BIOCHEMISTRY

RESEARCH ARTICLE ' 15p11y5ICS AND COMPUTATIONAL BIOLOGY

PNAS

L)

Check for
updates

Naturally mutagenic sequence diversity in a human

type Il topoisomerase

Afif F. Bandak? @), Tim R. Blower®'

, Karin C. Nitiss"¢, Raveena Gupta®’, Albert Y. Lau?, Ria Guha®*, John L. Nitiss®?, and James M. Berger®?

Contributed by James M. Berger; received February 6, 2023; accepted May 31, 2023; reviewed by Ram Madabhushi and Keir C. Neuman

Type II topoisomerases transiently cleave duplex DNA as part of a strand passage mech-
anism that helps control chromosomal organization and superstructure. Aberrant DNA
cleavage can result in genomic instability, and how topoisomerase activity is controlled
to prevent unwanted breaks is poorly understood. Using a genetic screen, we identified
mutations in the beta isoform of human topoisomerase II (hTOP2p) that render the
enzyme hypersensitive to the chemotherapeutic agent etoposide. Several of these variants
were unexpectedly found to display hypercleavage behavior in vitro and to be capable of
inducing cell lethality in a DNA repair—deficient background; surprisingly, a subset of
these mutations were also observed in 7OP2B sequences from cancer genome databases.
Using molecular dynamics simulations and computational network analyses, we found
that many of the mutations obtained from the screen map to interfacial points between
structurally coupled elements, and that dynamical modeling could be used to identify
other damage-inducing TOP2B alleles present in cancer genome databases. This work
establishes that there is an innate link between DNA cleavage predisposition and sensitivity
to topoisomerase II poisons, and that certain sequence variants of human type II topoi-
somerases found in cancer cells can act as DNA-damaging agents. Our findings underscore
the potential for h\TOP2p to function as a clastogen capable of generating DNA damage
that may promote or support cellular transformation.

topoisomerase | chemotherapeutic | cancer | DNA damage | protein dynamics

Type II DNA topoisomerases are essential cellular enzymes that physically move one
double-stranded DNA segment through another (1, 2). DNA strand passage, which requires
the transient formation of covalent enzyme—DNA breaks, allows type II topoisomerases to
manipulate the topological state of chromosomes and is necessary for supporting essential
processes such as transcription, DNA replication, and chromosomal segregation (3, 4). In
addition to their cellular utility, type ITA topoisomerases are targets of a number of clinically
validated antibacterial and anticancer agents (5, 6). The most commonly used class of
topoisomerase antagonists are compounds known as “poisons,” which stabilize cleaved-DNA
intermediates and convert the enzyme into a genotoxic agent (7, 8).

In humans, it had been suggested that the anticancer activity of etoposide and other
related antitopoisomerase agents might arise from the preferential targeting of a particular
type II topoisomerase isoform, human topoisomerase Il (hnTOP2) (9). However, bio-
chemical and cellular studies have shown that these drugs can also act on a second topoi-
somerase II paralog, human topoisomerase IIf (hTOP2f) (10-13), and that this activity
can drive chromosomal rearrangements and the onset of diseases such as therapy-related
leukemias (14, 15). Exposure to topoisomerase II poisons promotes cell death and can not
only result in alterations to DNA repair pathways (16) but to the emergence of resistant
topoisomerase mutants as well (17—19). Studies of the biochemical properties of topoi-
somerase variants have been useful for understanding innate catalytic function but have
additionally shown how selective pressures can generate enzymes with aberrant activities
and cleavage propensities (20, 21). Although much is now known about how and where
antitopoisomerase poisons bind to their target enzymes (22), studies have shown that it is
possible to alter the sensitivity of type II topoisomerases to chemical therapeutics by acquiring
mutations far outside the site of drug binding (23, 24). Why both drug-resistance and
drug-sensitizing alterations can arise at diverse loci and how they perturb therapeutic efficacy
are often unclear from biochemical analyses alone but has important implications for our
understanding of drug mechanism and consequences. Mapping and characterizing the
nature of these changes is important for comprehending and predicting the consequences
of topoisomerase variants that can emerge following chemotherapeutic treatment.

Here, we have sought to define how type II topoisomerases can become sensitized to
anticancer agents. Using hTOP2f/etoposide interactions as a model system, we isolated
and characterized several topoisomerase mutants that confer drug hypersensitivity both
to cells expressing these enzymes and to protein activity in vitro. Interestingly, several of
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the isolated mutants were found biochemically and in vivo to
exhibit elevated levels of DNA cleavage in the absence of any drug.
Moreover, we discovered that a subset of the mutations recovered
from our screen are also present in cancer genome database
sequences of the human 7OP2B gene. To better understand the
structural factors that modulate etoposide sensitivity and elevated
levels of DNA cleavage, we used computational simulations of an
hTOP2B-ATP+DNA ternary model to construct a dynamic inter-
action network of the enzyme. This analysis revealed physical
connections between discrete regions of the protein that were
indicative of an allosteric communication pathway capable of
modulating enzyme function. In silico modeling revealed that a
cohort of our spatially distributed, damage-prone hTOP2f muta-
tions were part of this pathway and also enabled the curation of
hTOP2p variants present in large sequence datasets (such as cancer
genome databases) to identify mutants with a similar dynamical
signature and examine potential damage-prone phenotypes. Our
studies demonstrate that inherently damage-prone hTOP2f var-
iants are present in certain human cancers, an outcome that high-
lights the potential of the enzyme to act as a clastogen capable of
maintaining or driving cellular transformation.

Results

Screening for Etoposide-Sensitizing Mutations in hTOP2f. To
identify topoisomerase mutants sensitized to poisoning by etoposide,
we first constructed a single-copy vector that constitutively expresses
full-length hTOP2 from the yeast TPI1 promoter in budding yeast.
This plasmid is similar to previously constructed hTOP2f plasmids
(25, 26), and complements the temperature-sensitive r0p2-4 allele
of Saccharomyces cerevisiae (SI Appendix, Fig. S14), allowing for
the selection of active hTOP2-containing transformants at a
nonpermissive temperature. Mutants of hTOP2f were generated by
error-prone PCR, introduced into the hTOP2p expression vector
by in vivo recombination, and then screened in yeast by replica
plating on media containing 10 pg mL™! etoposide (Methods).
After this preliminary screen, potential hypersensitive mutants
were examined using a semi-quantitative assay for growth on plates
containing different concentrations of drug to verify etoposide
hypersensitivity (SI Appendix, Fig. S1B). Positives were further
tested to quantitatively determine levels of sensitivity by exposure
to varying concentrations of etoposide in liquid media for 24 h.
Mutants that showed cell killing after exposure to concentrations
<20 pg mL™" of drug were identified by Sanger sequencing of
amplicons from the mutagenized region of hTOP2f; this panel
conferred moderate-to-strong sensitivity to etoposide as compared
to cells expressing the wild-type enzyme (SI Appendix, Table S1).
After mapping the mutations onto a homology-modeled structure
of full-length hTOP2, five were selected for further study because
of their distributed locations throughout the enzyme (S396F
K461R, K600T, K646E, and R757W, SI Appendix, Fig. S2); these
alterations were next individually placed into fresh TPI1-driven
hTOP2p expression plasmids using site-directed mutagenesis and
retested for etoposide sensitivity (S396F was chosen for study
on its own despite it being originally present as a double mutant
(along with E475D), since the second change was a conservative
substitution). As determined by colony counts and relative levels
of survival, moderate (5- to 10-fold; K646E, S396F)-to-strong
(>20-fold; K461R, K600T, R757W) etoposide hypersensitivity
was observed for the reconstructed mutants (Fig. 14).

Having identified human hTOP2f mutations that confer
etoposide hypersensitivity (Etop™) in vivo, we next set out to
characterize the effects of these alterations on drug efficacy in vitro.
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The five retested hTOP2f enzymes were expressed in and purified
from yeast (Methods). Purified wild-type and mutant hTOP2p
enzymes were compared for their sensitivity to two concentrations
of etoposide (10 or 75 uM), using native agarose-gel electropho-
resis conducted in the presence or absence of ethidium bromide
to aid in the identification of relaxed, nicked, and linear products
(see Fig.1 Band C for quantification of representative gel-
based data shown in Fig. 1D). The mutant proteins exhibited a
wide range of effects in the presence of etoposide. For three vari-
ants, supercoil relaxation was moderately inhibited by the drug
(hTOP2p*F, hTOP2p*T, and hTOP2p'™®), whereas
for the other two, it was not (h\TOP2***F and hTOP2p">"V—
compare the distribution of topoisomers present in the
“75-"uM dr\%g lanes in Fig. 1 D, Upper). hTOP2**F and
hTOP2B"*"Y showed the strongest increase in DNA nicking and
cleavage responses to etoposide relative to their drug-free reaction
response (Fig. 1 B-D, Lower). The other three mutants were also
sensitive to etoposide, albeit to a lesser effect, displaying elevated
levels of either nicking or cleavage depending on the drug con-
centration used in the assay. Importantly, all mutants showed
elevations in either nicking or double-strand cleavage at both
etoposide concentrations tested. Thus, the selected mutant pro-
teins not only exhibited elevated sensitivity to etoposide in vivo
but also in vitro.

Etoposide-Sensitizing Mutations in hTOP2f} Can Substantially
Enhance Innate DNA Cleavage Propensity. While examining the
in vitro cleavage data, we noted that four of our hTOP2p mutants
(S396F being the exception) appeared to nick and/or cleave the
DNA at low or moderate levels even when etoposide was absent
(compare “solvent-only” lanes with asterisks, Fig. 1 D, Lower). We
therefore set out to determine the extent to which our mutants
possessed innate differences in their drug-free biochemical activities
compared to the native enzyme. We first assessed supercoil-
relaxation activity, conducted in the absence of etoposide, using
native gel electrophoresis. Four of the five hTOP2 mutants tested
here were highly active for supercoil relaxation (see red dotted boxes,
Fig. 2 A and B, Upper), with hTOP2p**F and hTOP2p*"Y
displaying near wild-type levels of activity, and hTOP2p***T
and hTOP2p*4'R showing only an ~twofold reduction in catalytic
function. By comparison, the activity of hTOP2p% was reduced
nearly eightfold compared to the wild-type protein.

We next repeated the supercoil relaxation assays but stopped the
reactions either with 1% SDS alone (to trap both reversible and
irreversible cleavage complexes), or with 25 mM EDTA followed
by 1% SDS thirty seconds later (to isolate only irreversible cleavage
complexes) and analyzed the products on agarose gels containing
ethidium bromide. The distinction between reversible and irrevers-
ible cleavage is important to identify when a covalent hTOP2p-
DNA intermediate has entered into a hyperstable (i.e., persistent)
state: Covalent complexes generated by wild-type topoisomerase 11
in the presence of etoposide can be reversed by high salt, elevated
temperature, or chelating agents (27, 28), whereas irreversible
covalent complexes can be formed by certain etoposide-hypersensitive
(Etop™) mutant proteins in the presence of the drug (29). Here, in
assays conducted in the absence of etoposide, three of the five Erop'™
mutants—hTOP2B T hTOP2p***F, and hTOP2Y>"Y—were
found to form high levels of reversible linearized species as compared
to the wild-type enzyme (Fig. 2 Aand B, Middle; Fig. 20);
hTOP2*T and hTOP2***** also showed a propensity for irre-
versibly linearizing DNA (Fig. 2 A and B, Lower; Fig. 2D). Several
mutants additionally showed innately elevated levels of reversible
and/or irreversible nicking activity relative to the wild-type enzyme
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Fig. 1.

Characterization of etoposide-hypersensitive hTOP2p mutants. (A) The top2-4 host strain YMM10,,_, was transformed with hTOP2p plasmids containing

the indicated alleles. Transformants were grown to mid-log phase in SC-Ura medium at 34 °C, after which the indicated concentration of etoposide was added.
Incubation was continued for an additional 24 h before plating cells for survival. The survival plotted is relative to that at the time of etoposide addition. Error
bars are +SEM. (B and C) Summary of DNA linearization and nicking activity by Etop"® hTOP2p mutants induced by etoposide, as quantified by densitometry
of agarose-gel-resolved cleavage products. Error bars represent the SD from three experimental replicates. Mutants showing elevated nicking or linearization
relative to wild-type hTOP2p (as determined by a one-tailed t test with a P-value threshold of 0.05) are denoted with a red asterisk. (D) Representative agarose
gels of supercoil relaxation and cleavage reactions conducted in the presence of etoposide. The activities of five candidate mutants from the Etop"* screen are
shown in the presence of two different drug concentrations (10 and 75 uM) as compared to no drug (“Solvent”). Gels were electrophoresed in the absence (Upper)
or presence (Lower) of ethidium bromide (“EtBr"). Control reactions [“(-) topo” (no enzyme) and “linear”] are included at the left of each gel. The innate cleavage
propensities of the constructs can be seen in lanes denoted with asterisks (black—WT (wild type), red—mutant). The positions of different DNA species as they

migrate into the gels are noted: “N/R"—nicked/relaxed; “L"—linear; “SC"—supercoiled.

(hTOP2T hTOP2B***°F and to lesser extent KTOP2BX*'R)
(Fig. 2 A, B, E, and F). In contrast to the other four mutants,
hTOP2%%F displayed no appreciable innate (i.c., drug free) nick-
ing/linearization activities in the absence of drug (Fig. 2 Band F).

Each of the five mutant enzymes tested was able to complement
the rop2-4 allele (SI Appendix, Table S1), confirming that the
proteins are active in vivo. However, this outcome did not reveal
whether the intrinsic cleavage activities observed in vitro might
also manifest in cells. To assess the DNA-damage properties of
the mutants in vivo, the five different A TOP2f constructs were
transformed into a r9p2-4 rad52—deficient yeast strain, which is
unable to repair DNA breaks (30). Remarkably, the resultant
analysis revealed that expression of all the five variants led to a
marked loss of transformation potential in 72d52" cells (Fig. 3
and SI Appendix, Fig. S3). Collectively, this outcome establishes
a strong link between etoposide sensitivity and DNA-damaging
activity in vivo.

Etoposide-Sensitizing Mutations Localize to Allosterically Important
Residues. Many of the cleavage-prone mutations identified for

PNAS 2023 Vol.120 No.28 2302064120

hTOP2p from the etoposide hypersensitivity screen map outside of the
catalytic sites (AT Pase and DNA cleavage) of the enzyme (S/ Appendix,
Fig. §2). To better understand why these amino acid changes might
impact drug sensitivity, we turned to molecular dynamics (MD)
simulations and dynamic network analysis [“MD-DNA,” (31)].
MD-DNA uses MD trajectories to identify, with high precision and
confidence, intramolecular contacts that persist over the course of a
simulation, and then couples this information with network theory to
assess the potential allosteric significance of these contacts within the
global context of the macromolecular system.

To carry out MD-DNA, a homology model of full-length
hTOP2p in complex with adenosine triphosphate (ATP) and
double-stranded DNA was first generated from a structure of
budding yeast Top2 and used as a template for this approach
(32) (Methods). Long-timescale simulations (500 ns) were then
performed on the complex to maximize conformational sam-
pling (Movie S1). Like any other macromolecular system, the
topoisomerase II dimer can be conceptualized as a network of
interconnected points, or “nodes,” which are defined by a com-
bined set of both alpha-carbon atoms and hydrogen-bond
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Fig. 2. Etop"™ hTOP2p variants display elevated nicking and linearization activities in vitro in the absence of drug. (4 and B) Representative agarose gels of
supercoil relaxation and cleavage reactions conducted in the absence of etoposide for purified mutant proteins identified from the Etop" screen. Enzyme
titrations are denoted as the molar ratio of hTOP2p dimer to plasmid DNA. Red dotted boxes indicate enzyme concentrations necessary to achieve levels of
supercoil relaxation comparable to wild type (WT). The Middle panels of (A) and (B) were quenched to reveal reversible cleavage, whereas the bottom panels
were quenched to reveal irreversible cleavage. (C-F) Nicking and linearization of DNA during the relaxation of negatively supercoiled plasmid by Etop™® hTOP2p
variants are compared to wild-type hTop2p. Reactions were stopped by (C and £) 1% SDS alone to trap reversible cleavage complexes, or by (D and F) 1% SDS
and 50 mM EDTA to isolate irreversible cleavage complexes. Plots show a summary of DNA linearization and nicking activity by Etop"® hTOP2p mutants, as
quantified by densitometry of agarose-gel-resolved cleavage reactions. Reversible and irreversible cleavage complex formation is enhanced by several etoposide-
hypersensitive hTOP2p mutations. Error bars represent the SD between three experimental replicates.

donors/acceptors for each amino acid side chain. To identify
contacts between nodes in the network, coupled motions
were first captured in a crosscorrelation matrix of atomic fluc-
tuations over the duration of the simulation. Contacts were
deemed as being meaningful if they occurred between pairs of
nodes whose alpha-carbons or H-bond donors/acceptors stayed
within a maximal cutoff distance of 5 A during >80% of the
trajectory (31).

A protein’s self-interaction network can be reduced to a set of
substructures (termed “communities”) within the network (31).

40f9 https://doi.org/10.1073/pnas.2302064120

Communities represent clusters of nodes that are densely inter-
connected with one another but sparsely connected to nodes in
other communities, and analysis of the communication between
these substructures provides insights not readily available from
static structural images. The community structure for the
hTOP2B-ATP-DNA complex was determined using the Girvan—
Newman algorithm (33), which split the network into 18 com-
munities of greater than 20 residues (Fig. 44 and Movie S2). Most
communities obtained from this analysis turned out to correspond
to known structural folds present in type I topoisomerases. For
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Fig.3. Expression of hTOP2p*%%T, hTOP2p*®*¢E, and hTOP2p""*"" is not viable
in rad52-deficient yeast strains. (A-B) The hTOP2p expression vector pKN28 was
generated to facilitate introduction of point mutations into constructs that
express hTOP2p from the TPI1 promoter. pKN28 with wild-type hTOP2p and
pKN28 expressing either hTOP2pX°T or hTOP2p">"" were transformed into
JN362a (RAD52+) or N394 (rad52") strains. While transformation efficiencies
were similar in RAD52+ strains, a greatly reduced number of colonies in the
rad52- strain were seen with pKN28 hTOP2p wild type, and no colonies were
seen with pKN28 hTOP2p*¢°°" or hTOP2p%>"™, (C, D) A similar analysis was
carried out with pKN27 encoding hTOP2p*%4E and hTOP2p~>", demonstrating
that these alleles also could not be introduced into rad52" strains. All
transformation plates were incubated at 30 °C for 3 d. The plates were then
photographed by conventional photography.

example, in the ATPase domain, the community organization
overlaps reasonably well with the structurally and phylogenetically
defined boundaries of the GHKL (Gyrase, Hsp90, Histidine
Kinase, MutL) ATP-binding domain and its adjacent conforma-
tional “transducer” domain (an RNaseP fold). However, within
the DNA-binding and -cleavage core, there was some divergence
between community assignment and structural domains; for exam-
ple, the Mg** ion—binding topoisomerase-primase (TOPRIM) fold
could be subdivided into two distinct communities. Additionally,
a small Greek-key element, which projects from the TOPRIM
fold, is indicated as a distinct community on one subunit but is
merged with that fold on the other. Lastly, the two globular
domains that form the C-terminal dimerization interface appeared
to behave as a single dynamic community.

Although most nodal interactions occur within a community,
some nodes reside on interfaces between communities (31).
Residues participating in such interfacial contacts often serve as
critical contact points for the flow of allosteric information between
different structural regions. Surprisingly, when we mapped the five
mutations identified from the etoposide screen onto the network
model, all but one (K600T) clearly mapped to a critical node on
a community boundary (Fig. 44 and SI Appendix, Fig. S4); inter-
estingly, close inspection of K600T shows that this residue maps

PNAS 2023 Vol.120 No.28 2302064120

to a position where it might aid in modulating the conformation
of the Greek-key domain, which has a well-documented role in
the cleavage activity of type IIA topoisomerases (34). The overall
correlation between sites of etoposide hypersensitivity and inter-
communal node position suggests that many of the mutations
obtained from the screen may act by perturbing the communica-
tion between protein regions and/or key ligands (e.g., ATP or
DNA) that help regulate enzyme dynamics. Consistent with this
reasoning, four of the amino acid alterations obtained from the
hypersensitivity screen appear to introduce additional steric bulk
(S396E R757W) or disrupt salt bridge contacts (K600T, K646E,
R757W) at intersubunit/interdomain surfaces, while the fifth
(K461R) occurs at a contact point between the enzyme and a

bound G-segment DNA (87 Appendix, Fig. S2).

Mutations to Critical Node Residues Are Overrepresented in the
Population of hTOP2f} Mutations Present in Cancer Genomes.
Because several critical node alterations were found not only to
sensitize hTOP2p to etoposide poisoning, but also to elevate
innate DNA cleavage propensity, we sought to evaluate whether
analogous intercommunity mutations might be present in human
cell populations. Cancer genome databases are a particularly rich
source of amino acid variant information. Sequence data for
hTOP2p genes present in the CBioPortal (35) and COSMIC (36)
databases were collated and cleaned by removing SNPs, mutations
from hypermutated samples, and mutations residing in the
unstructured N- and C-terminal regions of the enzyme (Methods);
Fig. 4B shows this resultant panel of 129 mutations mapped onto
the homology model of hTOP2f used for the network analysis.
Interestingly, examination of the data (as compared to Monte
Carlo simulations of random mutation networks) revealed
that human cancer genome repositories collectively contain an
enrichment of mutations that either directly correspond to or are
proximal to (i.e., <5 A) a critical node (P < 0.05, SI Appendix,
Fig. S5 and Methods). Remarkably, we found that two mutations
independently pulled from our etoposide-hypersensitive screen,
K600T and S396F, are also present in the genome databases (albeit
with K600T identified in a hypermutated cancer).

Given the apparent enrichment of cancer cell mutations at sites
next to or overlapping with critical node positions, we next sought
to use the dynamic network model to filter through the cancer
cell TOP2B gene sequences and search for mutations that might
confer hypercleavage phenotypes similar to those found from our
drug screen. Our set of candidate mutations was first curated for
alterations at amino acid positions that either correspond to or
directly interact with residues identified as critical nodes. This
group was then further filtered for substitutions that appeared
sterically or electrostatically disruptive. The remaining set of alter-
ations (10 in total) were found to be scattered throughout the
hTOP2 catalytic core (Fig. 4B); these mutant proteins were sub-
sequently cloned, expressed, purified, and tested for elevated levels
of intrinsic DNA cleavage.

Six of the ten mutants (R67C, D173G, K600N, F755L,
E774K, and Y862C) were found to have no evident impact on
DNA nicking or linearization in vitro and were not pursued
further. Efforts to directly purify hTOP2$"7*?“ and hTOP2pY !¢
unfortunately proved unsuccessful due to poor expression of the
mutant enzymes, suggesting that they might be toxic; this
outcome prompted us to conduct genetic studies of these two
variants along with the two remaining mutants in the EOOL
hTOP2p"" " and hTOP2p**“N. The behavior of hTOP2§ 4N
in cells proved to be erratic and irreproducible, so this mutant
was not genetically analyzed further (S7 Appendix, Supplemental
Methods). However, the remaining three mutants were able to
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GHKL

TOPRIM

Tower

Greek-key

Fig. 4. Identifying prospective hypercleavage mutants of hTop2p computationally. (A) Network communities obtained for an hTOP23:AMPPMP+DNA ternary
complex homology model. The positions of the Etop"® mutations studied here are indicated. Nodal (interresidue) interactions are shown as bars connecting
different parts of a cartoon rendering of the complex and are colored by community assignment: GHKL, (green), GHKL, (blue), transducer, (pink), transducer,
(white), TOPRIM,, (red), TOPRIM,, (ice blue), TOPRIM+GreekKey, (tan), TOPRIM, (red), GreekKey, (lime), WHD, (black), WHD,, (gray), tower, (purple), tower, (dark
orange), shoulder, (yellow), shoulder, (ochre), C-terminal loop, (cyan), C-terminal loop, (mauve), C-terminal dimerization interface (light orange). (B) Cartoon
diagram of an hTOP2p+AMPPNP+DNA ternary complex homology model with cancer dataset mutation sites indicated as red spheres. Sites chosen for further

study are indicated as cyan spheres.

successfully complement growth of the temperature-sensitive
top2-4 allele (51 A]pﬁvmdix, Fig. S0, left set of plates). Moreover,
both hTOP2¥'™ and hTOP2B"7*°“ proved lethal when
expressed in the r0p2-4-/rad52-deficient yeast strain (SI Appendix,
Fig. S6, right set of plates), and the two mutants also conferred
hypersensitivity to etoposide (S Appendix, Fig. S7). Hence, two
of the mutants from our panel exhibited clear DNA-damaging
potential in cells. For in vitro studies, supercoil relaxation assays
using purified preparations of the two remaining enzymes we
could express—hTOP2p"""" and hTOP2p***N _revealed that
both proteins possessed essentially wild-type catalytic activity
(Fig. 54, first panel, compare the relative ratios of supercoiled
torelaxed species across the enzyme titration). However, while
the two mutations had little discernible effect on nicking (Fig. 5
D and E), they did display significantly elevated levels of both
reversible and irreversible linearization (Fig. 5 B and C). Thus,
combined with our in vivo results, three of the ten mutations
highlighted from our MD-DNA analysis of cancer genome alter-
ations in 7OP2B were found to exhibit intrinsic DNA-damaging
behavior.

Discussion

Type 11 topoisomerases create transient double-strand breaks in
DNA to facilitate the physical passage of DNA strands through
one another. This activity is essential both for enabling chromo-
somal segregation and to counteract the topological consequences
of replication and transcription. Due to the potential cytotoxicity
of DNA breaks, the equilibrium between topoisomerase-dependent
DNA cleavage and religation is critical and must be precisely con-
trolled. Both therapeutic antagonists (12, 19, 37) and mutations
(20, 38) that impact type II topoisomerases can corrupt this equi-
librium, resulting in DNA damage and genetic instabilities.
Given the importance of topoisomerase poisons to cancer ther-
apy (3) and the role of hTOP2p in promoting therapy-related
secondary malignancies (12, 19, 37), we set out to characterize
factors that modulate the sensitivity of hTOP2p to etoposide, a
commonly used chemotherapeutic drug. As seen with mutations
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that impart resistance to this agent (24), etoposide-sensitizing
mutations were distributed throughout the enzyme and frequently
did not localize near the drug-binding site, which resides in the
DNA-gate region of the enzyme (SIAppendix, Fig. S2). We
observed that several mutants with strong sensitivity phenotypes
tended to be substitutions that localize near enzyme subunit
interfaces and introduce steric clashes or disrupt salt-bridge
interactions (e.g., h\TOP2B**", hTOP23*°T hTOP2p**F, and
hTOP2B"""Y). Notably, these variants led the enzyme to generate
elevated levels of drug-free reversible and/or irreversible DNA
damage in vitro (both nicking and double-strand break formation,
Fig. 2). It is intriguing that a screen for etoposide hypersensitivity
inadvertently yielded a large number of innately DNA-damaging
alleles of K TOP2P. Whether this adaptation is unique to h\TOP2p
will require additional studies, although it has been suggested that
topoisomerase I mutants which are relatively deficient in covalent
complex religation might also frequently manifest hypersensitivity
to antitopoisomerase poisons (39).

To better understand some of the structural mechanisms that
allow mutations to convert hTOP2f into a DNA-damaging agent,
we used MD simulations to construct an interaction network
model for a ternary complex between hTOP2f, ATT, and DNA.
Dynamics-based models have several advantages over models built
from static structural data, the most significant being their ability
to represent conformational ensembles (40, 41). Most structural
data are derived from a single or few physical configurations (often
frozen at some local minimum) that can at times also be influenced
by nonbiological factors used to facilitate imaging (e.g., buffer
composition, detergents, crystal packing, and cryo-preservation).
By comparison, MD simulations sample a region of conforma-
tional space to highlight important contacts that may not be
immediately evident from a single structure. The visualization of
persistent local interactions during dynamical modeling can aid in
tracing allosteric signal propagation paths within the network.
Further analysis of such networks can be used to characterize fea-
tures like community structures (31), which partition multidomain
proteins into groups of interconnected nodes. The community
structure for an hTOP2B+ATP+DNA ternary complex revealed an

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2302064120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302064120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302064120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302064120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302064120#supplementary-materials

WT K646N V111l
=]
Q. - T - -~
~Ee®MMTosoLRNVT oMo o
_-— O T AN DTN OTTANUUTTNOTTNW— N
5
m
it
w
e
N—
Reversible .
cleavage m
—
w
—
+
N—
Irreversible
cleavage m
A
w
—
+
N
B C
80— Reversible Linearization 40 Irreversible linearization
geo g30 L k646N
g8 g8
23540 £%20 .
- T i -
4 4
o 20 o 10
0 LI B B S B B B B 0 T T T T T WT
0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100
[Enzyme] (nM) [Enzyme] (nM)
D 10+ Reversible nicking E 10 lrreversible nicking
I 5 S
'ut' B
g8 28
55 0 s3
z3 10 20 30 40 50 60 z3
o a

[Enzyme] (nM)

-10

Fig. 5.

Elevated reversible and irreversible cleavage complex formation by hTOP2p mutations present in cancer genome datasets. (4) Innate (drug free) nicking

and linearization of DNA during the relaxation of negatively supercoiled plasmid DNA by two hTOP2p mutants are compared with wild-type hTOP2p. Representative
agarose gels of supercoil relaxation and cleavage reactions conducted in the absence of etoposide are shown for purified mutant proteins identified from cancer
genome databases. Enzyme titrations are denoted as the molar ratio of hTOP2p dimer to plasmid DNA. Red dotted boxes indicate enzyme concentrations
necessary to achieve levels of supercoil relaxation comparable to wild type (WT). The middle panel of (A) was quenched to reveal reversible cleavage, whereas the
bottom panel was quenched to reveal irreversible cleavage. (B-F) Reactions were stopped by (B and D) 1% SDS alone to trap reversible cleavage complexes, or

by (Cand £) 1% SDS and 50 mM EDTA to isolate irreversible cleavage complexes. Plots show a summary of DNA linearization and nicking activity by hTOP2p

K646N

and hTOP2p"""", as quantified by densitometry of agarose-gel-resolved cleavage reactions. Error bars represent the SD of three experimental replicates.

interesting trend in which etoposide-sensitizing mutations—which
were found to frequently make topoisomerase II more innately
cleavage-prone—also tended to reside at the interfaces between
motion-coupled communities (Fig. 4 and SI Appendix, Fig. S2).
While analyzing our mutational data, we discovered that one
of our identified mutants (S396F) is present in the cBioPortal
cancer genome database (35) and another (K600T) is listed in the
COSMIC database (36). Interestingly, both of these mutations
give rise to enzymes with aberrant functional properties. For exam-
ple, the S396F substitution severely compromises strand passage
activity (Fig. 2 B, Upper), which potentially accounts for its

PNAS 2023 Vol.120 No.28 2302064120

relatively weak Etop™ phenotype. This low level of activity also
suggests that hTOP2B*" may struggle in supporting supercoil
removal during times of increased demand. We speculate that such
a deficiency could lead to a buildup of superhelical strain capable
of disrupting gene expression programs and/or contributing to
genetic instabilities in certain contexts [e.g., by increasing the fre-
quency of RNA polymerase stalling and R-loop formation (42)].
DNA nicking and linearization by the S396F allele was also
strongly sensitized to etoposide (Fig. 1 C'and D), indicating that
the alteration compromises the fidelity of the DNA religation reac-
tion by either enhancing drug binding or diminishing drug
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dissociation. In yeast cells, these phenotypes resulted in an incom-
patibility of the S396F mutant with a repair-deficient 72452 back-
ground (SI Appendix, Fig. S3), indicating that the allele induces
genetic damage in cells that is not detectable bo}? the simple cleavage
assays used here. In comparison, " TOP2B***’" is highly etoposide
sensitive in vivo and also one of the most innately cleavage-prone
enzymes tested in vitro (both reversible and irreversible) (Fig. 2).
Concordantly, the expression of h\TOP2*°T in 74452" yeast cells
proved lethal (Fig. 3), indicating that it also generates elevated
levels of DNA damage in cells.

The realization that several of our etoposide-sensitizing muta-
tions induce DNA damage and frequently share a similar dynamical
signature (i.e., residing on a community interface), yet also are
found in human cancer cells, prompted us to scan cancer genome
databases for mutations with a similar profile. Mutational data were
filtered for residues that were either directly mapped to or formed
a direct contact with a critical node, producing a set of 10 previously
uncharacterized mutations that were selected for follow—uéliI bio-
chemical and genetic studies. Of these, two (hTOP2**N and
hTOP2p""") showed significantly elevated levels of DNA damage
propensity in vitro (Fig. 5). Upon examination in yeast cells, two
of the mutants also exhibited lethality when expressed in
repair-deficient yeast cells (hTOP2""" and hTOP2p"">%), and
both mutants conferred etoposide hypersensitivity (SI Appendix,
Figs. S6 and S7). In terms of placement, h\TOP2f M i dentified
in a stomach cancer sample) sits at the boundary between the
GHKL and transducer elements and resides near the site of ATP
binding and hydrolysis (S7 Appendix, Fig. S2G). hTOP2BK646N (also
identified in a stomach cancer sample) occurs at a critical node that
participates in an intersubunit electrostatic interaction with Asp984
(81 Appendix, Fig. S2D); like K600T and S396F this particular
amino acid was also found to be altered in our etoposide screen,
but to Glu (a more severe change) as opposed to Asn. The D759G
mutation (which has been identified in mixed cancer types) appears
to alter electrostatic interactions with Arg757 (which itself was
identified as a mutation site in our etoposide hypersensitivity screen)
and maps to a critical node that forms part of the subunit interface
that cleaves and opens bound DNA (87 Appendix, Fig. S2F).
Overall, our findings indicate that the cancer genome data for
hTOP2p appear to contain numerous mutations that impact crit-
ical dynamical pathways in the enzyme, the disruption of which
can lead to aberrant cleavage activity. We note that an analogous
enrichment of cancer genome mutations at critical nodes has been
reported in the literature for other systems such as proteins involved
in regulating kinase activities (43).

Why should mutations at critical nodes in hTOP2f correlate
with an abundance of DNA-damaging alleles? We hypothesize that
the induction of DNA damage (and thereby genomic instability)
could provide a selective advantage in certain cancer cell back-
grounds. Although only three of the 10 cancer mutations tested
here had a discernible functional impact, the absence of a phenotype
in the select number of assays used here does not necessarily demon-
strate that the changes have no functional impact on cells. For
example, critical node mutations that impact a particular biological
function of hTOP2 (e.g., the support of transcriptional bursting
or chromosomal segregation) may not exhibit a DNA hypercleavage
signature but instead could impair overall activities such as supercoil
removal (S396F may represent such an allele). The observation that
five damage-prone critical node alleles were revealed in the cancer
genome data from just two screens (etoposide hypersensitivity, MD)
indicates that it may be relatively straightforward for hTOP2p to
acquire alterations capable of promoting DNA damage.

The finding thathTOP2 can naturally acquire damage-promoting
mutations also raises the possibility that some enzyme variants
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found in cancer cells may serve as clastogens capable of driving
cellular transformation. To this end, a mutational signature has
recently been reported for gastric cancer cells carrying a K743N
mutation in hTOP2« that is consistent with the repair of type II
topoisomerase cleavage complexes (20). Interestingly, although a
corresponding mutation in hTOP2f (K764N) has not been iden-
tified in any cancer samples sequenced thus far, Lys764 does share
the same dynamical network signature in hTOP2p (proximal to a
critical node, disrupts a conserved salt bridge interaction) as the
other mutations reported here. This correlation suggests that some
of the mutations we have investigated may in fact be driver muta-
tions and further demonstrates that both drug sensitivity screening
and dynamical network analyses can be useful approaches for iden-
tifying mutations of potential functional impact and sorting them
from benign passenger mutations that are frequently present in
cancer genome samples. Examining the downstream effects of the
mutations studied here in relevant cancer model systems will be an
important future avenue of inquiry for defining the prospects and
limits of this combined approach.

Methods

Yeast Strains, Plasmids, and Growth Conditions. Yeast strains and growth
conditions are presented in S/ Appendix, Supplemental Methods.

Source of Proteins. PCR-amplified full-length topoisomerase genes were
inserted by LIC, ligation-independent cloning (44), into 12UraB (Addgene
#48304), a modified version of pRS426 (45). The resulting plasmid (hTOP2p-
12UraC) contained galactose-inducible fusions with an N-terminal tobacco etch
virus protease-cleavable hexahistidine tag. Mutant hTOP2f3 constructs were gen-
erated by site-directed mutagenesis of the hTOP23-12UraC construct. Purification
details are outlined in S/ Appendix, Supplemental Methods.

Topoisomerase DNA Cleavage and Supercoil Relaxation Assays. Reaction
mixtures contained varying amounts of full-length hTOP2 dimer (0 to 250 nM,
31.25nMin assays with etoposide), 12.5 nM supercoiled pSG483, variable drug
content (or solvent), T mM ATP, 20 mM Tris [pH 7.5], 100 mM KOAc, 10 mM
MgOAc, 1.2 mM TCEP, 35 pg mL™" BSA, and 10% [vol vol~"] glycerol. Following
incubation, reactions were first quenched with 2 pL of stopping buffer containing
either 5% (wt vol™") SDS (for etoposide-containing reactions, reversible cleav-
age measurements, and analysis of supercoil relaxation activity) or 5% (wt vol™)
SDS and 125 mM EDTA (for irreversible cleavage measurements only). Stopped
reactions were subsequently treated with 1 ulL of 12 mg mL™" proteinase K and
a further incubation at 37 °C for 30 min. Samples were stored on ice until gel
loading, whereupon a 6x agarose gel-loading dye was added and the samples
were warmed to 37 °Cfor 5 min. The samples were separated by electrophoresis
in 1.4% (wtvol ") TAE agarose gels (50 mMTris-HCI [pH 7.9], 40 mM NaOAc, and
1 mMEDTA[pH 8.0] running buffer), for 18to 22 hat2t0 2.5 Vem ™" Tovisualize
the DNA, gels were poststained with 0.5 pg mL™" ethidium bromide in TAE buffer
for 30 min, destained in TAE buffer for a further 30 min, and exposed to UV illu-
mination. Gel images were analyzed using ImageJ (46), and data were plotted
using Prism (GraphPad Software). Specific activity for DNA supercoil relaxation
was measured by comparing enzyme concentrations required to produce fully
relaxed plasmid in 30 min.

MD Simulations. An hTOP23-DNA-ATP ternary complex model was built using
iTASSER (47) based on previous structures of full-length scTOP2 (PDB: 4GFH)and
the hTOP2p nucleolytic core (PDB: 3QX3). The fully solvated system contained
a total of 465,199 atoms. The initial protein configuration was equilibrated for
200 ns in preparation for long-timescale simulations. The preproduction and
equilibration runs were performed using NAMD 2.9 (48) on the Anton2 super-
computer at the Pittsburgh Supercomputing Center (PSC). Trajectories were used
to construct allosteric network models as outlined in ref. 31.The complete simu-
lation setup is outlined in S/ Appendix, Supplemental Methods.

Statistical Analysis. Monte Carlo simulations were used to generate 10,000 sets
of mutations distributed randomly throughout the catalytic core of hTOP2. For
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each mutation in a given set, an array of C-C,, distances was computed for each
mutation/critical node pair. The shortest distance in the array was then recorded
as the corresponding residue's proximity to its nearest critical node. This process
was iteratively repeated for each mutation in a set, with a final median nearest
distance recorded for each set. The set of 10,000 median values was then fit to
arandom distribution, and the P-value for the actual cancer mutant dataset was
computed using a simple t test.

Construction of Top2p Mutants Derived from MD. Mutants identified as
having elevated DNA cleavage when expressed from hTOP23-12UraC were intro-
duced into pKN27 using standard subcloning techniques. Mutations were verified
by Sanger sequencing. The plasmids were then introduced into JN362at2-4 or
JIN394t2-4 as described above. We observed that some isolates, particularly those
carrying K646N, gave variable results following transformation into JN362at2-4
or JN394t2-4 and occasionally failed to complement the top2-4 allele. Since the
lack of complementation was not reproducible, the pKN27:K646N mutant was
not subjected to further cell-based analyses.
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