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Abstract

Type Il topoisomerases effect topological changes in DNA by cutting a single duplex, passing a second duplex through the break, and resealing
the broken strand in an ATP-coupled reaction cycle. Curiously, most type Il topoisomerases (topos I, IV and VI) catalyze DNA transformations
that are energetically favorable, such as the removal of superhelical strain; why ATP is required for such reactions is unknown. Here, using human
topoisomerase |13 ("nTOP2B) as a model, we show that the ATPase domains of the enzyme are not required for DNA strand passage, but that
their loss elevates the enzyme's propensity for DNA damage. The unstructured C-terminal domains (CTDs) of hTOP2 3 strongly potentiate strand
passage activity in ATPase-less enzymes, as do cleavage-prone mutations that confer hypersensitivity to the chemotherapeutic agent etoposide.
The presence of either the CTD or the mutations lead ATPase-less enzymes to promote even greater levels of DNA cleavage in vitro, as well
as in vivo. By contrast, aberrant cleavage phenotypes of these topo Il variants is significantly repressed when the ATPase domains are present.
Our findings are consistent with the proposal that type Il topoisomerases acquired ATPase function to maintain high levels of catalytic activity

while minimizing inappropriate DNA damage.
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Introduction

The action of DNA replication and transcription machiner-
ies promotes the supercoiling and entanglement of chromo-
somal DNA (1-4). Cells resolve such topological challenges
using a class of enzymes known as DNA topoisomerases (re-
viewed in (5)). Of all topoisomerases, the type Il enzymes are

distinguished by an ability to physically pass one DNA du-
plex through a transient, enzyme-mediated break in a second
double-stranded DNA segment (6). In the type IIA topoiso-
merase subgroup, the class found most broadly across cel-
lular organisms, strand passage is facilitated by the sequen-
tial opening and closing of three dissociable subunit-subunit
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interfaces—termed ‘gates’—in a manner controlled by ATP
turnover (7-11). DNA gyrase, an archetypal prokaryotic type
ITA topoisomerase, consumes ATP to power the introduction
of negative supercoils into DNA, an energy-requiring reaction
(12). Interestingly, gyrase also has been shown to be capable
of catalyzing ATP-independent supercoil relaxation (13,14);
however, while this activity does not require ATP hydrolysis,
it does depend on its specialized C-terminal DNA wrapping
domains (15). By comparison, other type IIA topoisomerases
such as eukaryotic topo II and prokaryotic topo IV have thus
far been shown to strictly require ATP to perform supercoil
relaxation (16,17), even though this reaction is energetically
favorable.

Why non-supercoiling type IIA topoisomerases consume
ATP when product formation holds no energetic cost has
been a long-standing question (18). Evolutionarily, the DNA
binding and cleavage element of type IIA family members
is thought to have been augmented with a GHKL-family
ATPase domain to give rise to modern-day type IIA topoi-
somerases (19); to our knowledge, an ATPase-less type IIA
topoisomerase has not yet been noted in genomic data. It
has been suggested that the widespread success of these ATP-
dependent type II topoisomerases emerged from an evolu-
tionary pressure to use nucleotide turnover as a mechanism
to control conformational changes that regulate DNA cleav-
age and guard against the accidental formation of DNA
breaks (20). Although structural and biochemical studies have
provided evidence that the ATPase cycle is indeed coupled
to large-scale physical rearrangements in type II topoiso-
merases (21), the idea that it can also prevent DNA break
formation to promote DNA integrity has lacked experimental
support.

To better understand the role of ATP in controlling type
IMA topoisomerase activity, we constructed and analyzed
the biochemical and cellular activities of several truncations
and hyper-cleavage mutants of human topoisomerase 1If
(hTOP2), one of two type IIA topoisomerase isoforms found
in human cells (22). We show that the hTOP2B nucleolytic
core (which lacks both the N-terminal ATPase domain and a
poorly conserved, intrinsically disordered C-terminal region)
is capable of supercoil relaxation in the absence of ATP, al-
beit at relatively low levels compared to the ATP-stimulated
activity of the full-length enzyme. In the presence of the C-
terminal domain (CTD), the ATP-independent topoisomerase
activity of the core is boosted substantially, to levels approach-
ing that of full-length hTOP2B with ATP, but at a cost of
elevated DNA damage propensity. Interestingly, we recently
showed that certain point mutations in full-length hTOP2j,
such as hTOP2BR757Y (23), would modestly increase persis-
tent DNA cleavage events iz vitro and elicit moderate hyper-
sensitivity to the topo II poison etoposide in vivo. These
mutations also boosted the ATP-independent activity of the
nucleolytic core to levels comparable to that of full-length
hTOP2B but with a marked increase in aberrant DNA strand
breakage (23). By contrast, restoration of the ATPase do-
main to either the core with the CTD or the R757W mu-
tant substantially mitigates the hyper-cleavage phenotypes of
these enzyme variants. Together, our findings establish that
an isolated type IIA topoisomerase DNA binding and cleav-
age core can indeed function as an ATP-independent strand
passage enzyme and that this family of enzymes likely ac-
quired its ATPase domains to minimize inappropriate DNA
scission.
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Materials and methods

Topoisomerase |l cloning for protein expression

PCR-amplified full-length topoisomerase genes (hTOP2p:
residues 1-1626; hTOP2«: residues 1-1531) were inserted
by LIC (ligation-independent cloning (24)) into 12UraB (Ad-
dgene #48304), a modified version of pRS426 (25). The result-
ing plasmid (hTOP23-12UraC) encodes a galactose-inducible
fusion of the human TOP2B or TOP2A gene with an N-
terminal, tobacco etch virus (TEV) protease-cleavable hex-
ahistidine tag. Headless hTOP2f (residues 449-1626) was
generated by LIC cloning. Mutant full-length and headless
hTOP2B proteins were generated by site-directed mutagen-
esis of the hTOP2B-12UraC construct using a method based
on the QuikChange site-directed mutagenesis protocol. For
the topoisomerase core constructs, residues 431-1193 of
hTOP2« and residues 449-1206 of hTOP2B were amplified
and cloned by LIC into the pET-based vector plasmid 2BT
(Addgene #29666), generating IPTG-inducible fusion proteins
with an N-terminal, TEV protease-cleavable hexahistidine tag
that could be expressed in Escherichia coli. Mutant core en-
zymes were generated by site-directed mutagenesis of the wild-
type core constructs using a method based on the QuikChange
site-directed mutagenesis protocol.

Topoisomerase Il expression, and purification

Overexpression of full-length and headless (AN) constructs
were performed in Saccharomyces cerevisiae strain BCY123,
with starter cultures grown in complete supplement mixture
dropout medium lacking uracil (CSM-URA), supplemented
with 2% (vol/vol) lactic acid and 1.5% (vol/vol) glycerol as
carbon sources. After transformation and growth on CSM-
URA + ADE plates at 30°C, 50 ml CSM-URA starter cul-
tures were inoculoated from single colonies and grown 24 h at
30°C. Starter cultures were transferred to YP expression cul-
tures supplemented with 2% (vol/vol) lactic acid and 1.5%
(vol/vol) glycerol (100 ml starter with 1L media) and grown
at 30°C, 160 rpm, to an ODgg of 0.8-1.0 and then induced
by the addition of 20 g 17! galactose. After 6 h incubation with
shaking (160 rpm) at 30°C, cells were harvested by centrifu-
gation (4500 x g, 15 min, 4°C), re-suspended in lysis buffer
(250 mM NaCl, 1 mM EDTA), and frozen drop-wise in liquid
nitrogen.

For purification of proteins expressed in yeast, frozen cells
were cryogenically lysed using a Spex 6870 freezer mill, with
15 cycles of 1 min grinding followed by 1 min of cooling.
The resultant powder was thawed in A300 (20 mM Tris—
HCI [pH 8.5], 300 mM KCI, 20 mM imidazole pH 8.0, 10%
[vol.vol~!] glycerol with protease inhibitors [1 ug ml~' pep-
statin A, 1 pug ml~! leupeptin and 1 mM PMSF]) and clarified
by centrifugation (17 000 x g, 20 min, 4°C). The lysate su-
pernatant was passed over an A300-equilibrated 5 ml His-
Trap HP column (GE Healthcare) using a peristaltic pump
and washed with 30 ml of A300 and 25 ml of A100 (20 mM
Tris—HCI [pH 8.5], 100 mM KCl, 20 mM imidazole pH 8.0,
10% [vol/vol] glycerol with protease inhibitors). The His-
Trap HP column was then connected to an Akta Explorer
FPLC (GE Healthcare) and linked upstream of a 5 ml Hi-
Trap S HP column (GE Healthcare) and equilibrated with a
further 5 ml of A100 at 1 ml/min. The tandemly coupled
columns were next washed with 25 ml B100 (20 mM Tris—
HCI [pH 8.5], 100 mM KCl, 200 mM imidazole pH 8.0, 10%
[vol/vol] glycerol with protease inhibitors) to elute the tagged
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protein onto the S column, followed by an additional 15 ml
of A100 to reduce imidazole levels. A salt gradient was then
applied to the coupled columns, reaching 100% buffer C (20
mM Tris—HCI [pH 8.5], 500 mM KCl, 10% [vol/vol] glyc-
erol with protease inhibitors) over 25 min at 1 ml/min. Peak
fractions were assessed by SDS-PAGE, collected, and concen-
trated in 100-kDa-cutoff Amicon concentrators (Millipore).
His-tagged TEV protease (QB3 MacroLab) was next added
to the concentrated samples and incubated at 4°C overnight.
This mixture was then passed over a second HisTrap HP col-
umn equilibrated and washed with buffer D (20 mM Tris—
HCI [pH 8.5], 500 mM KClI, 20 mM imidazole pH 8.0, 10%
[vol/vol] glycerol) to remove any uncleaved enzyme and the
protease. The flowthrough was collected and concentrated,
then separated by gel filtration using an S400 column (GE
Healthcare) equilibrated in sizing buffer (20 mM Tris—=HCI
[pH 7.9], 500 mM KCI, 10% [vol/vol] glycerol). Peak frac-
tions were pooled and concentrated by centrifugation at 4000
RPM using a 30-kDa MWCO filter (Amicon). These final pu-
rified samples were then combined with a one-third volume
of storage buffer (20 mM Tris-HCI [pH 7.9], 500 mM KClI,
70% [vol/vol] glycerol), quantified for protein concentration
by NanoDrop (ThermoScientific), and snap frozen as 10 ul
aliquots for storage at —80°C.

Wildtype and mutant hTOP2x and hTOP2B core enzymes
were overexpressed in E. coli strain Rosetta 2 pLysS (EMD
Millipore) by growing cells transformed with the appropri-
ate expression vector in 2x YT (at 37°C and 150 rpm) to
an ODggg ~0.3. The temperature was then reduced to 16°C
and cells were grown to an ODggg of 0.6-1.0, after which
they were then induced with 0.5 mM IPTG and left to grow
overnight (20 h) at 16°C. Induced cells were harvested by cen-
trifugation (4500 x g, 20 min, 4°C), re-suspended in buffer
A800 (20 mM Tris-HCI [pH 7.9], 800 mM NaCl, 30 mM
imidazole pH 8.0, 10% [vol/vol] glycerol with protease in-
hibitors), and frozen drop-wise in liquid N;. For protein pu-
rification, cells were thawed on ice and lysed by 4 cycles of
sonication (Misonix Sonicator 3000, 15 s burst with 2 min
rest, on ice). Lysates were clarified by centrifugation (17 000
x g, 30 min, 4°C) and the supernatant passed over a 5§ ml
HisTrap HP column (GE Healthcare) equilibrated in A800.
Samples were washed in 5 column volumes of A800 and a fur-
ther 10 column volumes of A400 (20 mM Tris-HCI [pH 7.9],
400 mM NaCl, 30 mM imidazole pH 8.0, 10% [vol/vol] glyc-
erol with protease inhibitors). Protein was then eluted with
B400 (20 mM Tris-HCI [pH 7.9], 400 mM NaCl, 500 mM
imidazole pH 8.0, 10% [vol/vol] glycerol with protease in-
hibitors) and concentrated in 30-kDa-cutoff Amicon concen-
trators (Millipore). 0.5 mg of TEV was added to the concen-
trated sample, which was then dialysed against 1 1 of A400
overnight at 4°C. This mixture was then passed over a sec-
ond 5§ ml HisTrap HP column (pre-equilibrated with buffer
A400) and washed with an additional 5 column volumes of
A400. The flowthrough was collected and concentrated in 30-
kDa-cutoff Amicon concentrators (Millipore), then separated
by gel filtration using an S300 column (GE Healthcare) equi-
librated in sizing buffer (50 mM Tris-HCI [pH 7.9], 500 mM
KCl, 10% [vol/vol] glycerol). Peak fractions as determined
from SDS-PAGE were pooled and concentrated. The final sam-
ples were combined with a one-third volume of storage buffer
(20 mM Tris—=HCI [pH 7.9], 500 mM KCl, 70% [vol/vol] glyc-
erol), quantified by NanoDrop (ThermoScientific), and snap
frozen as 10 ul aliquots for storage at —80°C.
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Preparation of plasmid DNA substrates

Negatively supercoiled pSG483 (2927 bp), a pBlueScript SK+
(Agilent) derivative containing a single Nb.BbvClI site, was
prepared from E. coli XL-1 blue cells (Agilent) using a max-
iprep kit (Macherey-Nagel). A portion of this sample was
treated with BamHI to form linear plasmid. Another portion
of this sample was nicked with Nb.BbvCI and an aliquot was
removed to make a nicked pSG483 stock. The kDNA sub-
strate was purchased from Inspiralis; restriction enzymes were
from NEB.

DNA supercoil relaxation and cleavage assays

Prior to use, protein aliquots were thawed on ice for 10 min.
The samples were then serially diluted in successive twofold
steps using protein dilution buffer (50 mM Tris [pH 7.5], 500
mM KOAc, 2 mM MgOAc, 1 mM TCEP, 50 pg.ml~' BSA
and 10% [vol/vol] glycerol) to a concentration of 156.25 nM
dimer. For drug titrations, a master reaction mixture was made
containing four parts diluted enzyme, five parts 4x reaction
buffer (40 mM Tris [pH 7.5], 38.4 mM MgOAc, 4 mM TCEP,
100 pg ml~! BSA and 32% [vol/vol] glycerol) and one part
of a 500 ng ul~! solution of substrate (either negatively su-
percoiled or relaxed) pSG483 plasmid DNA. The mixture was
then incubated on ice for 5§ min. Drug titrations were prepared
by mixing 2 ul of an appropriate drug dilution (or 2 ul of sol-
vent for ‘zero drug’ controls) with 1 ul of 20 mM ATP and 7
ul of ddH,O. These 10-pl drug mixtures were then added to
10-ul aliquots of the reaction mixture on ice, quickly trans-
ferred to 37°C, and incubated for 30 min. Final reaction con-
ditions consisted of 31.25 nM full-length dimers, 12.5 nM su-
percoiled pSG483, variable drug content (or solvent), 1 mM
ATP, 20 mM Tris [pH 7.5], 100 mM KOAc, 10 mM MgOAc,
1.2 mM TCEP, 35 ug.ml~! BSA and 10% [vol/vol] glycerol.
Following incubation, the reactions were quenched with 2 ul
of stopping buffer containing either 5% (wt/vol) SDS (for
etoposide-containing reactions and reversible cleavage mea-
surements) or 5% (wt/vol) SDS and 125 mM EDTA (for irre-
versible cleavage measurements). Stopped reactions were sub-
sequently treated with 1 pl of 12 mg ml~! proteinase K, fol-
lowed by further incubation at 37°C for 30 min. Reactions
were then stored on ice until immediately before gel loading,
whereupon a 6x agarose gel loading dye was added to the
samples and the solutions warmed to 37°C for 5 min. Super-
coil relaxation samples were separated by electrophoresis in
1.4% (wt/vol) TAE agarose gels (50 mM Tris—=HCI [pH 7.9],
40 mM NaOAc and 1 mM EDTA [pH 8.0] running buffer), for
6-15h at 2-2.5 V.ecm~; for cleavage assays, conditions were
the same except that 0.5 pg ml~! of ethidium bromide was
included with the gel (not the running buffer). To visualize the
DNA, native gels were poststained with 0.5 ug ml~! ethidium
bromide in TAE buffer for 30 min, destained in TAE buffer for
a further 30 min, and exposed to UV illumination. Supercoiled
relaxation/cleavage assays performed with the core enzymes
followed the protocol detailed above, except that final con-
centration of core dimers used in the assays was 125 nM. For
enzyme concentration or DMSO titration studies, the same
protocol was also followed, except that different amounts of
protein or DMSO were included in final reaction volumes as
described in the text and figure legends. Gel images were an-
alyzed using Image] (26), and data were plotted using Prism
(GraphPad Software).
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Yeast complementation

Previous topoisomerase complementation work has relied on
regulatable vectors (based on the Gal1/10 promoter) or con-
stitutive expression with vectors that included yeast sequences
at the amino terminus (27,28). We constructed a single copy
vector (pKN17) driving full-length hTOP2f (with no yeast
coding sequences) from the yeast TPI promoter, derived from
pYX112. This vector efficiently complements a S. cerevisiae
top2-4 strain, allowing for growth at a non-permissive tem-
perature (Figure SA).

Construction of variant Top2 expression constructs for ex-
amination of yeast phenotypes

The plasmid pKN17 was used as a template to gener-
ate the PCR products for cloning hTOP23 amino acids
449-1626 construct (hTOP2B-HL) using standard Gibson
assembly protocols (29). The first set of primers amplify
the segment containing part of URA3 until the end of
the TPI promoter into part of the truncated hTOP2p se-
quence (underlined). The start codon (ATG) is in bold
(Forward-5'-(0:italic YAACACATGTGGATATCTTGAC
TGATTTTTCCATGGAGG(/O:italic)-3" and  Reverse-5'-
TTACTGATGACATGGGGCTGCAGGAATTCCTG-3).
The second set of primers generate a product contain-
ing hTOP2pB (underlined) starting from serine 449 until
the URA3 marker in YCplac33. URA3 sequences are
in italics (Forward-5'-TTCCTGCAGCCCC(0:bold )(0:
underline  )ATG(/O:underline) (/0:bold)(0:underline  )TC
ATCAGTAAAATACAGTAAAATC{/0:underline)-3’ and
Reverse-5'-(0:italic )AATCAGTCAAGATATCCACATGTGT
TTTTAGTAAAC{/0O:italic)-3’). PCR products were set up
using iProof High-Fidelity PCR kit and the GC buffer (Bio-
Rad). The assembled reactions were transformed into NEB
5-alpha high efficiency competent E. coli. An Mfel/BamHI
fragment containing the hTOP2B R757W mutation was
removed from the hTOP2B-12UraC R757W construct and
ligated into the Mfel/BamHI digested hTOP2p headless. A
full list of primers is available (Table S2).

Assessment of rad52- dependent lethality

Plasmids were transformed into the isogenic strains JN362a
(RADS52+) and JN394 (rad52-) strains using lithium acetate.
Transformants were plated to ura- agar plates and incubated
3-5 days at 30 °C. Strains expressing wildtype or mutant
hTOP2p typically required 1-2 days more for colony forma-
tion than cells transformed with an empty vector or expressing
other eukaryotic topoisomerases. Plates were photographed
immediately after removal from the incubator.

Results

The nucleolytic core of human hTOP2f3 possesses
ATP-independent strand passage activity

To begin to define the relative contributions of individual type
ITA topoisomerase domains (Figure 1A) to overall enzyme
function, we first characterized the activities of various trunca-
tions of hTOP23, starting with the DNA binding and cleavage
domains of the enzyme (the nucleolytic core, residues 449-
1206). Increasing amounts of the hTOP2B core were incu-
bated with negatively supercoiled plasmid DNA in the absence
of ATP for 30 min; reactions containing full-length hTOP23
were run in parallel both with and without ATP (Figure 1B).

Nucleic Acids Research, 2024, Vol. 52, No. 3

Reactions were quenched with SDS and proteinase K and an-
alyzed using native agarose gel electrophoresis. As expected,
full-length hTOP2B showed robust supercoil relaxation ac-
tivity in the presence of ATP (fully relaxing 250 ng of plas-
mid in 30 min at an enzyme dimer:DNA ratio of ~2.5:1) and
no relaxation was observed without ATP (Figure 1B). By con-
trast, a low level of relaxation of the supercoiled DNA sub-
strate was evident as the concentration of the hTOP2B core
was increased to 10:1 or 20:1 protein dimer:plasmid (Figure
1B). Because the core lacks the ATPase domains and no nu-
cleotide was present in the reaction buffer, the observed activ-
ity is clearly ATP-independent.

To further investigate the ATP-independent supercoil relax-
ation activity of the hTOP2f core, we compared its function-
ality with the nucleolytic core of another topo II enzyme, hu-
man topoisomerase [loc (h'TOP2«, residues 431-1193). Native
agarose gel electrophoresis of the reactions showed that at a
near stoichiometric enzyme-to-DNA ratio (2:1), the hTOP23
core could relax nearly all the supercoiled plasmid substrate,
but slowly, over the course of ~16 h (Figure 1C). By compar-
ison, hTOP2x failed to generate detectable relaxed products
over the same time course (Figure 1C). We next examined re-
actions over a shorter time-frame (30 min) but using a higher
protein concentration (20:1 dimer:plasmid) (Supplementary
Figure S1A). DMSO is known to have a mildly destabilizing
effect on proteins (30). As type II topoisomerases relax DNA
by transiently separating their interfaces to pass one strand
through another, different concentrations of DMSO were also
included in this assay to determine whether the reagent might
perturb the interactions between subunit interface and thereby
enhance relaxation activity (Supplementary Figure S1A). Un-
der these conditions, the hTOP2B core could be seen to re-
lax supercoiled DNA even in the absence of DMSO, and
its activity increased substantially as DMSO concentrations
were increased (Supplementary Figure S1A). Interestingly, the
hTOP2« core was also able to carry out a limited degree of
ATP-independent supercoil relaxation activity when DMSO
concentrations were increased, although to a lesser extent than
the hTOP2 nucleolytic core (Supplementary Figure S1A). To
confirm that the supercoil-relaxation activity observed for the
hTOP2B (and hTOP2«) core was not due to a contaminating
topoisomerase in our protein preparations, we purified mu-
tant forms of the proteins lacking the catalytic tyrosine re-
quired for DNA cleavage (hTOP2aY85F and hTOP2pY821F)
and assessed their activity on negatively supercoiled DNA
substrates (Supplementary Figure S1B). Neither mutant pro-
tein showed any ability to relax, cleave, or nick the sub-
strate DNA, regardless of DMSO concentration, demonstrat-
ing that the supercoil-relaxation activity seen with prepara-
tions of the wildtype cores derives from the purified human
TOP2s (Supplementary Figure S1B). To ensure that no con-
taminating nucleotide was present, we also tested for activ-
ity in the presence of apyrase (which degrades ATP), and
again supercoil relaxation was observed for the hTOP2p core
(Supplementary Figure S1C). Collectively, this analysis shows
that the cores of different human type IIA topoisomerases can
act in an ATP-independent manner, but with distinct innate
efficiencies.

During our studies, it occurred to us that the supercoil re-
laxation activity we observed might be due to some type of
non-canonical nicking and religation reaction, rather than due
to strand passage. To distinguish between these possibilities,
we assessed whether the hTOP2B core could decatenate a
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Figure 1. The hTOP2[3 core can perform supercoil relaxation and decatenation. (A) Linear arrangement of domains within hTOP2 3. (B) Activity of core
and full-length hTOP2 3 enzymes on negatively supercoiled plasmid DNA in the presence (+) or absence (-) of ATP. Ratios refer to enzyme dimers:DNA.
Nicked (N), relaxed (R), linearized (L), or supercoiled (SC) species are indicated. (C) Time course of hTOP2x and hTOP2 3 core enzymes acting on
negatively supercoiled plasmid DNA. (D) Decatenation of kDNA by the hTOP2 3 core as titrated against different concentrations of DMSO. Enzyme (100
nM) was incubated with 250 ng of kDNA for 30 min at 37°C. Nicked (N), linearized (L) or supercoiled (SC) minicircle species as well as dimeric (D) and

higher order catenated species are indicated.

kDNA substrate. kDNA consists of a network of catenated
DNA circles that cannot enter the wells of an agarose gel un-
less liberated by type II topoisomerases (31). As with the su-
percoil relaxation assay, the hTOP2{ core displayed a weak
ability to produce decatenated circles; however, the efficiency
of this reaction increased markedly with increasing DMSO
concentration (Figure 1D). These data demonstrate that the
central DNA binding and cleavage region of hTOP2p is in-
deed sufficient to carry out bone fide strand passage events.

Strand passage by the hTOP2{ core can be
markedly increased by the C-terminal domain or a
cleavage-prone point mutation
After discovering that the hTOP2 nucleolytic core is capable
of ATP-independent strand passage, we next sought to deter-
mine whether the C-terminal domain of the enzyme has any
effect on this activity. The C-terminal regions of eukaryotic
type ITA topoisomerases generally consist of long, unstruc-
tured elements (>200 amino acids) that are poorly conserved
between orthologs (32). We generated a ‘headless’ hTOP23
(hTOP2B-HL) construct that includes all but the ATPase do-
main of the enzyme (residues 449-1626) and assessed its abil-
ity to relax negatively supercoiled DNA on native agarose gels
as compared to both full-length hTOP2B and the hTOP2p3
catalytic core. In parallel, reaction products were also exam-
ined on agarose gels in the presence of ethidium bromide to
assess whether the ATPase-less proteins exhibited any elevated
propensity to nick or cleave DNA.

Surprisingly, the hTOP2B3-HL construct proved capable of
relaxing supercoiled DNA in the absence of ATP more effi-

ciently than the hTOP2f core (~4-fold, as evidenced by the
amount of enzyme required to deplete a majority of the start-
ing supercoiled substate over a 30 min reaction period) (Fig-
ure 2A). Indeed, the ATP-independent supercoil relaxation ac-
tivity of the hTOP2B-HL construct was now decreased by
only ~4-fold compared to the ATP-dependent relaxation ac-
tivity of full-length hTOP2, although it did appear substan-
tially less processive (as evidenced by the continuous ladder
of partially relaxed plasmid topoisomers that were produced)
(Figure 2A). An analysis of gels run with ethidium bromide
showed that hTOP23-HL also produced significantly higher
levels of nicked and moderately higher levels of a linearized
plasmid species compared to wildtype hTOP2{ under condi-
tions where total cleavage activity (both reversible and irre-
versible, observed by using an SDS-only quench) was assessed
(Figure 2B). By comparison, when only irreversible cleavage
was monitored (by adding EDTA to the reactions prior to
the addition of SDS), a more modest degree of elevated nick-
ing was seen for the core, accompanied by a still higher level
of both nicking and linearization for the headless construct
(Figure 2C). Overall, the removal of the type IIA topoiso-
merase ATPase domains correlates with an increased propen-
sity for the enzyme to generate DNA cleavage products, with
constructs showing elevated propensities to generate dsDNA
breaks also exhibiting higher strand passage activity.

While conducting these studies, a parallel effort in our
groups identified a single amino acid substitution in hTOP23,
R757W, which could strongly potentiate the sensitivity of the
enzyme to the anti-cancer agent etoposide and caused higher
steady-state levels of DNA cleavage than the wildtype enzyme
(23). Interestingly, Arg757 forms part of the dimer interface
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Figure 2. Headless hTOP2 3 has enhanced activity over the hTOP2 3 core but is more cleavage prone than full-length hTOP2 3. (A) Relaxation activity of
the hTOP2 3 core, headless hTOP2 3 (HL) and full-length (FL) hTOP2 3 on negatively supercoiled plasmid DNA in the presence (+) or absence (-) of ATP.
Ratios refer to enzyme dimers:DNA. (B and C) Assays as per (A) but with products separated on agarose gels containing ethidium bromide (EtBr), having
either been quenched only with SDS (B, irreversible and reversible products) or with EDTA followed by SDS (C, irreversible products only). Nicked (N),

relaxed (R), linearized (L), or supercoiled (SC) species are indicated.

that comprises the DNA-binding and cleavage site of h\TOP23
(the DNA-gate) (Supplementary Figure S2A). This juxtaposi-
tion, coupled with the mutant’s hyper-cleavage phenotype, led
us to hypothesize that replacing Arg757 with Trp might make
the dimer interface more prone to spontaneous separation. To
test this hypothesis, we examined whether the R757W substi-
tution could stimulate the ATP-independent supercoil relax-
ation activity of the hTOP2f core. Enzyme titrations showed
that the R757W core mutant was highly active relative to the
wildtype hTOP2B core (~20-fold greater, Figure 3A), produc-
ing fully relaxed product over 30 min at a roughly 1.25:1
protein dimer:DNA ratio (a level of activity comparable to
that of full-length hTOP23 with ATP, see Figure 1B). The
R757W mutant was similarly more active in kDNA decatena-
tion than the wildtype hTOP2f core (down only 8-fold com-
pared to full-length enzyme), even in the absence of DMSO
(Supplementary Figure S2B). To determine if this phenomenon
was limited to the R757W variant, we tested whether an-
other known hyper-cleavage mutation (K600T, (23)) could
stimulate ATP-independent supercoil relaxation activity. En-
zyme titrations similarly showed that the K600T core mu-
tant was highly active relative to the wildtype hTOP2p core
(Supplementary Figure S3 vs. Figure 2).

Reactions were also analyzed by agarose gels run in the
presence of ethidium bromide in order to assess the impact
of the Arg—Trp mutation on DNA nicking and linearization,
(Figure 3B, C). Here, the hTOP2BR75"W core construct dis-
played DNA linearization at enzyme to DNA ratios as low
as 2.5:1 (Figure 3B, C). However, when the R757W mutation
was reintroduced into full-length hTOP2, it showed consid-
erably lower levels of nicked and linear product formation
(Supplementary Figure S4 versus Figure 3). Collectively, these
findings establish that the type IIA topoisomerase core can be
converted into a robust, ATP-independent strand passage en-

zyme by the addition of the CTDs or even a single amino acid
substitution, but that this elevated activity is typically accom-
panied by increased DNA cleavage activity. These observa-
tions also show that DNA damage-promoting alterations in
hTOP2B can in turn be markedly attenuated by the presence
of the ATPase domains.

Full-length hTOP2p can also perform
ATP-independent relaxation

Given the activities of the core and headless hTOP2B con-
structs, we next sought to examine whether full-length
hTOP2B might have some capacity to relax DNA in an ATP-
independent manner. Reasoning that such an activity might
be slow and/or inefficient, we initially tested a range of reac-
tion incubation times, from 30 minutes to 8 hours. As com-
pared to studies of the topo II cores that were conducted at a
high protein dimer:DNA ratio (20:1)—which allowed activ-
ity to be seen on a short (30 min) time scale—here, we used
a lower protein concentration (4:1 dimer:DNA). When tested
from 30 min to 8 hours at this enzyme concentration, full-
length hTOP2 displayed a barely detectable capacity to relax
supercoiled DNA in the absence of ATP (Figure 4A). As a com-
parison, full-length hTOP2« did not exhibit any relaxation
activity, but full activity for both hTOP2« and hTOP2p was
seen if ATP was added at the 8h mark, indicating the proteins
were still active (Figure 4A). Interestingly, when assayed in
the context of the R757W mutation, the full-length hTOP23
mutant proved relatively robust at removing negative super-
coils in an ATP-independent manner (Figure 4A). At longer
reaction times (16 h) and even lower protein dimer:DNA
ratios (2.5:1), ATP-independent supercoil relaxation by full-
length, wildtype hTOP2B was also clearly evident and, as
seen for the hTOP2 core, was further stimulated by DMSO
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Figure 3. The hTOP2 375’V core has enhanced DNA supercoil relaxation activity, as well as enhanced reversible and irreversible DNA nicking and
cleavage activity. (A) Relaxation activity of the wildtype hTOP2 3 and hTOP23R757W cores on negatively supercoiled plasmid DNA. Ratios refer to
enzyme dimers:DNA. (B and C) Assays as per (A) but with products separated on agarose gels containing ethidium bromide (EtBr), having either been
quenched only with SDS (B, irreversible and reversible products) or with EDTA followed by SDS (C, irreversible products only). Nicked (N), relaxed (R),
linearized (L), or supercoiled (SC) species are indicated.
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Figure 4. Full-length hTOP2 3 supercoil relaxation activity in the absence of ATP. (A) Time course of activity for wildtype, full-length hTOP2 o« and
hTOP23 and full-length hTOP2 B3R757W in the absence of ATP Ratios refer to enzyme dimers:DNA. Single-lane controls were performed either in the
presence of ATP (nTOP2aand hTOP2 ) or EDTA (hnTOP2 3R757W)_ (B) Relaxation activity for wildtype, full-length hTOP2 o and hTOP2 3 titrated against
DMSO in the absence of ATR Single-lane controls were performed for both enzymes in the presence of EDTA. Nicked (N), relaxed (R), linearized (L) or
supercoiled (SC) species are indicated.
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(supercoil relaxation activity was again not observed for full-
length hTOP2«, even in the presence of increasing DMSO
concentrations) (Figure 4B). In all cases examined, ATP-
independent supercoil relaxation was abolished by EDTA, in-
dicating that the activity we observed is attributable to type
ITA topoisomerase activity and not to a contaminating type
IB topoisomerase, which carries out relaxation in the absence
of a divalent cation (Figure 4A, hTOP2BR757¥ final lane and
Figure 4B).

ATPase-less hTOP23 does not complement a top2-4
temperature sensitive yeast mutation but
generates DNA damage in yeast cells

Because headless hTOP2 exhibited relatively robust strand-
passage activity compared to the full-length enzyme (Figure
2A), we next asked whether this construct could support any
of the essential functions of topo II in budding yeast. The
nuclear localization signal of full-length hTOP2{ resides in
its C-terminal domain (33), which allowed us to assess the
cellular potential of hTOP23-HL but not the hTOP2p core,
which lacks this element. A plasmid expressing the hTOP2§3
headless construct under the control of the yeast TPI1 pro-
moter was introduced into fop2-4 temperature sensitive cells
that also contain a wildtype allele of the RADS52 gene, which
encodes a protein important for the repair of DNA double-
strand breaks. The expression of hTOP2B-HL did not af-
fect cell survival at 25°C but failed to complement growth
at the non-permissive temperature of 34°C (Figure 5A). Be-
cause the R757W mutant of the hTOP2-core exhibited even
greater strand-passage activity than the wildtype core (Fig-
ure 3), we also constructed a headless version of this mutant
(hTOP2B-HLR7S7Y) | Biochemical studies confirmed that, as
with the core alone, the R757W mutation also substantially
simulated the DNA supercoil relaxation and DNA decatena-
tion activities of the headless construct compared to wildtype
hTOP2B-HL, reaching levels matching that of purified, full-
length hTOP23 with ATP (Supplementary Figure S5). How-
ever, when transformed into RADS52 + top2-4 cells, hTOP2§3-
HLR757¥ also failed to complement the growth at the non-
permissive temperature (Figure SA). Thus, despite the robust
DNA strand passage activity displayed by both the headless
and R757W mutant enzymes, hTOP2p still requires its AT-
Pase domains to support its essential functions in yeast cells.

Because we found that ATPase-less topo II constructs
innately generate more cleavage products than full-length
hTOP2 in vitro, we next tested whether this damage propen-
sity might also manifest i vivo. Upon introducing either
hTOP2B-HL or hTOP2p-HLR”"W¥ into a yeast background
proficient for native topo II activity but deficient in Rad52
function (TOP2+ rad52-), we found we could obtain no
colonies (Figure 5B). This result establishes that the ATPase-
less " TOP2 3 constructs are unable to complement normal cel-
lular growth but are also likely generating cytotoxic DNA
damage. To further test this idea, hTOP2B-HL was intro-
duced into a diploid yeast strain, CG2009, which carries
several heteroallelic markers for assessing homologous re-
combination (34). We then measured recombination fre-
quencies in CG2009 cells carrying an empty vector, full-
length hTOP2B, or hTOP2B-HL. Significantly, cells trans-
formed with hTOP2B-HL displayed an approximately 50-
fold elevation in recombination frequency compared to cells
transformed with the parent plasmid expressing full-length
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hTOP2B (Table S1). Taken together, these results demonstrate
that the DNA binding and cleavage core of hTOP2 is a po-
tent DNA-damaging agent whose genome-destabilizing po-
tential is masked by its ATPase elements.

Discussion

Type II topoisomerases catalyze DNA strand passage events
by generating transient double-strand breaks in chromosomal
segments. This activity is both indispensable for and poten-
tially detrimental to genetic integrity in cells (35); indeed, cer-
tain classes of clinically used drugs known as topoisomerase
poisons can disrupt the enzyme’s DNA breakage-rejoining cy-
cle to induce DNA damage and kill cells (36). Here, we probed
how specific domains of hTOP2 modulate the potential to
form cleaved and uncleaved DNA states of the enzyme.

One of the more significant and unexpected observations
for hTOP2B was the ability of its DNA binding and cleav-
age core—and even the full-length enzyme—to catalyze su-
percoil relaxation in the absence of ATP (Figures 1 and 4), a
nucleotide cofactor long thought to be essential for eukary-
otic type II topoisomerase activity. Supercoil relaxation was
not observed for the hTOP2« core (Figure 1), although strand
passage by the hTOP2« core (and by the equivalent region of
hTOP2p) was stimulated by DMSO (Supplementary Figure
S1), an agent commonly used to solubilize small-molecule
drugs that is known to also have a mild destabilizing effect
on proteins (37-39). DMSO was not nearly as efficient at
promoting DNA supercoil relaxation by the hTOP2« core
as compared to hTOP2f3. These findings indicate that the
dimer interfaces of hTOP2B can transiently separate to al-
low DNA strand passage. They also suggest that the inter-
facial stability of hTOP23 may innately differ from its hu-
man paralog, hTOP2«, allowing for more promiscuous (i.e.
nucleotide-uncoupled) DNA cleavage, supercoil relaxation,
and decatenation activities that could contribute to the func-
tional partitioning of h\TOP2a and hTOP2 in cells. Although
the biological significance of this functional divergence is un-
clear, it is possible that this may reflect some specific need for
the enzyme to properly operate during transcription vs. DNA
replication or chromosome segregation. To date, studies have
not revealed any specific differences in supercoil relaxation
or ATPase rates between the two human isoforms, although
hTOP2« has been reported by Osheroff and colleagues to be
more efficient at relaxing positive DNA supercoils than nega-
tive (a trait not exhibited by hTOP2) (40). We do note that
there are amino acid differences in the core region between
hTOP2« and hTOP2pB and speculate that a subset of these
residues is likely responsible for the observed differences in
the behavior of the cores. We hope to test this idea in a future
set of studies.

While supercoil relaxation by the hTOP2f3 core appears
somewhat more efficient than decatenation, the observation
that this region can separate closed circles from a kDNA net-
work confirms that the protein is performing DNA strand
passage, as opposed to using a nick-and-swivel mechanism
analogous to that employed by type IB topoisomerases. It is
also possible that the DNA binding and cleavage core could
work by a ‘one-gate’ approach in which the C-terminal dimer
interface of the enzyme remains closed during strand pas-
sage, although the simplest interpretation of the data is that
the enzyme operates by the ‘two-gate’ mechanism utilized for
the full-length enzyme, wherein a transported DNA moves
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Figure 5. Headless hTOP2f3 fails to complement yeast growth and is toxic to repairdeficient cells. (A) Temperature-dependent complementation of
top2-4 yeast strain by wildtype, full-length (FL) hTOP23, headless (HL) hTOP23 and headless hTOP23R75’W_ (B) Transformants obtained upon
complementation of TOP2 + yeast cells with hTOP2 3 constructs, in either RAD52 + or rad52- backgrounds.

through the sequential opening and closing of the cleavage
DNA segment (at the DNA-gate) and the C-terminal dimer
interface (the ‘C-gate’) (8,10) (Figure 6A).

The strand passage activity of the hTOP2{ core is notable,
as the only other type IIA topoisomerases currently known
to be capable of acting in an ATP-independent manner are E.
coli DNA gyrase and DNA topoisomerase II from bacterio-
phage T4 (41-43). In gyrase, this function depends on a spe-
cialized DNA-wrapping domain that is not present in eukary-
otic type ITA topoisomerases (44,45). The DNA-binding and
cleavage core of type IIA topoisomerases in general has been
suggested to arise from diverse (likely viral) origins (46), and
the cores are thought to have acquired ATPase domains to reg-
ulate their activity. The hTOP2f core exemplifies the activity
predicted for an ancient type IIA topoisomerase (20), one that
arose from a modified type of nuclease, before the acquisition
of a modulatory ATPase element (Figure 6A). Interestingly,
we found that the unstructured C-terminal region of hTOP2
stimulates the ATP-independent activity of the core (Figure
2), establishing that it plays a role in supporting DNA strand
passage. The C-terminal tail of eukaryotic topo II has been re-
cently shown to promote protein-DNA interactions that can
modulate the catalytic output of the enzyme (47). It seems
likely that this element boosts the activity of the h"TOP2 core
through these interactions (48), although how this potentia-
tion occurs at the molecular level has yet to be established.

It has been suggested that the pressure to reduce DNA
damage arising from unregulated DNA cleavage events could

have been an evolutionary driving force towards the cou-
pling of strand passage to ATP turnover in type II topoiso-
merases (20). In this view, ATPase activity would serve both
to promote the sequential separation of subunit interfaces in
the core (which could now be strengthened by natural se-
lection to avoid spontaneous opening) and as a switching
mechanism to ensure that cleaved DNA is resealed before
the ATPase domain dimer interface (termed the ‘N-gate’ (49—
51)) separates. Our data strongly support this concept. Be-
cause the hTOP2B core is capable of performing the two
critical functions of a type II topoisomerase—supercoil re-
laxation and DNA decatenation—we hypothesised that an
ATPase-less " TOP2 construct (W(TOP2B-HL) might comple-
ment the temperature-sensitive deficiency of a top2-4 yeast
strain. Interestingly, it did not, nor did an even more catalyt-
ically active ATPase-less mutant, hTOP2-HLR>"V (Figure
5A). A potential interpretation of this result is that the level
of topoisomerase activity afforded by hTOP2B-HL might
be insufficient to provide the essential enzymatic functions
that yeast require to grow. However, our data show that the
R757W substitution substantially increases the efficiency of
strand passage by the headless construct, to the point where
its level of activity is either comparable to (supercoil relax-
ation, Figure 3A versus 1B), or within a factor of 2-4 of
(decatenation, Supplementary Figure S5B versus S2B) a full-
length h'TOP2f3 construct that does support cell viability.
Thus, the type IIA topoisomerase core can in the right context
be a very robust DNA unlinking enzyme, yet this relatively
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Figure 6. Schematic depicting the action of a hypothetical, damage-prone ancestral type Il topoisomerase before the acquisition of a regulating ATPase
element for mitigating unwarranted DNA breakage. (A) An ancestral, ATPase-less type Il topoisomerase could perform strand passage by a ‘two-gate’
mechanism that relies on just the DNA- and C-gates of the enzyme. Data reported here for wildtype and mutant (R757W) hTOP2 3 show that this
minimal type Il topoisomerase construct possesses such an activity. (B) Acquisition of a DNA binding C-terminal domain (CTD) and/or mutations that
destabilize subunit interfaces can potentially lead to enhanced activity but also to an enhanced propensity for cleavage. The acquisition of the GHKL
family ATPase domains substantially reduces deleterious DNA cleavage activity.

potent activity per se does not appear to support yeast cell
growth.

In considering why a functional but ATPase-less topo II
might be insufficient for cell viability, we noted that the ele-
vated strand passage activities of hTOP23-HL and hTOP2§3-
core®?”5”¥ were both accompanied by an increased damage
propensity in vitro (Figures 2B, C and 3B, C). Subsequent ge-
netic studies revealed that cells bearing hTOP2B-HL (either
wildtype or the R757W mutant) display a growth defect rel-
ative to those with full-length hTOP2B and are inviable in
a rad52-deficient background (Figure 5). The incompatibil-
ity of hTOP23-HL with the rad52- background demonstrates
that the failure of this construct to complement the top2-4 al-
lele construct is not due to a nuclear localization defect and
suggests that it is instead due to cleavage defects introduced
into the enzyme; the increased recombination frequency seen
upon expression of the hTOP2p headless construct supports
this reasoning (Table S1). Significantly, appending the ATPase
domains back onto the R757W mutant restores much of the
integrity of its DNA cleavage-religation equilibrium in vitro
(Figure 3 versus S4) and, accordingly, the full-length mutant
enzyme can now support cell viability, although it still main-
tains an increased propensity to damage DNA as seen by the
inviability of 7rad52~ cells that express the full-length mutant
enzyme (23).

The data presented here suggest that the cleavage-prone
behaviors observed for hTOP2 in certain cellular contexts
(such as transcriptional bursting (52-54)) may result from an
inherent subunit interface lability retained from an ancestral

enzyme, rather than from a selective pressure favoring DNA
break formation (Figure 6B). Our collected findings establish
that the ATPase elements of hTOP2{ can mitigate potent, in-
nate DNA-damaging activities of the hTOP2p core in vivo,
and additionally support the proposal that type IIA topoiso-
merases acquired an ATP-binding domain during evolution
not to power strand passage per se, but to regulate the DNA
cleaving activity that accompanies this reaction and suppress
DNA damage (20) (Figure 6B). Future studies will be needed
to better understand how the ATPase elements exert this effect
at a molecular level.
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