
Small Molecule Therapeutics

Single-Molecule Supercoil Relaxation Assay as a
Screening Tool to Determine the Mechanism and
Efficacy of Human Topoisomerase IB Inhibitors
Yeonee Seol1, Hongliang Zhang2, Keli Agama2, Nicholas Lorence2,
Yves Pommier2, and Keir C. Neuman1

Abstract

Human nuclear type IB topoisomerase (Top1) inhibitors are
widely used and powerful anticancer agents. In this study, we
introduce and validate a single-molecule supercoil relaxation
assay as a molecular pharmacology tool for characterizing
therapeutically relevant Top1 inhibitors. Using this assay, we
determined the effects on Top1 supercoil relaxation activity of
four Top1 inhibitors; three clinically relevant: camptothecin,
LMP-400, LMP-776 (both indenoisoquinoline derivatives),
and one natural product in preclinical development, lamel-
larin-D. Our results demonstrate that Top1 inhibitors have two
distinct effects on Top1 activity: a decrease in supercoil relax-
ation rate and an increase in religation inhibition. The type and

magnitude of the inhibition mode depend both on the specific
inhibitor and on the topology of the DNA substrate. In general,
the efficacy of inhibition is significantly higher with supercoiled
than with relaxed DNA substrates. Comparing single-molecule
inhibition with cell growth inhibition (IC50) measurements
showed a correlation between the binding time of the Top1
inhibitors and their cytotoxic efficacy, independent of the mode
of inhibition. This study demonstrates that the single-molecule
supercoil relaxation assay is a sensitive method to elucidate
the detailed mechanisms of Top1 inhibitors and is relevant for
the cellular efficacy of Top1 inhibitors. Mol Cancer Ther; 14(11);
2552–9. �2015 AACR.

Introduction
DNA topoisomerases are highly conserved enzymes that play

critical roles in maintaining genomic stability (1–3). Genomic
DNA is organized in a highly compact state. Consequently,
accumulations of inter- and intra-DNA molecule entanglements
such as DNA supercoils, catenanes, and knots inevitably arise in
DNAmetabolism.DNAtopoisomerases (topos) areuniquely able
to relieve these DNA topological problems through a well-con-
served catalytic activity—DNA cleavage and religation (1, 2, 4).

As a result of the potentially highly toxic single- or double-
strand DNA breaks generated during their normal catalytic cycle,
topoisomerases are widely used as targets for anticancer agents
that primarily act as catalytic poisons by trapping the topoisom-
erase in a cleavage complex with DNA (4–8). Camptothecin
(CPT; Fig. 1A) was the first human topoisomerase IB (Top1)
inhibitor discovered, and currently there are two U.S. Food and
Drug administration approved camptothecin derivatives (Topo-
tecan and Irinotecan) in clinical use (4). The general paradigm for
cytotoxicity caused by Top1-targeted anticancer agents is based on

extensive studies demonstrating that CPT poisons Top1 by trap-
ping a DNA–Top1 cleavage complex (Top1cc) potentially leading
to a double-strand break (7, 9, 10). In addition to this well-
established mode of action, an alternative or complementary
mode of CPT action has been observed in which uncoiling of
positive supercoils by Top1 is hindered, resulting in increased
cellular levels of positive supercoiling that may contribute to CPT
cytotoxicity (11).

Although CPT derivatives are among the most effective anti-
cancer agents, their chemical instability, high cellular efflux, and
the development of CPT resistance spurred an extensive search for
and development of alternative and improved Top1 inhibitors
(7, 12). To date, a number of natural and synthetic compounds
have shown promising Top1 inhibition and cytotoxicity, and two
non-camptothecin derivatives of indenoisoquinolines (LMP-400
and LMP-776) are in phase I clinical trials (12).

Top1 inhibitors are typically characterized by their in vitro and
in vivo inhibition efficacy and by their antiproliferative activities in
human cancer cell lines. A commonmethodology used to test the
degree of Top1 inhibition in vitro is a DNA cleavage assay inwhich
formation of stable Top1ccs induced by a drug is quantified by
measuring cleaved or nicked DNA visualized on a gel (13).

DNA cleavage assays are typically performed with linear DNA
substrates that provide a simple quantitative analysis of Top1
cleavage and, if performed with 30-end labeled DNA, mapping of
sequence-dependent cleavage information (shown in Fig. 1B;
ref. 13). Similar assays using supercoiled DNA as a substrate can
provide additional insight related to not only Top1 catalytic
inhibition but also to Top1 poisoning by inhibitors and potential
roles of DNA topology in the processes of relaxation and inhibi-
tion (9, 14, 15). Moreover, because DNA is supercoiled in vivo,
in vitromeasurements with supercoiledDNA substratesmaymore
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faithfully reflect the in vivo situation, at least with respect to the
influence of DNA topology. Despite the success of the ensemble
DNA cleavage assays in providing ameasure of Top1poisoning by
Top1 inhibitors, they reveal little mechanistic detail concerning
how the drug affects and inhibits the catalytic activity of Top1.
More recently, single-molecule techniques have been used to
investigate Top1 supercoil relaxation activity and the effects of
CPT andCPTderivatives in real time (11, 16, 17). Single-molecule
techniques in which individual molecules are controlled and
measured in real time can provide exquisitely detailed informa-
tion on the physical properties of biopolymers and biophysical

activities of enzymes (18). Magnetic tweezers has been a partic-
ularly useful tool to study DNA topology and elucidate mechan-
isms of DNA topoisomerases as it affords the ability to precisely
control and measure DNA twist and writhe (19, 20).

In this study, we used a single-molecule supercoil relaxation
assay using magnetic tweezers to test four Top1 inhibitors, camp-
tothecin (CPT), LMP-776 (indimitecan), LMP-400 (indotecan),
and lamellarin D (LamD; Fig. 1A). The two indenoisoquinolines,
LMP-400 (NSC 724998) and LMP-776 (NSC 725776), are par-
ticularly relevant because they are currently in phase I clinical trials
at the National Institutes of Health (NCT01051635; ref. 12).
LamD is a naturally occurring compound extracted from a sea
mollusk. It exhibits potent Top1 inhibition activity (21) and
recently was shown to preferentially poison mitochondrial Top1
(Top1mt) in cancer cells (22). Single-molecule supercoil relaxa-
tion measurements provided detailed information on how indi-
vidual Top1 inhibitors affect the catalytic activity of Top1. We
identified two robust characteristics of Top1 activity that changed
in the presence of drug: (i) religation inhibition and (ii) relaxation
rate reduction. From these measures of inhibitor interactions, we
quantified inhibitor binding efficiency and the lifetime of the
inhibitor stabilizing Top1–DNA cleavage complex as metrics to
quantify Top1 inhibition. To compare the results from the single-
molecule assay with conventional assays, for example, DNA
cleavage assays (13, 15), we performed DNA cleavage assays with
the four inhibitors using linear DNA and three different DNA
topological substrates: negatively supercoiled [(�) supercoils],
positively supercoiled [(þ) supercoils], and relaxed circular DNA.
Overall, we found that the inhibitor binding efficiency, DNA–
cleavage complex induction efficiency, and lifetime of the inhib-
itor-stabilized cleavage complex, for each of the four inhibitors
were linearly correlated with their respective cytotoxicity (IC50).
Our study demonstrates that single-molecule supercoil relaxation
assays provide molecular level details of the changes in catalytic
activity of Top1 because of the binding of inhibitors and could be
used as a sensitive tool to screen Top1 inhibitors alone or in
conjunction with DNA cleavage assay prior to in vivo screening.

Materials and Methods
Drug and enzymes

CPT, LMP400, and LMP776 were from Developmental Ther-
apeutics Program (DTP), DCTD, NCI, NIH. LamDwas a generous
gift from Dr. Carmen Cuevas Marchante and Jos�e M. Fernandez
Sousa-Faro, PharmaMar. Human nuclear Top1 was purified from
baculovirus infected SF9 cells, as previously described (23).

Top1 cleavage assay with linear pSK DNA
Briefly, a 117-bp DNA oligonucleotide (Integrated DNA Tech-

nologies) encompassing the previously identified Top1 cleavage
sites in the 161-bp fragment from pBluescript SK(�) phagemid
DNA was used. This 117-bp oligonucleotide contains a single
50-cytosine overhang, which was 30-end labeled by fill-in reaction
with [32P]dGTP in react two buffer (50 mmol/L Tris-HCl, pH 8.0,
100 mmol/L MgCl2, 50 mmol/L NaCl) with 0.5 units of DNA
polymerase I (Klenow fragment; New England BioLabs). Unin-
corporated [32P] dGTP was removed using mini Quick Spin DNA
columns (Roche), and the eluate containing the 30-end-labeled
DNA substrate was collected. Approximately 2 nmol/L of radi-
olabeled DNA substrate was incubated with recombinant Top1 in
10mLof reactionbuffer [10mmol/LTris-HCl (pH7.5), 50mmol/L

Table 1. IC50 values for indicated cell lines treated with corresponding Top1
inhibitors

P388 CEM HCT116 MCF-7

CPT 6.8c/24b 3b 60a 30a

LMP-776 25a NA 125a 90a

LamD 136b 14b NA NA
LMP-400 300a NA 1200a 560a

NOTE: All IC50 values are in nmol/L. IC50 values that are not available are
indicated as "NA."
aValues from ref. 24.
bValues from ref. 21.
cValues from ref. 32.
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Figure 1.
Comparison of Top1-mediated DNA cleavage induced by CPT, LMP-400,
LMP-776, and LamD. A, compound structures. B, (lane 1) DNA alone; (lane 2)
Top1 alone; (lane 3–16) Top1þ indicated drugs at 0.3, 0.9, 2.7, and 8.1 mmol/L,
respectively. The numbers on the left and arrows indicate cleavage site
positions. A 117-bp DNA substrate was used in this assay, but the cleavage
sites are numbered to be consistent with the 161-bp DNA substrate
traditionally used in this assay in order to facilitate comparison (25).
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KCl, 5 mmol/L MgCl2, 0.1 mmol/L EDTA, and 15 mg/mL BSA] at
25�C for 20 minutes in the presence of the indicated drug con-
centrations. Reactions were terminated by adding SDS (0.5% final
concentration) followed by the addition of two volumes of
loading dye (80% formamide, 10 mmol/L sodium hydroxide, 1
mmol/L sodium EDTA, 0.1% xylene cyanol, and 0.1% bromphe-
nol blue). Aliquots of each reactionmixturewere subjected to20%
denaturing PAGE. Gels were dried and visualized by using a
phosphoimager and ImageQuant software (Molecular Dynam-
ics). Cleavage sites were numbered as previously described in the
161-bp fragment (24, 25).

DNA supercoil relaxation assay
We prepared "coilable" DNA molecules and sample-cells for

performing a DNA supercoil relaxation assay as previously
described (17, 23, 26). Measurements of supercoil relaxation by
Top1 (50–500 pmol/L) were performed in topoisomerase buffer
(10 mmol/L Tris pH 8, 50 mmol/L KCl, 10 mmol/L MgCl2, 0.3%
w/v BSA, 0.04% Tween-20, 0.1 mmol/L EDTA, and 5 mmol/L
DTT)with varying inhibitor concentrations (0–10 mmol/L) and at
two different DNA twist densities: �0.008 (negative supercoils)
and 0.008 (positive supercoils), corresponding to a tension
applied on the DNA of 0.2 pN (17). Top1 relaxation activity was
measured by tracking the height of the bead at 200Hz using video
tracking routines as described previously (17). Religation inhibi-
tion induced by an inhibitorwas quantified from the ratio of futile
to productive supercoiling attempts, that is, the fraction of events
for which there was no change in DNA linking number (DLk)
when the magnets were rotated (22). For comparison to the
frequency in the absence of an inhibitor, the relative change in
religation inhibition values was calculated compared with the
values obtained in the absence of an inhibitor [relative change ¼
[value (drug presence) � value(drug absence)]/value(drug
absence)]. The rates of supercoil relaxation byTop1were obtained
by analyzing the DNA extension change using custom-written
software in Igor Pro Version 6.13 (Wavemetrics; ref. 17). The slow
relaxation-rate event probability was determined by calculating
the fraction of events with rates less than 30% of the mean rate
obtained in the absence of the inhibitor (22) and then compared
with those in the absence of the drug to obtain the relative changes
in low rate probability. The results of this analysis were relatively
insensitive to the precise choice of the threshold for low rate
determination.

DNA cleavage assay with supercoiled substrates
DNA cleavage assays were adapted from the method of

McClendon and Osheroff (15). The DNA cleavage assay was
repeated at least three times for individual drugs and DNA
topological states. Reactions were carried out at 37�C for 10
minutes in a thermocycler (Eppendorf) and stopped by adding
2 mL of 5% SDS and 1 mL of 375 mmol/L EDTA (pH 8.0). To
remove Top1, 2 mL of proteinase K (0.8 unit/mL, NEB) was
added and the reaction was incubated at 45�C for 1 hour to
digest Top1. pBR322 (NEB) was used as (�) supercoil sub-
strates. (þ) Supercoil substrates were generated by incubating
negatively supercoiled pBR322 with Archaeo-globus fulgidus
reverse gyrase following the protocol of McClendon and col-
leagues (27), whereas relaxed pBR322 was generated by relax-
ing negatively supercoiled pBR322 with Top1. To quantify the
DNA cleavage activity, 0.4 nmol/L of DNA from individual
samples was mixed with 5 mL of 6� DNA loading dye (Crytal-

gen) that were heated at 60�C for 5 minutes and loaded on to
1% DNA agarose gel (1� TBE containing 0.4 mg/mL ethidium
bromide). Ethidium bromide (0.4 mg/mL) was included in the
gel to achieve separation between nicked and the other topo-
logical states of the DNA. The gel was run for 2 hours and 40
minutes in 1� TBE running buffer at 70 V and then soaked for 3
hours in TE buffer containing 0.2 ppm Sybr-green dye (Sigma)
to enhance the detection sensitivity of DNA. The gel image was
obtained by using BioSpectrum (UVP) and analyzed by custom
written software in LabVIEW (National Instruments) and Igor
Pro (Wavemetrics) to estimate the amount of DNA in individ-
ual bands in each lane.

Results
Differential trapping of Top1–DNA cleavage complexes
(Top1cc) by CPT, LMP-400, LMP-776, and LamD

We compared the drug-induced Top1cc in a routine biochem-
ical assay (13, 28) using a 118-bp 30-end-labeled linear DNA
fragment derived from the pSK plasmid. The four drugs trapped
Top1cc at submicromolar concentrations, but differed in the
distribution and intensity of their selective cleavage sites across
the DNA sequence, which is related to the selective interaction of
each drugwith theDNAbases flanking the Top1cc (Fig. 1; ref. 29).

Two different modes of human Top1 inhibition
Next, we characterized the effects of the four Top1 inhibitors by

comparing Top1 catalytic activity in the absence of and presence
of increasing concentrations of the inhibitor using a magnetic-
tweezers-based single-molecule DNA supercoil relaxation assay.
In this assay, DNA supercoils are generated by rotating a 1-mm
magnetic particle tethered to the surface by a long dsDNA (either
11 or 23 kb), using amagnet assembly above the sample chamber
(Fig. 2A; refs. 17, 23). The chirality of DNA supercoils is deter-
mined by the direction of magnet rotation, that is, clockwise
(counterclockwise) rotation generates negative (positive) super-
coils. DNA twist density (related to the torque on theDNA) can be
varied by changing the applied tension on the DNA. DNA exten-
sion ismeasured by tracking the bead height relative to the surface
(23). Supercoiling of relaxedDNA initially increases the twistwith
little change in DNA extension. At a force-dependent critical
supercoiling value, the DNA buckles, forming a plectoneme.
Further rotation increases the extent of the plectoneme, that is,
theDNAwrithe, without changing the twist or torque in theDNA.
Consequently, the torque remains constant as long as plecto-
nemes remain. The DNA extension increases as Top1 relaxes
supercoiled DNA (Fig. 2A; ref. 17). In the presence of inhibitors,
two distinctive changes were observed in Top1 catalytic activity
(Fig. 2B). First, there was a significant increase in the frequency
and duration of religation inhibition, that is, periods when the
DNAmolecule could not be supercoiled by rotating the magnets,
whichwe attribute todrug intercalation at the cleavage site and the
formation of a stable cleavage complex (29–31). Second, the
frequency of slow relaxation-rate events increased, consistentwith
the slow relaxation mode first observed in single-molecule mea-
surements of topotecan inhibition (11). To quantify and compare
the effects of the four Top1 inhibitors, wemeasured the frequency
of, that is the fraction of events that displayed, religation inhibi-
tion and slow relaxation-rate events and the time durations
over which religation inhibition (trf) and slow relaxation-rate
(tsl) events persisted (Fig. 2B).

Seol et al.
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The chirality of DNA supercoils modulates the effects of Top1
inhibitors

We used the religation–inhibition and slow relaxation-rate
metrics to quantify the relative efficiency of the four inhibitors
at two different inhibitor concentrations (1 and 5 mmol/L) and
two DNA supercoil chiralities (positively and negatively
supercoiled; Fig. 3). Individual inhibitors exhibited inhibition
metric profiles that depended to different degrees on DNA super-
coil chirality (Fig. 3). For CPT, religation inhibition was the
dominant effect on (�) supercoils as the probability increased
up to 3-fold higher than in the absence of an inhibitor (Fig. 3A).
However, an increase in low relaxation-rate events was the dom-

inant effect on (þ) supercoils, consistent with observations of
topotecan inhibition (11). Religation inhibition by LMP-776,
although lower than that by CPT, showed a similar trend. Despite
the overall similarities, the increase in the frequency of low
relaxation-rate events for (�) and (þ) supercoils indicates that
the detailed interactions of LMP-776 at the Top1 cleavage site and
the related effects on the Top1–DNA interactions are likely dif-
ferent from those of CPT. Despite sharing closely related chemical
composition and structure (Fig. 1A), LMP-400 inhibition effi-
ciency was significantly lower than that of LMP-776, requiring a
concentration of 10 mmol/L to achieve minimal inhibition (Fig.
3). LamD showed a comparable religation inhibition activity to
LMP-776 but a negligible increase in the frequency of low relax-
ation-rate events. As religation inhibition and low relaxation-rate
events both reflect the formation of Top1cc, we combined these
two effects to estimate the overall binding probability of individ-
ual inhibitors. For CPT, the binding probability for (þ) supercoils
was superior to that of (�) supercoils as it appeared to saturate at 1
mmol/L. The binding of LMP-776 was almost independent of
supercoil chirality, whereas that of LamD slightly favored (�)
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supercoils. The overall binding of LMP-776 and LamDwere lower
than for CPT but higher than for LMP-400, which shows very little
inhibitor binding even at 10 mmol/L.

Following a similar line of logic, we estimated the overall
inhibitor binding lifetime by combining the durations of persis-
tent religation inhibition and low relaxation-rate events (Fig. 3B).
CPT lifetime was independent of DNA supercoil chirality and
significantly longer than those of the other inhibitors, indicating a
10- to 100-fold higher binding stability. The lifetime of LMP-776
was on the order of 10 seconds for both (þ) and (�) supercoils. A
similar lackof chiral effects onbindingwasobserved for LMP-400,
although the lifetimewas on the order of 1 second. The lifetime of
LamD on (�) supercoils was slightly less than that of LMP-776,
but they were comparable for (þ) supercoils, indicating that
binding probability is different from binding stability because
LamD shows lower binding probability for (þ) supercoils than
does LMP-776.

Supercoiled DNA cleavage assay reveals inhibitor efficacy is
modulated by DNA topology

To understand how Top1 inhibition activity determined from
single-molecule measurements relates to ensemble DNA cleavage
measurements, we performed ensemble DNA cleavage assays
using three different topological states of circular DNA as sub-
strates: positively supercoiled, negatively supercoiled, and relaxed
DNAwith a range of drug concentrations (0–50mmol/L; Fig. 4). In
a conventional DNA cleavage assay, Top1 inhibition efficacy is
estimated from the amount of cleaved DNA substrate as cleavage
is correlated with both the stability and efficiency of Top1–DNA
cleavage complex formation. Thus, the estimated efficacy repre-
sents a combination of drug binding affinity and cleavage com-

plex stability. DNA cleavage assays are typically performed
with linear DNA (Fig. 1B; ref. 13). Although topotecan- and
LamD-stabilized cleavage have been tested with supercoiled DNA
(15, 21), a detailed comparison of cleavage efficiency of Top1
inhibitors for different DNA topological states has not been
undertaken.

To probe the effect of DNA topology on the formation of
cleavage complexes, the assay had to be performed under condi-
tions thatminimized the relaxationof substrate by Top1. Toprobe
this pre–steady-state phase, we used a 1:2 ratio of DNA to Top1
and ran the reaction for only 10 minutes at 37�C. Top1cc forma-
tion was estimated from the fraction of nicked DNA obtained by
agarose gel electrophoresis analysis of each reaction (Fig. 4A). The
nicked fraction was then normalized by the nicked fraction
obtained in the absence of an inhibitor to obtain relative changes.
Consistent with single-molecule measurements, the overall effi-
ciency of CPT was higher than that of the other drugs tested. For
(�) supercoils, the fraction of nickedDNA gradually increased for
increasing CPT concentrations, whereas for (þ) supercoils, the
nicked fraction increased sharply up to a CPT concentration of 5
mmol/L, after which it remained relatively constant (Fig. 4B). This
chirality-dependent CPT efficiency is similar to the chirality-
dependent CPT binding efficiency observed in the single-mole-
cule assay, indicating that CPT is a more effective Top1 inhibitor
with positively rather than negatively supercoiled DNA (Figs. 3
and4). The nicked fractionmeasured for the other three inhibitors
was higher for (�) supercoils than for (þ) supercoils, particularly
at high drug concentrations (>10 mmol/L). At lower inhibitor
concentrations (<10 mmol/L), changes in the fraction of nicked
DNA were minimal for all drugs, except for CPT.

Presumably, the ensemble DNA cleavage assay may not be
sensitive enough to detect small changes observed in the single-
molecule assay. Interestingly, all drugs were ineffective in Top1
inhibition with relaxed DNA as the nicked DNA fractions are
negligible independent of drug concentration and type.

Strong correlation between inhibitor binding lifetimes,
cleavage complex formation, and IC50 values

The in vitro measures of Top1 inhibition are a convenient
screening tool, but may not reflect the in vivo efficacy because of
complex cellular and biochemical processes thatmay influence the
stability and availability of Top1 inhibitors in a drug-dependent
and cell type–dependent manner. Thus, it is useful to investigate if
there are correlations between single-molecule, in vitro, and cellular
measurements. In general, the in vivo efficacy can be evaluated
basedon the level of cytotoxicity characterizedby the inhibitor IC50

value. We compared the single-molecule inhibition results with
published IC50 values from four different cell lines: P388 (murine
leukemia cells), HCT116 (human colon cells), MCF-7 (human
breast cancer cells), and CEM (human leukemic lymphoid cells;
refs. 21, 24, 32). Importantly, growth inhibition for all four cell
lines was shown to specifically depend on cellular Top1 inhibition
(21, 24, 32). The single-molecule inhibition measurements pro-
vide multiple inhibition metrics, including the frequency of slow
relaxation-rate events, the frequency of religation inhibition, and
the inhibitor binding lifetime. Cellular Top1 inhibition and sub-
sequent cytotoxicity could, in principle, be dominated by one or
more of these observed effects, and the frequency of slow relaxa-
tion-rate events has been suggested for CPT derivatives (11).
We calculated individual drug unbinding rates (kdrug-off), inverse
binding probability (1/Pdrug-binding), and inverse DNA nicking
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probability (1/Fnicked) by combining results from (þ) and (�)
supercoils measured at 1 mmol/L drug concentration and com-
pared these metrics with IC50 values from four cell lines listed
above (Fig. 5A and Supplementary Fig. S1; refs. 21, 24, 32).

Single-molecule and in vitro measurements of inhibition are
generally correlated with IC50 values obtained with different cell
lines (Fig. 5A and Supplementary Fig. S1). However, cell-line
specific IC50 values for each inhibitor make it difficult to globally
compare their cytotoxicity with in vitro measures of inhibition.
Therefore,wefirst consideredP388, theonly cell line forwhich the
IC50 values of all four drugs were determined (21, 24, 32). For
each inhibitor, we plotted the unbinding rate (kdrug-off), inverse

binding probability (1/Pdrug-binding), and inverse nicking probabil-
ity (1/Fnicked) against its corresponding P388 IC50 value (Fig. 5A).
There is a strong correlation between the three in vitro metrics and
the corresponding IC50 values. For kdrug-off and 1/Pdrug-binding
obtained from the single-molecule assay, linear fits resulted in a
slope of 0.12� 0.01 and Pearson correlation coefficient, Pr¼ 0.97;
and a slope of 0.023 � 0.004 and Pr ¼ 0.97, respectively. For
1/Fnicked obtained from theDNAcleavage assay, a linearfit returned
a slope of 0.019 � 0.003 and Pr ¼ 0.96. To determine if this
correlation holds among different cell lines, the IC50 values of all
testeddrugswerenormalizedby theCPT IC50value for each cell line
because CPT is the reference Top1 inhibitor without other known
cellular targets driving its cytotoxicity (33). We calculated the
average normalized IC50, <IC50/CPT> for each inhibitor. <IC50/CPT>
values for LMP-400 and LMP-776 were calculated based on P388,
HCT-116, andMCF-7 cell lines and <IC

50/CPT
> values for LamDwere

based on P388 and CEM (21, 24, 32). We plotted unbinding rates
(kdrug-off), inverse binding probability (1/Pdrug-binding), and inverse
nickingprobability (1/Fnicked) asa functionof calculated<IC50/CPT>
values as shown in Fig. 5B. Consistent with the correlations
observed for theP388cell line, all three in vitrometrics are correlated
with the <IC50/CPT> values. For kdrug-off and 1/Pdrug-binding obtained
from the single-molecule assay, the linear fits resulted in a slope of
1.4 � 0.1 with a Pearson correlation coefficient, Pr ¼ 0.97; and a
slope of 0.27 � 0.04 and Pr ¼ 0.97, respectively. For 1/Fnicked
obtained from the DNA cleavage assay, a linear fit returned a slope
of 0.23 � 0.04 and Pr ¼ 0.95.

Discussion
In this study, we demonstrate that a single-molecule DNA

supercoil relaxation assay can be used as a tool for probing Top1
inhibition and its molecular effects in detail. We find that inhib-
itor binding efficiency and binding lifetime estimated from the
single-molecule measurements are strongly correlated with cyto-
toxicity (IC50) of Top1 inhibitors measured in cell culture, indi-
cating that single-molecule approaches alone or in parallel with
conventional biochemical inhibition assays can provide an initial
rapid screening step to determine Top1 inhibition efficiency of
test compounds.

Underlying mechanism of religation inhibition and decreased
relaxation-rate by Top1 inhibitors

Because CPT was identified as the first Top1 inhibitor, numer-
ous experimental and theoretical studies have been undertaken to
elucidate the molecular mechanism and cytotoxicity of CPT and
its derivatives (7, 9–11, 14, 17, 31, 34–39).

In the established model, CPT binds at the interface between
Top1 and the DNA nick at which it is intercalated, thereby
preventing DNA religation while inducing a stable Top1cc until
it is released. The efficiency of generating nicked DNA is well
explained within this model. However, recent single-molecule
experiments revealed an intriguing change in Top1 relaxation
activity in the presence of topotecan and CPT (11, 17). Instead of
simply inhibiting religation, the overall relaxation rate of positive,
but not negative, supercoiled DNA decreased significantly. The
basis for this new phenomenonwas explained throughmolecular
dynamics simulations demonstrating that the presence of CPT
enhances the rotational energy barrier height for unwinding (þ)
supercoils whereas it lowers the rotational energy barrier
height for unwinding (�) supercoils (39). This finding provides
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Figure 5.
Correlation between single-molecule measures of inhibition and cellular
measures of cytotoxicity. A, the drug off-rate (kdrug-off, solid circles), the
inverse drug binding probability (1/Pdrug-binding, solid triangles), and the
inverse nickedDNA fraction (1/Fnicked, solid squares) for each inhibitor plotted
versus IC50 (P388 cell line). Individual linear fits provide the Pearson
correlation coefficient ranging from 0 to 1, Pr, as the level of linear correlation
between in vitro quantities and cytotoxicity. Pr measured for kdrug-off was
0.97, for 1/Pdrug-binding was 0.97, and for 1/Fnicked was 0.96. B, kdrug-off (solid
circles), 1/Pdrug-binding (solid triangles), and 1/Fnicked (solid squares) for each
inhibitor plotted versus <IC50/CPT>. <IC50/CPT> indicates the average IC50

relative to that of CPT for each cell line. The x-axis error bars correspond to the
standard error from IC50/CPT values of different cell lines for individual
inhibitors. Pr measured for kdrug-off was 0.97, for 1/Pdrug-binding was 0.95, and
for 1/Fnicked was 0.97. Individual IC50 values and their sources are listed
in Table 1.
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additional implications for the effects of CPT in vivo as the
significant decrease in relaxation leads to accumulation of (þ)
supercoils, which could potentially adversely affect numerous
cellular activities and contribute to cytotoxicity (11, 40). These
results raised the possibility that accumulation of (þ) supercoils is
an important component of Top1 inhibitor induced cytotoxicity.

Our results indicate that inhibition by LMP-776 and LamD is
dominated by religation inhibition and the probability of slow
relaxation rate events remains low except for very high concen-
trations of LMP-776 (5 mmol/L). This finding confirms that
religation inhibition without a substantial decrease in relaxation
rate is sufficient to induce cytotoxicity in vivo (34, 36). More
generally, whereas there was a strong correlation between the
inhibitor unbinding rate (kdrug-off) and the IC50 value of the four
inhibitors we measured, the correlation between the decrease in
relaxation rate and the IC50 value was exceedingly weak (Supple-
mentary Fig. S2). Our interpretation of these findings is that the
decrease in relaxation rate and the inhibition of religation are two
manifestations of the formation of a covalent cleavage complex,
the probability of formation and lifetime of which are the phys-
iologically important parameters in determining cytotoxicity. As a
result, there is a strong correlation between the IC50 values and
inhibitor bound time, which includes the contributions of both
decreased relaxation rate and religation inhibition, but a com-
paratively weak correlation between the IC50 values and either
individual manifestation of inhibition.

In the DNA cleavage assay, the overall efficiency of forming the
cleavage complex is a convolution of the protein–DNAKd and the
inhibitor Kd, which are difficult to directly determine from the
single-molecule measurements. The ensemble measurements
thus provide a related but alternative measure of inhibition
efficiency. For example, neither the dramatically reduced relaxa-
tion rate with (þ) supercoils nor the increased religation inhibi-
tion with (�) supercoils caused by CPT observed in the single-
molecule assay (Fig. 3) is apparent in the cleavage assay.However,
the fraction of nicked DNA for (þ) supercoils (Fig. 4B, middle) is
similar to the low relaxation-rate event probability for (þ) super-
coils (Fig. 3B, middle, right) and the fraction of nicked DNA for
(�) supercoils (Fig. 4B, left) is similar to the religation inhibition
probability (Fig. 3B, top, left). Thus, the nicked DNA fraction is
related to the drug-binding efficiency, consistent with the single-
molecule results. The one exception to this general trend is LMP-
776, which exhibits relatively high binding efficiency for (þ)
supercoils (Fig. 3B, bottom) that is not reflected in the fraction
of nicked DNA (Fig. 4). Interestingly, the fraction of relaxed DNA
increases with increasing LMP-776 concentration, suggesting that
the drug binding may enhance the effective binding affinity of
Top1 and in turn increase the overall relaxation of DNA despite
the slow relaxation rate as observed with CPT. LamD, which is an
effective inhibitor of mitochondrial topoisomerase IB (Top1mt)
in addition to nuclear Top1 (22), appeared to hinder the relax-
ation of (þ) supercoils at high concentrations (Supplementary
Fig. S3). This finding was seemingly at odds with the observation
that moderate LamD concentrations (�1 mmol/L) slightly
enhanced the relaxation rate (Fig. 3B, middle, left). The ensemble
DNA cleavage measurements indicate that the efficiency of inhi-
bition is influenced by the topology of the DNA (Fig. 4). It was
surprising to find essentially no DNA–cleavage complex forma-
tionwith relaxedDNA for all four inhibitors. Thismay be because
of the low relative binding affinity of Top1 for linear DNA (41),
although recent measurements performed at low Top1 concen-

trations suggest there is very little difference in affinity between
relaxed and supercoiled DNA (42). Alternatively, the lack of
inhibitor-stimulated cleavage on relaxed DNA may reflect the
influence of torque on the occupancy of the cleaved but not
rotating kinetic state postulated in the recently proposed "kinetic
clutch" model for Top1 relaxation and religation (17). In this
scenario, in the absence of a driving torque, that is, no DNA
supercoiling, Top1 bound to linear DNA will equilibrate among
three states: (i) ligated, (ii) cleaved but rotationally constrained
and able to bind inhibitor, and (iii) cleaved but rotationally
unconstrained and unable to bind inhibitor. Previous estimates
of the kinetics linking these states suggest that state (ii), in which
an inhibitor can bind, has a low probability in comparison to the
other two states in the absence of a driving torque. During
relaxation of supercoiled DNA, there is a second kinetic pathway
from state (iii) back to state (ii) that shifts the equilibrium toward
state (ii), which would favor inhibitor binding. Although the
current data donot permit anunambiguous dissectionofwhich, if
either, of these possibilities make the dominate contributions to
the observed topological differences in inhibitor efficiency, the
fact that the relative effects ofDNA topology differ among the four
inhibitors, and that some of these differences depend on the
chirality of supercoiling, suggest that the underlying mechanisms
reflect something other than topology-dependent Top1 binding
affinity. Independent of the underlying mechanistic basis for the
topological effect, on a practical level these results suggest that
DNA topology should be considered when evaluating the effi-
ciency of Top1 inhibitors in vitro.

Single-molecule assay limitations and future directions
Our study shows that the single-molecule assay provides

detailed measures of Top1 activity changes induced by inhibitors
and combining the single-molecule assay with the DNA cleavage
assays provides comprehensive information on the effects and
mechanisms of Top1 inhibitors. The high correlation between
inhibitor binding efficiency or bound lifetime and IC50 for the
four inhibitors we tested suggests that the single-molecule DNA
relaxation assay may provide an efficient tool to screen Top1
inhibitor efficiency. Nonetheless, the deviations between in vitro
and in vivo Top1 inhibition efficiency should be noted, particu-
larly for LMP-776. These differences reflect the more complex
chemical and physiological nature in cellular conditions, which
are difficult to recapitulate with in vitromeasurements. For exam-
ple, LMP-776, because of its robust chemical stability and low
susceptibility to cellular efflux compared with CPT or CPT deri-
vatives, enables it to outperform the in vitro estimation (12).
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