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Antitumour drugs impede
topoisomerase |

DNA uncoiling by

Daniel A. Koster!, Komaraiah Palle?, Elisa S. M. Bot!, Mary-Ann Bjornsti* & Nynke H. Dekker!

Increasing the ability of chemotherapeutic drugs to kill cancer
cells is often hampered by a limited understanding of their mech-
anism of action. Camptothecins, such as topotecan, induce cell
death by poisoning DNA topoisomerase I, an enzyme capable of
removing DNA supercoils'™. Topotecan is thought to stabilize
a covalent topoisomerase-DNA complex®”’, rendering it an
obstacle to DNA replication forks>>*°. Here we use single-
molecule nanomanipulation to monitor the dynamics of human
topoisomerase I in the presence of topotecan. This allowed us
to detect the binding and unbinding of an individual topotecan
molecule in real time and to quantify the drug-induced trapping
of topoisomerase on DNA. Unexpectedly, our findings also show
that topotecan significantly hinders topoisomerase-mediated
DNA uncoiling, with a more pronounced effect on the removal
of positive (overwound) versus negative supercoils. In vivo experi-
ments in the budding yeast verified the resulting prediction that
positive supercoils would accumulate during transcription and
replication as a consequence of camptothecin poisoning of topoi-
somerase I. Positive supercoils, however, were not induced by drug
treatment of cells expressing a catalytically active, camptothecin-
resistant topoisomerase I mutant. This combination of single-
molecule and invivo data suggests a cytotoxic mechanism for
camptothecins, in which the accumulation of positive supercoils
ahead of the replication machinery induces potentially lethal DNA
lesions.

DNA topoisomerases resolve topological problems by means of
transient DNA strand breakage and religation"*'°. However, drug-
stabilized topoisomerase-DNA complexes may also induce poten-
tially lethal DNA damage. Indeed, eukaryotic DNA topoisomerase IB
(TopIB) is the cellular target of the camptothecin class of chemother-
apeutics>'". The camptothecin analogues topotecan and irinotecan
have significant activity against adult and paediatric solid tumours,
and have gained US Food and Drug Administration approval for the
treatment of ovarian and small-cell lung cancer'"*. A detailed
understanding of topoisomerase—drug interactions is critical for
optimal clinical development of these chemotherapeutics. How-
ever, the dynamic interactions underlying this poisoning and their
biological ramifications remain largely unknown.

TopIB removes DNA supercoils by first forming a clamp around
duplex DNA'>'. The active-site tyrosine acts as a nucleophile to cleave
a single DNA strand, forming a transient DNA—(3’-phosphotyrosyl)-
enzyme ‘covalent complex” and a free 5'-OH DNA end. Torsional
energy within the DNA then drives uncoiling about the intact DNA
strand. Following the removal of a random number of supercoils, a
ligation reaction restores the DNA backbone'”'®. Topotecan interca-
lates into the nick generated by ToplIB, thereby preventing religation
and trapping TopIB on the DNA>7". During S phase, these reversible
ternary topotecan—TopIB-DNA complexes are converted into cyto-
toxic DNA lesions that cause cell death>**®. Because DNA replication
is required for topotecan-induced cell lethality®?, it has been proposed
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Figure 1| Drug-dependent slow DNA uncoiling by human ToplB. a, In the
absence of topotecan, uncoiling (red dots, at 100 s) proceeds rapidly. b, In
the presence of topotecan, slow and continuous uncoiling of positive
supercoils is observed. The uncoiling rate is constant, as expected in the
constant torque regime (Supplementary Information IV). Inset, ribbon
diagram of the carboxy terminal 70 kDa of human TopIB (blue) covalently
linked to DNA (yellow) in the presence of topotecan (magenta). ¢, The

distribution of uncoiling velocities in the presence of 5 UM topotecan
(n=275) and F = 0.2 pN shows contributions from topotecan-mediated
slow uncoiling and topotecan-independent uncoiling (inset, measurement
in the absence of topotecan (n = 64)). Topotecan-mediated uncoiling of
positive supercoils proceeds ~20-fold more slowly than topotecan-
independent uncoiling.
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that these lesions occur as a result of the covalent complex ‘colliding’
with an advancing replication fork™. Here we describe single-
molecule experiments that test key predictions of the proposed mech-
anism of poisoning of TopIB, and reveal dynamic interactions
between topotecan and TopIB. The consequences of these interactions
are also observed in living cells, suggesting an alternative mechanism
for cell death.

To examine the consequences of camptothecin binding on TopIB
swivel function, we explored its real-time dynamics in the presence of
topotecan in the context of a single molecule. Our experimental
configuration, the magnetic tweezers, is described elsewhere*® (Sup-
plementary Information I). In a typical experiment the DNA is
mechanically coiled in the presence of TopIB, introducing multiple
plectonemes that reduce the DNA extension (Fig. la). We usually
observe a plateau (for example, from ~25to 100 s in Fig. 1a), which is
indicative of DNA in a supercoiled and unnicked state. In the pres-
ence of human TopIB (encoded by the TOP1I gene) but the absence of
topotecan, the DNA is subsequently (at 100 s, shown in red) rapidly
uncoiled by the enzyme. Plectoneme removal occurs either in a single
enzymatic event or in multiple steps (Supplementary Information
II). Surprisingly, on addition of topotecan, a very different signature
is observed (Fig. 1b). First, topotecan-mediated uncoiling occurs
slowly (red points) compared with uncoiling in the absence of drug.
Slow uncoiling is observed immediately following mechanical coil-
ing; this proceeds in a fashion that seems to be continuous, and can
be fitted by a linear relation (blue line). Second, slow uncoiling con-
tinues for long periods of time. Finally, during the slow uncoiling, no
plateaux are apparent, suggesting that religation does not take place
(Supplementary Information III). Structural studies revealed that the
ring-like structure of topotecan intercalates into a TopIB-generated
nick and is stabilized by hydrogen bonds to TopIB and base-stacking
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interactions with adjacent bases”’. Consistent with biochemical
assays of camptothecin-induced covalent TopIB-DNA complexes®?',
structural studies also show that topotecan locally deforms the DNA
duplex and displaces the 5'-OH, presumably decreasing the prob-
ability of religation. It was also speculated that contacts of topote-
can with TopIB and DNA ought to significantly hinder rotational
motion”'**—a prediction borne out by our observations.

To quantify the reduction in uncoiling rate caused by topotecan
binding, we examined the complete distribution of DNA extension
velocities during enzymatic uncoiling (Fig. 1c). In the presence of
topotecan, we identified two populations: one topotecan-mediated
and one non-topotecan-mediated. The fraction of topotecan-
mediated events increases with drug concentration (data not shown),
but, even at the highest concentrations, a significant fraction of events
remains non-topotecan-mediated. These findings are consistent with
biochemical studies demonstrating that topotecan stabilizes a subset
of TopIB-DNA complexes™’. Non-topotecan-mediated events, un-
ambiguously identified by experiments in the absence of topotecan
(Fig. lc, inset), take place, on average, at 4.1 ums . Topotecan-
mediated events, however, take place, on average, at 0.2 ums™" (cor-
responding to a plectoneme relaxation rate of ~3 Hz; Supplementary
Information IV), independent of drug concentration. We conclude
that topotecan-mediated uncoiling by TopIB occurs roughly 20-fold
slower than uncoiling by TopIB alone.

Control experiments were performed to exclude the possibility
that topotecan binding to DNA, or non-specific TopIB—-topotecan
interactions could result in such slow uncoiling. First, topotecan
binding did not affect the mechanical properties of DNA (Supple-
mentary Information V). Second, slow uncoiling was not specific to
topotecan, occurring also with camptothecin. However, it did not
occur with Topl(Y723F), a catalytically inactive human TopIB
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Figure 2 | The duration of slow removal and its uniqueness to the removal
of positive supercoils. a, The duration At for a bound topotecan (grey area)
is defined as the time period between f,, and f.,q during which slow and
constant uncoiling is observed. b, ¢, Typical illustration (70% of events,

n = 660) of ty.. (b) and t.,4 (c) events. d, fy,,, event in which nicking
appears directly before the onset of slow uncoiling. e, Event suggestive of a
topotecan molecule exiting at f.,4, after which religation occurs (plateau
onset at 610 s). f, Histogram of At for F = 0.5 pN, with mean of 121 £ 11s
(n = 146), which is not significantly force-dependent (inset). Means are
numerical averages with the corresponding s.e.m. g, Distribution of TopIB
religation times, with a most probable religation time 0f 0.3 s (n = 132) and a
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slowly decaying tail (inset), giving an average time of 4 s, far below At (121's,
as shown in f). h, The removal rate of positive (pink areas) and negative (blue
areas) supercoils in the presence of topotecan. Removal of positive
supercoils proceeds more slowly. Following the removal of negative
supercoils, continued slow removal of positive supercoils is verified to
ascertain that the topotecan molecule remained bound in the interim. The
rotational position of the magnets, specifying the absolute number of turns
that are mechanically injected into the DNA, is indicated in green.

i, Histogram of the difference in uncoiling velocity, Aw, between positive and
negative supercoils, in the presence of topotecan.
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Figure 3 | Camptothecin poisoning of TopIB induces accumulation of
positively supercoiled DNA in G1- and S-phase yeast cells. a, To eliminate
the potential contribution of positive supercoils induced by replication
forks, asynchronously growing haploid yeast cells are arrested in G1 phase
with a-factor. b, Positive supercoils are generated ahead of advancing
transcription bubbles, and compensatory negative supercoils are generated
in their wake. Diverging transcription units bisect a plasmid into twin
domains of positive and negative supercoils. If, in the presence of drug (left),
positive supercoils are removed more slowly than negative supercoils, the
plasmid should display an excess of positive supercoils. In the absence of
drug (right), no asymmetry between the removal rates of positive supercoils
and negative supercoils is observed (Supplementary Information VII) and
no net change in linking number (Lk) is expected. ¢, Two-dimensional
agarose gel analysis of the Lk distribution of 2 pm plasmid topoisomers
isolated from G1-phase topIlA, wild-type TOP2 yeast cells, expressing
plasmid-encoded human TopIB (TopIB) or vector control, and treated with
camptothecin (CPT) or no drug for 15 or 60 min. Topoisomer resolution in
two-dimensional agarose gels is discussed in Supplementary Information
VI. The shift in topoisomer distribution is quantified by measuring the
signal intensity of the portion of the arc to the right of the diagonal linear
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protein, with vaccinia TopIB (which is insensitive to topotecan) or with
a nick induced by a nicking enzyme (Supplementary Informa-
tion V). As expected, these experiments show that catalytically active
human TopIB is required to yield slow uncoiling, consistent with
the invivo activity and co-crystal structures of camptothecin analo-
gues”'>?. We thus conclude that slow uncoiling represents a clear
signature for a topotecan molecule bound to the TopIB—-DNA complex.

Highly relevant for any consideration of the ‘collision’ model is the
lifetime of the covalent complex. Consequently, we asked over what
timescale topotecan remains bound, and thus over what timescale
TopIB remains covalently linked to the DNA. Figure 2a shows a time
trace indicating the times at which topotecan enters (f,.) and exits
(fena) the covalent complex. The assignment of ., occurs after a
plateau is interrupted by a fast rise in DNA extension as a result of
DNA cleavage by ToplB, followed by the appearance of slow uncoil-
ing at fy,.», which we attribute to a topotecan molecule entering a
ToplIB-linked nick. Figure 2b—e shows a collection of traces illustrat-
ing the assignment of #y,, and f.,q. The majority of events observed
(~70%) resemble those in Fig. 2b, c. In Fig. 2b, at ~340's, the mag-
nets are rotated for a substantial number of turns on two occasions
(the interruption of the DNA extension signal at 334 and 338 s sig-
nifies rotation), but no plectonemes are introduced. This situation
corresponds to a nicked DNA resulting from the formation of the
covalent complex. At t, a topotecan molecule enters the covalent
complex; at this stage, slow uncoiling is observed. Figure 2¢ shows the
abrupt transition from slow to fast supercoil removal, prompting the
designation of f.,q. The bound time At is defined as fenq— tiare and
reflects the time supercoils are enzymatically removed at a constant
slow rate (shaded box, Fig. 2a). Multiple mechanical recoiling events
are often required to measure At (four shown in Fig. 2a). Figure 2f
shows the distribution of At, which has a mean of 121 = 11s (n=
146) that is unchanged both within the practical force range of the
technique (Fig. 2f, inset) and by a tenfold change in topotecan con-
centration (Supplementary Information III). The latter indicates that
the lifetime is unlikely to be overestimated by topotecan unbinding/
rebinding during mechanical recoiling or by the presence of occa-
sional very short-lived plateaus (Supplementary Information III).
We conclude that, in the presence of topotecan, TopIB remains
trapped on the DNA for at least 121 s. This timescale is about 400
times longer than the religation time in the absence of topotecan
(Supplementary Information VI), the distribution of which has a
most probable value of ~0.3 s (Fig. 2g), with a tail that extends to
longer times (Fig. 2g inset). This provides quantitative support for a
critical aspect of the collision model, namely the topotecan-induced
increase in the lifetime of the covalent complex.

We next focused on the enzymatic uncoiling rate of positive versus
negative supercoils. In the absence of topotecan, no significant dif-
ference was detected (Supplementary Information VII). However, we
observe a clear and unexpected difference in supercoil removal rate in
the presence of topotecan. Figure 2h shows that the uncoiling of
positive supercoils (pink regions) is significantly slower than the
uncoiling of negative supercoils (blue region). This asymmetry in
uncoiling rates is quantified in Fig. 2i as the differential in rates,
denoted Aw and defined as | | — |w_|, where |@| is the uncoiling
rate of positive supercoils and |w_| is the uncoiling rate of negative
supercoils. We find a mean Aw of -8 = 5Hz (n= 17). The relative
difference, Aw/|w|, is —2.4 =2.2. The microscopic interactions
responsible for the asymmetric rate of DNA uncoiling in the presence
of topotecan were unforeseen by crystallographic studies, which only
provide a static picture of crystalline TopIB.

DNA (purple arc) relative to the amount of label detected across the entire
arc (purple numbers). d, Topoisomer distribution of 2 pm plasmid in topIA,
wild-type TOP2 yeast cells released into S phase. Here, too, accumulation of
positive supercoils is observed only when cells express TopIB and are treated
with camptothecin.
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To investigate the biological ramifications of the asymmetric hind-
rance of DNA uncoiling induced by topotecan, we asked if this bias
was evident in drug-treated yeast cells. Our single-molecule observa-
tions led us to posit that positive supercoils would accumulate during
cellular processes that induce DNA supercoiling, such as transcrip-
tion***. Thus, we treat Gl-phase-arrested topI4 TOP2 yeast cells
(Fig. 3a) expressing low levels of plasmid-encoded human TopIB with
camptothecin (Fig. 3b, left) or no drug (Fig. 3b, right). Arresting cells
in G1 phase restricted the analysis to transcription-induced DNA
supercoiling, and camptothecin was used to avoid drug transporter
efflux of topotecan''. Two-dimensional gel electrophoresis (Supple-
mentary Information VIII) resolves the distribution of purified 2 pm
plasmid DNA topoisomers (Fig. 3¢). In the absence of drug (Fig. 3c,
upper row), an expected bias in the plasmid topoisomer distribution
towards negative supercoils is observed, caused by DNA wrapping
around the histone core in nucleosomes. However, camptothecin
treatment of TopIB-expressing cells in G1 phase induces a remarkable
skewing of the plasmid topoisomer distribution towards positive
supercoiling (Fig. 3¢, purple numbers quantify the skewing). No
alteration in linking number was induced by camptothecin treatment
of vector control cells that lack TopIB (Fig. 3¢) or of cells expressing
the catalytically inactive human Top1(Y723F) mutant (Supplemen-
tary Information IX); in both experiments the topoisomer distri-
bution appears as in the case of no treatment. Combined with our
single-molecule observations, these in vivo findings support a model
in which the positive supercoils that accumulate ahead of the tran-
scription bubble are removed less effectively by TopIB in the presence
of drug than negative supercoils, which leads to a persistent over-
winding of DNA in the absence of DNA replication in G1 phase.

Camptothecin toxicity is linked to on-going DNA replication in S
phase®’, where positive supercoils accumulate ahead of the replica-
tion fork and are removed by TopIB. To study the effect of camp-
tothecin treatment on TopIB activity during S phase, cells arrested in
G1 phase were allowed to synchronously enter S phase by removal of
a-factor from the culture medium, after which the experiment was
performed as above (for cell cycle distribution and cell viability data,
see Supplementary Information X). An analysis of 2 um DNA topoi-
somers purified from S-phase cells (Fig. 3d) yields similar results to
that observed in the G1-phase experiments: positive-supercoil accu-
mulation occurs only in TopIB-expressing cells and only in the pres-
ence of camptothecin.

In G1- and S-phase, the accumulation of positive supercoils was
slightly enhanced in yeast cells expressing a thermosensitive Top2

Positive supercoils accumulate

CPT stabilized
TopIB DNA complex

Positive

supercoils Fork stalling/collapse

DNA breaks

Figure 4 | Mechanism of camptothecin-induced toxicity derives from
ToplB-dependent accumulation of positive supercoils. a, Representation of
distinct mechanisms potentially underlying camptothecin-induced cell
death. A (diagrammatically simplified) replication fork generates positive
supercoils in the DNA, which are removed (magenta arrow) by TopIB
(blue). In the presence of camptothecin, fork stalling and collapse have been
predicted to result from the physical collision of the advancing replication
complex with the drug-stabilized TopIB-DNA covalent complex (right).
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(Supplementary Information XI). Although Top2 is essential to
maintain cell viability*®, these observations indicate that the positive
supercoils induced by camptothecin poisoning of TopIB are not
effectively resolved by Top2. Thus, camptothecin-induced accu-
mulation of positive supercoils occurs in a background of other
topoisomerases, is not confined to a single phase of the cell cycle,
and may derive from the tracking of a variety of complexes along
the DNA duplex, including the transcription and replication
machinery.

Our single-molecule data provide a direct determination of the
vastly increased lifetime of the covalent TopIB-DNA complex stabi-
lized by topotecan. However, we also observed a second consequence
of drug binding: topotecan hinders DNA uncoiling by TopIB such
that negative supercoils are relaxed more readily than positive super-
coils. These findings provide a compelling argument for an intri-
guing, previously unconsidered, mechanism of drug-induced cell
death (Fig. 4a, left). We propose that positive supercoils generated
ahead of the fork (which cannot be efficiently removed by drug-
bound TopIB or wild-type levels of Top2) may hamper fork progres-
sion. This stalling of the replication machinery could result in fork
collapse and the formation of potentially lethal DNA lesions that
induce cell death.

Implicit in this model is that the ability of camptothecins to selec-
tively hinder the uncoiling of positively supercoiled DNA by TopIB
coincides with drug cytotoxicity. Therefore, if the accumulation of
positive supercoils is predictive of cellular response to this class of
chemotherapeutics, then cells expressing a catalytically active, yet
camptothecin-resistant, TopIB mutant enzyme would fail to accu-
mulate positively supercoiled plasmid DNA in the presence of camp-
tothecin. To test this critical aspect of the model, topIA yeast cells
were transformed with a plasmid expressing either wild-type human
TopIB or the catalytically active, camptothecin-resistant mutant
TOP1(G365C), which harbours a single amino acid substitution of
Cys for Gly 365 (ref. 27). Figure 4b shows the 2 um DNA topoisomer
distribution from asynchronously growing cells containing wild-type
TopIB (left) or Top1(G365C) (right). This mutant failed to induce
positive supercoil accumulation in the presence of camptothecin, in
full agreement with our proposed mechanism that positive supercoils
are involved in TopIB-mediated and camptothecin-induced cell
death. Thus, a single mutation in an otherwise identical cellular
background provided a stringent test of the specificity of TopIB—
camptothecin interactions in causing the accumulation of positive
supercoils associated with camptothecin-induced cell death.

Lagging strand b  TopB Topl(G365C)
< synthesis ‘ 1.6% o 0.6%
Leading strand y
synthesis ( . .
Fork collides with complex No drug No drug
32.3% 1.8%
..
1uM CPT 1uM CPT
gL 0.6%

5uM CPT ! uM CPT

Our data suggest a second scenario, in which fork progression and integrity
are indirectly impaired by unresolved positive supercoils (left). b, Analysis of
2 um DNA topoisomer distribution in asynchronous cultures of top1A cells
expressing either human wild-type TopIB or a catalytically active,
camptothecin-resistant Top1(G365C) mutant. These were treated with
indicated concentrations of camptothecin for 15 min. The accumulation of
positive supercoils is only observed in drug-treated cells expressing wild-
type ToplB.

©2007 Nature Publishing Group



NATURE| Vol 44812 July 2007

METHODS

DNA constructs. Single-molecule experiments® used A-phage DNA (48 kilo-
bases (kb) or 16 um contour length) or half-length A-phage DNA (24 kb or 8 um
contour length). Measurements of the religation time were performed on shorter
DNA (8 kb or 2.7 um contour length) to decrease the magnitude of the brownian
fluctuations of the bead and to increase the time resolution.

Enzyme and buffers. Full-length human TopIB and catalytically inactive
TOP1(Y723F), each containing an amino-terminal Flag epitope, were partially
purified from galactose-induced cultures of EKY3 topIA yeast cells”. To obtain
homogenous protein preparations, TopIB fractions, bound to an anti-Flag M2
affinity gel and eluted with an excess of Flag peptide in Tris-buffered saline
(50mM Tris (pH 7.4), 150 mM KCI), were applied to a phosphocellulose col-
umn. Homogeneous TopIB was eluted in TEEG buffer (50 mM Tris (pH 7.4),
1 mM EDTA, 1 mM EGTA, 10% glycerol) plus 1.0 M KCI and protease inhibi-
tors, diluted with 50% glycerol and stored at —20 °C. TopIB activity was assayed
in plasmid DNA relaxation reactions and protein integrity was assessed in
immunoblots™.

Strains and plasmids. Saccharomyces cerevisiae strains EKY2 (MATa, topIA) and
EKY3 (MATa, topIA) have been described®. For constitutive expression of TopIB
or TOP1(G365C), the epitope-tagged human TOPI sequences (ehTOPI) were
excised from YCpGAL1-ehTOP1 (ref. 23) or YCpGALI1-top1(G365C) (ref. 27),
and cloned under the yeast TOPI promoter in YCpScehTOPleU or
YCpScehtop1(G365C)eU. The empty vector YCpSceU served as a control.
Invivo assays and two-dimensional gel electrophoresis. Exponential cultures
of MATa cells, transformed with YCpScehTOP1eU or vector control, were ar-
rested in G1 phase with a-factor, then either incubated with additional o-factor
and 30 uM camptothecin or 0.25% DMSO (v/v) (no drug), or washed by filtra-
tion and released into S phase with or without camptothecin. Asynchronous
cultures, incubated with 1 or 5puM camptothecin for 15min at 30 °C, were
treated as above. To assess the 2 pm plasmid DNA topoisomer distribution,
DNA isolated from cultures fixed with toluene/ethanol was resolved by two-
dimensional gel electrophoresis and subjected to Southern blotting®*".
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