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Structural and biochemical basis for DNA
and RNA catalysis by human Topoisome-
rase 3β

Xi Yang 1, Sourav Saha1,Wei Yang 2, Keir C. Neuman 3 & Yves Pommier 1

In metazoans, topoisomerase 3β (TOP3B) regulates R-loop dynamics and
mRNA translation, which are critical for genome stability, neurodevelopment
and normal aging. As a Type IA topoisomerase, TOP3B acts by general acid-
base catalysis to break and rejoin single-stranded DNA. Passage of a second
DNA strand through the transient break permits dissipation of hypernegative
DNA supercoiling and catenation/knotting. Additionally, hsTOP3B was
recently demonstrated as the human RNA topoisomerase, required for normal
neurodevelopment and proposed to be a potential anti-viral target upon RNA
virus infection. Here we elucidate the biochemical mechanisms of human
TOP3B.Wedelineate the roles of divalentmetal ions, andof a conserved Lysine
residue (K10) in the differential catalysis of DNA and RNA. We also demon-
strate that three regulatory factors fine-tune the catalytic performance of
TOP3B: the TOP3B C-terminal tail, its protein partner TDRD3, and the
sequence of its DNA/RNA substrates.

All living organisms have at least one copy of a type IA DNA
topoisomerase1–3. Type IA topoisomerases share a padlock-shaped
topoisomerase-core at their N-terminus while their C-terminal tail size
and structure is highly diversified across species3,4. They use a three-
step strategy—DNA cleavage, strand passage, DNA rejoining—to alter
DNA topology, including supercoil relaxation and decatenation1,5–7.
Type IA topoisomerases employ general acid-base catalysis to cleave
DNA. A conserved tyrosine residue acts as nucleophile to break the
DNA phosphodiester backbone. To cleave DNA, the tyrosine forms a
covalent bond with the 5’-cleaved DNA end (tyrosyl-phosphate), leav-
ing a 3’-OH group at the other DNA end. A reverse phosphoryl transfer
initiated by the nucleophilic 3’-OH rejoins the DNA5,8,9. A divalentmetal
ion is commonly observed at the enzyme reaction center, coordinated
by three or four conserved acidic residues10–12. Employing divalent
cations at the catalytic site to trigger a phosphodiesterase activity
is a general feature of many nucleic acid enzymes13–17. For Type IA
topoisomerase enzymes, divalent cations are required for DNA
rejoining, whereas their participation in DNA cleavage remains
controversial12,14,18,19. In comparison, Type II topoisomerases, which

share a comparable TOPRIM catalytic center with Type IA topoi-
somerases, are believed to use divalent cations for DNA cleavage14,20.
The overall catalytic efficiency of both Type IA and Type II topoi-
somerases can be greatly enhanced by the addition of metal ions,
typically Mg2+ or Mn2+ ions21–23.

Although sharing a highly conserved topoisomerase core domain,
Type IA topoisomerase subfamily members such as topoisomerase 1
(bacteria) and topoisomerase 3 employ slightly different amino acids
for catalysis9,12,14,24, and exhibit distinct kinetic features in DNA relaxa-
tion and decatenation25–28. Additionally, bacterial topoisomerases 1
and 3 enzymes have disparate DNA sequence selectivity for cleavage.
Topoisomerase 1 favors a cytosine at the −4 nucleotide position
(relative to the cleavage site) whereas topoisomerase 3 does not22,29–32.
This difference in DNA-base preference reflects different amino
acid residue compositions within their DNA binding grooves and var-
ied DNA base recognition9,24.

Human cells express two Type IA topoisomerases, TOP3A
and TOP3B. Recent studies revealed that a subset of the Type
IA topoisomerases including TOP3B, are both DNA and RNA
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topoisomerases3,33–35. TOP3B is a keyplayer in regulating cellularmRNA
metabolism, which is crucial for the translation of neurodevelopment-
related genes33,34,36,37. TOP3B also plays a positive role in the replication
of RNA viruses in the infected human cells, thus can be considered a
potential anti-viral target38. Moreover, TOP3B was shown to suppress
R-loop accumulation in multiple gene regions, thus facilitating tran-
scription at these genomic loci37,39. Activities of TOP3B in cells are
associated with a scaffold protein, TDRD3, that recruits TOP3B to
relevant cellular targets33,34,37. This recruitment involves a strong
interaction between Domain II of TOP3B and the OB-fold of TDRD311.
Binding to TDRD3 also improves the DNA relaxation catalytic activity
of TOP3B in Drosophila40.

So far, little is known regarding the basic mechanism of TOP3B-
mediated RNA catalysis. It also remains unclear what are the general
structural and catalytic features that make some Type IA topoisome-
rases better RNA topoisomerases than others. To address these
questions, we carried out biochemical and single-molecule measure-
ments of hsTOP3B using a collection of mutants and nucleic acid
substrates to understand the differential enzyme catalysis of DNA and
RNA. We describe the disparate features of DNA and RNA catalysis of
TOP3B and characterize the roles of divalentmetal ions andof a critical
catalytic lysine residue in the DNA/RNA cleavage and rejoining reac-
tions. We describe how the DNA and RNA topoisomerase activities are
stimulated by the C-terminal domains of TOP3B and by TDRD3,
resulting in enhanced enzyme processivity and increased catalytic
rate. We also demonstrate that the sequence of DNA and RNA sub-
strates can significantly influence the substrate association and cata-
lytic behavior of TOP3B.

Results
DNA and RNA cleavage by TOP3B
A divalent metal ion is commonly observed at the active site of
Type IA topoisomerase enzymes, including TOP3B (Suppl Fig. 1),
and is essential for the catalytic efficiency of these enzymes9,12,19,21.
We conducted TOP3B cleavage assays (Fig. 1a) at various con-
centrations of Mg2+ and Mn2+ (Fig. 1b, c) to examine the effect of
metal ions on TOP3B’s DNA and RNA cleavage activities. We used a
40-nt ssDNA oligonucleotide and its RNA counterpart as sub-
strates, the sequence of which is derived from a segment of the
DDX5 gene containing a proposed TOP3B in vivo target site37. We
determined the DNA cleavage sites of TOP3B with sequence-
specific DNA oligonucleotides as markers, and RNA cleavage sites
were mapped with RNA alkaline ladders and RNase T1 ladders
(Suppl Fig. 2). We observed that TOP3B can cleave DNA and RNA
without addition of divalent ions (Fig. 1b, c), alike bacterial
topoisomerase 1 enzymes12,41. Metal-ion titration curves indicated
that introduction of moderate amounts (submillimolar) of Mg2+/
Mn2+ stimulates the accumulation of cleavage products at steady
state. The forward reaction of TOP3B was considerably enhanced
by Mn2+ addition (Fig. 1d). Without metal addition, the slow DNA
cleavage can possibly be contributed to trace amounts of metal
ions remaining in the reaction system, as basal cleavage activity
was effectively suppressed by increasing the EDTA concentration
(Suppl Fig. 3). In addition, we found that Mn2+ stimulates the DNA
binding of TOP3B (Fig. 1e). Consistent with the importance of
metal ion binding in the catalytic site of TOP3B, mutating the
catalytic glutamic acid residue E9 (as part of the conserved metal
ion binding motif) to glutamine (E9Q) abolished both DNA and
RNA cleavage in the presence of Mn2+ (Suppl. Fig. 4).

DNA but not RNA rejoining by TOP3B requires the addition of a
divalent metal ion
The fundamental characteristic distinguishing topoisomerases from
nucleases is their ability to rejoin the nucleic acid backbone without
the assistance of DNA repair, which allows them to perform their

catalytic reactions with high efficiency and without changing the pri-
mary nucleic acid sequence5. To examine the role of metal ions in DNA
rejoining, we conducted TOP3B reversal assays by adding high salt
(0.5M NaCl) to the steady-state mixture of TOP3B and DNA, blocking
the forward reaction but not reversal (Fig. 1a). Coupling high-salt
addition with adjustment of metal ions to various concentrations
allowed us to compare the impact of divalent cations onDNA rejoining
(Fig. 1f, g). We found that TOP3B only rejoins DNA after adding metal
ions in solution, and that the reversal rate is increased with elevated
metal-ion concentrations. Compared with Mg2+, Mn2+ is more potent.
The divalent cation-accelerated DNA reversal, together with an inter-
rupted TOP3B-substrate association at a high metal concentration
(Suppl Fig. 5), can explain the suppression of DNA/RNA steady-state
cleavage at higher metal concentrations (Fig. 1b, c). The minimal
amount of metal ions in the system enables DNA cleavage but cannot
trigger DNA rejoining, possibly reflecting the varied metal-binding
affinities of TOP3B in the pre-cleavage versus pre-rejoining state. The
change of binding affinity is likely a result of an active-site rearrange-
ment by the enzyme between two consecutive phosphoryl-transfer
reactions, as suggested for bacterial topoisomerase 112 and observed
with other related nucleic acid enzymes15,42.

In contrast to DNA, cleaved RNA was readily rejoined by TOP3B
without addition of metal ion (Fig. 1h). Yet, 1mM EDTA annihilated
RNA rejoining, suggesting that reversal of RNA cleavage may also
require trace amount of divalent ion as cofactor.

Lysine 10 (K10) of TOP3B promotes DNA cleavage and is
required for DNA rejoining
Crystal structure of EcTOP3 in a complex with ssDNA shows that a
lysine residue (K8) coordinates the DNA scissile phosphate group24

(Fig. 2a), and thus may play a role in aligning the DNA substrate for
phosphoryl transfer during DNA cleavage14,19,24. This lysine residue
is conserved among topoisomerase 3 enzymes including TOP3B
(Fig. 2b), while missing in the bacterial topoisomerase 1 and Type II
topoisomerase families9,14,24. This observation suggested that K10 may
act as a TOP3B catalytic residue.

To test this possibility, we replaced K10 of TOP3B with
methionine. The mutant enzyme failed to cleave DNA in the
absence of added divalent cation and only showed limited DNA
cleavage upon addition of divalent cation (Fig. 2c). This result
implies that removing the tertiary amine of K10 in TOP3B reduces
the enzyme metal ion-binding affinity, thereby higher metal-ion
concentrations are required to cleave DNA. The role of K10 is
reminiscent of the K155 in Mus musculus Endonuclease V
(MmEndoV), in which a side-chain amine coordinates the RNA
scissile phosphate during RNA cleavage17. K155 substitution leads
to inadequate scissile-phosphate alignment and inappropriate
metal-ion association, interrupting the nuclease activity of
MmEndoV17. Likewise, aligning the DNA scissile phosphate by K10
is also likely key for the binding of a divalent cation to TOP3B and
DNA cleavage (Fig. 2e). The K10 mutation also abolished DNA
rejoining by TOP3B even upon addition of divalent cations
(Fig. 2d), suggesting an indispensable role of K10 alongside
divalent cations in re-aligning the cleaved DNA ends for DNA
rejoining (Fig. 2f). An efficient DNA scissile-phosphate alignment
likely requires both K10 and R338 (Fig. 2e), as both conserved
residues coordinate the DNA scissile phosphate in EcTOP3
(Fig. 2a, b). Moreover, replacement of the conserved arginine
residue in EcTOP1 (R321) also led to higher divalent cation
requirement for DNA cleavage and resulted in lack of DNA
rejoining43.

The catalytic role of the K10 of TOP3B was tested in cells.
Expression of WT TOP3B and mutant TOP3B-K10M in human HEK293
cells35 produced significantly lower nucleic acid cleavage complexes
with themutant than theWTenzyme (Suppl Fig. 6), consistentwith our
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biochemical finding that K10 is critical for the DNA cleavage activity of
TOP3B in vitro.

Lysine 10 (K10) of TOP3B is implicated in RNA rejoining
RNA cleavage-rejoining experiments showed that TOP3B-K10M pro-
duces similar RNA cleavage levels as WT TOP3B in the absence of
added divalent metal ions (Fig. 3a) and upon metal ion addition
(Fig. 3b, c, lanes 2 vs. 6). However, TOP3B-K10M rejoined RNA breaks
markedly slower than the WT enzyme (Fig. 3b). By removing both K10
and divalent metal ions (via EDTA chelation), RNA rejoining was
completely blocked (Fig. 3c).

We therefore conclude that RNA cleavage can occur without K10
andmetal-ion addition,whereas rejoining requires at least one of these
two elements. This appears different for DNA processing where the
DNA cleavage activity of TOP3B requires either K10 or divalent-metal
addition, whereas rejoining requires both K10 and a metal addition.
Therefore, compared to DNA, both cleavage and rejoining of RNA are
less dependent on divalent ion addition and K10, indicating that RNA
may be chemically and structurally a more favorable substrate than
DNA for TOP3B catalysis. Namely, during RNA cleavage, the additional
2’-OH groups may make RNA strand more rigid and stable than DNA
(e.g. via forming additional interactions with the surrounding amino
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Mg2+ and Mn2+ concentrations. Arrows indicate major DNA/RNA cleavage products
and their corresponding cleavage sites in the substrate sequences. Gray dotted
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same exposure condition. DNA cleavage sites were determined with sequence-
specific DNA oligos asmarkers. RNA cleavage sites weremapped with RNA alkaline
ladder and RNase T1 ladder (Suppl Fig. 2). d Time-course showing pre-steady-state
DNA product formation in the absence of divalent cation (and with 5 μM EDTA) or
with 5 μM or 0.1mMMn2+. Plot of DNA cleavage product versus time was obtained
by analyzing the depletion of the 40-nt DNA substrate band. e EMSA assay with
catalytic inactivemutant TOP3B-Y336F showing its DNA binding in the absence and

presence of Mn2+. TOP3B retardation bands are indicated by arrows and cartoons.
f Time-course of DNA end-rejoining by TOP3B at various Mg2+ and Mn2+ con-
centrations. Steady state levels of cleavagewere obtainedby pre-incubating TOP3B
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30min in the presence of 5 μMEDTA, followed by reversal analysis (Rev) by adding
0.5M NaCl and the indicated amounts of EDTA for 5min. All the results of the gel-
based assays in (b–h) are representative results obtained from 2–4 independent
experimental repeats.
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acid residues) thus enhancing the strand alignment for cleavage; and
the 2’-OH group adjacent to the scissile phosphate can stabilize the 3′-
O leaving group or act as a general acid to facilitate the process of
phosphoryl transfer (Fig. 3d). Similarly, the 2’-OH can stimulate RNA
rejoining by polarizing the nucleophile (the 3’-OH) or acting as a gen-
eral base (Fig. 3e). This makes TOP3B catalytic activity resistant to
either losing K10 or to an exceedingly low divalent ion concentration
but not both. In addition, RNA is likely better than DNA in forming a
catalytically competent complex with the enzyme, accelerating strand
re-alignment necessary for rejoining.

The C-terminal tail of TOP3B enhances the processivity and
nucleic acid binding of TOP3B
Despite sharing a conserved topoisomerase core, type IA enzymes
have diversified C-terminal tails1,3,44. These C-terminal domains with
different sizes and sequences may contribute to the fine-tuning of
enzymatic activities and/or cellular recruitment locations. For exam-
ple, the C-terminal zinc-finger motifs of bacterial topoisomerase 1

enzymes stimulate DNA relaxation44–46 and mediate a direct associa-
tion between EcTOP1 and RNA polymerase47.

The C-terminal tail of TOP3B contains four conserved C4-type
zinc-finger motifs as predicted by AlphaFold48,49 and an Arg-Gly/Arg-
Pro-rich segment near the C-terminus (Fig. 4a). By generating trun-
cation mutants (Fig. 4b), we found that removal of the RG/RP-rich
motif or the entire C-terminal domain of TOP3B results in a con-
siderable reduction of DNA/RNA cleavage, while preserving the
substrate sequence preference (Fig. 4c, d). This result indicates
that the core domain of TOP3B is sufficient for catalytic activity, but
that its activity is highly stimulated by the C-terminal tail. Gel shift
experiments to measure DNA and RNA binding showed that this
stimulation may result from enhanced DNA and RNA binding medi-
ated by the C-terminal tail (Fig. 4e, f). We therefore propose that the
Zinc-finger motifs and highly positively charged RG/RP-fragment in
the C-terminal tail serve as nucleic acid binding modules that non-
specifically bind DNA/RNA adjacent to the TOP3Bcore, increasing
enzyme-substrate stability during catalysis (Fig. 4g).
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essential roles in re-aligning the 5’ DNA end (Tyrosyl phosphate) and facilitating
divalent-metal binding. The captured metal ion further aligns the 3’-OH group as a
nucleophile to trigger a reverse phosphoryl transfer to reform the DNA backbone.
The potential general acid (HA) and base (B:) in (e, f) can be adjacent water
molecules.
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To determine how the C-terminal domain affects the turnover
kinetics of TOP3B, we carried out single-molecule measurements50–52

comparing DNA relaxation by TOP3B and the TOP3Bcore (Fig. 4h).
Detailed descriptions of the experimental setup and procedures are
provided in the methods section. In short, we inserted an 11-base DNA
mismatch bubble into a 6-kb DNA tether to provide a ssDNA binding
region allowing TOP3B to relax negatively supercoiled DNA. A typical
TOP3B relaxation burst consists of discrete steps of DNA extension
corresponding to catalytic cycles of a single enzyme (Fig. 4i). We
obtained a step-amplitude distribution of TOP3B by converting the
DNA extension change in each step (a single catalytic cycle) to changes
in DNA linking number. As a representative type IA topoisomerase, we
found that TOP3B removes one DNA supercoil (a linking number
change of 1) per catalytic cycle (Fig. 4j). Compared to full-
length TOP3B, which cycles multiple times in a single relaxation burst
(within a single DNA binding event) thus removing multiple DNA
supercoils, TOP3Bcore only removed a single DNA supercoil in a
typical DNA relaxation burst, displaying extremely low processivity
(Fig. 4k, l). Therefore, our data indicate that the C-terminal tail of

TOP3B converts the single-cycle TOP3Bcore into the processive
molecular machinery of full-length TOP3B, by preventing the TOP3B-
core from detaching from DNA (Fig. 4g).

TDRD3 increases the catalytic processivity and rate of TOP3B
TDRD3 has been shown to recruit TOP3B to its sites of action in cells,
guiding TOP3B to multiple cellular processes including transcription
and translation33,34,37. In addition,Drosophila TDRD3hasbeen shown to
stimulate the relaxation of hyper-negative supercoils by Drosophila
TOP3B40. However, the molecular mechanism underlying this func-
tional stimulation has not been studied.

We found thatmixing purified human TOP3B and TDRD3 resulted
in a stable heterodimer in solution (Suppl Fig. 7), which is consistent
with the prior report that TDRD3 forms a stable interaction with
domain II of the TOP3Bcore (Fig. 5a)11. Based on this structural infor-
mation, we performed DNA and RNA cleavage-rejoining experiments
at different molar ratios of TDRD3 and TOP3Bcore and full-length
enzyme (Fig. 5). Addition of TDRD3 strongly activated the DNA and
RNA cleavage activities of TOP3Bcore (Fig. 5b, c). Similarly, DNA and
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Fig. 5 | TDRD3 enhances TOP3B-mediated DNA/RNA cleavage and has little
effect on the reversal of TOP3B cleavage complexes. a Crystal structure of
TOP3Bcore in complex with the OB-fold of TDRD3 (PDB ID: 5GVE). Domain II of
TOP3B forms a stable interaction with an insertion loop inside the OB-fold of
TDRD3. b, c TDRD3 enhances TOP3Bcore-mediated DNA and RNA cleavage.
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value from two experimental replicates.
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RNAcleavage by full-length TOP3Bwere alsomarkedly enhancedupon
TDRD3 addition (Fig. 5d, e). We then measured the forward (cleavage)
reaction rate by conducting the TOP3B cleavage assays in a divalent
cation-free solution to prevent DNA rejoining. Cleavage was acceler-
ated by TDRD3 (Fig. 5f), indicating that the enhancement of steady-
state DNA cleavage by TDRD3 results at least in part from an
enhancement of the forward (cleavage) reaction of TOP3B. To check
the reversal rate, we conducted DNA cleavage and high-salt reversal
assays with and without TDRD3 (Fig. 5g). Curves showing reversal of
cleaved DNA by TOP3B over time under both conditions indicate that
TDRD3 has no significant effect on the TOP3B-mediated DNA
rejoining.

We next conducted both ensemble and single-molecule assays to
analyze the stimulation of TOP3B supercoil relaxation activity by
TDRD3. We first compared DNA relaxation by TOP3B/TOP3Bcore with
and without TDRD3 addition in a gel-based assay (Fig. 6a, b). Human
TOP153 was used as positive control to identify fully relaxedDNAon the
gel. We found that TOP3B alone removes a limited number of DNA
supercoils. It stalls at a particular degree of DNA superhelical density,
despite excess enzyme concentration. This limited activity is likely due
to the inadequate availability of ssDNA when a plasmid becomes less
underwound54. TDRD3 distinctly improved the extent of TOP3B
negative supercoil relaxation, presumably by stabilizing the TOP3B-
ssDNA complex. Similarly, the extent of DNA relaxation by TOP3Bcore
was also significantly enhanced by TDRD3, and the TOP3Bcore-TDRD3
even appeared to relax negatively supercoiled DNA to a greater extent
than TOP3B-TDRD3.

Likewise, in the single-molecule assay (Fig. 4), TOP3B alone par-
tially relaxed negatively supercoiled DNA (containing a mismatch
bubble) in a single DNA binding and relaxation event (Figs. 4 and 6c).
Addition of TDRD3 significantly improved the catalytic processivity,
allowing a single TOP3B enzyme to bind and relax supercoiled DNA
fully or practically fully in a single processive burst (Fig. 6d). Addi-
tionally, the TOP3B-TDRD3 complex appeared to remain bound to
DNA after a full relaxation event, as re-introducing DNA supercoils (via
magnetic-bead rotation) on an TOP3B-TDRD3 relaxed DNA tether
resulted in an immediate stepwise relaxation of the introduced
supercoils by the tightly bound TOP3B-TDRD3 complex (Fig. 6d).
Similarly, TDRD3 fully activated the TOP3core enzyme, resulting in
processive supercoil relaxation comparable to the WT enzyme
(Fig. 6e). DNA relaxation cycling time analysis indicated that
TDRD3 significantly increases TOP3B’s DNA relaxation rate (Fig. 6f, g).
This accelerated DNA relaxation may be achieved via structural mod-
ifications of TOP3B imposed by TDRD3 binding. Indeed, as mentioned
above (see Fig. 5a), TDRD3 interacts with TOP3B11, presumably at the
hingeof theType IA topoisomerase gate1,26,55. Thus, TDRD3may reduce
the flexibility of the TOP3B gate during the DNA relaxation process
such as to limit the gate opening lifetime after DNA cleavage to facil-
itate the capture of a passing DNA strand in the TOP3B central hole
and/or to promote the rejoining of the cleaved DNA strand.

Interestingly, the TOP3Bcore-TDRD3 combination consistently
outperformed the TOP3B-TDRD3 combination, in both the extent and
rate of negative supercoil relaxation in ensemble and single-molecule
measurements, respectively (Fig. 6a, g, h). This suggests that the
TOP3Bcoremay form amore stable complexwith TDRD3 than the full-
length TOP3B, and that the C-terminal tail of TOP3B may partially
counteract the binding and catalytic stimulation by TDRD3.

Together these experiments show that TDRD3 binding stabilizes
the TOP3B-substrate complex and enhances the catalytic activity of
TOP3B. These effects could result from two complementary and non-
exclusive mechanisms: 1) increase of the DNA/RNA gate flexibility and
opening-closing dynamics of TOP3B, multiplying the catalytic rate of
TOP3B; 2) as TDRD3 binds both TOP3B and single-strand DNA/
RNA40,56, it could serve as a bridge between TOP3B and the nucleic acid

substrate, stabilizing the TOP3B-substrate complex for cleavage
(Fig. 6j, k).

Structure and base-sequence preferences of TOP3B for DNA/RNA
substrates affect TOP3B binding and catalysis. Although topoi-
somerases need to act on a variety of nucleic acid substrates, the
topoisomerases that have been analyzed (including Type I and Type II
topoisomerases) all show bias for preferred substrates and base
sequences around their cleavage sites5,57–59. Type IA topoisomerase
enzymes also prefer some DNA base combinations for cleavage and
have been considered more active at those DNA sites19,31,59,60. As pro-
karyotic type IA topoisomerase accommodates a ~8-nt ssDNA frag-
ment and interacts with both the DNA phosphate backbone and
bases9,12,24 in its DNA binding groove, we hypothesized that base
composition would affect TOP3B enzyme-substrate pairing.

To determine the DNA-base selectivity of TOP3B, we collected
15 strong cleavage sites of TOP3Bmapped in our DNA cleavage assays
and aligned them from the −8 to +3 base positions (Fig. 7a). Pre-
ferential bases were observed for pyrimidines at several positions:
primarily C-5, T + 2, T + 3 and T-2 (Fig. 7c). The determining role of
these bases was validated by single-base replacements within a TOP3B
recognition site bearing the consensus sequence, with C-5 replace-
ment suppressing DNA cleavage (Suppl Fig. 8). Reduction of DNA
cleavage was largely due to reduced DNA binding affinity, based on
results from EMSA assays with the TOP3B-Y336F mutant (Fig. 7e).

To determine the RNA cleavage selectivity, we tested seven
human small RNAs as TOP3B substrates (Fig. 7b). We transcribed these
small RNA molecules in vitro and conducted TOP3B cleavage assays
(Suppl Fig. 9). Thirty cleavage sites were collected and assigned using
the RNA mapping method (Suppl Fig. 9b). Aligning the twenty-two
most intense RNA cleavage sites revealed a significantly different base
selectivity profile compared to DNA (compare Fig. 7d and c), where
adenine bases appear frequently. Differences in TOP3B base selectivity
between DNA and RNA likely relate to the different backbone com-
positions and conformations of RNA vs. DNA, leading to distinct
bonding features upon substrate association. Indeed, simple thymi-
ne→uracil base replacements within a DNA sequence did not alter the
DNA cleavage profile to RNA cleavage profile (Suppl Fig. 10).

We also compared the DNA cleavage selectivity of TOP3B with
TOP3A, EcTOP1 and EcTOP3 (Fig. 7f) and found that TOP3A and TOP3B
are the most similar in DNA sequence recognition, whereas EcTOP1
and EcTOP3 produced different cleavage products from TOP3B and
TOP3A, as well as from each other. These results likely reflect the
comparable residue compositions inside the DNA binding grooves of
TOP3A and TOP3B.

The four Type IA enzymes showed marked differences with
respect to RNA cleavage (Fig. 7g). TOP3A failed to generate detectable
RNA cleavage products, despite being active under parallel conditions
in the DNA cleavage assays (Fig. 7f). EcTOP1 and EcTOP3 also behave
differently, with only EcTOP3 cleaving RNA (Fig. 7g). These results
further establish that TOP3B but not TOP3A acts as human RNA
topoisomerase.

We also tested how the secondary structure of a nucleic acid
substrate affects TOP3B cleavage (Suppl Fig. 11). We designed various
DNA substrates including particular secondary structure elements,
such as a DNA stem-loop, DNA bulge or a DNA mismatch bubble,
together with a TOP3B recognition sequence to obtain site-specific
cleavage (Suppl Fig. 11a).We found that TOP3B cleaved at the designed
cleavage site only when the latter was single-stranded or partially sin-
gle stranded. Annealing of a TOP3B recognition site to a com-
plementary strand efficiently suppressed TOP3B cleavage. These
results demonstrate that TOP3B, like other type IA enzymes, requires
its substrate to be single stranded to occupy the active site of the
enzyme and be processed (Suppl Fig. 11a, b).
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Our next question was whether strong cleavage sites corre-
spond to effective catalytic sites of TOP3B. We thus conducted
single-molecule DNA relaxation assays (see Fig. 4h) to directly
measure the catalytic-cycling parameters of TOP3B using two
DNA mismatch bubbles: one containing 2 strong TOP3B sites and
the other containing weak sites (Fig. 7h). After verifying TOP3B-

mediated cleavage profiles in oligonucleotide assays (Suppl
Fig. 12), we inserted these bubble segments into two 6-kb DNA
tethers and carried out DNA relaxation assays with TOP3B in the
presence of TDRD3 to stimulate the catalytic activity of TOP3B.
Remarkably, we observed that relaxation cycling times of TOP3B
with the strong-site substrate are much longer than those with
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the weak-site substrate (Fig. 7i). Fitting exponential decays to
their turnover-lifetime histograms (Fig. 7j) gave an average life-
time value of 117 ± 23.1 s (SEM; n = 51) for the strong-site turn-
overs, ten-fold longer than for the weak-site turnovers
(10.6 ± 1.4 s, SEM; n = 110). This suggests that a strong recognition
site negatively affects TOP3B’s catalytic efficiency. When com-
bining the following three observations showing that TOP3B has
(1) a slower catalytic cycling rate when bound to a strong
recognition site, (2) elevated amount of steady-state cleavage
products at a strong site, (3) a relatively long DNA reversal time
when cleaves at a strong recognition site (Fig. 5g), we postulate
that a strong site slows down DNA end-rejoining by TOP3B and
temporarily traps the enzyme at the post-cleavage state. The slow
rejoining at a strong recognition site is likely due to an excessive
constraint of the cleaved ssDNA strands by the enzyme, reducing
their plasticity and preventing efficient DNA end alignment for
rejoining.

Discussion
In this study, we investigated basic catalytic mechanisms of TOP3B,
including the roles of divalent metal ions and of the conserved K10
residue.We also examined how the basicDNA andRNA topoisomerase
activities of TOP3B are modulated by its C-terminal domains, its pro-
tein partner TDRD3 and the sequence and structure of its nucleic acid
substrates.

Although a divalent cation is commonly seen in the catalytic
center of type IA topoisomerases, there is currently no consensus on
the absolute requirement of metal ions for DNA cleavage12,14,18,19.
Although we and others observed that Type IA topoisomerase
enzymes can cleave DNA without adding divalent ions in solution,
minimal amounts of divalent cations in the reactions (derived from
purified enzymes, substrates or reaction buffer)may effectively trigger
DNA cleavage due to the presumably high affinity for the enzymes for
the metals in their catalytic site. Accordingly, we observed that addi-
tion of Mg2+ and to a greater extent Mn2+ stimulated DNA binding and
cleavage by TOP3B (Figs. 1–3), and that excess EDTA efficiently sup-
pressed DNA and RNA cleavage (Suppl Fig. 3). In addition, our results
with the mutant TOP3B-K10M and the mutant TOP3B-E9Q provide
direct evidence for the catalytic role of divalent cations in TOP3B’s
DNA cleavage activity (Fig. 2 and Suppl. Figure 4).We thus suggest that
divalent ions play crucial roles in triggering TOP3B cleavage.

Although we proposed a single metal ion mechanism for TOP3B
catalysis, which is based on the resolved Type IA topoisomerase
structures, it is plausible that a secondormoremetal ions are involved,
especially in the DNA end-rejoining process, considering that we
observed thatDNA rejoining byTOP3B is triggered by amoderateMg2+

addition and the metal remained unsaturated at a relatively high
concentration (Fig. 1f, g). Therefore, it is likely that TOP3B requires
multiple divalent cations for nucleic acid rejoining. Mn2+ may be more
effective in occupying multiple metal binding sites, which would
account for the fact that it can fully activate TOP3B reversal at a lower
concentration (Fig. 1f, g). In addition, RNAbut not DNA canbe rejoined

by TOP3B with minimal amount of divalent cations in the reaction
system (Fig. 1h), implying that RNA may require fewer metal ions for
catalysis owing to its relatively high chemical reactivity than DNA. It is
worth noting that a two-metal binding state of type II topoisomerases
was recently reported14 whichmay help predicting a possiblemultiple-
metal strategy for Type IA topoisomerases. On the other hand, a
possible reason that one cannot easily observe additional metal ions
bound to the enzyme is their short lifetimeof association. Forexample,
nucleases previously believed to adopt classical two-metal catalysis
such as RNaseH1 were recently found to require transient associations
of additional metal ions to be fully active16. Capture of these trafficking
metal cations requires approaches with high temporal resolution.

Our study on the TOP3B-K10M mutant revealed the differ-
ential impact of the K10 catalytic residue on topoisomerase
activities of TOP3B on DNA and RNA. In the presence of divalent
ions, TOP3B-K10M could cleave both DNA and RNA while only RNA
could be rejoined. Thus, the TOP3B-K10M mutant may be exploi-
ted as a tool to differentially study the DNA and RNA related
activities of TOP3B in cells, and as a tool for structural studies of
TOP3B cleavage complexes.

An unexpected observation in our study is that the TOP3B-
core + TDRD3 combination consistently shows better catalytic
behaviors than the TOP3B + TDRD3 combination in both DNA/RNA
cleavage (Figs. 5b-c vs. 5d-e) and DNA relaxation (Fig. 6a, g, h). This
implies that the TOP3Bcore may form a more stable complex with
TDRD3 than the full-length TOP3B. A given amount of TDRD3 may
sufficiently saturate the TOP3Bcore to achieve maximum DNA/
RNA cleavage (Fig. 5b, c), while the full-length TOP3B may require
excess TDRD3 (Fig. 5d, e). Therefore, the C-terminal domains of
TOP3B may negatively affect the stability of TOP3B-TDRD3-DNA/
RNA complex (in addition to post translational modifications61).
This suggests that the TOP3B-TDRD3 interaction may be dynami-
cally regulated in cells. TDRD3-free TOP3B molecules may act
alone or directly bind and collaborate with other protein partners
like RNA/DNA helicases.

Methods
Cloning, protein expression and purification
Protein expression vectors for hsTOP3B, TOP3B-K10M, TOP3B-E9Q,
TOP3B(1-612AA), TOP3B(1-823AA), TOP3B-Y336F, TOP3B-Y336F(1-
612AA), hsTOP3A, and hsTDRD3, were cloned into a modified pLEXm
plasmid, including an N-terminal His8-MBP-tag15. Vector containing
recombinant DNA was transfected into human HEK293T cells for
protein expression. Detailed methods for vector transfection, cell
collection and lysis were described previously15. Lysis buffer contains
20mM Tris-HCl (pH 7.8), 0.5M KCl, 0.1mM EDTA, 0.05% Tween 20,
2.5% Glycerol, 2mM DTT, 1mM PMSF, and 1 X protease inhibitor
cocktail (Roche). Clarified supernatant of the lysate was then incu-
batedwith 7.5ml amylose resin (NEB), washedwith 400mlwashbuffer
(Lysis buffer lacking EDTA and protease inhibitors) and finally eluted
with Elution buffer (wash buffer with 40mM maltose). Eluted protein
sample was then concentrated to 1ml volume via ultrafiltration and

Fig. 7 | Nucleic acid sequence influences TOP3B binding, cleavage and catalytic
cycling rate. a, Alignment (−8→+3 base positions) of 15 strong DNA cleavage sites
of TOP3B (determined with sequence-specific DNA oligonucleotides as markers).
Cleavage sites are indicated by red arrows. b Alignment of TOP3B RNA cleavage
sites. Cleavage sites (arrows) were mapped with RNA alkaline hydrolysis ladders
and RNase T1 ladders (see Suppl Figs. 2 and 9). c, d DNA and RNA sequence logos
showing TOP3Bbase selectivity were generatedwithWebLogo online server, based
on the sequences shown in panels a and b. DNA/RNA base positions and TOP3B
cleavage sites are indicated by numbers and arrows. e TOP3B (Y336Fmutant) has a
higher affinity for anoligonucleotidewith a strong thanaweakTOP3Bcleavage site.
Theweak-site oligonucleotide was generated by replacing a Cwith anA base within
a strong-site containing oligonucleotide (see Suppl Fig. 8). f, g DNA/RNA cleavage

profiles of TOP3B, TOP3A, EcTOP1 and EcTOP3. Numbers indicate themappedDNA
and RNA cleavage sites of TOP3B with a 40-nt DNA substrate and the RNA coun-
terpart. Arrowheads indicate the cleavage products of hsTOP3A, EcTOP1 and
EcTOP3. Each gel-based assay in e–g were repeated twice independently with
similar results. h Design of ssDNAmismatch bubble substrates for single-molecule
experiments. A dsDNA tethermade with a DNAmismatch bubble containing either
strong (top) or weak (bottom) TOP3B recognition sites. i, j Single-molecule TOP3B
relaxation time-traces and catalytic-cycle time distributions collected with the
strong-site and weak-site containing DNA tethers. Fitting to an exponential decay
yielded in a mean of 10.6 ± 1.4 s (SEM; n = 110) for the weak-site substrate and
117.0 ± 23.1 s (SEM; n = 51) for the strong-site substrate.
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run over a Superdex 200 gel filtration column (GE Healthcare) in
20mMTris-HCl (pH 7.8), 0.4M KCl, 0.05% Tween 20, 5% Glycerol, and
2mM DTT, to remove protein aggregates. Glycerol in the purified
protein samples were adjusted to 25% before liquid-nitrogen snap
freezing and storing at −80 °C.

DNA/RNA oligo labeling and TOP3B cleavage assays
DNA/RNA oligos were labeled with 32P at the 5’ end using ATP-γ−32P
(PerkinElmer) and T4 PNK kinase (NEB) according to the NEB online
protocol for radioactive labeling. Oligos after labeling were purified
using a mini Quick Spin DNA Column (Roche) to remove unin-
corporated ATP-γ-32P. TOP3B DNA cleavage assay was carried out in a
20 μl reaction containing 5mM Tris-HCl (pH 7.5), 100mM potassium
glutamate, 0.02% Tween 20, 2mM DTT, with addition of indicated
amount of MnCl2/MgCl2/EDTA. Buffer for RNA cleavage assays con-
tains 1X RNasin® Plus Ribonuclease Inhibitor (Promega). Final con-
centrations of labeled DNA/RNA oligo and TOP3B/TOP3Bmutant were
6 nMand 18 nM.After incubationat 30 °C for 30minor other indicated
period of time, cleavage products (20 μl) were mixed with 20 μl 2X
Formamide gel-loading buffer (10mM EDTA, 0.025% bromophenol
blue, 0.025% Xylene cyanol FF and 0.2% SDS dissolved in formamide),
heat denatured at 95 °C for 3min, and separated on a 18% acrylamide
gel containing 7M Urea. Gel was then dried and imaged with a GE
Typhoon Phosphorimager.

To observe reversal of TOP3B cleavage product, 2.2 μl of 10X
reversal buffer containing 5mM Tris-HCl (pH 7.5), 5M NaCl, and indi-
cated metal/EDTA concentration was added to the 20 μl reaction
sample and incubated for required time before being terminated by
mixing with the 2X Formamide gel-loading buffer.

Small RNAs in vitro transcription
DNA oligonucleotides containing small RNA sequences and a T7 pro-
moter fragment at the 5’ end were annealed with the complimentary
DNA strand to produce dsDNA templates for in vitro transcription
using the HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB). Small
RNA transcripts were generated as described by themanufacturer and
purified with Monarch® RNA cleanup kit (NEB). The purified RNA were
then treated with shrimp alkaline phosphatase (NEB) to remove the 5’-
triphosphate groups, and labeledwith 32P at the 5’ end using ATP-γ-32P
(PerkinElmer) and T4 PNK kinase (NEB) as described above.

DNA and RNA Electrophoretic mobility shift assay
6 nM 32P-labeledDNA/RNAoligowas incubatedwith various amount of
TOP3B/TOP3Bcore, in 10mM Tris-HCl (pH 8.0), 40mM KCl, 0.01%
Tween 20, 6% Glycerol, 0.01% BSA, 2mM DTT, and requested con-
centration of divalent cations/EDTA, at 30 °C for 30min. Buffer for
RNA assay contains 1X RNasin® Plus Ribonuclease Inhibitor (Promega).
Reaction sample was placed on ice for 5min before loading on a pre-
run 6% DNA retardation gel (Invitrogen) at 4 °C. Electrophoresis was
conducted at 200V for 45min in the gel running buffer containing
0.5X TBE with MnCl2 addition (Mn2+ concentration was adjusted
to 0.1mM).

Gel-based TOP3B relaxation assay
6 nM negatively supercoiled pUC19 plasmid was incubated with var-
ious amounts of TOP3B, TOP3Bcore, TDRD3 or their combinations, at
37 °C for 1 hr, in 10mM Hepes pH 7.5, 20mM potassium glutamate,
0.02% Tween 20, 0.01% BSA, and 2mM DTT (20 μl reaction volume).
Reactions were stopped via introduction of 0.4M KCl for 5min and
followed by additions of SDS (to 0.1%) and 6X DNA loading buffer
(NEB). Aliquots of Reaction products were loaded on a 1% agarose gel
and run at 60V for 300min. Both the gel and running buffer (1X TBE)
contain 0.15 μg/ml EtBr. hsTOP1 relaxation assay with the same plas-
mid and buffer condition was conducted as positive control.

Single-molecule TOP3B DNA relaxation assays
A 6-kb bubble-containing DNA tether for magnetic tweezers assay
was obtained by ligating two 3-kb dsDNA handles to the two ends
of a short DNA insert containing a 11-base mismatch bubble. The
3-kb DNA handles were parts of pET28b plasmid and obtained via
PCR. The 6-kb DNA tether was then ligated to amulti-biotin labeled
500-bp DNA fragment at one end and multi-digoxigenin labeled
500-bp DNA at the other. DNA sticky ends for ligation were gen-
erated by BsaI-HF (NEB) digestions. The biotin labeled DNA frag-
ment was then attached to a 1 μm streptavidin coated magnetic
beads (MyOne T1, Invitrogen) and the digoxigenin labeled end was
attached to an anti-dig covered bottom glass surface of a sample
flow cell, as described previously26. A pair of permanent magnets
sit above the flow cell provides magnetic force on the magnetic
bead to extend the DNA tether in solution. DNA supercoiling was
introduced by horizontally rotating the magnets that leads to
formation of DNA plectonemes and reduction of the DNA exten-
sion. The real-time alteration of DNA extension was recorded by
monitoring the size of the diffraction ring of the magnetic bead via
an inverted microscope that is connected to a CCD camera51.
TOP3B relaxation assays were conducted at 35 °C, in 10mM Hepes
pH 7.5, 90mM potassium glutamate, 0.02% Tween 20, 0.01% BSA,
and 2mM DTT. Data collection and processing was described
previously52 using the Xvin software suite (PicoTwist SARL).

RADAR (rapid approach to DNA adduct recovery) assay
RADAR assay was performed for detection of TOP3Bccs as
described previously. HEK293 cells (1 × 106) transfected with
TOP3B/TOP3B-K10M/TOP3B-R338W expression vector for 72 hrs
were lysed with 1 mL DNAzol (ThermoFisher Scientific). Nucleic
acids were precipitated via centrifugation (12,000 × g for 10min)
following the addition of 0.5 mL of 100% ethanol. Precipitates
were washed twice with 75% ethanol, resuspended in 200 μl TE
buffer, heated at 65 °C for 15 minutes. After sonication (40%
power for 15 s pulse and 30 s rest 5 times) and centrifugation
(15,000 rpm for 5min), supernatant containing nucleic acids and
covalently linked proteins was collected, quantitated and
slot blotted. TOP3B cleavage complexes were detected with
diluted (1:1000) rabbit monoclonal Anti-TOP3B antibody
[EP7779] (Abcam).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in the
manuscript and its supplementary information. The structural data for
the TOP3B-TDRD3 protein complex used in Fig. 5 is available in the
ProteinDataBankunder the accession code 5GVE. All data are available
from the authors upon reasonable request. Source data are provided
with this paper.

References
1. Viard, T. & de la Tour, C. B. Type IA topoisomerases: a simple puzzle?

Biochimie 89, 456–467 (2007).
2. Bizard, A. H. & Hickson, I. D. The many lives of type IA topoisome-

rases. J. Biol. Chem. 295, 7138–7153 (2020).
3. Ahmad, M., Xu, D. & Wang, W. Type IA topoisomerases can be

“magicians” for both DNA and RNA in all domains of life. RNA Biol.
14, 854–864 (2017).

4. Garnier, F., Debat, H. & Nadal, M. Type IA DNA topoisomerases: a
universal core and multiple activities. Methods Mol. Biol. 1703,
1–20 (2018).

Article https://doi.org/10.1038/s41467-022-32221-3

Nature Communications |         (2022) 13:4656 12

http://doi.org/10.2210/pdb5GVE/pdb


5. Pommier, Y., Sun, Y., Huang, S. N. & Nitiss, J. L. Roles of eukaryotic
topoisomerases in transcription, replication and genomic stability.
Nat. Rev. Mol. Cell Biol. 17, 703–721 (2016).

6. Li, Z., Mondragon, A. & DiGate, R. J. The mechanism of type IA
topoisomerase-mediated DNA topological transformations. Mol.
Cell 7, 301–307 (2001).

7. Dekker, N. H. et al. Themechanism of type IA topoisomerases. Proc.
Natl Acad. Sci. USA 99, 12126–12131 (2002).

8. Vos, S. M., Tretter, E. M., Schmidt, B. H. & Berger, J. M. All tangled
up: how cells direct, manage and exploit topoisomerase function.
Nat. Rev. Mol. Cell Biol. 12, 827–841 (2011).

9. Zhang, Z., Cheng, B. & Tse-Dinh, Y. C. Crystal structureof a covalent
intermediate inDNAcleavage and rejoining by Escherichia coli DNA
topoisomerase I. Proc. Natl Acad. Sci. USA 108, 6939–6944 (2011).

10. Bocquet, N. et al. Structural and mechanistic insight into Holliday-
junction dissolution by topoisomerase IIIalpha and RMI1.Nat. Struct.
Mol. Biol. 21, 261–268 (2014).

11. Goto-Ito, S., Yamagata, A., Takahashi, T. S., Sato, Y. & Fukai, S.
Structural basis of the interaction between Topoisomerase IIIbeta
and the TDRD3 auxiliary factor. Sci. Rep. 7, 42123 (2017).

12. Cao, N., Tan, K., Annamalai, T., Joachimiak, A. & Tse-Dinh, Y. C.
Investigating mycobacterial topoisomerase I mechanism from the
analysis of metal and DNA substrate interactions at the active site.
Nucleic Acids Res 46, 7296–7308 (2018).

13. Pitts, S. L. et al. Use of divalent metal ions in the DNA cleavage
reaction of topoisomerase IV. Nucleic Acids Res 39,
4808–4817 (2011).

14. Schmidt, B. H., Burgin, A. B., Deweese, J. E., Osheroff, N. &Berger, J.
M. A novel and unified two-metal mechanism for DNA cleavage by
type II and IA topoisomerases. Nature 465, 641–644 (2010).

15. Chen, X. et al. Cutting antiparallel DNA strands in a single active
site. Nat. Struct. Mol. Biol. 27, 119–126 (2020).

16. Samara, N. L. & Yang,W. Cation trafficking propels RNA hydrolysis.
Nat. Struct. Mol. Biol. 25, 715–721 (2018).

17. Wu, J., Samara, N. L., Kuraoka, I. & Yang, W. Evolution of inosine-
specific endonuclease V frombacterial DNase to eukaryotic RNase.
Mol. Cell 76, 44–56 (2019). e3.

18. Corbett, K. D. & Berger, J. M. Structure, molecular mechanisms,
and evolutionary relationships in DNA topoisomerases. Annu Rev.
Biophys. Biomol. Struct. 33, 95–118 (2004).

19. Dasgupta, T., Ferdous, S. & Tse-Dinh, Y. C. Mechanism of type IA
topoisomerases. Molecules 25, 4769 (2020).

20. Bax, B. D. et al. Type IIA topoisomerase inhibition by a new class of
antibacterial agents. Nature 466, 935–940 (2010).

21. Wilson, T.M.,Chen, A.D. &Hsieh, T.Cloning andcharacterizationof
Drosophila topoisomerase IIIbeta. Relaxation of hypernegatively
supercoiled DNA. J. Biol. Chem. 275, 1533–1540 (2000).

22. Goulaouic, H. et al. Purification and characterization of humanDNA
topoisomerase IIIalpha. Nucleic Acids Res 27, 2443–2450 (1999).

23. Sissi, C. & Palumbo, M. Effects of magnesium and related divalent
metal ions in topoisomerase structure and function. Nucleic Acids
Res 37, 702–711 (2009).

24. Changela, A., DiGate, R. J. & Mondragon, A. Crystal structure of a
complex of a type IA DNA topoisomerase with a single-stranded
DNA molecule. Nature 411, 1077–1081 (2001).

25. Terekhova, K., Marko, J. F. & Mondragon, A. Single-molecule ana-
lysis uncovers the difference between the kinetics of DNA dec-
atenation by bacterial topoisomerases I and III. Nucleic Acids Res
42, 11657–11667 (2014).

26. Mills, M., Tse-Dinh, Y. C. & Neuman, K. C. Direct observation of
topoisomerase IA gate dynamics. Nat. Struct. Mol. Biol. 25,
1111–1118 (2018).

27. Terekhova, K., Gunn, K. H., Marko, J. F. & Mondragon, A. Bacterial
topoisomerase I and topoisomerase III relax supercoiled DNA via
distinct pathways. Nucleic Acids Res 40, 10432–10440 (2012).

28. Bizard, A. H. et al. TopA, the Sulfolobus solfataricus topoisomerase
III, is a decatenase. Nucleic Acids Res 46, 861–872 (2018).

29. Annamalai, T., Dani, N., Cheng, B. & Tse-Dinh, Y. C. Analysis of DNA
relaxation and cleavage activities of recombinant Mycobacterium
tuberculosis DNA topoisomerase I from a new expression and
purification protocol. BMC Biochem 10, 18 (2009).

30. Narula, G. & Tse-Dinh, Y. C. Residues of E. coli topoisomerase I
conserved for interaction with a specific cytosine base to facilitate
DNA cleavage. Nucleic Acids Res 40, 9233–9243 (2012).

31. Zhang, H. L., Malpure, S. & DiGate, R. J. Escherichia coli DNA
topoisomerase III is a site-specific DNA binding protein that binds
asymmetrically to its cleavage site. J. Biol. Chem. 270,
23700–23705 (1995).

32. Dai, P., Wang, Y., Ye, R., Chen, L. & Huang, L. DNA topoisomerase III
from the hyperthermophilic archaeon Sulfolobus solfataricus with
specific DNA cleavage activity. J. Bacteriol. 185,
5500–5507 (2003).

33. Xu, D. et al. Top3beta is an RNA topoisomerase that works with
fragile X syndrome protein to promote synapse formation. Nat.
Neurosci. 16, 1238–1247 (2013).

34. Stoll, G. et al. Deletion of TOP3beta, a component of FMRP-
containing mRNPs, contributes to neurodevelopmental disorders.
Nat. Neurosci. 16, 1228–1237 (2013).

35. Saha, S. et al. DNA and RNA cleavage complexes and repair
pathway for TOP3B RNA- and DNA-protein crosslinks.Cell Rep. 33,
108569 (2020).

36. Ahmad, M. et al. Topoisomerase 3beta is the major topoisomerase
for mRNAs and linked to neurodevelopment and mental dys-
function. Nucleic Acids Res 45, 2704–2713 (2017).

37. Yang, Y. et al. Arginine methylation facilitates the recruitment of
TOP3B to chromatin to prevent R loop accumulation.Mol. Cell 53,
484–497 (2014).

38. Prasanth, K. R. et al. Topoisomerase III-beta is required for efficient
replication of positive-sense RNA viruses. Antivir. Res 182,
104874 (2020).

39. Zhang, T. et al. Loss of TOP3B leads to increased R-loop formation
and genome instability. Open Biol. 9, 190222 (2019).

40. Siaw, G. E., Liu, I. F., Lin, P. Y., Been, M. D. & Hsieh, T. S. DNA and
RNA topoisomerase activities of Top3beta are promoted by med-
iator protein Tudor domain-containing protein 3. Proc. Natl Acad.
Sci. USA 113, E5544–E5551 (2016).

41. Rani, P. et al. A type IA DNA/RNA topoisomerase with RNA hydro-
lysis activity participates in ribosomal RNA processing. J. Mol. Biol.
432, 5614–5631 (2020).

42. Chen, X., Gellert, M. & Yang, W. Inner workings of RAG recombi-
nase and its specialization for adaptive immunity. Curr. Opin.
Struct. Biol. 71, 79–86 (2021).

43. Narula, G. et al. The strictly conservedArg-321 residue in the active
site of Escherichia coli topoisomerase I plays a critical role in DNA
rejoining. J. Biol. Chem. 286, 18673–18680 (2011).

44. Tan, K. et al. Structural basis for suppression of hypernegativeDNA
supercoiling by E. coli topoisomerase I. Nucleic Acids Res 43,
11031–11046 (2015).

45. Ahmed, W., Bhat, A. G., Leelaram, M. N., Menon, S. & Nagaraja, V.
Carboxyl terminal domain basic amino acids of mycobacterial
topoisomerase I bind DNA to promote strand passage. Nucleic
Acids Res 41, 7462–7471 (2013).

46. Strzalka, A., Szafran, M. J., Strick, T. & Jakimowicz, D. C-terminal
lysine repeats in Streptomyces topoisomerase I stabilize the
enzyme-DNA complex and confer high enzyme processivity.
Nucleic Acids Res 45, 11908–11924 (2017).

47. Cheng, B., Zhu, C. X., Ji, C., Ahumada, A. & Tse-Dinh, Y. C. Direct
interaction between Escherichia coli RNA polymerase and the zinc
ribbon domains of DNA topoisomerase I. J. Biol. Chem. 278,
30705–30710 (2003).

Article https://doi.org/10.1038/s41467-022-32221-3

Nature Communications |         (2022) 13:4656 13



48. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

49. Varadi, M. et al. AlphaFold Protein Structure Database: massively
expanding the structural coverageof protein-sequence spacewith
high-accuracy models. Nucleic Acids Res. 50, D439–D444 (2022).

50. Strick, T. R., Allemand, J. F., Bensimon, D., Bensimon, A. & Cro-
quette, V. The elasticity of a single supercoiled DNA molecule.
Science 271, 1835–1837 (1996).

51. Lionnet, T. et al. Single-molecule studies using magnetic traps.
Cold Spring Harb. Protoc. 2012, 34–49 (2012).

52. Yang, X., Garnier, F., Debat, H., Strick, T. R. & Nadal, M. Direct
observation of helicase-topoisomerase coupling within reverse
gyrase. Proc. Natl Acad. Sci. USA 117, 10856–10864 (2020).

53. Dexheimer, T. S. & Pommier, Y. DNA cleavage assay for the iden-
tification of topoisomerase I inhibitors. Nat. Protoc. 3,
1736–1750 (2008).

54. Scott, S. et al. Visualizing structure-mediated interactions in
supercoiled DNA molecules. Nucleic Acids Res 46,
4622–4631 (2018).

55. Feinberg, H., Lima, C. D. &Mondragon, A. Conformational changes
in E. coli DNA topoisomerase I. Nat. Struct. Biol. 6, 918–922 (1999).

56. Yuan, W. et al. TDRD3 promotes DHX9 chromatin recruitment and
R-loop resolution. Nucleic Acids Res 49, 8573–8591 (2021).

57. Capranico, G., Binashi, M., Borgnetto, M. E., Zunino, F. & Palumbo,
M. A protein-mediated mechanism for the DNA sequence-specific
action of topoisomerase II poisons. Trends Pharm. Sci. 18,
323–329 (1997).

58. Jaxel, C., Capranico, G., Kerrigan, D., Kohn, K. W. & Pommier, Y.
Effect of local DNA sequence on topoisomerase I cleavage in the
presence or absence of camptothecin. J. Biol. Chem. 266,
20418–20423 (1991).

59. McKie, S. J., Maxwell, A. & Neuman, K. C. Mapping DNA topoi-
somerase binding and cleavage genome wide using next-
generation sequencing techniques. Genes (Basel) 11, 92 (2020).

60. Kovalsky, O. I., Kozyavkin, S. A. & Slesarev, A. I. Archaebacterial
reverse gyrase cleavage-site specificity is similar to that of
eubacterial DNA topoisomerases I. Nucleic Acids Res 18,
2801–2805 (1990).

61. Huang, L., Wang, Z., Narayanan, N. & Yang, Y. Argininemethylation
of the C-terminus RGG motif promotes TOP3B topoisomerase
activity and stress granule localization. Nucleic Acids Res 46,
3061–3074 (2018).

Acknowledgements
We are grateful to Xuemin Chen (NIDDK, NIH) for his assistance on
human cell culture and protein purification, and to Yeonee Seol (NHLBI,
NIH) for her help on the single-molecule experimental set upand sample
flow cell assembly. We thank Yuk-Ching Tse-Dinh (Florida International
University) for EcTOP1 enzyme and Yilun Sun (NCI, NIH) for technical
assistance in the experiments with hsTOP1 enzyme. We thank Keli
Agama, Shar-Yin Huang, and Hongliang Zhang in our laboratory for
sharing and discussing preliminary work on TOP3B with DNA substrates

for the TOP3B cleavage assays. Our work is supported by the Center for
Cancer Research (CCR), the Intramural Program of the National Cancer
Institute (Z01-BC-006161) to Y.P.

Author contributions
X.Y., W.Y., K.C.N., and Y.P. designed the biochemical and single-
molecule assays. X.Y. performed the biochemical and single-molecule
experiments. S.S. performed the cell-based RADAR assay. X.Y., K.C.N.,
and Y.P. analyzed data from the gel-based DNA/RNA cleavage assays
and the single-molecule assays. X.Y., W.Y., K.C.N., and Y.P. wrote the
manuscript.

Funding
OpenAccess funding providedby theNational Institutes of Health (NIH).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary informationTheonline version contains supplementary
material available at
https://doi.org/10.1038/s41467-022-32221-3.

Correspondence and requests for materials should be addressed to
Yves Pommier.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

This is aU.S.Governmentwork andnot under copyright protection in the
US; foreign copyright protection may apply 2022

Article https://doi.org/10.1038/s41467-022-32221-3

Nature Communications |         (2022) 13:4656 14

https://doi.org/10.1038/s41467-022-32221-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structural and biochemical basis for DNA and RNA catalysis by human Topoisomerase 3β
	Results
	DNA and RNA cleavage by TOP3B
	DNA but not RNA rejoining by TOP3B requires the addition of a divalent metal ion
	Lysine 10 (K10) of TOP3B promotes DNA cleavage and is required for DNA rejoining
	Lysine 10 (K10) of TOP3B is implicated in RNA rejoining
	The C-nobreakterminal tail of TOP3B enhances the processivity and nucleic acid binding of TOP3B
	TDRD3 increases the catalytic processivity and rate of TOP3B
	Structure and base-sequence preferences of TOP3B for DNA/RNA substrates affect TOP3B binding and catalysis

	Discussion
	Methods
	Cloning, protein expression and purification
	DNA/RNA oligo labeling and TOP3B cleavage assays
	Small RNAs in�vitro transcription
	DNA and RNA Electrophoretic mobility shift assay
	Gel-based TOP3B relaxation assay
	Single-molecule TOP3B DNA relaxation assays
	RADAR (rapid approach to DNA adduct recovery) assay
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




