
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


이학석사학위논문 

 

Single-Molecule FRET based Screening 

Methodology for Topoisomerase-Targeting Drugs 

 

단일 분자 FRET 기술에 기반한 Topoisomerase  

단백질을 표적으로하는 약품 검사의 방법론 

 

 

 

2012 년  8 월 

 

 

 

 

서울대학교 대학원 

물리천문학부 

허   강 



Single-Molecule FRET based Screening 

Methodology for Topoisomerase-Targeting Drugs 

 

지도교수 홍 성 철 

 

이 논문을 이학석사 학위논문으로 제출함 

2012 년 6 월 

 

서울대학교 대학원  

물리천문학부 

허   강 

 

 

허 강의 이학석사 학위논문을 인준함. 

2012 년 8 월 

 

 

위 원 장       김 기 훈    (인) 

부위원장       홍 성 철    (인) 

위    원       김 대 식    (인) 



Master’s thesis 

 

 

Single-Molecule FRET based Screening 

Methodology for Topoisomerase-Targeting Drugs 

 

 

Kang Heo 

 

 

 

Research Advisor: Professor Sungchul Hohng 

 

 

 

 

June 2012 

 

 

 

 

School of Physics and Astronomy 

Seoul National University 
 



Abstract 

 

Type II topoisomerases are an important target of anti-cancer and 

antibacterial drug development, but exact mechanisms of many type II 

topoisomerase-targeting drugs are not understood well. A fast and accurate 

way to understand how drug candidates interact with type II topoisomerases is 

required for efficient drug screening and drug development. In this work, we 

demonstrated that the unique capability of single-molecule FRET technique to 

monitor all the key reaction intermediates of the cleavage reaction of type II 

topoisomerases can be utilized for the screening of the three representative 

types of drugs: etoposide which inhibit the ligation step, ICRF 187 and I93 

which trap the enzyme in the N-gate clamped conformation, and PCA which 

hinders the binding step of the enzyme. Detailed kinetic analysis further 

revealed that etoposide binding occurs after the cleavage reaction, and N-gate 

clamping of the enzyme by ICRF187/193 requires the enzyme-DNA 

interaction. We expect single-molecule FRET methodology will be a useful 

screening tool for type II topoisomerase-targeting drugs 
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Single-Molecule FRET based Screening 

Methodology for Topoisomerase-Targeting 

Drugs 

 

1. Introduction 

 

Type II DNA topoisomerases play important roles in cellular biology enabling 

cells to escape from topological problems during replication, repair, and 

transcription by their ability to cleave a DNA duplex, pass a second DNA 

duplex through the break, and relegate the cleaved DNA (1). Moreover, type 

II topoisomerases also have been identified as the molecular targets of 

anticancer drugs. (2) Some anti-topoisomerase drugs have their primary mode 

of action, inhibition of enzymatic activity. Other drugs targeting the 

topoisomerases interfere with the enzyme’s cleavage and rejoining activities. 

Depending on the mode of anti-biotic activity, anti-cancer drugs targeting type 

II topoisomerase typically have been classified in several groups; type II 

topoisomerase poison, catalytic inhibitor, non-catalytic inhibitor. (3-5) In 

general, type II topoisomerases poison prevents the re-ligation of DNA, 

catalytic inhibitors target the N-terminal ATPase domain of type II 

topoisomerases from turning over and non-catalytic inhibitors prevent 

topoisomerases from its catalytic cycle. 
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Although these types of drugs have long been used for either prescribing 

cancer patient or biological researches, the detailed mechanisms at molecular 

level were not understood well. At answering this question, single-molecule 

fluorescence resonance energy transfer (FRET) method assays (6) have many 

advantages in drug development by following reasons; it enable us (i) to 

monitor each molecules in real time at the spatial precision of nanometer scale 

in a high temporal resolution; (ii) to statistically analyze data obtained from 

them. 

Here, we investigated that how these drugs interact with enzyme in detail by 

introducing single-molecule FRET assays that monitor the individual reaction 

intermediates between type II topoisomerase IIα and drugs. We could clearly 

screen different types of drugs depending on its kinetic features. As drug 

candidates, we tested three types of drug known to be a most successful in 

clinical use (Figure 1): etoposide (VP-16) as topoII poison (7,8); dexrazoxane 

(ICRF 187) as a catalytic inhibitor (9-12); protocatechuic acid (PCA) as a 

non-catalytic inhibitor (13). Apart from efficiently screening each drugs at 

single-molecule level, results of this study provide several important 

biological meanings: (i) etoposide interacts with type II topoisomerases in 

advance before acting on the DNA; (ii) single-stranded DNA break is 

sufficient for stabilizing DNA-enzyme cleavage complex; (iii) N-gate 

clamping of the enzyme by ICRF-187/193 requires the enzyme-DNA 

interaction; (iv) PCA hinders the binding step of enzyme. 
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2. Materials and Methods 

 

2.1. Protein purification 

Wild-type and mutant human topoisomerase IIα (hTopoIIα) proteins were 

expressed in Saccharomyces cerevisiae JEL1Δtop1 cells and purified as 

described previously. (14,15) 

 

2.2. Drug preparation 

Etoposide, ICRF187 and, PCA were purchased from commercial industries 

(Sigma). ICRF-193 was gifted from H. Lee at Seoul National University 

(figure 1). 

 

Figure 1. anti-cancer drugs used in our research 

 

2.3. DNA preparation 
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HPLC-purified DNA strands (written from 5’ to 3’) were purchased from 

from Integrated DNA Technologies (Coralville, IA) except the 

phosphorothiolate modified DNA strand, which was purchased from Purimex 

(Grebenstein, Germany) DNA oligonucleotides were labelled at the amine 

group of an internal amino modifier (dTC6) with either Cy3 or Cy5. DNA 

duplexes were annealed by slowly cooling the mixture of the biotinylated 

strand and non-biotinylated strand in 2:3 molar ratio at 10 μM concentration 

in a buffer containing 10 mM Tris-HCl (pH 8.0) and 50 mM NaCl. 

 

 

2.4. Single-molecule FRET experiment 

To prevent nonspecific adsorption of enzyme, quartz microscope slides and 

coverslips were cleaned, coated with polyethylene glycol (m-PEG-5000; 

Laysan Bio Inc.), and biotinylated PEG (biotin-PEG-5000; Laysan Bio, Inc.) 

with 40:1 ratio. DNA duplexes were immobilized on the PEG-coated surface 

via a streptavidin-biotin interaction (16). Single-molecule fluorescence images 

were taken in a home-made prism-type total-internal-reflection fluorescence 

microscope with 50-ms or 1-s time resolution. All measurements were 
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performed at room temperature with the following buffer composition unless 

mentioned otherwise: 10mM Tris-HCl (pH 8.0), 135 mM KCl, 5 mM MgCl2 , 

20 nM enzyme and an oxygen scavenger system (0.4 % (w/v) glucose 

(Sigma), 1 mM Trolox (Sigma), 1 mg/ml glucose oxidase (Sigma), 0.04 

mg/ml catalase (Roche)) to slow photo-bleaching (17). Enzyme was diluted 

100–fold for the 20 nM experiments. Therefore, the imaging buffer also 

contains as much diluted components of the enzyme storage buffer (50 mM 

Tris (pH 7.7), 5 mM DTT, 1 mM NaEDTA, 750 mM KCl, 40 % (v/v) 

glycerol). As an excitation source, a green laser (532-nm, Compass215M, 

Coherent) was used. Fluorescence signals from Cy3 and Cy5 were collected 

by a water immersion objective (UPlanSApo 60x; Olympus), filtered through 

532-nm long-pass filter (LP03-532RU-25; Semrock), separated with a 

dichroic mirror (635dcxr; Chroma Technology), and imaged on an EM-CCD 

camera (Ixon DV897, Andor). In buffer exchange experiments, a new buffer 

was infused in real time into the detection chamber by using a syringe pump 

(PHD 22/2000; Harvard Apparatus) while single-molecule images were being 

taken. For calculation of FRET efficiency, which was defined as the ratio of 

acceptor intensity to the sum of donor and acceptor intensities, background 

subtraction, and bleed-through correction of the donor signal to the acceptor 

channel were done, but gamma correction was not performed. 
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Figure 2. Single-molecule experimental scheme. DNA duplexes were 

immobilized on the PEG-coated surface via a streptavidin-biotin 

interaction and single-molecule fluorescence images were taken in a total-

internal-reflection microscope. 

 

2.5. Determination of kinetic rates 

Association/dissociation and bending/straightening events were determined by 

the combination of threshold method and eye inspection of fluorescence 

intensity and FRET time traces, respectively. Dwell time histograms of each 

state thus obtained were fit by an exponential decay function to obtain 

corresponding kinetic rates. Since DNA duplexes have two competing 

reaction pathways of bending and dissociation in the presence of Mg
2+

 ions, 

the duration time histograms of enzyme-bound state without bending give the 

sum of bending and dissociation rates, which is multiplied by the relative 

frequency of each event to obtain individual rates of bending and dissociation 

rates (18) 
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3. Results and Discussions 

 

3.1. Basic Mechanism of Type II Human Topoisomerase 

(hToIIα) 

To characterized the actions of several drugs, we developed single-molecule 

FRET (Fluorescence Resonance Energy Transfer) assays that monitor 

individual steps in the interaction between human topoisomerase IIα 

(hTopoIIα) and the DNA segment. 

In the first step, we confirmed the kinetics of the hTopIIα which are well-

defined from the previous study (19). We used Cy3 and Cy5 as fluorescent 

dye molecules which are positioned at 8bp apart from the cleavage site of the 

DNA duplex. The duplex has a biotinylated single-stranded overhang to avoid 

any possible steric hindrance caused by surface immobilization. Through 

delivering hTopoIIα into the detection chamber after immobilizing DNA 

molecules on a polymer coated quartz slide, DNA molecules were imaged by 

a total-internal reflection fluorescence microscope (TIRFM). By monitoring 

the FRET signals, we could characterize the each catalytic cycle; binding and 

bending states. In addition, we could also observe the trap events during the 

interactions with the etoposide as same as previously reported study (Figure 

3). 
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Figure 3. Representative fluorescence signals and FRET efficiency in 

which binding, bending and trap events are clearly shown. 

 

3.2. When and how does the Etoposide works. 

As a topoisomerase II poison, we employed etoposide which is highly 

successful anticancer drug that has been in clinical use for nearly decades and 

has been well known to kill cells by increasing levels of topoisomerase II-

mediated DNA breaks. Etopoisde stabilizes topoisomerase II-associated 

double-stranded DNA breaks by inhibiting the ability of the enzyme to ligate 

cleaved DNA molecules (7,8). The understanding of precise mechanism how 

it does so, however, was still poor. 

With the knowledge that topoisomerase poison stabilizes the cleavage 

complex, we took time lapse movies after injection of the etoposide in a 

saturated condition (500uM). By investigating histograms of each movie and 

fitting with exponential decay function, we could calculate the time constants 

revealing association time (Figure 4a). In the presence of etoposide, it took 



 

 

 

 

9 

about 8min to associate with the duplex (Figure 4b). Then, after washing flow 

chamber with buffer without hTopIIα, we analyzed dissociation time in the 

same manner and it revealed that etoposide requires about 9-fold more time to 

dissociate. These results explain why etoposide have been used for long time 

in treating cancer cells because it works very fast and goes a long way until it 

dissociates. 

 

Figure 4. . (a) In addition of etoposide, high FRET population got 

growing fast indicating that trapped molecules are accumulated as time 

goes on. After washing free enzymes and etoposide the high FRET 

population is decreased very slowly. (b) In each reaction, time constants 

are 8.1min and 73min relatively. 

 

In addition, Comparing kinetics between before and after the etoposide 

reaction, we could answer the argument with whom the etoposide interact first. 

Since topoisomerase II-targeting agents interact with both enzyme and DNA, 
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there are three potential ways to forming the ternary complex. Route 1: drugs 

may bind specifically to the topoisomerase II-DNA binary complex and have 

minimal independent interactions with either DNA or the enzyme alone. 

Route 2: drugs may form the ternary complex primarily through prior 

interactions with DNA. Route 3: drugs may form the ternary complex 

primarily through prior interactions with topoisomerase II (figure 5) (20).  

 

Figure 5. Three possible ways of forming the ternary complex 

 

However, despite the importance of drug-enzyme interactions in the formation 

of the ternary complex, little has been known about the drug interaction on 

topoisomerase II. Assuming that etoposide interacts with cleavable site of the 

duplex before hTopIIα binds to DNA, kinetics measured from the data 

without etoposide should be significantly different from the kinetics measured 

in the presence of etoposide. By calculating kinetic parameters which is 

intimately related with hTopIIα, we couldn’t observe any considerable 

differences (Figure 6). Thus, we conclude that etoposide interacts with 

enzyme first and then, binds to the duplex. 
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Figure 6. Comparative kinetics analysis of type II human 

topoisomerase with (red) and without 500 uM of etoposide (white). 

 

Moreover, we addressed whether cleavage at one strand is sufficient for 

etoposide to stabilize cleavage complex or not. To prove this, we first 

prepared a DNA duplex whose 3’-bridging oxygen at one of the scissile bonds 

was replaced with a sulfur atom (Figure 7). The sulfur atom at the cleavage 

site stabilizes the cleavage complex by blocking the ligation process. Thus, 

we expected that irreversable trapping events were also observed even in the 

absence of  hTopIIα. Figure 7 shows comparative trapping rates in different 

samples. In the presence of etoposide with hTopIIα in clv, trapping rate was 

0.13 . And in the absence of etoposide with hTopIIα in clv-S, trapping rate 

was significantly decreased to about half 0.07 . These results look 

plausible because the former, re-ligation on both of each strand might be 

disturbed by etoposide but not in the latter, only the sulfur modified strand 

was inhibited to re-ligate. Next, we performed same experiment in the 
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presence of etoposide in clv-S. In this case, trapping rate return to the value 

0.13  same with the clv experiment. In the case of clv-S without enzyme, 

the trapping rate indicates the time required for cleavage at one strand. So, if 

two drug molecules are required to stabilize the cleavage complex, trapping 

rate obtained from the clv-S in the presence of etoposide should be observed 

below to the 0.07  supporting that cleavage at one strand is sufficient for 

etoposide to stabilize cleavage complex. 

 

Figure 7. In the absence of etoposide, sulfur-modified sample (PTO) 

shows lower trapping rates than the others. However, in addition of 

etoposide trapping rates are recoved at the level of unmodified sample. 

 

In addition to the kinetic analysis during the catalytic cycle, by flowing 

denaturing buffer into the reaction chamber, we could investigate the ratio 

between double stranded breaks and single stranded breaks. To this end, 
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etoposide was pre-incubated in the reaction chamber for 40min enough to 

saturate the level of hTopIIα-mediated DNA breaks. 50 second after getting 

start to take movie, we flew denaturing buffer into the chamber (Figure 8). 

Right after the injection, we could observe that fluorescent signals were 

abruptly changed indicating that denatured enzyme was released from bent 

DNA duplex. Some of the duplex were cleaved in double stranded, and the 

others were single stranded. And in former case, only biotinylated part of 

duplex lebeled with Cy3 at one strand only remain immobilized and the other 

duplex lebeled with Cy5 diffuse away in the chamber. So, the existence of 

Cy5 signal in each trace could be an evidence for determining whether it’s 

double or single stranded break. Throughout the procedure, we could show 

that single and double stranded break were about 56%, 44% relatively (Figure 

2E). It is similar result reported before. However, we could quantify the exact 

number of molecules in each state at the single molecule level and provide 

more accurate way to characterizing molecular behavior than biochemical 

researches. 
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Figure 8. Flowing SDS(sodium dodecyl sulfate) to characterizing of the 

cleavage products. Both single strand and double strand cleavage 

products are observed. 

 

3.3. Protocatechuic acid(PCA) inhibit the binding step during 

the catalytic cycle 

PCA is a simple phenolic compound widely distributed in nature. It has 

known to have mixed effects on normal and cancer cells in in vitro and in vivo 

studies and chemopreventive activity as well (13,21,22). Recent years, PCA 

also widely used as an anti-oxidant agent in biochemical studies (23). During 

the catalytic cycle, however, the detailed step in which PCA was implicated 

has not been reported. 

http://en.wikipedia.org/wiki/In_vitro
http://en.wikipedia.org/wiki/In_vivo
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So, we characterized the effect of PCA on the hTopIIα catalytic cycle in 

different range of concentration. In each experiment, we increased the 

concentration of drug from 3mM to 7mM. Then, we could observe the 

significant decrease in the binding events in proportion to the concentration 

indicating that hTopIIα was inhibited to bind to the DNA by PCA (Figure 9a). 

This result clearly shows on which catalytic cycle PCA hinders the hTopIIα. 

Furthermore, to demonstrate whether PCA only affect the binding step rather 

than the bending step, we also analyzed kinetic parameters before and after 

the reaction of PCA in different concentrations. In the presence of 7mM PCA, 

association rate were decreased more about 2 fold over the absence of PCA. 

In contrast to the association rates, the other parameters related to the bending 

reaction didn’t show any significant changes (Figure 9b). From this, we could 

confirm that PCA only affects the biding step during the hTopIIα catalytic 

cycle. Similar results were observed from the hTopIIβ, which differ from 

hTopIIα in their subcellular localization, biochemical properties and 

susceptibility to inhibition by anti-cancer drugs (24,25), indicating that the 

binding inhibition is general process in which PCA affects Topoisomerases. 

PCA have long been used for treating cancer cells, but the details on reaction 

cycle had not been well known. In this work, by investigating kinetics of PCA 

on hTopIIα, we could first determine that PCA only hinder the binding step 

during the type II topoisomerase reaction cycle. 

 



 

 

 

 

16 

 

 

Figure 9. (A) Representative traces at different concentration of 

protocatechuic acid (PCA). As the concentration get higher, the 

association events were decreased significantly. (B) In contrast to the 

association rate, once they are bound to DNA straightening/bending rates 

weren’t affected by the PCA. 

 

3.4. N-gate clamping of the enzyme by ICRF-187/193 

requires the enzyme-DNA interaction 

As discussed previously, chemotherapeutic drugs such as etoposide exert part 

of their action by inhibiting hTopII-mediated resealing of DNA strand breaks; 
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other drugs, such as protocatechuic acid(PCA), inhibit the binding of hTopII 

to its DNA substrate. In contrast, the inhibitory effect of bis-dioxopiperazines 

on the catalytic activity of type II topoisomerase is due to inappropriate 

binding and stabilization of the protein/DNA complex (11). Bis-

dioxopiperazines are anticancer agents that associate with ATP-bound 

topoisomerase and convert the enzyme into an inactive, salt-stable clamp 

around DNA by stabilizing closed N-gate region of type II topoisomerase (26) 

and also can be considered as a prodrug analog of EDTA that is activated 

upon hydrolysis to its one-ring open intermediates, and then to its fully rings-

opened form ADR-925 (10,27). Although there’re plenty of studies about 

biochemical effects and clinical uses of bis-dioxopiperazines and its 

analogues, the understanding of detailed kinetic analysis is still poor in 

molecular level. 

Right after adding of 100 uM ICRF-187, kinetic rates was not so much 

different from that of without the ICRF-187 (Figure 10).  
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Figure 10. Comparative kinetics analysis of type II human 

topoisomerase with (red) and without 100 uM of ICRF-187 (white). 

 

However after some time later after the addition of ICRF-187, we observed 

that hTopIIα stayed longer time in the bended state and the level of the high 

FRET states are accumulated (Figure 11).  

 

Figure 11. Representative time traces in addition of 100 uM of ICRF-187 

and (B) corresponding FRET histogram 

 

The time constant calculated from time-dependent histogram (Figure 4B) is 

about 48min more slow than etoposide. This is very interesting in the way 

that although we have known that ICRFs stabilize the protein/DNA complex, 

the fact that bending state is crucial for its effect had been unknown. 

Additionally, ICRF-193 which have been known to be the most potent of the 

analogs (28) showed similar but much fast time constant to reach to the 
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equilibrium as expected (Figure 12). 

 

Figure 12. Time constants of ICRF-187/193 calcultated from FRET 

histogram. 

 

Then, does the time constants obtained from ICRFs mean that they requires 

that time to stabilize the dimer interface between two ATPase protomers? To 

address this question, we assumed that loner bending states should be 

observed right after the injection of ICRF, if it were incubated with hTopIIα 

for sufficient time in the presence of ATP. Thus, we pre-incubated 100 uM 

ICRF-187 for 40min in the imaging buffer containing 1 mM ATP and then, 

take time lapse movie as same procedure as before. Interestingly, we couldn’t 

any significant difference in the time dependent behavior (data not shown). 

This is the indirect evidence that at least DNA substrates should be required 

for stabilizing clamping N-gate region and in other words, ICRF-187 requires 

the enzyme-DNA interaction. 
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Next, we characterized dissociation properties of ICRF-mediated 

enzyme/DNA complex by exchanging buffer. Figure 13 shows representative 

images and corresponding histograms of a buffer exchange experiment. 40min 

after the addition of 100 uM ICRF, we exchage buffer in the chamber for the 

new buffer without ICRF. In contrast to the case of etoposide, hTopIIα 

dissociated immediately revealing that the stability of enzyme/DNA complex 

mediated by ICRF is not so tight. It indicate that ICRFs doesn’t interact with 

DNA substrates directly as expected from considering X-ray crystal structure 

(26). 

 

 

Figure 13. Dissociation of 100 uM ICRF-187 (A) representative images 

before (left) and after (right) washing drug, and (B) corresponding 

normalized FRET histograms indicates that the stability of enzyme/DNA 

complex mediated by ICRF is not so tight. 
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4. Conclusion and Outlook 

 

Single-molecule FRET techniques have several key benefits for drug 

screening and also would provide very useful information on drug 

development over conventional in vitro methods as they have the unique 

ability to monitoring conformational changes in each molecule in high 

temporal and special resolution. Despite its powerful capabilities on drug 

discoveries, most of researches in which single molecule FRET technique 

used tend to focus on dynamics of proteins with DNA/RNA. 

Here, we investigated several anti-cancer drug candidates targeting hTopIIα 

such as etoposide, ICRF’s and PCA possessing unique capabilities on 

inhibiting catalytic cycles of hTopIIα each other. By using single molecule 

FRET technique, it’s possible to provide an overall mechanism of such drugs 

acting on hTopIIα; not only a strong evidence for terminating argument about 

the model of etoposide action but also general mechanisms on which each 

drugs are acting during the catalytic cycle. Furthermore, for decades, the 

combination effects of such drugs have been receiving remarkable interest for 

prescribing patient (29). So, understanding how these drugs are acting on 

enzyme each other would enable researchers to study the mixed effects for 

chemotherapy more deeply. For instance, when combined with ICRF-187, we 

observed that etoposide show stronger effects on cleavage reaction rather than 
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working alone (data not shown). 

Recently, there have been a few attempts to apply single molecule techniques 

including smFRET, optical tweezers to a drug screening in vivo and in vitro 

(30-32). The pharmaceutical trends are growing around the development of 

anti-cancer drugs, however, researches adopting single molecule technique for 

characterizing its effects are not enough. In this point of view, we expect that 

single molecule FRET technique, which is specialized for monitoring the 

behavior of individual molecule, will be used for drug discovery and thus, 

expand our knowledge of chemotherapy rather than before. 
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국문 초록 

 

Type II DNA 회전효소는 항암 및 항균 약품 개발에 있어서 중요한 

표적이 된다. 하지만 Type II DNA 회전효소를 표적으로 하는 약품

에 대한 정확한 기작은 아직 이해가 부족한 실정이다. 효과적으로 

약품을 검사하고 새로운 약품을 개발에 있어서 Type II DNA 회전

효소가 어떻게 이러한 약품들과 상호작용하는지 이해하기 위해서는 

빠르고 정확한 방법론이 요구되고 있다. 본 연구를 통하여, 우리는 

Type II DNA 회전효소와 관련한 절단 작용의 핵심적 과정을 추적

하는 단일 분자 FRET 기술의 고유한 특성이 Type II DNA 회전효

소를 표적으로하는 대표적인 세 가지의 항암제의 특성을 검사하는

데 효과적으로 이용될 수 있음을 검증하였다. 그 중 첫 번째 항암제

는 DNA의 재접합 과정을 방해하는 etoposide이며, 둘 째는 Type 

II DNA 회전효소의 N-gate를 닫힌 상태로 고정 시킴으로써 작용

하는 ICRF-187 및 193, 마지막으로 효소가 DNA로부터 결속되는 

것을 방해하는 PCA가 있다. 구체적인 동력학적 분석을 통하여 우

리는 etoposide가 DNA의 절단 이후에 바로 작용할 수 있다는 점

과 ICRF-187 및 193에 의해 Type II DNA 회전효소의 N-gate

가 닫힘 고정되는 현상이 DNA와 효소의 우선적 작용을 전제한다는 

점을 밝혀 내었다. 이러한 연구를 통하여 우리는 단일 분자 FRET 

기술이 Type II DNA 회전 효소 및 다른 여러 가지 효소를 표적으

로 삼는 항암제들을 연구하는데 유용한 기술로 자리잡기를 기대한

다. 
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핵심단어: 형광공명 에너지 전달, etoposide, ICRF 187/193, 

protocatechuic acid, 항암제, 단일 분자 제어, Type II DNA 회전

효소 
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