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SUMMARY
Human topoisomerase II beta (TOP2B)modulates DNA topology using energy fromATP hydrolysis. To inves-
tigate the conformational changes that occur during ATP hydrolysis, we determined the X-ray crystallo-
graphic structures of the human TOP2B ATPase domain bound to AMPPNP or ADP at 1.9 Å and 2.6 Å reso-
lution, respectively. The GHKL domains of both structures are similar, whereas the QTK loop within the
transducer domain can move for product release. As TOP2B is the clinical target of bisdioxopiperazines,
we also determined the structure of a TOP2B:ADP:ICRF193 complex to 2.3 Å resolution and identified key
drug-binding residues. Biochemical characterization revealed the N-terminal strap reduces the rate of ATP
hydrolysis. Mutagenesis demonstrated residue E103 as essential for ATP hydrolysis in TOP2B. Our data pro-
vide fundamental insights into the tertiary structure of the human TOP2B ATPase domain and a potential reg-
ulatory mechanism for ATP hydrolysis.
INTRODUCTION

Type II DNA topoisomerases are enzymes that use the energy

from ATP hydrolysis to regulate DNA topology, such as relieving

DNA supercoiling during transcription and decatenation of repli-

cation products. Type II DNA topoisomerases are essential for

cell viability. The type II enzymes comprise four discrete struc-

tural domains revealed by three interdomain protease sensitive

sites, A, B, and C (Austin et al., 1995) (Figure 1A). The structural

domains are evolutionarily conserved, sharing sequence similar-

ity (Figure 1B) and contain highly conserved functional motifs

(Figure 1A) (Austin et al., 1993). The N-terminal ATPase domain

of type II topoisomerases is the most highly conserved domain

and is homologous to that of the bacterial gyrase B subunit

(GyrB) (Ali et al., 1993) (Figure S1). The N-terminal half of the

ATPase domain contains the ATP-binding site and is directly

involved in clamp closure, undergoing dimerization upon ATP

binding. The ATP-binding fold within this region is known as

the Bergerat fold, which is common to the GHKL-type

ATPases (Corbett and Berger 2004; Dutta and Inouye 2000).

The C-terminal half of the ATPase domain forms the transducer

domain, which connects the ATPase domain to the enzyme core

(Oestergaard et al., 2004). The transducer domain relays the sig-

nals of ATP binding and hydrolysis between the ATPase domain

and the breakage-rejoining core via conformational changes in

the enzyme (Classen et al. 2003; Schmidt et al. 2012; Vanden

Broeck et al., 2021). The central breakage-rejoining domain or
Structure 30, 1129–1145, Aug
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core domain is homologous to the bacterial gyrase A subunit

(GyrA) and ismade up of two structural domains: ametal-binding

domain, which has homology with primases so has been termed

the TOPRIM domain; and a DNA-cleavage domain, which pro-

vides the site of covalent attachment to DNA via the catalytic

tyrosine. The C-terminal domain of type II topoisomerases is

the least conserved domain and contains the nuclear localization

signals and many phosphorylation sites. Saccharomyces cerevi-

siae has one isoform of topoisomerase II, while vertebrates,

including humans, have two type II isoforms, TOP2A and

TOP2B, with differing roles. TOP2A is essential for cell division,

while TOP2B is required in post-mitotic cells (Austin et al.,

2021) as well as dividing cells and is essential for development

of the nervous system (Yang et al., 2000; Lyu and Wang 2003)

and the immune system (Broderick et al., 2019). Human

TOP2B possesses an alternative splice variant in the ATPase

domain, where an additional five amino acids (T-L-F-D-Q) en-

coded by 15 nucleotides are inserted into themRNA via differen-

tial splicing after valine 23 (Davies et al. 1993) (Figure 1A). Both

TOP2B isoforms are expressed in human tissues, as detailed

from RNA sequencing (RNA-seq) data on the genotype-tissue

expression (GTEx) portal (Aguet et al., 2020).

Type II DNA topoisomerases alter the topology of DNA by

strand passage. One DNA helix, termed the gate helix (G-

DNA), is transiently cleaved, and a second helix, termed the

transported helix (T-DNA), is passed through the enzyme-

bridged break (Roca and Wang 1992) (Figure 1C). Strand
ust 4, 2022 ª 2022 The Author(s). Published by Elsevier Ltd. 1129
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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passage requires ATP hydrolysis, although DNA cleavage may

occur in its absence. The ATPase domain binds and hydrolyzes

ATP in a DNA-dependent manner (Lindsley and Wang 1993;

Olland andWang 1999; Hammonds andMaxwell 1997; Gardiner

et al., 1998). Using yeast TOP2 and pre-steady-state kinetic

techniques, it has been shown that each protein dimer binds

two ATPmolecules, one of which is hydrolyzed rapidly, while hy-

drolysis of the second ATPmolecule is rate limited by the release

of Pi or ADP (Harkins et al. 1998; Baird et al., 2001). The DNA

transport event occurs between hydrolysis of the first and sec-

ond ATP molecules. However, binding of just one ATP molecule

is sufficient to induce a conformational change across the dimer

(Baird et al., 1999; Skouboe et al., 2003).

The catalytic cycle of topoisomerases has been targeted by a

variety of antibacterial and anticancer drugs. One class of anti-

cancer agents are the bisdioxopiperazines (ICRF187 and

ICRF193), which are catalytic inhibitors of human topoisomerase

II (Lee et al. 2017). Kinetic studies have demonstrated that the

bisdioxopiperazines are non-competitive inhibitors of type II top-

oisomerases and do not directly compete for the ATP-binding

site (Morris et al. 2000). The bisdioxopiperazines associate

with a nucleotide-bound dimerized state of the ATPase domain

and trap the enzyme around DNA by stabilizing the N-terminal

dimer interaction formed by ATP binding, blocking enzyme turn-

over (Roca et al., 1994). ICRF187 (dexrazoxane) is used thera-

peutically for the prevention of anthracycline-induced cardiotox-

icity, while ICRF193 is the most potent bisdioxopiperazine

against topoisomerase II (Hasinoff et al., 1995; Hasinoff et al.

2020; Jirkovská et al., 2021). As the only topoisomerase II iso-

form in postmitotic cardiac cells is human TOP2B, the ATPase

domain of human TOP2B is the physiological target of

ICRF187 (Capranico et al., 1992; Atwal et al., 2019). Moreover,

bisdioxopiperazines inhibit the catalytic activity of the two hu-

man isoforms differentially (Shapiro and Austin 2014), and the

human isoforms are more sensitive to ICRF187 than

S. cerevisiae topoisomerase II (Lee et al. 2017), providing the

rationale for solving the structure of human TOP2B ATPase

domain. TOP2Amutations that confer drug resistance to the bis-

dioxopiperazines have been reported (D48N, Y50F, R162Q,

Y165S, L169F) (Wessel et al. 1999, 2002; Sehested et al.,

1998; Patel et al., 2000). These residues are conserved between

human TOP2A and TOP2B (Figure 1B), and, when the corre-

sponding residue was mutated in TOP2B (D64N, Y66F,

R178Q, Y181S, and L185F), except for R178Q, all mutants

were resistant to ICRF187 compared with wild-type TOP2B
Figure 1. Domain arrangement and mechanism of type II topoisomera
(A) Schematic representation of the domain arrangement of type II topoisomerase

C represent proteolytically sensitive sites in TOP2B. Fivemotifs conserved in all ty

are indicated in red.

(B) Clustal alignment of human TOP2B, human TOP2A, and S. cerevisiae ATPase

QTK loop. Residues involved in binding ATP are indicated and labeled in color acc

helices and black arrows for beta sheets.

(C) Catalytic mechanism of type II topoisomerase enzymes (adapted from Schmid

mation with the ATPase (yellow and orange), red and blue domains separated. W

active-site tyrosines into their attack positions. Next, ATP (denoted by an asterisk

change in the enzyme. During ATPase domain dimerization, a second DNA duple

and through the cleaved G-DNA (DNA gate). Once the T-DNA has entered the c

change opens the C-gate through which the T-DNA exits as described in the two

drolysis resets the enzyme for another round of catalysis.
(Deng et al., 2014). In addition, a site-directed mutation that

reduced ATPase activity (S165R) (West et al., 2002) and a

random mutation that conferred drug resistance to mAMSA

(G465D) (Gilroy et al., 2006) have been reported. Furthermore,

the mutation H58Y (Lam et al. 2017; Hiraide et al., 2020) has

been reported in two patients exhibiting developmental delay

characteristic of autism.

As DNA topoisomerase II is a large protein of 180 kDa, struc-

tural studies have utilized individual domains. Solving the struc-

ture of domains of type II topoisomerases has provided a

detailed understanding of the key aspects of the molecular

mechanisms employed by these enzymes. Domains have been

crystallized from a wide range of species (Table S1). Key func-

tional motifs are conserved between species (Figures 1A, 1B,

and S1A); however, there are important differences, such as a

longer N-terminal strap in the human type II topoisomerases,

with TOP2B being 14 residues longer at the N-terminal end

than TOP2A. Recently position 28 has been reported to be an

evolutionarily positively selected site (Moreira et al., 2022). The

ATPase domain from DNA gyrase and archaeal topoisomerase

VI (Table S1) has been solved in multiple conformations repre-

senting each step of the ATP turnover cycle (Wigley et al.,

1991; Hearnshaw et al., 2015; Stanger et al., 2014; Brino et al.,

2000; Lamour et al., 2002; Corbett et al., 2005; Corbett and

Berger 2003). The core domain of yeast TOP2 (Berger et al.,

1996; Schmidt et al., 2010) has been solved as well as the

ATPase domain of yeast TOP2 in the presence and absence of

the bisdioxopiperazine ICRF187 (Classen et al. 2003). A full-

function tailless structure comprising the ATPase and the core

domain of yeast TOP2 (Schmidt et al. 2012) has been solved

and revealed a new control mechanism for ATPase activity that

links the transducer region of the ATPase domain and the G

strand (Table S1). For the human proteins, the core domain of

TOP2A (Wendorff et al., 2012) and the ATPase domain of

TOP2A (Wei et al., 2005) have been solved. In addition, a cryoe-

lectron microscopy (cryo-EM) structure of full-length TOP2A has

recently been published (Vanden Broeck et al., 2021), and this

enabled the allosteric interactions between the ATPase domain

and the TOPRIM domain to be analyzed.

Regarding human TOP2B, the structure of the core domain

has been reported (Wu et al., 2011), but to date the ATPase

domain of human TOP2B has not been published. Since human

TOP2B is the target for bisdioxopiperazines, we set out to crys-

tallize and solve the structure of the ATPase domain of TOP2B

bound to nucleotides and drug. We report two structures for
ses
s with the alternative exon (TLFDQ) for human TOP2B indicated. Sites A, B, and

pe II topoisomerases are shown in black and the key regions for ATPase activity

domain. The N, G1, and G2 boxes are indicated as well as the K loop and the

ording to (A). The secondary structure for TOP2B is shown, gray boxes for alpha

t et al. 2012). In the absence of bound G-DNA, the enzyme is in an open confor-

hen the G-DNA (purple) binds, a conformational change occurs that brings the

[*]) binds and the ATPase domains dimerize, causing a further conformational

x, T-DNA (green) is captured, and pushed into the central cavity of the enzyme,

entral cavity, the religation of the G-DNA can occur. A linked conformational

-gate model (Berger et al., 1996; Roca and Wang 1994; Wang 1998). ATP hy-
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the ATPase domain of human TOP2B (45–444), one in the pres-

ence of the non-hydrolysable ATP analogue AMPPNP and

another in the presence of ADP, using data to 1.9 Å and 2.6 Å

respectively. We find that residues Q392 and K394 within

the QTK loop move by 3.8 Å and 2.5 Å respectively, to open

the active site for release of the ATP hydrolysis product Pi. To

define interactions between the clinical target of bisdioxopipera-

zines, we report the structure of the ATPase domain of human

TOP2B (45–444) in complex with ICRF193 to 2.3 Å and identify

key residues in TOP2B that are involved in drug binding. The

availability of these structures provides a vital resource for future

drug design and analysis of specific drug-resistant mutations

that may arise. We also present activity data on the full-length

TOP2B ATPase domain (1–444) and the alternative splice variant

(1–449), where we find the N-terminal strap to be inhibitory to

ATP hydrolysis. Moreover, we biochemically demonstrate that

the residue E103 is the catalytic base for ATP hydrolysis in

TOP2B and that mutating this to an alanine abolishes ATP

hydrolysis activity.

RESULTS

Structure of the human TOP2B ATPase domain bound to
AMPPNP
The present study aimed to gain insights into the tertiary struc-

ture of the ATPase domain of human TOP2B and to determine

whether ATP hydrolysis results in conformational changes within

the enzyme. As such, we purified and crystallized the TOP2B

ATPase domain (45–444) in the presence of two different nucle-

otides: AMPPNP and ADP. The ATPase domain of TOP2B in

complex with AMPPNP was solved to 1.9 Å resolution (PDB:

7QFO) (Figure 2A), by molecular replacement using the human

TOP2A ATPase domain structure as a search model (Wei

et al., 2005). The final TOP2B:AMPPNP model contains residues

46–429 and was refined to a Rwork factor of 19.2% and an Rfree of

23.2% (Table 1). The asymmetric unit contains one copy of the

protein, and the biological dimer was generated by applying

crystallographic symmetry. Analytical gel filtration of TOP2B

(45–444) in the presence and absence of AMPPNP (Figure S2)

further confirms the presence of a dimer, as well as interactions

between monomers determined by PISA (Krissinel and Kim

2007). The interface area of the dimer represents�13%of the to-

tal monomer surface, indicating significant interactions, which

include 24 hydrogen bonds and 18 salt bridges between the

two monomers. The electron density corresponding to the final

15 residues at the C terminus of this domain was too weak to

model, hence residues 430–444 were not modeled in the final

structure.

The TOP2B ATPase domain dimerizes in the presence of

AMPPNP, giving rise to the ATP-restrained state (Figure 2A) pre-

viously described for bacterial DNA gyrase (Stanger et al., 2014).

A heart-shaped dimer is formed with a central cavity that is 31 Å

high and 23 Å wide, the dimensions of which cannot easily

accommodate a DNA duplex (Figure 2A). Each TOP2B ATPase

protomer folds into two discrete structural modules: the N-termi-

nal GHKL domain and the C-terminal transducer domain

(colored yellow and orange respectively in Figure 2A). The

GHKL domain of human TOP2B (residues 46–279) comprises

an eight-stranded antiparallel b sheet floor and four a-helical
1132 Structure 30, 1129–1145, August 4, 2022
walls, giving rise to the Bergerat fold (Corbett and Berger 2004;

Dutta and Inouye 2000; Bergerat et al., 1997). The Bergerat

fold typically consists of four conserved motifs: the N box, G1

box, G2 box, and G3 box (Figure 1B). The N box of TOP2B is

located between residues 99 and 113 and contains a conserved

asparagine, N107, that coordinates the catalytic Mg2+ ion and

contains a conserved glutamate, E103, which acts as a general

base to promote nucleophilic attack on the g phosphate of

ATP using a water molecule (Dutta and Inouye 2000; Bergerat

et al., 1997) (Figures 2B–2D). The G1 box is located between res-

idues 136 and 142 and houses a conserved asparagine, N136,

which hydrogen bonds with the adenine ring of AMPPNP. Resi-

dues 175–185 comprise the G2 box, previously described as a

Walker A motif (Wessel et al. 1999, 2002; Walker et al., 1982).

Moreover, the conserved lysine residue K168 in human TOP2A

(K184 in TOP2B) located in the G2 box has been shown to un-

dergo acetylation, which can regulate ATP hydrolysis (Bedez

et al., 2018). The G3 box is absent from the linear sequence

and tertiary structure of the eukaryotic type II topoisomerases.

The transducer domain (residues 280–429) consists of a four-

stranded mixed b sheet backed by three a helices and contains

the switch lysine (K394 in TOP2B), which is absolutely conserved

in all type II topoisomerases (Smith andMaxwell 1998; Wei et al.,

2005). The switch lysine is part of a highly conserved QTK loop,

residues 392–394 (Figure 1B), that extends into the ATP-binding

pocket. Toward the C-terminal end of the structure is the K loop,

residues 358–362 (KKKNK) in TOP2B, which couples DNA bind-

ing to ATP hydrolysis and strand passage activity (Schmidt

et al. 2012).

As anticipated from prior ATP-restrained structures (Stanger

et al., 2014; Wei et al., 2005; Classen et al. 2003), the active site

of the TOP2B ATPase domain in the presence of AMPPNP is

sequestered from solvent and poised for ATP hydrolysis. Side

chains of residues in the conserved N box, SSN motif, G2

box, and the QTK loop involved in AMPPNP binding are repre-

sented as green lines in Figure 2B or sticks in 2C and D. Res-

idues that contribute binding to AMPPNP via main-chain

bonding are located in the conserved G2 box and are repre-

sented as blue lines in Figure 2B or spheres in 2C and D. The

AMPPNP-binding site is predominantly composed of residues

from the GHKL domain, with only two transducer domain

residues (Q392 and K394 from the QTK loop) making direct

contacts with AMPPNP. To complete the binding site, the

N-terminal strap motif from one monomer reaches across the

dimer interface to form the ATP lid of the partner monomer.

However, the complete extent of nucleotide sequestering is

not observed in our structure as the initial 44 amino acids are

absent. The adenine ring of AMPPNP is held in place through

direct hydrogen bonding with the carbonyl of N136, and stabi-

lization of the ribose sugar is achieved via hydrogen bonding to

the hydroxyl group of S165. Hydrogen bonds are made to the a

and b phosphate groups of AMPPNP by the side chains of

residues N107 and K184, and S164 and N166 respectively.

Moreover, the main chain of A183 contributes a hydrogen

bond to the a phosphate group (Figure 2B). The side chains

of Q392 and K394 from the QTK loop of the transducer domain

hold the g phosphate firmly in place, with the switch lysine,

K394, forming a salt bridge that is believed to stabilize the tran-

sition state of the hydrolysis reaction (Smith and Maxwell 1998).



Figure 2. Overall structure and binding sites of the ATPase domain of human TOP2B bound to AMPPNP

(A) TheGHKL and transducer domains of TOP2B are colored yellow and orange, respectively. Mg2+ ions colored in cyan. AMPPNP colored by atom: carbon, pink;

nitrogen, blue; oxygen, red; and phosphate, orange. The surface representation is also shown.

(B) 2D diagram showing amino acid residues in TOP2B that interact with AMPPNP. Distances shown in angstroms. Blue lines represent a main-chain hydrogen

bond, green lines represent a side-chain hydrogen bond, brown lines represent a hydrogen bond with water, and a purple line indicates a hydrogen bond with a

metal ion.

(C and D) Two different views of the AMPPNP-binding site of TOP2B colored according to (A). The side chains of residues involved in hydrogen bonding

to the nucleotide are shown in stick representation and colored by atom. Residues that bind nucleotides via main-chain bonding are represented

as spheres. Two water molecules are shown as red spheres and Mg2+ ions as cyan spheres. Residue numbering according to the TOP2B (1–444)

sequence.
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The g phosphate also forms an additional four hydrogen bonds

with the main chain of residues R178, N179, Y181, and G182.

The active site Mg2+ ion is coordinated by the conserved aspar-

agine, N107, two water molecules, and all three phosphates of

AMPPNP to form a distorted octahedral metal ion co-ordination

shell (Wei et al., 2005; Classen et al. 2003) (Figure 2B). The key

catalytic residue in TOP2B, E103, forms a hydrogen bond to

one of the two water molecules coordinated to Mg2+, which

activates the water to allow nucleophilic attack on the g

phosphate of ATP. The electron density supporting AMPPNP

binding is shown in Figure S3A.
Structure of the human TOP2B ATPase domain bound
to ADP
To determine the difference in structure between pre- and post-

ATP hydrolysis, we solved the structure of the TOP2B ATPase

domain in complex with ADP (PDB: 7QFN) (Figure 3A). The struc-

ture was solved to 2.6 Å by molecular replacement using the

TOP2B:AMPPNP structure as a search model. The final ADP-

bound model contains residues 47–422 with missing loops be-

tween residues 169 and 173 and 356 and 366, where the K

loop resides. The ADP-bound model was refined to an Rwork fac-

tor of 20.7% and an Rfree of 25.1% (Table 1). For both the
Structure 30, 1129–1145, August 4, 2022 1133



Table 1. Data statistics and refinement details for human TOP2B ATPase domain in the presence of AMPPNP, ADP, and ADP:ICRF193

AMPPNP ADP ADP:ICRF193

Data statisticsa

Beamline I03 I03 I03

Date 06/05/21 07/07/21 25/02/22

Wavelength (Å) 0.980 0.979 1.000

Resolution (Å) 59.41–1.90 (1.94–1.90) 89.22–2.62 (2.74–2.62) 53.66–2.30 (2.38–2.30)

Space group P41212 P 3 2 1 P 3 2 1

Unit-cell parameters

a (Å) 84.02 103.02 103.40

b (Å) 84.02 103.02 103.40

c (Å) 127.09 66.69 67.02

a = b = g (�) 90.00 90.00 = 90.00 = 120.00 90.00 = 90.00 = 120.00

Unit-cell volume (Å3) 897,205 613,005.13 620,549.06

Solvent content (%) 50 45.9 45.8

No. of measured reflections 1,759,478 (117,137) 256,943 (32,178) 357,987 (36,121)

No. of independent reflections 36,646 (2,300) 12,596 (1,513) 18,666 (1,821)

Completeness (%) 100.0 (99.9) 100.0 (100.0) 99.8 (100)

Redundancy 48.0 (50.9) 20.4 (21.3) 19.2 (19.8)

CC1/2 (%) 1.000 (0.568) 0.997 (0.780) 0.996 (0.565)

<I>/<s(I)> 23.3 (1.2) 9.0 (1.7) 11.0 (1.5)

Refinement statisticsa

Rwork (%) 19.30 20.70 19.70

Rfree (%) 23.20 25.10 25.93

No. of non-H atoms

No. of protein, atoms 3,044 2,886 2,944

No. of solvent atoms 99 13 50

No. of ligand atoms 32 38 41

RMSD from ideal values

Bond angle (�) 1.73 1.66 1.82

Bond length (Å) 0.01 0.01 0.01

Average B factor (Å2)

Protein 44 60 44

Solvent 41 48 36

Ligand 32 50 46

Ramachandran plot,b residues in

Most favored regions (%) 96.8 93.8 97.2

Allowed regions (%) 3.2 5.6 2.2

Disallowed regions (%) 0.0 0.6 0.6

5% of the randomly selected reflections excluded from refinement.
aValues in parentheses are for the highest-resolution shell.
bCalculated using MOLPROBITY.
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TOP2B:AMPPNP and TOP2B:ADP models, the statistics are in

line with published models of similar resolution and were

confirmed during validation. Similar to the TOP2B:AMPPNP

model, the ADP-bound structure has one copy of the protein

per asymmetric unit and the biological dimer was confirmed by

PISA (Krissinel and Henrick, 2007). The interface area of the

dimer represents�11% of the total monomer surface, indicating

significant interactions, which include 34 hydrogen bonds and

six salt bridges between the two monomers.

The ADP structure is composed of a virtually unchanged

GHKL domain (Figure 3A) compared with the AMPPNP
1134 Structure 30, 1129–1145, August 4, 2022
structure, with the nucleotide and most of the active-site resi-

dues in the same conformation (Figures 3B–3D). In addition,

the ligand-binding site contains one bound ADP molecule per

monomer. The adenine ring, ribose sugar, and a phosphate of

ADP make the same set of residue contacts as in the AMPPNP

complex, despite the sugar pucker differing. Similarly, S164

and N166, which hydrogen bond with the b phosphate of

AMPPNP, also bind with the b phosphate of ADP, although the

b phosphate of ADP has an additional contact to G180,

which does not occur in the AMPPNP structure. As the g phos-

phate is lost during ATP hydrolysis, R178 and N179, which were



Figure 3. Overall structure and binding sites of the ATPase domain of human TOP2B bound to ADP
(A) The GHKL and transducer domains of TOP2B are colored yellow and orange respectively. ADP colored by atom: carbon, pink; nitrogen, blue; oxygen, red; and

phosphate, orange. The surface representation is also shown. Mg2+ ions colored in cyan. Sulfate (SO4) is represented by oxygen in red spheres and sulfur in yellow

spheres.

(B) 2D diagram showing amino acid residues in TOP2B that interact with ADP. Distances shown in angstroms. Blue lines represent a main-chain hydrogen bond,

green lines represent a side-chain hydrogen bond, brown lines represent a hydrogen bondwithwater, and a purple line indicates a hydrogen bondwith ametal ion.

(C and D) Two different views of the ADP-binding site of TOP2B as per Figure 2.
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previously bound to the g phosphate of AMPPNP, instead bind

to the b phosphate of ADP. The g phosphate-binding site is

now occupied by a sulfate ion present in the crystallization con-

dition (0.2 M ammonium sulfate), as is observed in TOP2A (Wei

et al., 2005; Stanger et al., 2014). The sulfate ion is held in place

by hydrogen bonds between Y181, G182, and N179, which

previously bound the g phosphate. Thus, our ADP structure rep-

resents the post-hydrolysis state with the sulfate group

mimicking the ATP hydrolysis product, Pi. The electron density

supporting ADP binding is shown in Figure S3B.

Conformational change in the ADP structure to allow
release of Pi

Although the GHKL domains of the two structures are virtually

identical and the superposition of C-a atoms in this domain gives

a root-mean-square deviation (RMSD) value of 0.47 Å, a signifi-

cant conformational change of the transducer domain occurs
during ATP hydrolysis (Figures 4A and 4B). This is represented

by an increase in the RMSD value (0.77 Å) when the C-a atoms

in this domain are superposed. The transducer domain of the

ADP monomer opens up toward the C terminus of the protein

(represented by dashed box in 4A), signifying the relaxed confor-

mation. Moreover, during the reorganization of the transducer

domain, the QTK loop is shifted away from the ATP-binding

site (represented by dashed box in Figures 4B), preventing

Q392 and K394 from making contacts with the nucleotide. Spe-

cifically, the side chain of Q392 moves by 3.8 Å and K394 moves

by 2.5 Å. In turn, this opens the active site for the release of the

ATP hydrolysis product Pi.

Comparison of the two human ATPase domain
structures, TOP2B and TOP2A
Wecomparedour TOP2Bstructureswith the previously published

TOP2A structures (Wei et al., 2005) to understandwhether the two
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Figure 4. Two alternative views of the superposition of the AMPPNP and ADP overall structures

(A and B) The C-alpha atoms of the GHKL domain of the ADP (gray) structure (residues 45–279) superposed onto the AMPPNP structure colored according to

Figure 2 using least-squares superposition. Boxed region highlights the conformational changes that occur during ATP hydrolysis.
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human enzymes have similar ATPase domain structures. When

bound to AMPPNP, the TOP2A structure is in the restrained

conformation and is remarkably similar to TOP2B (Figure 5A).

The individual domains possess nearly identical overall structures,

with theC-a atomsof theGHKLdomainof humanTOP2A (28–264)

superposing onto TOP2Bwith an RMSD value of 0.34 Å, while the

C-a atoms of the transducer domain of human TOP2A (265–428)

superpose onto TOP2Bwith an RMSD value of 0.69 Å. The nucle-

otide-bindingsitesofbothstructuresexhibit adistortedoctahedral

geometry, with the active-siteMg2+ coordinated by the conserved

asparagine of TOP2A N91 (N107 in TOP2B), all three phosphates

of AMPPNP, and two water molecules, one of which is activated

by the catalytic base of TOP2A E87 (E103 in TOP2B).

Both human ADP structures are in an open conformation, sug-

gesting a conformational change is necessary after ATP hydroly-

sis to accommodate the free phosphate (replaced by a sulfate in

both structures) (Figures 2 and 3). As shown in Figure 5B, the

transducer domain of our TOP2B structure is in a more open

conformation compared with TOP2A, and the C-a atoms of

this domain superpose onto TOP2B with an RMSD value of

0.76 Å. Moreover, the b sheets in one of the two GHKL domains

do not completely align between human TOP2A and TOP2B (Fig-

ure 5B), although the C-a atoms of this domain superpose with

an RMSD value of 0.38 Å. This could be due to differences in

the internal flexibility of TOP2A and TOP2B or crystallization ef-

fects. However, despite these minor differences, overall, the

ATPase domains of TOP2A and TOP2B in the presence of either

nucleotide are extremely similar.

Comparison of the yeast ATPase domain in complexwith
ICRF187 reveals similarities in the drug-binding site
of TOP2B
To date, the only eukaryotic topoisomerase II ATPase domain

structure in the presence of a drug is the S. cerevisiae structure
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in the presence of AMPPNP and dexrazoxane (ICRF187)

(Classen et al. 2003). To understand how ICRF187 binds to the

clinical target, we co-crystallized the ATPase domain of

TOP2B with ICRF187 and collected data; however, there was

insufficient electron density to support drug-bound crystals.

Therefore, we superposed our TOP2B structure and the

TOP2A structure (Wei et al., 2005) onto the S. cerevisiae struc-

ture bound to ICRF187 to identify the drug-binding site (Fig-

ure 6A). Due to the conserved domain organization between

type II topoisomerases, the overall structure of the TOP2B

ATPase domain is very similar to that of yeast, with an RMSD

of value 0.79 Å when using secondary structure matching of all

C-a atoms in the protein. The side chains of residues within

3.5 Å of ICRF187 capable of hydrogen bonding are shown in Fig-

ure 6B. TOP2A was included in the analysis shown in Figure 6B

to determine whether the drug-binding site is comparable be-

tween TOP2A and TOP2B. As ICRF187 can inhibit all three en-

zymes (Roca et al., 1994; Ishida et al., 1995; Hasinoff et al.

2020; Jirkovská et al., 2021; Lee et al. 2017), it was not surprising

that the residues were highly conserved in the drug-binding site

and all three structures exhibited the same putative 12 residues,

six per monomer (H58, T65, Y66, N179, Y181, and Q392 in hu-

man TOP2B) involved in hydrogen bonding with ICRF187 (Fig-

ure 6B). The side chain with the greatest difference in conforma-

tion compared with yeast was the TOP2B residue H58, which is

mutated to a tyrosine in two patients (Lam et al. 2017; Hiraide

et al., 2020). The equivalent TOP2A residue, H42, also varied in

conformation compared with yeast. It is interesting to note that

one of the residues found in the drug-binding pocket is Q392,

which is involved in binding the g phosphate of AMPPNP.

Of the six residues directly involved in binding ICRF187, two

have been reported in human TOP2A to confer resistance to

ICRF187 and ICRF193. Y165S in TOP2A (Y181 in TOP2B) has

been described to be resistant to ICRF187 (Wessel et al.,



Figure 5. Superposition of the TOP2A and TOP2B structures

(A) The C-alpha atoms of the GHKL domain of human TOP2A (gray) (residues 28–264) in complex with AMPPNP superposed onto the TOP2B AMPPNP structure

in Figure 2A using least-squares superposition.

(B) The C-alpha atoms of the GHKL domain of human TOP2A (gray) (residues 28–264) in complex with ADP superposed onto the TOP2B ADP structure in Fig-

ure 3A using least-squares superposition.
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2002), and Y50F in TOP2A (Y66 in TOP2B) has been shown to

confer resistance to ICRF193 (Sehested et al., 1998). Both muta-

tions likely act by disrupting hydrogen bonds between the

enzyme and drug, hence reducing drug-binding affinity. In rat

TOP2B and human TOP2A, L178F and L169F respectively

(L185 in human TOP2B) confer resistance to ICRF187 and

ICRF193 (Onoda et al., 2014; Patel et al., 2000). Although L185

in human TOP2B is not directly involved in hydrogen bonding

ICRF187, it is near the drug-binding residues N179 and Y181.

Similarly, the human TOP2B residue R178Q, which is equivalent

to the human TOP2A residue R162Q that confers resistance to

ICRF187 (Wessel et al., 1999), does not appear to directly

interact with the drug, but mutating it could disrupt the drug-

binding pocket.

ICRF193 bound to the clinical target, human TOP2B
ATPase domain, in complex with ADP
To define the interactions between the clinical target of the

bisdioxopiperazines, we determined the structure of the

ATPase domain of human TOP2B in complex with ADP and

bound to ICRF193. ICRF193 is a catalytic inhibitor of topoisom-

erase II that converts the nucleotide-bound ATPase domain to

an inactive, closed-clamp intermediate around DNA akin to

ICRF187’smechanism of action. ICRF193 is themost potent bis-

dioxopiperazine, and shows the highest cardioprotective effi-

ciency (Jirkovská et al., 2021), but, due to the low solubility of

ICRF193, its use in the clinic has been limited. We report the

structure of a type II topoisomerase in complex with ICRF193

(PDB: 7ZBG). Our structure was solved to 2.3 Å by molecular

replacement using the ADP-bound structure as a search model.

The final TOP2B:ADP:ICRF193 model contains residues 45–422

with a missing loop between residues 354 and 368. The

TOP2B:ADP:ICRF193 model was refined to an Rwork factor of

19.7% and an Rfree of 25.9% (Table 1). Similar to our previous

structures, the TOP2B:ICRF193:ADP-bound structure has one
copy of the protein per asymmetric unit and the biological

dimer was confirmed by PISA (Krissinel and Henrick 2007). The

interface area of the dimer represents �12% of the total mono-

mer surface, indicating significant interactions, which include

36 hydrogen bonds and 12 salt bridges between the two

monomers.

The overall structure of the ADP:ICRF193 model is virtually

unchanged compared with the ADP structure without drug (Fig-

ure 7A). The nucleotide-binding sites are extremely similar in the

presence and absence of ICRF193 and superpose with an

RMSD value of 0.19 Å. Moreover, the transducer domains

superpose with near identity and exhibit an RMSD value of

0.35 Å. A single drug molecule was observed bound in the previ-

ously reported ICRF187-binding site (Classen et al. 2003), bound

in one of two possible conformations (Figure 7B). The same pro-

tein drug interactions are observed in either binding mode due to

the pseudo-symmetry of ICRF193, which stabilizes the nucleo-

tide-bound transient dimer interface between two ATPase proto-

mers. The drug-binding pocket consists of the same 12 amino

acids (six from each protomer) involved in hydrogen bonding

ICRF187. The GHKL domain contributes the majority of residues

(H58, T65, Y66, N179, and Y181), with only one transducer

domain residue, Q392, binding to the drug. Y66 makes direct

contact with ICRF193, accounting for the resistant phenotype

when the equivalent residue in human TOP2A (Y50) is mutated

to a phenylalanine (Sehested et al., 1998). Similar to the

ICRF187 S. cerevisiae-binding site, superpositions of the drug-

free and ICRF193-bound structures show that the drug-binding

site is a preformed feature of the nucleotide-bound dimerized

protein. However, the side chain of Q392 moves by�4.5 Å in or-

der to accommodate ICRF193 and prevent a steric clash occur-

ring between C9 of ICRF193 and the amide nitrogen of Q392

(Figure 7C). The movement of Q392 to accommodate drug has

not been previously reported as the equivalent yeast residue

(Q365) is in the same conformation in the presence and absence
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Figure 6. Superposition of the S. cerevisiae TOP2 ATPase domain structure onto TOP2B AMPPNP structure and drug-binding site

(A) The C-alpha atoms of the S. cerevisiae ATPase domain (gray) (residues 7–243) in complex with AMPPNP and ICRF187 superposed onto the human TOP2B

structure in complex with AMPPNP colored according to Figure 2A using least-squares superposition. ICRF187 is colored by atom: carbon, green; oxygen, red;

and nitrogen, blue.

(B) The ICRF187-binding site of S. cerevisiae (dark gray) and TOP2A (silver) superposed onto the TOP2B ATPase structure colored according to Figure 2A. The

side chains of residueswithin 3.5 Å of ICRF187 are shown in stick representation and colored by atom. Residue labels according to human TOP2B numbering. (A)/

(B) denotes the protein chain.
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of ICRF187 when bound to AMPPNP (Classen et al. 2003). Dur-

ing ATP hydrolysis, Q392 moves toward the drug-binding site as

represented in the ADP-bound structure (Figure 4), thus a further

conformational change of Q392 is required in order to accommo-

date ICRF193 in the presence of ADP, which is not necessary

when bound to AMPPNP. An alternative rotamer of T65 is

observed to allow a hydrogen bond to form to the hydroxyl group

of ICRF193. ICRF193 is similar in structure to ICRF187 but con-

tains an additional methyl group on the ethanediyl linker, hence

the bisdioxopiperazine-binding site is large enough to accom-

modate either form of the drug. However, the presence of one

moremethyl group allows ICRF193 to have an additional contact

with Y66, which perhaps accounts for the increased potency of

the drug.

ATPase activity of human TOP2B proteins reveals that
the presence of the N-terminal strap reduces the rate of
ATP hydrolysis
All type II topoisomerases contain an N-terminal strap that forms

part of the ATP-binding site. S. cerevisiae has the shortest N-ter-

minal strap (Figure 1B), and, in the S. cerevisiae crystal struc-

tures, the beginning of the N-terminal strap is absent from the

models as there is no electron density for the first six residues.

The human type II topoisomerases have longer N-terminal strap

regions than the S. cerevisiae TOP2 (Figure 1B), and previous

proteolysis and N-terminal sequencing revealed proteolytic sen-

sitive sites at E47 and R48 in TOP2B and E31 in TOP2A (Austin

et al., 1995), indicating this region of the N-terminal strap is

accessible. The TOP2B proteins crystallized here and those re-

ported for TOP2A (Wei et al., 2005) do not contain the full N-ter-

minal strap. Hence, there are no eukaryotic TOP2 ATPase

domain structures containing the complete N-terminal strap,

which is the most variable region of the ATPase domain in both
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amino acid sequence and post-translational modification sites.

We attempted crystallizing the full-length ATPase (1–444), but

we were unable to obtain crystals. Therefore, to gain a more

in-depth understanding of the function of the N-terminal strap,

we biochemically characterized the complete human TOP2B

ATPase domain (1–444) as well as the alternative splice variant

(1–449) and the recombinant ATPase domain (residues

45–444) that was expressed and purified for crystallography to

ensure the protein was functional. Furthermore, E103 was

selected for mutagenesis due to its likely function as the catalytic

base (Figures 2C and 2D). E103 was mutated to an alanine in

both vectors (45–444 and 1–444) and ATP hydrolysis was

measured. The ability of TOP2B proteins to carry out ATP hydro-

lysis was assayed spectrophotometrically by measuring the

release of free phosphate via a color change. Unless otherwise

stated, 1 mM protein was added to the reaction mixture

containing 0.1 mM ATP.

In the presence of 0.1 mM ATP, TOP2B (45–444) had a

significantly higher rate of ATP hydrolysis compared with the

full-length ATPase domain (residues 1–444; p < 0.001) and the

alternative splice variant (residues 1–449; p < 0.001) TOP2B pro-

teins (Figure 8B). TOP2B 1–444 had 36%ATPase activity at 1 mM

compared with TOP2B 45–444, while TOP2B 1–449 wasmargin-

allymore active with 46%ATPase activity at 1 mMcomparedwith

TOP2B 45–444. However, this increase in activity between 1 and

444 and 1 and 449 did not reach significance (p > 0.05). The

E103A mutation in both the 45–444 and 1–444 vector could not

catalyze ATP hydrolysis under any of the conditions tested.

This confirms that the glutamate at position 103 is essential for

ATP hydrolysis and any observed ATPase activity in the three

wild-type proteins is a result of functional TOP2B protein.

ATPase activity was also assayed at a range of ATP concen-

trations (0.05–0.5 mM) (Figure 8C). As expected, increasing the



Figure 7. Overall structure and binding sites of the ATPase domain of human TOP2B bound to ADP:ICRF193

(A) The GHKL and transducer domains of TOP2B are colored in yellow and orange respectively. ADP colored by atom: carbon, pink; nitrogen, blue; oxygen, red;

and phosphate, orange. The surface representation is also shown. Mg2+ ions colored in cyan. SO4 is represented by oxygen in red spheres and sulfur in yellow

spheres. ICRF193 binds between the two TOP2B protomers and is colored by atom: carbon, green; nitrogen, blue; and oxygen, red.

(B) The side chains of residues involved in binding to ICRF193 are shown in stick representation. GHKL and transducer residues from onemonomer are colored in

yellow and orange respectively, and the other monomer colored in pale blue. (A)/(B) denotes protein chain. Both possible binding conformations of ICRF193

are shown.

(C) The C-alpha atoms of the ADP complex in the absence of drug (gray) superposed onto the ADP:ICRF193 structure (yellow and orange) using least-squares

superposition. Q392 moves away from drug-binding site in the ADP:ICRF193 structure to create space for the drug. Dashed lines represent the distance in ang-

stroms. Without the conformational change, Q392 is 1.4 Å from the C9 of ICRF193, whereas, upon repositioning the side chain, there is now a distance of 3.7 Å.

Alternative conformer of T65 for formation of an extra hydrogen bond to ICRF193. Other side chains not shown as they have the same conformation in the pres-

ence and absence of ICRF193 bound to ADP.
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ATP concentration increased the amount of free phosphate

released for all TOP2B proteins. However, the ATPase activity

of TOP2B (45–444) began to reach a maximum at ATP concen-

trations of 0.4 mM and above. By contrast, the ATPase activity

of the full-length TOP2B ATPase domain (1–444 and 1–449)

increased linearly at all ATP concentrations studied.
Upon addition of pBR322 (plasmid DNA), all three proteins’

ATPase activity at 1 mM protein concentration was significantly

stimulated (p < 0.001 for all cases) (Figure 8D). TOP2B 1–444

had the largest percentage increase (72%) in activity upon

addition of DNA, followed by TOP2B 1–449 (61%), while

TOP2B 45–444 had the smallest increase (53%) in ATPase
Structure 30, 1129–1145, August 4, 2022 1139



Figure 8. ATP hydrolysis by topoisomerase II ATPase domain proteins

(A) Ten percent SDS polyacrylamide gel with the purified human topoisomerase II ATPase domain proteins. Each lane contains 15 mL of sample and 5 mL of SDS

loading buffer. Lane 1, molecular markers, lane 2, TOP2B 1-444; lane 3, TOP2B 1-449; lane 4, TOP2B 1-444 E103A; lane 5, TOP2B 45-444; lane 6, TOP2B 45-

444 E103A.

(B) Comparison of relative ATP hydrolysis activities for the different ATPase domain proteins. Themean for TOP2B 45–444was set to 100%. The different proteins

were assayed for activity at a single concentration of 1 mM, themeans of three replicates are shown as histograms, and the individual data points (n = 3) are shown

as open circles on the histogram. Error bars represent one standard deviation from themean. Red is TOP2B 45–444, green is TOP2B 1–444, and blue is TOP2B 1–

449. Statistical analysis was performed by a one-way ANOVA and Tukey’s multiple comparison test. ***p < 0.001; NS, non-significant.

(C) ATP hydrolysis by topoisomerase II ATPase domain proteins at a range of ATP concentrations. ATPase activity indicated by the amount of free phosphate

released per minute for each of the ATPase domain proteins at a range of ATP concentrations (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mM ATP). The different proteins

were assayed for activity at a concentration of 1 mM and the means of three replicates are shown. Error bars represent one standard deviation from the mean.

Same color scheme used as in (B).

(D) ATP hydrolysis by topoisomerase II ATPase domain proteins in the presence and absence of DNA at 1 mM protein concentration. The different proteins were

assayed for activity in the presence and absence of 4 mg of pBR322 at a single concentration of 1 mM, themeans of three replicates are shown as histograms, and

the individual data points (n = 3) are shown as open circles on the histogram. Error bars represent one standard deviation from themean. Activity in the absence of

(legend continued on next page)
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activity when DNA was added. Moreover, the ATPase activity of

TOP2B (45–444) at 2 and 2.5 mM protein concentrations in the

presence and absence of DNA was not significantly different,

indicating it had reached a maximum. However, at 2.5 mM

protein concentration, the ATPase activity of the two full-length

proteins (1–444 and 1–449) was still significantly stimulated in

the presence of DNA (data not shown).

The ATPase activity of the TOP2B proteins at 0.25 mMwas as-

sayed over time at a range of ATP concentrations and the data

were fitted to the Michaelis-Menten equation, as illustrated by

the best-fit curves in Figures 8E and 8F (solid curve). The Km

value for TOP2B 45–444 (0.1150 mM) was significantly lower

than the value obtained for TOP2B 1–444 (0.2670 mM) and

TOP2B 1–449 (0.1957 mM) shown in Figure 8G. TOP2B

45–444 has a higher affinity for the substrate (ATP) compared

with TOP2B 1–444 and TOP2B 1–449. There was no significant

difference in the Km values for TOP2B 1–444 and TOP2B 1–

449. Moreover, the Vmax value was the same for both TOP2B

1–444 and TOP2B 1–449 at 0.0204 nmol/min, whereas TOP2B

45–444 had a significantly higher value at 0.1328 nmol/min

(note the different scales in E and F). As such, TOP2B 45–444

is more active compared with TOP2B 1–444 and TOP2B 1–449.

DISCUSSION

Our data show that the ATPase domain of human TOP2B in com-

plex with AMPPNP is in the restrained conformation with the

nucleotide-binding site sequestered from solvent (Figure 2).

The cavity between the two monomers is not large enough to

easily accommodate a DNA duplex. Therefore, upon T-DNA

binding, strain is induced within the ATPase dimer, which is hy-

pothesized to promote DNA cleavage of theG-DNA. By contrast,

our ADP structure is in a more open, relaxed confirmation (Fig-

ure 3), with theQTK loop from the transducer domain undergoing

a distinct movement away from the nucleotide-binding site (Fig-

ure 4). This movement then accommodates a sulfate group, in

place of the ATP hydrolysis product, Pi (Figures 3C and 3D).

Remarkably, our structures demonstrate that ATP hydrolysis re-

sults in a conformational change of the transducer domain, while

the GHKL domain remains extremely similar between the two

nucleotide-bound states (Figure 4A). The catalytic Mg2+ ion is

coordinated by a conserved asparagine residue (N107), all three

phosphates of AMPPNP, and two water molecules, one of which

becomes activated by the catalytic glutamate residue (E103). As

expected, when this residue ismutated to an alanine, ATP hydro-

lysis is abolished (Figure 8B).

The bisdioxopiperazine dexrazoxane (ICRF187) is approved

for use in the clinic to reduce the incidence of anthracycline-

induced heart failure (van Dalen et al., 2011; Bansal et al.,

2021). The cardioprotective effect of ICRF187 acts via inhibiting

or depleting the TOP2 isoform in cardiomyocytes, TOP2B.
nucleic acid is shown in cyan and activity in the presence of 4 mg of nucleic acid

Bonferroni post-tests. ***p < 0.001.

(E) Michaelis-Menten graph for TOP2B 45–444. Rate of ATP hydrolysis plotted ag

deviation from the mean (n = 3).

(F) Michaelis-Menten graph for TOP2B 1–444 and TOP2B 1–449 at 0.25 mM prote

the mean (n = 3).

(G) Table with Km and Vmax values ± standard error for TOP2B 45–444, TOP2B 1
Although we were unsuccessful in obtaining an ICRF187

TOP2B-bound structure, we obtained a structure of the

ATPase domain of human TOP2B bound to ADP:ICRF193,

experimentally demonstrating that ICRF193 binds within the

same binding site as was reported for S. cerevisiae TOP2 and

ICRF187 (Figures 6 and 7). Two main conformational changes

occur in order to accommodate ICRF193 within the binding

site. The side chain of Q392 from the QTK loop moves by

�4.5 Å to prevent a steric clash with the drug, thus it is likely

that mutating position Q392 to a larger residue would result in

resistance to ICRF193 as the drug-binding site would be

restricted. Second, an alternative rotamer of T65 occurs to

form an additional hydrogen bond to ICRF193. ICRF193 displays

a higher potency against TOP2B compared with ICRF187(Hasin-

off et al., 1995; Hasinoff et al. 2020; Jirkovská et al., 2021), likely

due to the extra methyl group in ICRF193, which forms an

additional hydrogen bond to Y66.

Our TOP2B structures share an overall tertiary structure and

transducer opening mechanism very similar to TOP2A (Figure 5).

In both human structures and the S. cerevisiae structure,

the beginning of the N-terminal strap is absent. Hence, there

are no eukaryotic TOP2 ATPase domain structures containing

the complete N-terminal strap, which is the most variable region

of the ATPase domain in both amino acid sequence and post-

translational modification sites. S. cerevisiae has the shortest

N-terminal strap, followed by human TOP2A and then human

TOP2B. Moreover, human TOP2B has the most phosphorylation

sites within this region, which include S4, T21, A32, S37, S45,

and S46; by contrast, human TOP2A is only phosphorylated at

S4 and S29 (Hornbeck et al., 2014). In addition, TOP2B can be

SUMOylated at K28 and K29 in the N-terminal strap (Hendriks

et al., 2014). As the amino acids in the N-terminal strap are not

conserved between isoforms or species, the presence of the

strap could provide a mechanism of enzyme regulation modu-

lated by post-translational modifications. Indeed, it is known

that the N-terminal strap has a functional role both in vitro and

in vivo as we have determined that the full-length TOP2B protein

(1–444) and the alternative splice variant (1–449) are less active

than the N-terminal truncated protein (45–444) (Figure 8). One

explanation for this could be that the additional amino acids in

the N-terminal strap sequester ADP and Pi and prevent them

from leaving the enzyme as easily. As such, it would take longer

to reset the enzyme for another round of catalysis, resulting in a

slower ATP hydrolysis rate. In vivo, it has been demonstrated

that the N-terminal strap is necessary for interacting with PKC

in S. cerevisiae TOP2 (Mouchel and Jenkins 2006) and the phos-

phorylation status of the strap can modulate activity in human

TOP2A (Wells and Fry 1995). It has previously been proposed

that the phosphorylation status of a different region of TOP2,

the C-terminal domain, can alter the conformation of the protein,

enabling interactions with other molecules or proteins (Cardenas
shown in purple. Statistical analysis was performed by a two-way ANOVA and

ainst ATP concentration for 0.25 mM protein. Error bars represent one standard

in. Note different scale to (E). Error bars represent one standard deviation from

–444, and TOP2B 1–449.
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and Gasser 1993). Hence, a similar event could occur with

the N-terminal strap whereby phosphorylation can promote

interaction with ATP or interfere with the accessibility of the

ATP-binding site, which could account for the difference in activ-

ity between the full-length (1–444 and 1–449) and the N-terminal

truncated proteins (45–444).

Type II topoisomerase enzymes are multidomain proteins and

couple a DNA cleavage and religation reaction to two indepen-

dent ATP hydrolysis events in order to regulate DNA topology.

During this reaction, two DNA duplexes are captured. Once

both duplexes are bound, passage of the T-DNA through the

break in theG-DNA requires the energy generated by ATP hydro-

lysis. It has previously been shown that TOP2B (45–1621)

ATPase activity is stimulated by DNA (West et al., 2002);

consistent with this, here we show that the ATPase activity of

the ATPase domains is stimulated by DNA. Similar results have

been reported for the TOP2A ATPase domain, yeast ATPase

domain, and gyrase B ATPase domain (Campbell and Maxwell

2002; Schmidt et al. 2012; Maxwell and Gellert 1984). The DNA

stimulation of the ATPase activity was presumed to be due to

binding of the T-DNA; however, in addition to the T-DNA, the

K loop in the transducer region of the ATPase domain also con-

tacts the G-DNA, and mutagenesis of the K loop in yeast TOP2

and human TOP2A confirmed that this region of the ATPase

domain is responsible for DNA stimulation of ATP hydrolysis

(Schmidt et al. 2012). Once the G-DNA has been religated, it

contacts the K loop to stimulate the second ATP hydrolysis event

to reset the enzyme for another round of catalysis. One of the

lysine residues in the K loop of S. cerevisiae was previously

implicated in binding DNA, as demonstrated from a protein foot-

printing study (Li and Wang 1997). Also, lysine residues in the K

loop of TOP2B have been found to be acetylated, adding a

further potential layer of regulation (Schmidt et al. 2012). As the

K loop resides within the transducer region of the ATPase

domain, the transducer has been implicated as an essential

element for this allosteric movement (Vanden Broeck et al.,

2021). By coupling DNA binding to ATPase stimulation, the

enzyme has a regulatory mechanism that prevents ATP from

being hydrolyzed unnecessarily when there is no DNA substrate

in proximity.

We report the crystal structure for the ATPase domain of

human TOP2B, in complex with AMPPNP or ADP, and in the

presence of ICRF193. These crystal structures provide a

valuable resource to study drug interactions with the ATPase

domain. The biochemical analysis of the ATPase domain with

the full N-terminal strap indicates that the first 44 or 49 amino

acids can negatively regulate the ATPase activity, providing a

possible further means to regulate TOP2B activity.
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TOP2B ATPase Domain: ADP and ICRF193 This Paper PDB: 7ZBG

Oligonucleotides

TOP2B (1–444) LIC Primer Forward: tacttccaatcca

atgcaATGGCCAAGTCGGGTGGCTGC

This Paper N/A

TOP2B (45–444) LIC Primer Forward: tacttccaatc

caatgcaTCTGTTGAGAGAGTGTATCAGAAG

This Paper N/A

TOP2B LIC Primer Reverse: ttatccacttccaatgttatt

aTGAACACTTCTTATTCAGCTGAGTCTG

This Paper N/A

TOP2B Alternative Splice Variant Forward: GGG

CACTGACCTGGGTGACTCTTTTTGATCAGAAC

AATGCTGC

This Paper N/A

TOP2B Alternative Splice Variant Reverse: GCA

GCATTGTTCTGATCAAAAAGAGTCACCCAGG

TCAGTGCCC

This Paper N/A

TOP2B E103A Forward: CCAGGTTTATACAAG

ATCTTTGATGCAATTTTGGTTAATGCTGC

This Paper N/A

TOP2B E103A Reverse: GCAGCATTAACCAAA

ATTGCATCAAAGATCTTGTATAAACCTGG

This Paper N/A

Software and algorithms

MolProbity Williams et al. (2018) http://molprobity.biochem.duke.edu

Coot Emsley et al. (2010) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

REFMAC5 Murshudov et al. (2011) https://www2.mrc-lmb.cam.ac.uk/groups/

MOLREP Vagin and Teplyakov. (1997) http://www.ccp4.ac.uk/html/molrep.html
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Caroline

Austin (caroline.austin@newcastle.ac.uk).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
Coordinates and structure factors have been deposited in the Protein Data Bank (http://www.ebi.ac.uk/pdbe/) with accession

codes PDB: 7QFO (AMPPNP), PDB: 7QFN (ADP) and PDB: 7ZBG (ADP:ICRF193).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Protein expression was performed using Rosetta 2 (DE3) pLysS cells (Novagen) transformed with the TOP2B plasmids. Expression

and purification were done as described in method details.

METHOD DETAILS

Cloning
The coding sequence of human TOP2B ATPase domain (residues 45–444) was amplified from YEphTOP2bKLM(Meczes et al., 1997)

by PCR and ligation independent cloning (LIC) using two primers, 50-tacttccaatccaatgcaTCTGTTGAGAGAGTGTATCAGAAG -30 and
50-ttatccacttccaatgttattaTGAACACTTCTTATTCAGCTGAGTCTG-30. The DNA sequence corresponding to the LIC sequence is rep-

resented in lowercase letters. The DNA sequence for the ATPase domain of human TOP2B was then inserted into the pET His6 MBP

Asn10 TEV LIC cloning vector (1C) gifted from Scott Gradia (Addgene plasmid # 29,654; http://n2t.net/addgene:29654; RRID:Addg-

ene_29,654) via LIC. The resulting plasmid (TOP2B 45–444 1C) encodes a fusion protein with an N-terminal 6-His tag followed by

maltose binding protein (MBP) and human TOP2B ATPase with a tobacco etch virus (TEV) protease cleavage site in between.

The full-length ATPase domain starting at amino acid 1 (TOP2B 1–444) of TOP2B was also cloned as detailed above by LIC, from

a plasmid containing residues 1–476 pGEX1lT (unpublished). The reverse LIC primer was the same as used for TOP2B 45–444

and the forward LIC primer was 50-TACTTCCAATCCAATGCAATGGCCAAGTCGGGTGGCTGC-30. Site directed mutagenesis

(QuikChange II Site-Directed Mutagenesis Kit, Agilent) of plasmid TOP2B 1–444 was used to insert the additional five amino acids

in the alternative splice variant of human TOP2B using the following primers: 50-GGGCACTGACCTGGGTGACTCTTTTTGATCAGAA

CAATGCTGC-30 and 50-GCAGCATTGTTCTGATCAAAAAGAGTCACCCAGGTCAGTGCCC-30. In addition, the two catalytic inactive

control proteins E103A in TOP2B 45–444 and E103A in TOP2B 1–444 were generated via site directed mutagenesis with the primers

50-CCAGGTTTATACAAGATCTTTGATGCAATTTTGGTTAATGCTGC-30 and 50-GCAGCATTAACCAAAATTGCATCAAAGATCTTGT

ATAAACCTGG-30.

Expression and purification
Transformed Rosetta 2 (DE3) pLysS cells were grown in 2YT autoinduction media (Formedium) at 37�C for 4 h and then the

temperature was reduced to 20�C for overnight incubation. The following morning, cells were harvested by centrifugation and lysed

by sonication in 50 mM Tris HCl (pH 8.0), 150 mMNaCl. The fusion protein (6His-MBP-human TOP2B ATPase) was first purified over

a Ni2+ affinity column (Cytiva Ni2+ Sepharose High Performance affinity resin) and then the 6His-MBP tag was removed by TEV

digestion. Human TOP2B ATPase was further purified with a heparin column (Cytiva Heparin Sepharose High Performance resin)

and 6His-MBP was removed by passing the heparin eluate through a second round of Ni2+ affinity. The flow through was collected

and concentrated with an MWCO 30 kDa device (Millipore). The final purification step was gel filtration with 20 mM Tris HCl (pH 8.0),

150mMNaCl on a Hiload 16/60 Superdex 75 size exclusion column. Peak fractions containing human TOP2B ATPase were concen-

trated to 10 mg/mL for use in crystallography.

Crystallization
To obtain crystals of human TOP2B ATPase (45–444) bound to AMPPNP, 1mMAMPPNP (Sigma) and 5mMMgCl2 was added to the

protein stock. Crystallization screens by sitting drop vapor diffusion were set up. 300 nL protein stock was mixed with 600 nL crys-

tallization buffer [0.1 M PCTP (pH 7.0), 25% w/v PEG 1500] (PACT, C4, Molecular Dimensions) using the Mosquito crystallization

robot (TTP Labtech) in two-well MRC plates at 20�C. Crystals (z200 3 50 3 50 mm) appeared and reached maximal size within

48 h, after which they were harvested in crystallization solution supplemented with 20% PEG400 (v/v) for cyro-protection and flash

cooled in liquid nitrogen.

Human TOP2B ATPase (45–444) crystals bound to ADP, and ADP:ICRF193 crystals were also obtained by sitting drop vapor

diffusion. 5 mM ADP (Sigma), 5 mM MgCl2 and 0.1 mg ICRF193 (Sigma) for ADP:ICRF193 crystals were added to the protein

stock. Crystals were grown at 20�C using in MRC plates two well by mixing 300 nL of protein solution with 600 nL crystallization

buffer [0.2 M ammonium sulfate, 0.1 M bis tris (pH 5.5), 25% w/v PEG 3350] (JCSG+, H7, Molecular Dimensions) using the Mos-

quito crystallization robot (TTP Labtech). Crystals grew to the maximal size of z50 3 20 3 10 mm within 1 week, after which they

were harvested in crystallization solution supplemented with 20% PEG400 (v/v) for cyro-protection and flash-cooled in liquid

nitrogen.
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Data collection and processing
Diffraction data for all crystals were collected at diamond beamline I03 with unattended data collection using the native data collec-

tion strategy https://www.diamond.ac.uk/Instruments/Mx/I03/I03-Manual/Unattended-Data-Collections/Experiment-Types.html.

Data were processed at diamond with the automated pipeline xia2(Winter et al., 2013) with dials(Winter et al., 2018). The data

were scaled with Aimless(Evans and Murshudov 2013) and the space groups were confirmed with Pointless(Evans and Murshudov

2013). 5% of the data were randomly selected for Rfree calculations. The processing statistics are presented in Table 1.

Phase problem and model building
The phase problem was solved for the human TOP2B ATPase AMPPNP structure on CCP4 cloud Newcastle (Potterton et al., 2018)

by molecular replacement using molrep or phaser (Vagin and Teplyakov 1997; McCoy et al., 2007). The human TOP2A ATPase (83%

sequence identity to human TOP2B) was used as a search model for AMPPNP-bound (PDB code 1ZXM). In turn the AMPPNPmodel

(PDB code 7QFO) was used to solve the ADP-bound structures. The models were improved by iterative cycles of manual model

building in COOT (Emsley et al., 2010) and refined using refmac (Murshudov et al., 2011). The models were validated using COOT

(Emsley et al., 2010) validation tools and molprobity (Williams et al., 2018). Metal type, co-ordination and bond distances were vali-

dated using checkmymetal (Zheng et al., 2017). Structural figures were generated using Pymol (The Pymol Molecular Graphics Sys-

tem, Version 2.0 Schrödinger, LLC). Structureswere superposedwith the Secondary StructureMatching or Least Squares Fitting tool

in COOT. Other software used were from the CCP4 suite (Potterton et al., 2018).

ATPase activity assays
ATPase activity assays were performed using BioMOL green (Enzo)(Rule et al. 2016). The assays were performed in a reaction

mixture containing 50 mM Tris HCl pH 7.5, 50 mM KCl, 10 mM MgCl2, and 0.1 mM ATP (unless otherwise stated). TOP2B

ATPase domain proteins were then added to start the reaction and incubated at 37�C for 30 min. The concentrations of TOP2B

were varied as detailed in figure legends. For DNA stimulation experiments, 4 mg pBR322 DNA was added prior to TOP2B. 50 mL

of the reaction was then transferred to a microtitre plate containing 100 mL BioMOL green to terminate the experiment. After

20 min the absorbance was measured at 655 nm. Reactions containing no enzyme were performed to generate a background

reading of inorganic phosphate and were subtracted from the experimental results. The inorganic phosphate released was then

calculated based on the absorbance standard curve established by phosphate standards. The kinetic parameters Km and Vmax

were calculated from the Lineweaver-Burk plots using GraFit. All experiments were repeated at least three times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data reported for the ATP hydrolysis activity assays are the mean of three experimental replicates. Error bars represent one SD from

the mean. Data were processed in GraphPad Prism 4. Statistical analysis was performed by a one-way ANOVA and Tukey’s Multiple

Comparison Test or a two-way ANOVA and Bonferroni post-tests (as detailed in figure legend).
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Supplementary Information for Ling et al, 2022 

 

Supplementary Figure 1: Clustal Alignment and Crystal Structures of GyrB, Related to Figure 1 

(A) Clustal alignment comparing Gyrase B, ParE with eukaryotic type II topoisomerases (human TOP2B, human 

TOP2A, yeast TOP2). (B-C) Superposition of Gyrase B (grey) (pdb 1KIJ) onto human TOP2B:ADP ATPase domain 

(yellow and orange). The transducer helices towards the end of the ATPase domain in GyrB are in a more open 

conformation compared to human TOP2B. Moreover, the QTK loop in GyrB (Panel C boxed region) is further 

from the active site in comparison to human TOP2B.  
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Supplementary Figure 2: Analytical Gel Filtration of the ATPase Domain of Human TOP2B, Related to Figure 1 

Analytical gel filtration of TOP2B (45-444) in the absence (red) and presence (purple) of AMPPNP. TOP2B 

protein injected onto a Superdex 200 Increase 10/300 GL column with 20 mM Tris HCl (pH 8.0), 150 mM NaCl. 

Blue line indicates UV absorbance. In the absence of AMPPNP, TOP2B elutes at ~15.3 mL corresponding to an 

apparent Mw of 47 kDa, equivalent to the theoretical size (45 kDa), whereas upon addition of AMPPNP, the 

protein elutes earlier at ~14.1 mL, corresponding to an apparent Mw of 78 kDa.  

 

 

 

Supplementary Figure 3: Omit Maps for Bound Nucleotides, Related to Figure 2 (A) and Figure 3 (B) 

The 2 Fo – Fc maps electron density maps for the 1.9 Ȧ resolution AMPPNP complex (A), and the 2.6 Ȧ 

resolution ADP complex (B) represented by blue mesh. The maps are contoured at levels of 1.5 σ and carved at 

1.6 Ȧ. Mg2+ shown in cyan and two water molecules shown in A as red spheres and sulphate ion represented 

by red and yellow spheres in B. Residue N107 shown as sticks.  
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Supplementary Table 1: Summary of selected homologous PDB entries relevant to this study and related to 

Figure 1B, Figure 5, Figure 6, STAR Methods and Supplemental Figure 1. 

 

Protein Source PDB 
code 

Resolution 
(Å) 

Conformation Nucleotide PMID Reference 

GyrB43 E.coli N/A 2.5 closed AMPPNP 1646964 Wigley et al, 
1991 

GyrB43 E.coli 4WUB 1.75 restrained AMPPNP 25849408 Hearnshaw et 
al. 2015 

GyrB43 E.coli 4PU9 2.4 semi-open 
Pre-hydrolysis 

ADP.BeF3 25202966 Stanger et al. 
2014 

GyrB43 E.coli 4PRX 1.8 open 
Post-hydrolysis 

ADP.Pi 25202966 Stanger et al. 
2014 

GyrB43 E.coli 4PRV 2.0 Closed 
product 

ADP 25202966 Stanger et al. 
2014 

GyrB43 E.coli 1EI1 2.3 closed AMPPNP 10734094 Brino et al. 
2000 

GyrB43 E.coli 1KIJ 2.3 open (novobiocin and 
formic acid) 

11850422 Lamour et al. 
2002 

ParE E.Coli 
 

1S16 2.1 closed AMPNP 15105144 Bellon et al. 
2004 

ParE S. pneumoniae 5J5P 2.83 closed AMPNP 29968711 Laponogov, et 
al, 2018 

ParE S. pneumoniae 5J5Q 2.83 closed AMPNP 29968711 Laponogov, et 
al, 2018 

Archaeal GHL enzyme 
topoisomerase VI 

topoVI-B S. shibatae 

 
1MU5 

2.0 relaxed Apo 12505993 Corbett & 
Berger 2003 

topoVI-B S. shibatae 1MX0 2.3 restrained AMPNP 12505993 Corbett & 
Berger 2003 

topoVI-B S. shibatae 1Z5B 2.0 restrained ADP.AIF4
- 15939019 Corbett & 

Berger 2005 

topoVI-B S. shibatae 1Z5C 2.2 restrained ADP.Pi 15939019 Corbett & 
Berger 2005 

topoVI-B S. shibatae 1Z5A 2.2 Restrained 
(dimer) 

ADP 15939019 Corbett & 
Berger 2005 

topoVI-B S. shibatae 1Z59 2.1 Relaxed 
(monomer) 

ADP 15939019 Corbett & 
Berger 2005 

TOP2 S.Cerevisiae 1PVG 1.8 restrained AMPPNP 12963818 Classen et al. 
2003 

TOP2A H. sapiens 1ZXM 1.87 restrained AMPPNP 16100112 Wei et al. 2005 

TOP2A H. sapiens 1ZXN 2.51 open ADP 16100112 Wei et al. 2005 

TOP2A H. sapiens 4R1F - open ADP.SO4 25202966 Stanger et al. 
2014 

TOP2 S.Cerevisiae 4GFH 4.41  AMPPNP 23022727 Schmidt, 
Osheroff and 
Berger 2012 

https://www.ncbi.nlm.nih.gov/pubmed/25849408
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=4pu9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1ei1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1s16
https://www.nature.com/articles/s41467-018-05005-x#auth-Ivan-Laponogov
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1pvg
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1zxn
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