced by PBCV-1 

topoisomerase. The total intensity enhancement and the length of the enhancement 

indicated single-enzyme binding and the binding lifetime of the enzyme, respectively. 

Figure 4. Intensity enhancement induced by bound topoisomerase (a) human topoisomerase binding 

behavior from Lee et al. (2012) (b) PBCV-1 binding lifetime is much longer compared to hTopoIIα 

(a) 

(b) 
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indicated by the total intensity. 

 

PBCV-1 topoisomerase remained bound much longer than hTopoIIα. Lee et al. previously 

observed human topoisomerase IIα binding using fluorescence intensity enhancement 

(Figure 4a) [2]. This enhancement was induced by the protein molecule [6]. We were also 

able to observe PBCV-1 topoisomerase II binding events using the same experimental 

design. Before green-laser excitation, we connected a syringe pump (PHD 22/2000; 

Harvard Apparatus, Holliston, MA) with a chamber where the s1_clv was immobilized. 

After 150 frames from the start of filming, we injected buffer containing enzymes into the 

chamber. After infusion, the single PBCV-1 topoisomerase II bound to the single s1_clv 

and enhanced the fluorescence intensity. (Figure 4b) Notably, the length of PBCV-1 

topoisomerase II binding lifetime was much longer than that of hTopoIIα.  

 

 

 

3.2. Role of Magnesium Ion in DNA Bending 

Another finding of PBCV-1 topoisomerase II was that the bending fraction was higher. The 

high FRET was also caused by topoisomerase II. The bending of s1_clv induces high 

FRET according to Lee et al (2012).  
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Figure 5. DNA bending events which had different scales of dwell time. (a) Observation of short, 

transient bending and (b) long bending of s1_clv. The analysis criterion was 10 seconds (see Figure 8). 

 

We observed that the duration of the bending time could be categorized as short or long 

(Figure 5). In the presence of Mg2+, the FRET efficiency was above 0.4 during the most of 

the observation time. A higher FRET indicates a DNA bending state. 

Bending states that had short dwell times were observed every 100 ms (Figure 5a); 

however, there were un-measurably long dwell times with high-FRET states during this 

time scale. These states could be observed every second (Figure 5b). The short- and long-

bending dwell time co-existed in the 2.5 mM Mg condition, but the short bending states 

tended to disappear in higher concentrations of magnesium ion. 
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Figure 6. Mg-dependence of DNA bending (a) The histograms show that bending 1 increased as more Mg 

was added. The area percentages of red and blue Gaussians indicate the bending fraction. (b) Another 

bending state, bending 2, seems to be not sensitive to the Mg concentration. 

 

From our observations, PBCV-1 topoisomerase II had a much higher bending fraction than 

hTopoIIα. The single-molecule FRET study for human topoisomerase Iiα by Lee et al. 

revealed that DNA bending conformation was strongly induced by Mg2+. [2] At the same 

Mg2+ concentration, the bending fraction of hTopoIIα was much smaller than that of the 

PBCV-1 topoisomerase II. 



13 

 

Furthermore, there was another bending state near FRET 0.7 (shown as blue Gaussians) 

which seemed to be less sensitive to the magnesium concentration. This bending state was 

not reported in the previous human topoisomerase IIα experiments of Lee et al. As shown 

in Figure 6, the population of the bending states (depicted as red Gaussian curves) 

dramatically increased as the Mg2+ concentration increased. This dependence was similar 

to the hTopoII (Lee et al., 2012). We distinguished those bending states and named them 

bending 1 for strong Mg2+-dependent bending and bending 2 for Mg2+-insensitive bending. 

As a unique behavior of PBCV-1 topoisomerase II, the role of bending 2 was not clear. 

However, based on the degree of Mg-dependence, we could assume bending 2 to 

contribute weakly to the cleavage. Moreover, we observed that CFX-trapping of the 

cleavage state occurred during Bending 1 (Figure A4). The existence of cleavage states in 

bending 1 is more convincing.  
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3.3. The Maintenance of Enzyme Binding 

We confirmed the topoisomerase binding affinity more directly, although the experimental 

buffer flow data shown in Figure 4 indirectly showed that PBCV-1 topoisomerase II had a 

long binding time.  

 

Figure 7. Enzyme dissociation from s1_clv (a) Upper trace indicates no dissociation from s1_clv. Lower 

trace shows the enzyme dissociation induced by the monovalent ionic strength. (b) Gaussian Mixture 

fitting of intensity vs FRET plot. It shows clear and separate states of enzyme association and 

dissociation.    

 

We infused washing buffers not containing PBCV-1 topoisomerase II into the detection 

chamber. In the chamber, the enzymes were already bound to s1_clv in imaging buffer 

containing 31.25 mM NaCl, 31.25 mM KCl, and 2.5 mM MgCl2. When the salt conditions 

of the washing buffer were the same as the imaging buffer in the chamber, the bound 

enzymes still remained on the s1_clv. However, when a washing buffer containing 62.5 

mM NaCl, 62.5 mM KCl, and 2.5 mM MgCl2 (double the amount of monovalent ions) was 
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infused into the chamber, the topoisomerases dissociated from the DNA. This result 

implies that the enzyme binding affinity was sensitive to the monovalent ion strength, but 

under the basic experimental condition (31.25 mM NaCl, 31.25 mM KCl, and 2.5 mM 

MgCl2), the enzymes stably bound to the DNA. 

 

3.4. Kinetic model for PBCV-1 Topoisomerase II 

Unlike ensemble enzyme kinetics, concentration is meaningless in single-molecule kinetics. 

It is because a single enzyme behaves stochastically. The reaction rate of each FRET state 

was derived from the stochastic dwell time of the finished previous states [7]. 

 

Figure 8. Dwell time analyses to determine the bending and straightening rates. (a) High FRET dwell 

time indicates the time consumed until next straightening. Low FRET dwell time indicates the time 

consumed until next bending. (b) The distribution of dwell times look like a single exponential. From the 

fitting curve shown as lines, the means of the dwell time can be obtained.  

 

Bending state and straightening state alternated when PBCV-1 topoisomerase II bound to 
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the s1_clv DNA (Figure 8a). It implies that the occurrence of the bending states were 

inversely exponentially proportional to the dwell time of the straightening states (Figure 

8b). In other words, the probability density function was a single exponential because this 

turnover corresponded to the one-step Poisson process [8].   

 𝑓(𝑡) =  
𝑘2𝑛𝑡𝑛−1

(𝑛 − 1)!
𝑒−𝑘2𝑡           (𝑛 = 1) 

The mean of the dwell time <t> was 

〈𝑡〉 =  � 𝑡𝑓(𝑡)𝑑𝑡
∞

0
 

The reciprocal of the mean in a single step was directly equal to the reaction rate. 

〈𝑡〉−1 =  𝑘2 

Unfortunately, unlike bending and straightening, we were unable to distinguish between 

the bending and cleavage states using the FRET efficiency. Lee et al. showed that the 

bending step was necessary for the cleavage step. [2] Therefore, we could assume that the 

cleavage step included binding to and bending of DNA. However, as we observed and 

described in Figure 5b, PBCV-1 topoisomerase II tended to bind much longer for hours at a 

time. Therefore, we assumed that dissociation and association turnover rarely occurred 

during the intervals between individual cleavage events so that the kinetic terms for 

binding and dissociation could be excluded. 
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Figure 9. Stochastic behavior of the DNA conformational change. Due to the strong binding, k1 and k-1 

are excluded from the single molecule kinetics.  

 

Although we were unable to measure the cleavage rate directly, we measured the dwell 

times of the states that were not cleavage states, that is, the inter-cleavage time (Figure 5b). 

Bending and binding occurred during the inter-cleavage time. The probability of arriving at 

a cleavage state is represented as the product of the probabilities. 

〈𝑡〉−1 =  
𝑘3𝑘2
𝑘−2

 

We were able to interpret the reaction rates in the case of PBCV-1 topoisomerase as the 

probability of taking a step every 100 ms. Therefore, the cleavage rate was 

𝑘3 = 〈𝑡〉−1 ∙
𝑘−2
𝑘2

 

The empirically determined reaction rates are shown in Figure 10.  
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Figure 10. The kinetic parameter of PBCV-1 topoisomerase II. The reaction rates are based on the 

method described in Figure A2. (a) Bending and straightening rates from 100 ms exposure time traces 

(more than 10s dwell times were excluded when determining the straightening rate) (b) Inter-cleavage 

and re-ligation time from 1s exposure time traces (c) Cleavage rate was determined by the bending rate, 

straightening rate and inter-cleavage time. 

 

We obtained the bending rate and straightening rate from the 100 ms exposure time traces. 

(Figure 5a) However, in the 5 mM Mg2+ condition, the exact bending rate of the 5 mM 

Mg2+ condition was not obtained since the bending dwell time was extremely long. The 

inter-cleavage time was measured from the 1 s exposure time traces. (Figure 5b) The 

bending frequency was calculated by the dividing single turnover (k2 + k-2) into the 

reciprocal of the inter-cleavage time. 

The bending rate of 2.5 mM Mg2+ was higher than that of 1.25 mM Mg2+ (Figure 10a). 

Although it is arguable that the increase in the bending rate was less than 2 folds when 

double the amount of Mg2+ (2.5 mM) was added, we need a wider ranged Mg2+-titration to 

clarify this discrepancy. However, we could assume that cleavage always occurred in 5mM 

Mg2+ from this result. Besides, the calculated cleavage rate of 1.25mM Mg2+ was lower 

than that of 2.5mM Mg2+. (Figure 10c) This tendency is in agreement with to Mg2+-
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dependency. The short inter-cleavage time of 2.5mM Mg2+ implies a low bending 

frequency. (Figure 10b and c) We conclude that a higher Mg2+ concentration increases the 

probability of the bending-to-cleavage transition.  

 

4. Conclusion 

The major findings of this study are that the binding affinity and bendability of PBCV-1 

topoisomerase II are much stronger than that of hTopoIIα. First, when PBCV-1 

topoisomerase II bound to the s1_clv DNA, it rarely dissociated unless the monovalent 

ionic strength became stronger. This result indicates that enzyme dissociation rarely occurs 

from binding to cleavage. Therefore, the cleavage rate of PBCV-1 topoisomerase II is 

independent of the enzyme concentration. Second, Mg2+ titration revealed that there are 

two distinct bending states: bending 1 strongly depends on the Mg2+ concentration; 

bending 2 is much less sensitive to the Mg2+ concentration. Finally, cleavage can be 

assumed as a stochastic event which occurs during the Mg-dependent bending state. We 

conclude that the dominant bendability of PBCV-1 topoisomerase II drives the higher 

cleavage efficiency. 
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6. Appendix 

6.1. PBCV-1 topoisomerase II in the host cell 

  

Figure A1 Topoisomerase activity during the PBCV-1 life cycle. Among the viral proteins, topoisomerase 

is known to be expressed in the early phase along with other early proteins, like restriction 

endonucleases. 

 

6.2. Statistical Methods used for the smFRET Data Analysis 

6.2.1. Dwell Time Analysis using the Hidden Markov Model: vbFRET 

The start of the Hidden Markov Modeling (HMM) began with Bayesian statistics, defining 

vectors, likelihood, 𝑝�𝑆𝐹𝐹𝐹𝐹,𝑡�𝕊𝐹𝐹𝐹𝐹,𝑡−1�—in this context, the probability of state 
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transition 𝑆𝐹𝐹𝐹𝐹,𝑡 given the parameter set of interest.  

According to Bayes’ rule, posterior probability distribution is equal to the product of prior 

probability distribution 𝑝(𝕊𝐹𝐹𝐹𝐹,𝑡−1)  and the likelihood is normalized by 

evidence 𝑝(𝑆𝐹𝐹𝐹𝐹,𝑡). [8] 

𝑝�𝕊𝐹𝐹𝐹𝐹,𝑡−1�𝑆𝐹𝐹𝐹𝐹,𝑡� =  
𝑝�𝑆𝐹𝐹𝐹𝐹,𝑡�𝕊𝐹𝐹𝐹𝐹,𝑡−1� ∙ 𝑝(𝕊𝐹𝐹𝐹𝐹,𝑡−1)

𝑝(𝑆𝐹𝐹𝐹𝐹,𝑡)
 

The goal of the analysis is to find a parameter that maximizes the probability. 

argmax
𝕊𝐹𝐹𝐹𝐹,𝑡−1

 𝑝�𝑆𝐹𝐹𝐹𝐹,𝑡�𝕊𝐹𝐹𝐹𝐹,𝑡−1� 

This process is called Maximum Likelihood (ML) estimation. Bronson et al, however, used 

Maximum Evidence (ME) estimation for HMM. At first, they tried to find a guessed value 

for the possible states, K, which maximize the evidence of the observed states. 

argmax
K

 𝑝�𝑂𝐹𝐹𝐹𝐹,𝑡�𝐾� 

Then, they argued that the evidence can be the summation over all the hidden state 

variables 𝒛. [9] 

𝑝�𝑂𝐹𝐹𝐹𝐹,𝑡�𝐾� =  ��𝑝�𝑂𝐹𝐹𝐹𝐹,𝑡 , 𝒛�𝕊𝐹𝐹𝐹𝐹,𝑡−1,𝐾) ∙ 𝑝�𝑂𝐹𝐹𝐹𝐹,𝑡�𝐾�  𝑑𝕊𝐹𝐹𝐹𝐹,𝑡−1
𝑧

 

Bronson et al. created a modeling algorithm, vbFRET (Columbia University, New York, 

NY). In this MATLAB (The MathWorks, Natick, MA) code, they adapted variational 

Bayesian expectation maximization (VBEM) to calculate the evidence. 



23 

 

𝑝�𝑂𝐹𝐹𝐹𝐹,𝑡�𝐾�

=  ��

𝑝(𝛑|𝐾) ∙ 𝑝(A|𝐾) ∙ 𝑝(𝝁,𝝀|𝐾) ∙ 𝑝(𝑧1|𝛑,𝐾)

∙ ��𝑝(𝑧𝑡|𝑧𝑡−1,𝐀,𝐾)
𝐹

𝑡=2

� ∙ ��𝑝�𝑂𝐹𝐹𝐹𝐹,𝑡�𝑧𝑡,𝝁,𝝀,𝐾)
𝐹

𝑡=1

� 𝑑𝕊𝐹𝐹𝐹𝐹,𝑡−1𝑧

 

According to the argument of Bronson et al., 𝑝(𝛑|𝐾) ∙ 𝑝(A|𝐾) was modeled as Dirichlet 

distributions; 𝑝(𝝁,𝝀|𝐾) was a joint-model of the Gaussian and gamma distribution. [9] 

We modified and adapted this vbFRET code for the PBCV-1 topoisomerase II smFRET 

trace analysis. 

 

Figure A2. Example of the FRET data analysis process. (a) Initial fitting by vbFRET (Columbia 

University, NY) with expected states K = 3. (b) Correction of mis-fitting manually or by HMM (c) Divide 

into 2 states (bending and straightening) following from the criteria (FRET 0.42) (d) Dwell time analysis 

after state assignment 
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vbFRET fitting had limitations such as recognizing noise as states and other types of mis-

fitting. These problems were solved by correction. The correction was done either 

manually or by re-execution of HMM. (Figure A1b) Based on the fitting FRET value, the 

bending and straightening states were determined (Figure A1c). 

The dwell time analysis of the bending states was done separately: short, transient bending 

states (less than 10 s) and long, permanent bending states (greater than or equal to 10 s) 

(Figure A1d). The short bending dwell times were used to determine the straightening rate 

whereas the long bending dwell times were used to determine the re-ligation time. 

 

 

6.2.2. Gaussian Mixture Model 

Histograms of the dwell time or FRET distribution were a mixture of multiple probability 

density functions.  
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(a) (b) 

  

According to the Gaussian Mixture Model (GMM), we were able to fit the experimental 

data with a linear combination of the Gaussian distribution. GMM was feasible with our 

single-molecule FRET data. 

𝑝(𝑂𝐹𝐹𝐹𝐹|𝔻𝐹𝐹𝐹𝐹) =  �𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹,𝑗� ∙ 𝒄𝒋

𝑀

𝑗=1

  

The gaussian mixture parameters mean and variance could be estimated by the Expectation 

Maximization (EM) algorithm. We used gmdistribution.fit, the internal function of 

MATLAB, to carry out the EM algorithm. It was a repetitive computation of the parameter 

estimation. As the name GMM implies, the probability density function in a set of 

parameters was Gaussian.  

𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹,𝑗� = 𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐� =  
1

√2𝜋𝝈𝒋
𝑒
�−

�𝑂𝐹𝐹𝐹𝐹,𝑛−𝝁𝒋�
2

2𝜎𝑗
2 �

 

Similar to HMM, the EM algorithm used the Maximum Likelihood Expectation. 

Figure A3. GMM fitting of data (a) Mg-titration histogram was represented as the sum of multiple Gaussians (b) 

(bottom) raw data from the flow experiment (see Figure 7) (upper) GMM fitting 



26 

 

argmax
𝔻

 𝑝(𝑂𝐹𝐹𝐹𝐹|𝔻𝐹𝐹𝐹𝐹) 

The expectation step of EM was estimates the mean 𝝁𝒋 by applying partial differentiation 

of the log-likelihood with respect to 𝝁𝒋. [8] 

−
𝜕
𝜕𝝁𝒋

� 𝑙𝑙𝑙
𝑁

𝑛=1

 𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹� 

= −�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹�

𝑁

𝑛=1

 ∙
�𝑂𝐹𝐹𝐹𝐹,𝑛 − 𝝁𝒋�

𝝈𝒋𝟐
∙ 𝒄𝒋 

The maximization step yields the maximum log-likelihood by setting zero equal to the 

partial derivative of the log-likelihood. 

0 = −�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹�

𝑁

𝑛=1

 ∙
�𝑂𝐹𝐹𝐹𝐹,𝑛 − 𝝁𝒋�

𝝈𝒋𝟐
∙ 𝒄𝒋 

= −�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹�

𝑁

𝑛=1

 ∙ 𝑂𝐹𝐹𝐹𝐹,𝑛 + 𝝁𝒋 ∙ �
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹�

𝑁

𝑛=1

 

Then, we were able to estimate the mean value. 

𝝁𝒋 =  
∑

𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹�

𝑁
𝑛=1  ∙ 𝑂𝐹𝐹𝐹𝐹,𝑛

∑
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝝁𝒋,𝝈𝒋𝟐�
𝑝�𝑂𝐹𝐹𝐹𝐹,𝑛�𝔻𝐹𝐹𝐹𝐹�

𝑁
𝑛=1
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6.2.3. The Cleavage State assigned by CFX 

 

Figure A4 Observation of the cleavage state by CFX addition. (a) Representative time traces of 62.5mM 

total monovalent and 1.25 mM Mg2+. When CFX was added, the dwell time of the bending state 

significantly increased. This increase supports that cleavage occurs during Bending 1, not Bending 2 (b) 

The schematic diagram depicts the hypothetical mechanism of CFX interruption against PBCV-1 

topoisomerase II. Ciprofloxacin structure drawn by MarvinSketch 5.3.7 (ChemAxon, Budapest, 

Hungary) 

 

Etoposide is known as human topoisomerase IIα. It forms a covalent bond with both 

cleaved DNA and topoisomerase and stabilizes the DNA-enzyme complex in the cleavage 
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state. Lee et al. observed the etoposide-induced cleavage state by through smFRET [1]. 

However, etoposide did not efficiently form a stabilized complex with PBCV-1 

topoisomerase II. (data not shown here). Interestingly, ciprofloxacin (CFX) which is a 

gyrase-target quinolone [10] showed a trapping effect. 

Unlike the etoposide effect of hTopoIIα [1], CFX had a reversible cleavage reaction. CFX 

increased the overall bending fraction. (Figure A4a) The cleavage rate in the presence of 

CFX should be determined in future experiments. The increase in the dwell time of 

bending 1 supports that the cleavage state exists in bending 1.  
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국문초록 

Type II topoisomerase (토포이소머라아제 또는 토포)에 의한 DNA 잘림은 

초나선꼬임의 풀림에 있어서 중요한 과정이다. 본 연구실에서는 클로렐라 바이

러스의 토포를 실험모델로서 프렛을 이용한 단일분자수준의 연구를 진행하였다. 

그 결과 클로렐라 바이러스의 토포가 인간의 토포보다 마그네슘 이온에 의한 

DNA 구부림이 훨씬 높게 나타났다. 나아가서 인간의 토포와는 달리 마그네슘 

이온농도 증가에 민감하지 않은 또다른 DNA 구부림 상태가 존재한다는 것 역

시 발견되었다. 효소의 결합 측정의 척도가 되는 형광신호증가 현상을 관찰한 

결과 클로렐라 바이러스 토포가 DNA에 결합하는 시간은 극도로 길었고. 이렇

게 긴 결합시간으로 인해 단일 단백질분자의 결합 및 분리속도를 측정할 수 없

었으나, 한번 결합했을 경우 분리되지 않고 오랫동안 결합상태를 유지한다는 

특성을 확인한 후, 이를 이용해서 DNA 구부림 및 펴짐, 잘림 및 재결찰 속도

를 측정할 수 있었다. 관측된 DNA 구부림 속도는 2.5mM 마그네슘 이온 농도

에서 1.25mM 마그네슘 조건보다 빨랐으며, 잘림 속도 역시 2.5mM 마그네슘 

이온 농도에서 더 높게 나타났다. 이는 높은 마그네슘 농도에서는 더 적은 구

부림 빈도에도 DNA 잘림이 잘 일어나는 현상을 보여준다. 

 

핵심단어 : 토포, 클로렐라 바이러스, DNA 잘림효율, 프렛, DNA 구부림 
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