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Abstract 1 

Resolution of topological stress is crucial for genome integrity. Vertebrate topoisomerase IIα 2 

(TOP2α) resolves catenanes to relieve topological stress and unlink daughter molecules during 3 

DNA replication. Topoisomerase IIIα (TOP3α) can also resolve catenanes, but its direct role during 4 

DNA replication, substrate specificity, and relevant binding partners remain unclear. Here we show 5 

that TOP3α directly resolves replication-generated DNA intertwines in Xenopus egg extracts. 6 

When TOP2α function is compromised, TOP3α promotes replication fork progression and 7 

daughter strand unlinking preferentially during replication termination. TOP3α can carry out this 8 

role independently of its binding partners RMI1-RMI2 and the BLM helicase by acting on lagging-9 

strand single-stranded DNA (ssDNA). Strikingly, elevated lagging-strand ssDNA drives formation 10 

of intramolecular ssDNA intertwines even when TOP2α is present, and TOP3α resolves these 11 

structures. Thus, lagging-strand ssDNA provides a substrate for TOP3α to promote replication 12 

termination but can also generate intramolecular intertwines that require TOP3α for their 13 

resolution.   14 



Introduction 15 

DNA replication generates topological stress that manifests as supercoils ahead of the fork and 16 

pre-catenanes behind the fork 1-4. These structures must be quickly resolved by topoisomerases 17 

to avoid buildup of topological stress that would otherwise stall DNA replication 5-15. Pre-catenanes 18 

that persist after replication is complete (‘catenanes’) 16,17  link the daughter DNA molecules and 19 

must be removed for faithful chromosome segregation 18. During eukaryotic DNA replication 20 

topoisomerase I (TOP1) can resolve supercoils 19,20, while topoisomerase II (TOP2) can resolve 21 

supercoils and pre-catenanes 21. In contrast, the role of topoisomerase III is much less clear 22-24. 22 

Addressing its role is important because topoisomerase function is essential for cell viability and 23 

targeted during cancer therapy, and because TOP3A defects underlie human disease 24 

characterized by growth restriction, microcephaly, and genome instability 25,26. 25 

 26 

Topoisomerase III acts by creating a transient single-stranded DNA break through which an 27 

adjacent DNA strand, or DNA duplex, is passed 27-30. This activity is crucial to resolve 28 

hemicatenanes that arise from homologous recombination 22,31. Bacterial topoisomerase III (topo 29 

III) can resolve catenanes 32 and can operate during elongation 9,33 and termination 27,34,35. 30 

However, yeast topoisomerase III (Top3) cannot act during termination 36 and has no defined role 31 

in unperturbed replication other than at sites of fork stalling 37. The vertebrate replicative 32 

topoisomerase III, TOP3α, is important for DNA replication 38 but also resolves transcription-33 

replication collisions 39 and is required for mitochondrial DNA segregation 40-43. It therefore remains 34 

to be established whether TOP3α promotes vertebrate fork progression by directly unlinking 35 

daughter DNA or indirectly through its roles in homologous recombination, transcription-36 

replication collisions, and mitochondrial DNA segregation21-24. 37 

 38 

The mechanism of topoisomerase III function during replication remains uncertain (Fig. S1A). 39 

Topoisomerase III may resolve pre-catenanes by acting on single-stranded DNA within the lagging 40 



strand template 33, but this has not been directly tested and is unexplored for the eukaryotic 41 

topoisomerase III paralogs. Single-stranded DNA can also arise on the leading strand template 42 

when the leading strand polymerase stalls but the replicative helicase continues to unwind 43 

(‘uncoupling’) 44,45, which is frequent 46,47 and thus could also be the substrate topoisomerase III 44 

acts upon (as noted in 24). Consistent with this, TOP3α accumulates on DNA when uncoupling is 45 

induced 48. Topoisomerase III may also resolve pre-catenanes by acting on double-stranded DNA, 46 

which it can also act on 49, although less efficiently than single-stranded DNA 50. Beyond questions 47 

about substrate specificity, eukaryotic Top3/ TOP3α also interacts with additional proteins to form 48 

distinct complexes that direct its nuclear 27,51,52, but not mitochondrial 40, function and whose roles 49 

are incompletely understood, and TOP3α can also function non-enzymatically within these 50 

complexes 53,54. For TOP3α these are the non-catalytic RMI1-RMI2 to form the ‘TRR’ complex 51 

55,56 and the BLM helicase to form the ‘BTRR’ complex 57. Finally, topoisomerase III can resolve 52 

intramolecular DNA linkages 50,58,59 but it is unclear whether this activity operates during 53 

replication. Thus, the substrate for topoisomerase III during DNA replication, the complexes that 54 

direct it, and the range of linkages it can resolve are all open questions. 55 

 56 

Here, we characterized the role of TOP3α during vertebrate DNA replication using Xenopus egg 57 

extracts 60,61. This approach allowed us to perform a detailed biochemical analysis of TOP3α using 58 

a complete vertebrate nuclear proteome but independent of transcription and mitochondrial DNA 59 

replication. We show that TOP3α normally plays no detectable role during DNA replication but 60 

promotes fork merger and pre-catenane resolution when TOP2α activity is lost. This function is 61 

independent of both RMI1-RMI2 and BLM, distinguishing it from canonical recombination-62 

intermediate dissolution. Mechanistically, TOP3α acts on lagging strand gaps to resolve pre-63 

catenanes primarily during termination. Additionally, we find that high levels of lagging-strand 64 

single-stranded DNA drive formation of intramolecular single-stranded DNA intertwines, which 65 

TOP3α resolves. Overall, our data reveal that TOP3α resolves intermolecular DNA intertwines 66 



(pre-catenanes) to compensate for loss of TOP2α function while playing a unique role in resolving 67 

intramolecular intertwines.   68 



Results 69 

No role for TOP3α during unperturbed DNA synthesis 70 

To investigate the role of topoisomerase IIIα (TOP3α) during vertebrate DNA replication, we first 71 

assessed whether loss of TOP3α impacted DNA replication in Xenopus egg extracts (‘extracts’).  72 

Plasmid DNA was replicated in extracts depleted of TOP3α and radiolabeled nucleotides were 73 

included to monitor the extent of DNA synthesis and the products formed (Fig. S1D). 74 

Immunodepletion was effective and removed ~>99% of TOP3α (Fig. S1E). In mock 75 

immunodepleted extracts, replication fork structures were initially detected (θs; Fig. S1F, lane 1) 76 

then converted to nicked and supercoiled circular monomeric products of DNA replication (nCMs, 77 

scCMs; Fig. S1F, lane 2) coincident with completion of DNA synthesis (Fig. S1G). These 78 

replication products were supercoiled because the plasmid DNA template is chromatinized in 79 

extracts 62 and the chromatin is replicated 63, so removal of nucleosomes results in compensatory 80 

supercoiling when the reaction is stopped 64. Importantly, TOP3α immunodepletion did not affect 81 

the DNA species formed (Fig. S1F), the rate of DNA synthesis (Fig. S1G), or the time taken to 82 

form circular monomeric products of DNA replication (Fig. S1H). Thus, TOP3α does not ordinarily 83 

play a role during DNA replication in Xenopus egg extracts. 84 

 85 

A TOP3α complex facilitates fork merger in the absence of TOP2α 86 

Topoisomerase IIα () is important for catenane resolution during vertebrate DNA replication, but a 87 

low level of unlinking still takes place even in the absence of TOP2α (Fig. S1B) 6. We therefore 88 

investigated whether TOP3α, whose orthologs can also resolve catenanes 49,50, might play a role 89 

in the absence of TOP2α (Fig. S1C). To do so, we included a catalytic inhibitor of TOP2 activity 90 

(TOP2-i, ICRF-193; characterized previously in this system 6) and once again replicated DNA in 91 

either mock- or TOP3α-immunodepleted extracts (Fig. 1A). In mock-treated extracts, replication 92 

fork structures accumulated and persisted for tens of minutes (θs; Fig. 1A-B) before being 93 

converted to catenanes (cats; Fig. 1B) and a small population of high molecular weight species 94 



(HMws; Fig. 1B) as previously described. TOP3α-immunodepletion did not affect incorporation of 95 

radiolabeled nucleotides, indicating that the early stages of replication (initiation and elongation) 96 

were unaffected (Fig. 1C). However, replication fork structures persisted to the end of the reaction 97 

(Fig. 1B, lane 8). This persistence indicated that fork merger, which corresponds to complete 98 

unwinding of the parental DNA (Fig. 1A), was severely inhibited (Fig. 1D). Importantly, addition of 99 

recombinant TOP3α as part of the TOP3α-RMI1-RMI2 complex (TRR; Fig. S1I) rescued the fork 100 

merger defect (Fig. 1B, Fig. 1D), demonstrating that TOP3α or some other part of the TRR 101 

complex (see Fig. 2) promotes fork merger. Overall, these data indicate that TOP3α is required 102 

for residual fork merger upon TOP2α inhibition. 103 

 104 

TOP2-i treatment traps TOP2 on DNA, which exacerbates fork merger defects and induces 105 

aberrant DNA species (HMws; Fig. 1B) 6. To test whether the TOP3α requirement reflected loss 106 

of TOP2α activity rather than TOP2 trapping, we immunodepleted TOP2α (Fig. 1E). ICRF-193 107 

was included to suppress residual TOP2 activity6. TOP2α immunodepletion caused replication 108 

fork structures to persist (Fig. 1F, lanes 1-4) but to a lesser extent than following TOP2-i treatment 109 

(Fig. 1B, lanes 1-4), leading to efficient catenane formation (cats; Fig. 1F. lanes 1-4), as expected 110 

6. Total DNA synthesis was unaffected (Fig. 1G), consistent with TOP2α immunodepletion 111 

interfering with termination and not earlier stages of DNA replication, as previously described 6. 112 

Importantly, TOP3α immunodepletion delayed fork merger and this was rescued by addition of 113 

recombinant TRR (Fig. 1F, lanes 5-12, Fig. 1H). Thus, TOP3α promotes fork merger in the 114 

absence of TOP2α, not just upon TOP2α inhibition. The catenanes formed in TOP2α-115 

immunodepleted extracts included a subset of slower migrating species that contained fewer 116 

intertwines (Cats-; Fig. 1F, lanes 1-4), also as previously found 6. Importantly TOP3α 117 

immunodepletion blocked formation of these species and this condition yielded only the faster-118 

migrating catenanes with more intertwines (Cats+; Fig. 1F, lanes 5-8). This change in catenane 119 

distribution was rescued upon re-addition of recombinant TRR (Fig. 1F, lanes 9-12), which 120 



demonstrated that TOP3α promoted unlinking of catenanes, either during or after DNA replication. 121 

The fork merger and unlinking defects were also observed using immunodepletion alone, without 122 

small-molecule inhibition (Fig. 4B, lanes 1-4 and 9-12). Overall, these data indicate that TOP3α 123 

promotes fork merger and unlinking of daughter DNA duplexes in the absence of TOP2α activity. 124 

 125 

TOP3α promotes fork merger independently of RMI1-RMI2-BLM 126 

Our initial analysis (Fig. 1) indicated that TOP3α or another component of the TRR complex 127 

promotes fork merger. Additionally, TOP3α can play a non-enzymatic structural role 53,54 and can 128 

also form the BLM-TOP3α-RMI1-RMI2 (BTRR) complex 55-57. We therefore investigated which 129 

TOP3α functions and interacting partners were required to promote fork merger when TOP2α 130 

activity is compromised (as in Fig. 1). 131 

 132 

We first tested the requirement for the catalytic activity of TOP3α. To this end we purified TRR 133 

complex containing the Y367F mutant of TOP3α (Fig. S2A), which eliminates the conserved 134 

catalytic tyrosine residue 65, then tested its ability to rescue fork merger defects (Fig. 2A). The 135 

Wild Type TRR complex rescued fork merger (WT; Fig. 2B lanes 5-8, Fig. 2C) and did not impact 136 

DNA synthesis (Fig. S2B), as expected (Fig. 1A-D). In contrast, the catalytic mutant was 137 

indistinguishable from the control (Mut; Fig. 2B lanes 9-12, Fig. 2C). Thus, the ability of the TRR 138 

complex to promote fork merger was entirely dependent on the catalytic activity of TOP3α. 139 

 140 

We next tested whether TOP3α itself could promote fork merger, or whether RMI1-RMI2 was 141 

required. We first immunodepleted RMI1 but found that this co-depleted TOP3α (Fig. S2C), 142 

consistent with reports that TOP3α forms a stable complex with RMI1-RMI2. This prevented us 143 

from independently assessing the contributions of RMI1-RMI2 by immunodepletion. We therefore 144 

tested the ability of TOP3α alone to rescue fork merger defects, compared to the complete TRR 145 

complex. We were unable to obtain catalytically active Xenopus TOP3α independent of RMI1-146 



RMI2. Instead we used human TOP3α (hTOP3α). Surprisingly, hTOP3α alone was able to 147 

promote fork merger to the same extent as the Xenopus TRR complex (Fig. 2D-F, Fig. S2E). This 148 

was not due to the ability of residual Xenopus RMI1-RMI2 in the extract because xRMI1 was co-149 

depleted using an xRMI1 antibody for this experiment (as in Fig. S2C). Thus, TOP3α alone could 150 

promote fork merger. However, hTOP3α only partially rescued formation of catenanes with fewer 151 

intertwines (Cats-; Fig. 2E, Fig. S2D,F) suggesting RMI1-RMI2 play some role. Overall, these 152 

data show TOP3α alone can support fork merger. 153 

 154 

Finally, we examined the role of the BLM helicase, which binds TOP3α-RMI1-RMI2 to form the 155 

BTRR complex. We used a previously validated antibody 66 to immunodeplete BLM from extracts 156 

(Fig. S2G). This antibody efficiently immunodepleted BLM and co-immunoprecipitated TOP3α 157 

(Fig. S2G lanes 5-7), but left most TOP3α in extracts (Fig. S2G lanes 1-4), indicating that most 158 

TOP3α was not bound to BLM. We then examined fork merger in extracts immunodepleted of 159 

TOP3α or BLM or both (Fig. 2G). Surprisingly, BLM immunodepletion did not appreciably impair 160 

fork merger in mock- or TOP3α-depleted extracts (Fig. 2H-I). Thus, BLM helicase did not appear 161 

to be involved in the fork merger role we had identified for TOP3α. 162 

 163 

Altogether, these results (Fig. 2) indicate that the catalytic activity of TOP3α promotes fork merger, 164 

independent of RMI1-RMI2 and BLM helicase. 165 

 166 

TOP3α acts primarily during replication termination 167 

We previously found that TOP2α unlinks DNA throughout replication (i.e. during elongation) to 168 

prevent buildup of topological stress that would otherwise stall termination 6. Similarly, bacterial 169 

topo III has been reported to operate throughout replication 9,33 as well as during termination 27. 170 

We therefore investigated whether TOP3α operates throughout replication, during termination, or 171 

both (Fig. S3A). 172 



 173 

To test when during replication TOP3α functions, we wanted to inhibit TOP3α at different stages 174 

of replication. However, no inhibitors of TOP3α were available. We therefore raised an antibody 175 

targeting an extended region of TOP3α and tested whether it could act as an inhibitor of TOP3α 176 

function.  177 

To determine when TOP3α acts during replication, we generated a blocking antibody targeting an 178 

extended region of TOP3α. Addition of this TOP3α antibody had no effect on DNA replication 179 

when TOP2α was fully active (Fig. 3A, Fig. 3B, lanes 1-4, 9-12), as expected (Fig. S1D-H). 180 

However, upon addition of TOP2-i the TOP3α antibody blocked fork merger (Fig. 3B, lanes 5-8, 181 

13-16), reproducing the immunodepletion effect (Fig. 1A-D). The antibody had no effect when 182 

TOP3α was absent (Fig. S3C-F), indicating that it was specific. Thus, this TOP3α-blocking 183 

antibody selectively inactivates TOP3α in extracts, allowing its requirement to be tested at 184 

different stages of replication. 185 

 186 

To test whether TOP3α acts primarily late during replication we added TOP3α-blocking antibody 187 

at 10 minutes, when most DNA synthesis was complete (~70% complete; Fig. S3B). Antibody 188 

addition at this late time point reproduced most of the fork merger defect observed when the 189 

antibody was added at the onset of replication (Fig. 3B, lanes 5-8, 13-20, Fig. 3C). We note that 190 

this result likely underestimates the extent to which TOP3α functions during termination because 191 

the antibody may take time to fully inhibit TOP3α. Still, these data show that most of the effect of 192 

TOP3α on fork merger can be attributed to it functioning late during replication.   193 

 194 

To test this timing independently of antibody-mediated inactivation, we immunodepleted TOP2 195 

and TOP3, then added back TRR either late during replication or at the onset of DNA replication 196 

(Fig. 3D). Analogously to the previous result (Fig. 3A-C), we found that addition of TRR rescued 197 

fork merger to the same extent, whether added at the onset of DNA replication (T=0’; Fig. 3E, 198 



lanes 7-12, Fig. 3F) or late during replication (T=20’; Fig. 3E, lanes 13-18, Fig. 3F). Although 199 

immunodepletion resulted in nonspecific slowing of DNA synthesis (compare Fig. S3B to Fig. 200 

S3G), this did not affect our experimental interpretation because we added xTRR after most DNA 201 

synthesis was complete (20 minutes; Fig. S3G). These data indicate that most of the effect of 202 

TOP3α on fork merger can be attributed to its role during termination.  203 

 204 

Although fork merger was unaffected by the timing of TOP3α add back, there was a small 205 

difference in the number of less intertwined catenanes (Cats-; Fig. 3D) produced when TRR was 206 

added back late during replication (Fig. 3E, lanes 7-18, Fig. S3H-I). We therefore added back 207 

TRR even later during replication (T=60’; Fig. 3E, lanes 19-24) when most fork merger was 208 

complete (Fig. 3F). Doing so eliminated most of the less intertwined catenanes (Fig. S3H-I) even 209 

though the extent of replication was essentially unaltered between the two time points (Fig. S3G). 210 

Thus, once forks merge the ability of TOP3α to carry out unlinking is substantially diminished, 211 

suggesting that it is only able to act at forks and not on fully replicated DNA. 212 

 213 

We previously showed that MCM10 and RTEL1 promote fork merger in the absence of TOP2α 214 

and this reflects a generalized role for these proteins in overcoming replication fork stalling 67. To 215 

determine whether TOP3α functions the same way, we assessed the impact of TOP3α 216 

immunodepletion on fork progression through an array of LacR proteins, which stalls replication 217 

forks (Fig. S3J). Immunodepletion of TOP3α had no effect on the ability of forks to progress 218 

through a LacR array (Fig. S3K-L). Thus, the role of TOP3α in promoting fork merger is specific 219 

to topological stress and does not reflect a general role for TOP3α in overcoming fork stalling.  220 

 221 

Together, these data (Fig. 3) show that TOP3α operates primarily at replication forks during 222 

replication termination, rather than throughout DNA replication or as a general response to fork 223 

stalling. 224 



 225 

TOP3α targets lagging strand ssDNA 226 

TOP3α may target lagging strand template ssDNA (‘lagging ssDNA’) 24,33, which should be present 227 

throughout replication (Fig. S4Ai). However, it could equally target ssDNA generated by 228 

uncoupling (Fig. S4Aii) 44-47 or dsDNA given that it can unlink double-stranded DNA catenanes 229 

(Fig. S4Aiii) 49,50. We therefore set out to directly test the model that TOP3α targets lagging strand 230 

ssDNA. The major prediction of this model is that increased lagging ssDNA should result in 231 

increased TOP3α activity. In our experiment (Fig. 1) this would mean that increased lagging strand 232 

ssDNA should at least partially rescue the decatenation defect in TOP2α mutants in a TOP3α-233 

dependent manner (Fig. S4B). To test this, we took advantage of the Polα inhibitor CD437 (Polα-234 

i) 68, which we found to specifically inhibit lagging strand synthesis in Xenopus egg extracts (Fig. 235 

S4C-D), as in cells 69,70.  236 

 237 

To test the effect of lagging ssDNA on catenane resolution, we replicated plasmid DNA in extracts 238 

immunodepleted for either TOP2α or both TOP2α and TOP3α, in the presence or absence of a 239 

partially inhibitory dose of Polα-i, and quantified the abundance of the less-catenated Cats- (Fig. 240 

4A) 6 as a read-out for catenane abundance. We omitted TOP2-i from the reaction, which would 241 

have severely limited formation of Cats- 6. TOP3α immunodepletion impaired disappearance of 242 

replication fork structures (θs; Fig. 4B, lanes 1-4, 9-12) and inhibited formation of partially-243 

decatenated species (Cats-; Fig. 4B, lanes 1-4, 9-12). Thus, the earlier fork merger and 244 

decatenation defects following loss of TOP3α (Fig 1) were observed in the absence of ICRF-193. 245 

Addition of Polα-i reduced the total amount of DNA synthesis (Fig. S4E), which is expected 246 

because Polα-Primase activity is required for initial priming of the leading strand during DNA 247 

replication 71. Strikingly, Polα-i treatment greatly increased the proportion of less intertwined 248 

catenanes formed (Fig. 4B, lanes 1-8, Fig. 4C, Fig. S4F) in TOP2α-immunodepleted extracts, 249 

which indicated that decatenation was increased by Polα-i treatment. Importantly, this effect was 250 



severely reduced in extracts immunodepleted of TOP2α and TOP3α (Fig. 4B, lanes 9-16, Fig. 4C, 251 

Fig. S4F). Thus, increased lagging ssDNA promotes decatenation in a manner that is dependent 252 

on TOP3α. 253 

 254 

Formation of less intertwined catenanes (Cats-; Fig. 4A-C) is an indirect readout of decatenation. 255 

To directly examine decatenation, we used 2-D gel electrophoresis to resolve daughter DNA 256 

circles into a discrete series of catenanes differing in linkage number (Fig. 4D-I and 6). We 257 

analyzed samples from the 30 minute time point of Fig. 4B when catenanes had initially formed 258 

(Fig. S4F) to prevent residual decatenation activity from remaining TOP2α from confounding the 259 

results. Following TOP2α immunodepletion the linkage median was approximately 14 (Fig. 4E, 260 

Fig. 4I). This was lower than we had previously reported 6, because omission of TOP2-i allowed 261 

some amount of unlinking to take place. Addition of Polα-i shifted the distribution of linkages down, 262 

resulting in a reduction to approximately 4 (Fig. 4F, Fig. 4I), consistent with our assessment that 263 

Polα-i reduces the number of intertwines in the catenated products of replication (Fig. 4A-C). 264 

Immunodepletion of TOP3α shifted the distribution of linkages up and the median was 265 

approximately 20 (Fig. 4G, Fig. 4I). Addition of Polα-i once again reduced the linkage median to 266 

approximately 14 (Fig. 4H, Fig. 4I) resulting in a smaller reduction than when TOP3α was present. 267 

There was no net effect on linkage median when TOP3α was immunodepleted and Polα-i was 268 

added, as evidenced by a linkage median of approximately 14 in both cases (Fig. 4E, Fig. 4H, 269 

Fig. 4I). Thus, increased lagging ssDNA reduces the number of intertwines in the catenated 270 

products of replication through a mechanism that involves TOP3α. 271 

 272 

Collectively, our data (Fig. 4) provide direct evidence for the model that TOP3α acts on lagging 273 

ssDNA. 274 

 275 

TOP3α resolves intramolecular ssDNA linkages 276 



Our finding that TOP3α specifically acts on lagging ssDNA raises the possibility that TOP3α may 277 

be uniquely important when lagging strand DNA synthesis is inhibited. To test this possibility, we 278 

replicated plasmid DNA in the presence of a high concentration of Polα-i using either mock- or 279 

TOP3α-immunodepleted extracts (Fig. 5A). No major differences in total DNA synthesis were 280 

observed (Fig. S5A). However, we observed the formation of a unique DNA species, that migrated 281 

slightly faster than nicked circular monomers, specifically in TOP3α-immunodepleted conditions 282 

(CM*; Fig. 5B, lanes 1-10, Fig. 5C). Thus, in the presence of elevated lagging ssDNA, TOP3α 283 

suppresses the formation of a unique DNA species. 284 

 285 

To gain additional information about the structure of the unique DNA species we performed 2-D 286 

gel electrophoresis (Fig. 5D-F). The species migrated within the area corresponding to monomers 287 

and migrated similarly to linear species. However, when the samples were nicked with a site-288 

specific nicking enzyme the species was predominantly converted to nicked circular monomer 289 

(Fig. 5G-H), indicating that it was a topoisomer of covalently closed circular monomer.  We thus 290 

named the species CM* to reflect its identity as an altered Circular Monomeric plasmid.  291 

 292 

We noticed that nicking CM* led to formation of an arc of topoisomers emanating from the nicked 293 

circular monomers (linkages; Fig. 5H). This pattern would typically be interpreted as 294 

intramolecular double-stranded DNA (dsDNA) knots. However, we disfavored this possibility 295 

because TOP3α appears to act on ssDNA during DNA replication (Fig. 3, Fig. 4), which made it 296 

difficult to envisage how its absence could lead to dsDNA knots. We reasoned that these species 297 

(linkages; Fig. 5H) could correspond to ssDNA linkages, in which case we would expect them to 298 

be resolved by nicking both DNA strands (i.e. by allowing both strands to freely rotate). 299 

Importantly, nicking both strands would not be expected to resolve dsDNA knots as breakage of 300 

both strands along with strand passage is required. Nicking both DNA strands did indeed resolve 301 

the linkages (Fig. S5B-C). Thus, the properties of CM* are consistent with the presence of some 302 



intramolecular ssDNA linkages. 303 

 304 

The best characterized substrate for TOP3α is hemicatenanes 22, which are ssDNA linkages 305 

between different DNA molecules (Fig. S5D). We reasoned that the intramolecular ssDNA 306 

linkages present in CM* (Fig. 5H) should exhibit similar behavior (Fig. S5D). We therefore treated 307 

CM* with purified TRR complex (Fig. 5I-J), which resolves hemicatenanes. TRR was able to 308 

directly resolve CM* (Fig. 5J, Fig. S5E) while having minimal effect on supercoiled circular 309 

monomers (Fig. S5F), supporting the idea that it contained hemicatenane-like structures. We 310 

reasoned that any such structures should also be hypersensitive to ssDNA endonucleases so we 311 

also tested whether they could be resolved by T7 endonuclease (Fig. 5I, Fig. 5K, Fig. S5G-H) or 312 

S1 endonuclease (Fig. 5I, Fig. 5L, Fig. S5I-J). CM* was resolved by both T7 endonuclease (Fig. 313 

5K, compare lanes 3-4) and S1 endonuclease (Fig. 5L, compare lanes 3-4). Under these same 314 

conditions, supercoiled plasmids were unaffected indicating that this effect was specific to single-315 

stranded DNA (scCMs; Fig. 5K, lanes 1-2; Fig. S5H; Fig. 5L, lanes 1-2; Fig. S5J). Thus, the 316 

properties of CM* suggest it contains intramolecular single-stranded linkages. 317 

 318 

Overall, our data (Fig. 5) show that high levels of lagging ssDNA create a requirement for TOP3α 319 

to suppress intramolecular ssDNA linkages even when TOP2α is present.   320 



DISCUSSION 321 

We have identified a mechanism by which TOP3α directly unlinks daughter DNA to support 322 

replication termination when TOP2α activity is compromised  (Fig. 6A-B). To do so, TOP3α targets 323 

lagging single-stranded DNA (ssDNA) independent of BLM and RMI1-RMI2. We also found that 324 

TOP3α plays an additional role in resolving intramolecular ssDNA intertwines that can arise in the 325 

presence of high levels of lagging ssDNA (Fig. 6C). Thus, TOP3α resolves both inter- and intra-326 

molecular intertwines during vertebrate DNA replication.  327 

 328 

TOP3α function during DNA replication 329 

Our finding that TOP3α exerts no detectable effect during normal DNA replication in Xenopus egg 330 

extracts (Fig. S1D-H) differs from a previous study that found a role for TOP3α 38. We favor the 331 

idea that the cellular role for TOP3α during replication reflects some facet of nuclear biology that 332 

is missing from the Xenopus egg extract system, such as transcription-replication collisions 39 333 

given that the extracts we use are transcriptionally inactive unless provided with altered DNA 334 

template or additional transcription factors 72,73. In bacteria, topo III is present at replication forks, 335 

33 which could reflect a role in ongoing replication or fork-associated recombination. In contrast, 336 

we show that TOP3α resolves pre-catenanes generated during replication (Fig. 4) and that TOP3α 337 

alone can support this activity (Fig. 2), indicating a direct replication function independent of its 338 

recombination function involving BLM-RMI1-RMI2. 339 

 340 

We previously reported that TOP2α resolves pre-catenanes and loss of TOP2α causes replication 341 

forks to stall during termination 6. Here we find that TOP3α similarly resolves pre-catenanes when 342 

TOP2α is absent and loss of TOP3α exacerbates stalling during termination (Fig. 1). In contrast 343 

to TOP2α, which resolves pre-catenanes throughout replication 6, TOP3α predominantly resolves 344 

pre-catenanes during termination (Fig. 3). We favor a model whereby TOP2α resolves most pre-345 

catenanes and thus obviates a need for TOP3α under normal conditions, but when TOP2α 346 



function is absent TOP3α can act at termination to resolve any remaining pre-catenanes.  347 

 348 

We previously found that the helicase RTEL1, recruited by the replisome component MCM10, 349 

promotes fork merger during termination 67. As for TOP3α, MCM10-RTEL1 is crucial for fork 350 

merger when forks stall due to lack of TOP2α. However, MCM10-RTEL1 promotes fork 351 

progression as part of a generalized response to stalling that is not specific to topological stress 352 

or termination 67. In contrast, we found that TOP3α acts when forks stall during termination due 353 

to topological stress (Fig. 3) and not when forks are stalled at a replication barrier (Fig. S3J-L). 354 

Thus, MCM10-RTEL1 and TOP3α can both support fork progression when forks stall during 355 

termination but operate through distinct mechanisms.  356 

 357 

Loss of both TOP2α and TOP3α leads to a synergistic block to fork convergence (Fig. 1). In 358 

human cells, metaphase-specific TOP3α depletion and TOP2α inhibition synergistically increase 359 

ultrafine anaphase bridges 58. This mitotic requirement is distinct from the replication function 360 

identified here. Because anaphase bridges can arise from unreplicated stretches of DNA 74, 361 

TOP3α may also suppress bridge formation by promoting replication completion before mitosis. 362 

Cells from patients with biallelic TOP3A mutations exhibit chromosome-segregation defects 363 

attributed to unresolved replication or recombination intermediates25. Impaired resolution of 364 

replication-generated catenanes could therefore contribute to genome instability in TOP3A-365 

associated disease, alongside defects in recombination-intermediate dissolution.   366 

 367 

TOP3α Independence from BLM and RMI1-RMI2 368 

We identified a nuclear role for TOP3α that is independent of BLM and RMI1-RMI2 (Fig. 2). Fork 369 

merger by TOP3α was unaltered by the loss of BLM and TOP3α was sufficient to rescue the 370 

TOP3α immunodepletion effect. However, BLM and RMI1-RMI2 are clearly important for TOP3α 371 

function, so this observation suggests that some facet of TOP3α unlinking at replication forks 372 



obviates the requirement. For example, the replicative CMG helicase may substitute for the 373 

unwinding activity of the BLM helicase and other protein-protein interactions may substitute for 374 

RMI1-RMI2 function. We note that the independence of RMI1-RMI2-BLM matches the situation 375 

during mitochondrial DNA replication 40, suggesting it could be generally true of TOP3α function 376 

during DNA replication. Given that BLM and RMI1-RMI2 play crucial roles in cells 56,75-77 and during 377 

other aspects of replication 66 it will be important to determine in which circumstances they are 378 

required for TOP3α activity.  379 

 380 

TOP3α acts on Lagging Strands 381 

Our data show that impaired lagging strand synthesis increased daughter strand unlinking and 382 

this increase was dependent on TOP3α (Fig. 4). Thus, we provide direct evidence that TOP3α 383 

targets lagging ssDNA. We found no ability of TOP3α to resolve double-stranded DNA (dsDNA) 384 

intertwines, despite its ability to do so in a range of circumstances 32,49,50. These data argue that 385 

under normal circumstances TOP3α acts specifically on ssDNA structures to resolve DNA 386 

intertwines. 387 

 388 

A key question is why TOP3α acts preferentially during termination even though lagging-strand 389 

ssDNA is present throughout replication. One possibility is that TOP3α requires persistent ssDNA 390 

but during fork progression lagging-strand ssDNA is too transient to be acted upon and persists 391 

long enough only when forks stall during termination. Alternatively, TOP3α may not be able to act 392 

on pre-catenanes during earlier stages of replication if they preferentially partition into the fully 393 

double-stranded regions of the daughter strands. Distinguishing these models will be an important 394 

goal of future work. 395 

 396 

TOP3α acts on intramolecular Intertwines 397 

An unexpected outcome of our investigations was the discovery that high levels of lagging-strand 398 



ssDNA can give rise to intramolecular ssDNA intertwines (Fig. 5, Fig. 6C). To our knowledge, such 399 

structures have not been previously described in the context of DNA replication, though a 400 

potentially similar structure was speculated to arise from DNA looping 78. The simplest explanation 401 

for these structures is that they are essentially intramolecular hemicatenanes, which typically arise 402 

from Holliday junctions formed during HR 22. However, we disfavor this as a source of 403 

intramolecular ssDNA linkages because homologous recombination would be expected to favor 404 

sister molecules, whereas we instead observe a preference for formation of these intertwines 405 

within the same molecule. Thus, the origin of these structures is highly uncertain. Although these 406 

events are rare, they could conceivably give rise to highly mutagenic extrachromosomal DNA 79. 407 

An important future direction is to establish the exact causes and consequences of these 408 

intramolecular intertwines.  409 



Methods 410 

Xenopus Egg Extracts 411 

Xenopus egg extracts were prepared from Xenopus laevis wild-type males and females (Nasco) 412 

as previously described 80. All experiments and protocols were approved by the Vanderbilt 413 

University Division of Animal Care (DAC) and Institutional Animal Care and Use committee 414 

(IACUC). 415 

 416 

Plasmid Construction and Preparation 417 

The construction of pJD152 (p[lacOx16]) and pJD156 (p[lacOx32]) was described previously 81. 418 

pJD156 (p[lacOx32]) was used in Fig. S3J-L. All other experiments used pJD152(p[lacOx16]) as 419 

a template for replication. 420 

 421 

Protein Purification 422 

Biotinylated LacR protein was expressed in Escherichia coli bacteria cells and purified as 423 

described previously 61,81.  424 

 425 

Recombinant wild-type (WT) and catalytic mutant (TOP3α Y367F mutant) Xenopus TOP3α-RMI1-426 

RMI2 complex (xTRR) were expressed and purified by Genscript (U1353074G0 for WT; 427 

U062D412G0 for mutant). xTRR was expressed in insect cells as a complex, then purified via 428 

affinity purification against HIS and FLAG tags. In Fig. 1 WT xTRR was used at a final 429 

concentration of 42.68 µg/ml. In Fig. 2 wild type xTRR was used at a final concentration of 5.12 430 

µg/ml while mutant xTRR was used at a final concentration of 13.35 µg/ml. These concentrations 431 

of WT and mutant xTRR were selected quantitatively for having the same amount of TOP3α 432 

protein (see Fig. S2A). 433 

 434 

To purify human TOP3α, Rosetta2 (DE3) pLysS E. coli cells (Novagen, Sigma) were transformed 435 



with the pET29H2 plasmid 82, which encodes N-terminally His-tagged hTOP3A, and grown in 2YT 436 

media supplemented with kanamycin (50 µg/ml) and chloramphenicol (20 µg/ml) to OD600 of 0.5. 437 

Cells were cooled down and IPTG was added to a final concentration of 1 mM. Expression was 438 

carried out overnight at 18°C with constant shaking. Cells were harvested by centrifugation, 439 

resuspended in lysis buffer (20 mM Hepes-NaOH pH = 7.5, 1 M NaCl, 0.5 mM TCEP, 10% v/v 440 

glycerol, 0.1% v/v Triton X-100, 30 mM imidazole, 1 mM PMSF, and Roche Complete EDTA-free 441 

protease inhibitor), and lysed by sonication. After removing cell debris by centrifugation (Sorvall 442 

SS34 rotor, 18k rpm, 40 min), the soluble fraction was loaded onto a 5 ml Nickel-NTA column 443 

(HisPur Ni-NTA resin, Thermo Fisher) equilibrated with lysis buffer. After loading, the column was 444 

washed with lysis buffer and a wash buffer (20 mM Hepes-NaOH pH = 7.5, 0.2 M NaCl, 0.5 mM 445 

TCEP), and the protein was eluted in wash buffer supplemented with 250 mM imidazole. The 446 

eluted sample was diluted 1:1 with wash buffer and loaded onto a 5 ml HiTrap Heparin HP (Cytiva) 447 

column equilibrated with the same buffer. Protein was eluted with a NaCl gradient of 0.2 M to 1 M 448 

in wash buffer. Elution fractions were run on an SDS-PAGE gel and samples containing TOP3A 449 

were pooled. The pooled sample was concentrated to ~1 mg/ml with a 50 kDa ultra centrifugation 450 

filter (Amicon) and dialyzed into storage buffer (20 mM Hepes-NaOH pH = 7.5, 0.2 M NaCl, 10% 451 

v/v glycerol, 1 mM DTT). Concentration was determined using UV absorbance and aliquots were 452 

frozen in an ethanol/dry ice bath and stored at −80°C. Human TOP3α was used at a final 453 

concentration of 240 nM in Fig. 2E–F. 454 

 455 

Antibodies 456 

For immunodepletions, a TOP3α antibody (NEP 3858) was generated in rabbits by New England 457 

Peptide using purified peptide of Xenopus TOP3α composed of the sequence 458 

CHQPGHNRTNSPQNR.  459 

 460 

For Western Blotting and acute inactivation of TOP3α a second, function-blocking TOP3α 461 



antibody was generated. The following HIS-tagged polypeptide composed of the sequence  462 

MHHHHHHHHHHNRPPQAAPRESNHLQVNQTSNRMGNSGDGRGRQPQTKTLKPPVVKPSTS463 

RGAPPIPGNSESNEVVCNCGVTAVQLTVRKEGPNQGRPFYKCNGGACNFFLWADQEDGGGQ464 

NAPAGPSTGRPSNAFNNSRAPDSFRSGGGSNDPGSEGQAVVCMCNQPAVTRTVQKDGANKG465 

RQFHTCSKPREQQCGYFQWADENVPPGSSSGFSGSSGGSSFSGGSGAQRNSGKKNKRSEN466 

SFSGPTAKKPRSCG was purified by Genscript (U8068HWUG0). This antigen was then used to 467 

generate affinity purified TOP3α antibody (NEP 5606) in rabbits by New England Peptide. For 468 

acute TOP3α inactivation, this antibody was used at a final concentration of 0.233 mg/ml in all 469 

experiments. 470 

 471 

Xenopus antibodies targeting TOP2α and BLM were previously generated 6,66. RMI1 antibody was 472 

from Proteintech (Cat#: 14630-1-AP). 473 

 474 

Immunodepletions 475 

To deplete TOP2α, TOP3α, BLM, and RMI1 from Xenopus egg extracts, 1.29 volumes Protein A-476 

coupled magnetic beads (Dynabeads Protein A (30 mg/mL)) were bound to target antibody or 477 

control anti-KLH (Keyhole limpet hemocyanin) ‘mock’ antibody (0.5 μg antibody per 1 μl beads). 478 

Antibody-bound beads were then incubated with 1 volume of NPE or 0.5 volumes HSS for 20 min 479 

at room temperature with end-over-end rotation and this was repeated once. Depleted extracts 480 

were then collected and used for DNA replication (as above). For co-depletion of two proteins, 481 

beads were combined for each round of depletion and the number of depletion rounds remained 482 

constant. In all experiments beads bound to control anti-KLH were used to ensure that the 483 

concentration of beads and anti-KLH was identical for all conditions. 484 

 485 

DNA Replication in Xenopus egg extracts 486 

DNA replication was performed as previously described 61. High Speed Supernatant (HSS) was 487 



incubated with nocodazole (3 ng/μl) and ATP regenerating system(‘ARS,’ 20 mM 488 

phosphocreatine, 2 mM ATP and 5 ng/μl phosphokinase) for five minutes at room temperature. 489 

When indicated, LacR protein was bound to lacO repeats on plasmid DNA for one hour at room 490 

temperature before licensing DNA. To license plasmid DNA, one volume of ‘licensing mix’ was 491 

prepared by incubating plasmid DNA with HSS (final concentration: 6.75-13.5 ng/μl DNA) at room 492 

temperature for 30 minutes. NucleoPlasmic Extract (NPE) was supplemented with ARS, and DTT 493 

(final concentration: 2 mM). To initiate replication, 2 volumes of NPE mix were added to 1 volume 494 

of licensing mix. If applicable, replication forks that were stalled at a LacR-bound lacO array were 495 

released by IPTG addition as described previously 61,81. Samples were withdrawn into Replication 496 

Stop Solution (8 mM EDTA, 0.13% phosphoric acid, 10% ficoll, 5% SDS, 0.2% bromophenol blue, 497 

80 mM Tris, pH 8) then vigorously mixed and treated with Proteinase K (929 ng/μl). Where 498 

indicated, ICRF-193 (TOP2-i) was dissolved in DMSO and used at a nominal final concentration 499 

of 200 µM. NPE mixtures were preincubated with ICRF-193 before replication initiation, typically 500 

for 10–15 minutes. Polymerase α inhibitor (Polα-i, CD-437) was dissolved in DMSO and used at 501 

a final concentration of 6 µM for Fig. 4, 200 µM for Fig. S4C-D, and 50 µM for Fig. 5. Polα-i was 502 

used with a final concentration of 4% (v/v) DMSO in the reaction. ICRF-193 was included in the 503 

TOP2-inhibited reactions shown in Figs. 1-3 and S3C-F, including after TOP2α immunodepletion 504 

to suppress residual TOP2 activity. ICRF-193 was omitted from all reactions in Figs. 4 and 5. 505 

Vehicle-treated reactions in Fig. 4 contained neither ICRF-193 nor CD437. 506 

 507 

Analysis of replication intermediates 508 

Replication intermediates were separated by native agarose gel electrophoresis and detected by 509 

autoradiography. Quantification was performed using ImageJ (NIH). To quantify total DNA 510 

synthesis, total lane signal was measured and normalized to the maximum signal across all time 511 

points and conditions (AU). The abundance of supercoiled monomers, linears, and other indicated 512 

species are expressed as a percentage of total lane signal (%).  513 



 514 

2-D Gel Electrophoresis 515 

Nicked 2-D catenane gels (Fig. 4) were performed as described previously 6. Briefly, purified DNA 516 

was digested with 0.02 U/µL Nb.BtsI (New England Biolabs) and then separated on a 0.4% 517 

agarose gel at 1 V/cm for 21.5 hours. The gel was stained with 0.3 µg/ml ethidium bromide then 518 

lanes were excised and recast in a 1.2% gel containing 0.3 µg/ml ethidium bromide before being 519 

separated at 4.8 V/cm for 12 hours. Radiolabeled DNA was detected by phosphorimaging. Total 520 

catenane signal was quantified as a percentage of signal from the entire 2D gel autoradiograph. 521 

To calculate linkage median, the signal from every 5 catenanes (e.g., species with 1-5 linkages, 522 

species with 6-10 linkages, etc.) was measured and then expressed as a percentage (%) of total 523 

catenanes signal.  524 

 525 

For Fig. 5, purified DNA was either left uncut or digested with 0.4 U/µL Nb.BssSI (New England 526 

Biolabs) to cut one strand only or 0.2 U/µL Nb.BtsI (New England Biolabs) to cut both strands. 527 

Digests were performed in rCutsmart buffer for 1 hour at 37°C. DNA was then separated on a 528 

0.4% agarose gel at 1 V/cm for 21.5 hours. Lanes were excised and recast in a 1.2% gel 529 

containing 0.3 µg/ml ethidium bromide before being separated at 4.5 V/cm for 12 hours. 530 

Radiolabelled DNA was detected by phosphorimaging.  531 

 532 

DNA Enzyme Digests 533 

For all DNA enzyme digests, DNA samples were first purified via phenol-chloroform extraction 534 

and then precipitated by ethanol precipitation before resuspension in 10mM Tris (pH 8.0) buffer. 535 

For S1 Nuclease (Thermo Scientific, Cat#: EN0321) digestion, S1 nuclease was diluted with 1x 536 

S1 Nuclease Reaction Buffer (Thermo Scientific Cat#: EN0321) and then approx. 10 ng of DNA 537 

was treated with S1 Nuclease with a final reaction concentration as indicated (Fig. 5) in 1x S1 538 

Nuclease Reaction Buffer at 23°C for 30 minutes. Reactions were stopped by addition of 1 µl of 539 



0.5 M EDTA and heated at 70°C for 10 minutes, as per manufacturer’s instructions. 3 µl of 6x 540 

SDS Loading DNA Buffer (15% Ficoll-400, 66.5 mM EDTA, 20 mM Tris–HCl pH 8.0, 0.1% SDS, 541 

0.09% Bromophenol blue) was added to each sample reaction before loading onto a 1% agarose 542 

TBE native gel. DNA products were separated at 5 V/cm for approximately 2 hours. 543 

 544 

For T7 Endonuclease I (New England Biolabs, Cat#: M0302S) treatment, approximately 10 ng of 545 

DNA was treated with 3 U/ml T7 Endonuclease I (Fig. 5) in 1x Buffer 2 (New England Biolabs) at 546 

23°C for 30 minutes. Reactions were stopped by addition of 2 µl of 6x SDS Loading DNA Buffer 547 

(15% Ficoll-400, 66.5 mM EDTA, 20 mM Tris–HCl pH 8.0, 0.1% SDS, 0.09% Bromophenol blue). 548 

DNA was loaded onto a 1% agarose TBE native gel and products were separated at 5 V/cm for 549 

approximately 2 hours. 550 

 551 

Topoisomerase Treatment 552 

For Xenopus Topoisomerase IIIα-RMI1-RMI2 (xTRR) (Genscript) protein treatment, 553 

approximately 10 ng of DNA was treated with a final concentration of 2.24 μg/ml xTRR protein at 554 

37°C for 15 minutes in a buffer containing 35 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 60 mM NaCl, 555 

20% glycerol, 1 mM dithiothreitol (DTT), 2 mM ATP, and 20 mM phosphocreatine. 1 unit of 556 

Creatine Phosphokinase was added last to each reaction. During the incubation, TopSTOP buffer 557 

was prepared from 20 μL Proteinase K (929 ng/μl), 80 μL filtered MilliQ water, and 100 μL 6% 558 

SDS. After incubation, a volume of TopSTOP buffer equivalent to a third of the reaction was added 559 

and then the reaction was incubated for a further 15 minutes at 37°C. Reactions were stopped by 560 

addition of 3 µl of 6x SDS Loading DNA Buffer (15% Ficoll-400, 66.5 mM EDTA, 20 mM Tris–HCl 561 

pH 8.0, 0.1% SDS, 0.09% Bromophenol blue). DNA was loaded onto a 1% agarose TBE native 562 

gel and products were separated at 5 V/cm for approximately 2 hours. 563 

  564 
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Figure Legends 583 

Figure 1: TOP3α promotes fork merger in the absence of TOP2α 584 

(A) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 585 

label newly-synthesized DNA strands under TOP2-inhibited conditions (TOP2-i, ICRF-193), with 586 

or without TOP3α immunodepletion and addition of recombinant Xenopus Topoisomerase IIIα-587 

RMI1-RMI2 (xTRR) complex. The expected DNA structures (identified in 6,81) are indicated. 588 

(B) Replication was performed as in (A). Samples were separated on a native agarose gel and 589 

visualized by autoradiography. See also Supplemental Fig. S1D,I.  590 

(C) Quantification of total DNA synthesis from (B).  591 

(D) Quantification of fork merger from (B).  592 

(E) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 593 

label newly-synthesized DNA strands under TOP2-immunodepleted conditions, with or without 594 

TOP3α immunodepletion and addition of recombinant Topoisomerase IIIα-RMI1-RMI2 (TRR) 595 

complex. ICRF-193 was included to suppress residual TOP2 activity after immunodepletion. 596 

(F) Replication was performed as in (E). Samples were separated on a native agarose gel and 597 

visualized by autoradiography.  598 

(G) Quantification of total DNA synthesis from (F).  599 

(H) Quantification of fork merger from (F).  600 

 601 

Figure 2: TOP3α promotes fork merger independently of RMI1-RMI2 and BLM 602 

(A) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 603 

label newly-synthesized DNA strands under TOP2-inhibited (TOP2-i) and TOP3α 604 

immunodepleted conditions supplemented with wild type (WT) xTRR complex or catalytic mutant 605 

(Mut).  606 



(B) Replication was performed as in (A). Samples were separated on a native agarose gel and 607 

visualized by autoradiography. See also Supplemental Fig. S2A-B.  608 

(C) Quantification of fork merger from (B).  609 

(D) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 610 

label newly-synthesized DNA strands under conditions co-depleted of TOP2α, TOP3α, and RMI1 611 

with addition of recombinant xTRR complex or human TOP3α (hTOP3α). ICRF-193 was included 612 

to suppress residual TOP2 activity after immunodepletion.  613 

(E) Replication was performed as in (D). Samples were separated on a native agarose gel and 614 

visualized by autoradiography. 615 

(F) Quantification of fork merger from (E). See also Supplemental Fig. S2D. Quantification of an 616 

experimental replicate is shown in Fig. S2E-F. 617 

(G) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 618 

label newly-synthesized DNA strands under TOP2 inhibited (TOP2-i) conditions and 619 

immunodepleted of TOP3α, BLM, or both.  620 

(H) Replication was performed as in (G). Samples were separated on a native agarose gel and 621 

visualized by autoradiography. See also Supplemental Fig. S2G. 622 

(I) Quantification of fork merger from (H).  623 

 624 

Figure 3: TOP3α acts on replication forks during termination 625 

(A) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 626 

label newly-synthesized DNA strands in the presence of vehicle (veh) or TOP2-i. At different time 627 

points extracts were supplemented with a TOP3α-blocking antibody (Ab-TOP3α) or a control (Ab-628 

Control).  629 

(B) Replication was performed as in (A). Samples were separated on a native agarose gel and 630 

visualized by autoradiography.  631 

(C) Quantification of fork merger from (B). See also Supplemental Fig. S3B. 632 



(D) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 633 

label newly-synthesized DNA strands in extracts that were immunodepleted of TOP2α and 634 

TOP3α. ICRF-193 was included to suppress residual TOP2 activity after immunodepletion. At 635 

different time points recombinant xTRR was added back to the reaction.  636 

(E) Replication was performed as in (D). Samples were separated on a native agarose gel and 637 

visualized by autoradiography. See also Supplemental Fig. S3G-I. 638 

(F) Quantification of fork merger from (E).  639 

 640 

Figure 4: TOP3α acts on lagging strand template ssDNA 641 

(A) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 642 

label newly-synthesized DNA strands in extracts that were depleted of TOP2α with or without co-643 

depletion of TOP3α. Extracts were also treated with either a small molecule inhibitor of POLα 644 

(POLα-i, CD437) or vehicle control (veh). ICRF-193 was omitted from all reactions, so vehicle-645 

treated samples contained neither ICRF-193 nor CD437. 646 

(B) Replication was performed as in (A). Samples were separated on a native agarose gel and 647 

visualized by autoradiography.  648 

(C) Quantification of the lower mobility species of catenanes (Cats-) in (B). See also Fig. S4 E-F. 649 

(D) Schematic of the different species of catenated plasmid dimers detected by 2-D gel 650 

electrophoresis following nicking of plasmid DNA to relieve supercoiling. Each spot on the 651 

indicated arc corresponds to a species of catenanes with a distinct number of linkages. Species 652 

with 21 or more linkages cannot be discerned from each other because the individual positions 653 

are too close to be resolved.  654 

(E) The sample from Lane 3 in (B) was separated by 2-D gel electrophoresis and visualized by 655 

autoradiography. Note that only the section of the gel containing catenated species was analyzed. 656 

(F) The sample from lane 7 in (B) was analyzed as in (E). 657 

(G) The sample from lane 11 in (B) was analyzed as in (E). 658 



(H) The sample from lane 15 in (B) was analyzed as in (E). 659 

(I) Quantification of the median number of linkages for the catenated species detected in (E)-(H). 660 

 661 

Figure 5: TOP3α resolves intramolecular ssDNA intertwines 662 

(A) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 663 

label newly-synthesized DNA strands in extracts that were treated with POLα-i with or without 664 

immunodepletion of TOP3α.  665 

(B) Replication was performed as in (A). Samples were separated on a native agarose gel and 666 

visualized by autoradiography.  667 

(C) Quantification of CM*, which is the circular monomer species migrating between supercoiled 668 

(scCMs) and nicked (nCMs) circular monomer species, in (B). See also Supplemental Fig. S5A. 669 

(D) Schematic of the migration of different monomeric species of circular monomers following 2-670 

D gel electrophoresis. 671 

(E) The sample from lane 5 in (B) was separated by 2-D gel electrophoresis  and visualized by 672 

autoradiography. Note that only the section of the gel containing monomeric species was 673 

analyzed. 674 

(F) The sample from lane 10 in (B) was analyzed as in (E). 675 

(G) The sample from lane 5 in (B) was nicked using a site-specific nicking enzyme then analyzed 676 

as in (E). 677 

(H) The sample from lane 10 in (B) was nicked using a site-specific nicking enzyme then analyzed 678 

as in (E). 679 

(I) Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 680 

label newly-synthesized DNA strands in extracts that were treated with POLα-i and mock- or 681 

TOP3α-immunodepleted. Replication products were then purified and treated with recombinant 682 

xTRR, T7 nuclease, or S1 nuclease.  683 



(J) Replication was performed as in (I). The purified products of replication in TOP3α-684 

immunodepleted extracts were treated with either purified xTRR or buffer control then separated 685 

on a native agarose gel and visualized by autoradiography. Quantification is shown in 686 

Supplemental Fig. S5E-F.  687 

(K) Replication was performed as in (I). Purified replication products were treated with either T7 688 

nuclease or buffer control then separated on a native agarose gel and visualized by 689 

autoradiography. Quantification is shown in Supplemental Fig. S5G-H. 690 

(L) Replication was performed as in (I). Purified replication products were treated with either S1 691 

nuclease or buffer control then separated on a native agarose gel and visualized by 692 

autoradiography. Quantification is shown in Supplemental Fig. S5I-J. 693 

 694 

Figure 6: Model for distinct functions of TOP3α during vertebrate DNA replication. 695 

(A) In the absence of TOP2, pre-catenanes accumulate and cause converging replication forks to 696 

stall, leading to slowed fork merger.  TOP3α resolves pre-catenanes by acting on lagging template 697 

ssDNA during termination, contributing to residual fork merger and decatenation. 698 

(B) In the absence of both TOP2 and TOP3 pre-catenanes persist, resulting in prolonged 699 

replication fork stalling. 700 

(C) In the presence of high levels of lagging ssDNA intramolecular ssDNA intertwines can form 701 

and these can be resolved by TOP3α. 702 

 703 

 704 

 705 

  706 



Supplemental Figure Legends 707 

Supplemental Figure S1: Roles of TOP3α during vertebrate DNA replication 708 

(A) Cartoon depicting the different stages of vertebrate DNA replication during which TOP3 could 709 

act: elongation (i) and the fork merger stage of termination (ii) at lagging strand template ssDNA; 710 

and (iii) the decatenation stage of termination by acting on dsDNA catenanes.  711 

(B) Cartoon depicting the role of TOP2 during vertebrate DNA replication termination. Under 712 

unperturbed conditions TOP2 primarily resolves catenanes behind replication forks to promote 713 

fork merger. 714 

(C) Cartoon depicting a potential role for TOP3 during vertebrate DNA replication termination. In 715 

the absence of TOP2 catenanes accumulate, causing converging replication forks to stall. 716 

However, forks ultimately overcome stalling and limited decatenation takes place, which could in 717 

part reflect the activity of TOP3. 718 

(D)  Plasmid DNA was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to 719 

label newly-synthesized DNA strands with or without TOP3α immunodepletion.  720 

(E) TOP3α-immunodepleted extracts from (D) were analyzed by western blotting for TOP3α 721 

alongside a dilution series of mock-immunodepleted extracts. TOP3α is visible in the 100-fold 722 

dilution of mock-immunodepleted extract (lane 6) but not in the undiluted TOP3α-immunodepleted 723 

extract, suggesting >99% of TOP3α was removed. 724 

(F) Replication was performed as in (D). Samples were separated on a native agarose gel and 725 

visualized by autoradiography. 726 

(G) Quantification of total DNA synthesis from (F). Because DNA replication is asynchronous in 727 

this system, DNA synthesis reflects the rate of both initiation and elongation. No detectable 728 

difference was observed between mock- and TOP3α-immunodepleted extracts, indicating that 729 

TOP3α does not play a major role in initiation or elongation. 730 

(H) The fork merger stage of termination was quantified from (F). No detectable difference was 731 



observed between mock- and TOP3α-immunodepleted extracts, indicating that TOP3α does not 732 

play a major role in fork merger. 733 

(I) Purified Xenopus TOP3α-RMI1-RMI2 complex was analyzed by SDS-PAGE to assess purity. 734 

Three distinct bands are visible, corresponding to the different complex subunits and no other 735 

bands are discernable, indicating a high level of purity of the prep.  736 

 737 

Supplemental Figure S2: Analysis of TOP3α-interacting proteins 738 

(A) Purified wild type (WT) and catalytic mutant (Mut) of Xenopus TOP3α-RMI1-RMI2 complex 739 

were analyzed by SDS-PAGE to assess evenness of loading. Even levels of TOP3α are detected 740 

for both conditions (~120 kDa band) but the mutant preparation contains higher levels of the RMI1 741 

and RMI2 components (~80 kDa and ~16 kDa bands).  742 

(B) Quantification of total DNA synthesis from Fig. 2B.  743 

(C) Extracts were immunodepleted of RMI1 and then analyzed by western blotting for RMI1 and 744 

TOP3α. Arrows indicate expected band positions. RMI1 immunodepletion removed >95% of both 745 

RMI1 and TOP3α (compare lanes 1 and 5) indicating that TOP3α co-depletes with RMI1. 746 

(D) Quantification of Cats- species from Figure 2E. 747 

(E) Quantification of an experimental replicate of Figure 2F. 748 

(F) Quantification of an experimental replicate of (D). 749 

(G) Mock- and BLM-immunodepleted Extracts from Figure 2G were analyzed by western blotting 750 

for BLM and TOP3α. Arrows indicate expected band positions. * indicates background band 751 

adjacent to BLM that was not immunodepleted. 752 

 753 

Supplemental Figure S3: Analysis of TOP3α activity during different stages of DNA replication 754 

(A) Cartoon model depicting different stages of vertebrate DNA replication during which TOP3α 755 

acts. 756 

(B) Quantification of total DNA synthesis from Fig. 3B. 757 



(C) To assess the specificity of the TOP3α-blocking antibody (Ab-TOP3α), plasmid DNA was 758 

replicated using Xenopus egg extracts in the presence of [α-32P]dATP to label newly-synthesized 759 

DNA strands under TOP2α-immunodepleted conditions, with or without TOP3α immunodepletion 760 

and addition of anti-TOP3α. ICRF-193 was included to suppress residual TOP2 activity after 761 

immunodepletion. As a control, antibody targeting keyhole limpet hemocyanin (Ab-Control) was 762 

used. 763 

(D) Samples from (C) were separated on a native agarose gel and visualized by autoradiography. 764 

Ab-TOP3α reproduced the fork merger defect of TOP3α immunodepletion (compare lanes 5-8 to 765 

9-12) and there was no effect of Ab-TOP3α when TOP3α was immunodepleted (compare lanes 766 

9-12 to 13-16). Thus, Ab-TOP3α specifically inhibits TOP3α. 767 

(E) Fork merger was quantified from (D).  768 

(F) Experimental replicate of (E). 769 

(G) Quantification of total DNA synthesis from Fig. 3E. 770 

(H) Quantification of the lower mobility species of catenanes (Cats-) in Fig. 3E. 771 

(I) Bar Chart of the 120 minute time point from (H). 772 

(J) To assess the role of TOP3α during replication fork stalling, plasmid DNA containing a lacO 773 

array was bound with LacR then was replicated using Xenopus egg extracts in the presence of 774 

[α-32P]dATP to label newly-synthesized DNA strands with or without TOP3α immunodepletion. 775 

Upon encountering the LacR barrier forks stall and then gradually progress through the lacO array 776 

until the two converging forks encounter each other and undergo fork merger, which acts as a 777 

read out for fork progression following stalling. Residual LacR binding interferes with decatenation 778 

and creates a range of complex topoisomers so to directly monitor fork merger, DNA was purified 779 

then restriction digested to monitor the conversion of high molecular weight replication fork 780 

structures (Double Ys) to low molecular weight linear molecules (linears).  781 

(K) Samples from (J) were separated on a native agarose gel and visualized by autoradiography. 782 



(L) Fork merger was quantified from (K). There was no difference in the progression of stalled 783 

forks between mock- and TOP3α-immunodepleted extracts, indicating that TOP3α does not play 784 

a general role in promoting stalled fork progression. 785 

 786 

Supplemental Figure S4: Analysis of TOP3α activity on different replication fork structures 787 

(A) Cartoon depicting the different replication fork structures TOP3α could act upon: lagging 788 

strand template ssDNA at replication forks (i); template ssDNA on both leading and lagging 789 

strands exposed by replication fork uncoupling (ii); and duplex DNA behind the replication fork 790 

(iii).  791 

(B) Cartoon depicting the experimental test from Figure 4 of the model that TOP3α acts on lagging 792 

template ssDNA to resolve catenanes. Loss of TOP2 (ΔTOP2) results in accumulation of 793 

catenanes due to insufficient TOP2 activity. If TOP3α acts on lagging ssDNA template to resolve 794 

catenanes then increasing the amount of lagging ssDNA template by inhibition of Polα-Primase 795 

would be expected to reduce the number of catenanes and this reduction would be expected to 796 

depend on the presence of TOP3α. 797 

(C) Cartoon depicting the experimental setup used to test the specificity of (Polα-i, CD437) for 798 

inhibition of lagging strand synthesis. Plasmid DNA containing a lacO array was bound with LacR 799 

then was replicated using Xenopus egg extracts in the presence of [α-32P]dATP to label newly-800 

synthesized DNA strands. Once forks were stalled at the array, they were restarted by addition of 801 

IPTG along with either vehicle control or Polα-i.  802 

(D) Replication was performed as in (C). At different time points, replication intermediates from 803 

different time points were purified, restriction digested, then analyzed by denaturing alkaline gel 804 

electrophoresis to monitor the nascent DNA strands from the leftward moving fork in (C). Prior to 805 

IPTG addition a single population of nascent DNA strands existed at a specific location, 806 

corresponding to forks stalled at the LacR barrier (lanes 1, 8), as expected. Following IPTG and 807 

Vehicle addition nascent strands increased in size as forks restarted (lanes 2-4) then were 808 



converted to high molecular weight ligated products once leading strands were ligated to 809 

downstream lagging strands (lanes 4-7). Following IPTG and Polα-i addition two populations of 810 

nascent strands were observed: a persistent stalled species that did not increase in size, 811 

corresponding to the expected stalled lagging strands (stalled lag; lanes 9-11); and a slower-812 

migrating species that increased in size, corresponding to the expected restarted leading strands 813 

(restarted lead; lanes 9-11). Both species quickly resolved and were converted to ligated products 814 

(lanes 11-14) as expected if leading strand synthesis proceeded unhindered until encountering 815 

the downstream lagging strands then triggered ligation as normal. Thus, Polα-i results in stalling 816 

of a subset of nascent strands while leaving another subset unaffected, as expected for inhibition 817 

of lagging but not leading strand DNA synthesis.  818 

(E) Quantification of total DNA synthesis from Figure 4B 819 

(F) Quantification of Cats- from Figure 4B. 820 

 821 

Supplemental Figure S5: Characterization of TOP3α function during replication in the presence 822 

of high levels of lagging ssDNA 823 

(A) Quantification of total DNA synthesis from Fig. 5B. 824 

(B) The sample from lane 5 in Fig. 5B was nicked on both strands using a site-specific nicking 825 

enzyme then analyzed as in Fig. 5E. 826 

(C) The sample from lane 10 in Fig. 5B was nicked on both strands using a site-specific nicking 827 

enzyme then analyzed as in Fig. 5E. 828 

(D) Cartoon depicting the composition of intramolecular ssDNA intertwines that could explain the 829 

results in Fig. 5A-H. 830 

(E) Quantification of CM* from Fig. 5J. 831 

(F) Quantification of scCMs from Fig. 5J. 832 

(G) Quantification of CM* from Fig. 5K. 833 

(H) Quantification of scCMs from Fig. 5K. 834 



(I) Quantification of CM* from Fig. 5L. 835 

(J) Quantification of scCMs from Fig. 5L. 836 

(K) Depiction of possible structure of CM* species from Fig. 5  837 
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Figure 5
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Figure S4

0

20

40

60

80

100

0 10 20 30 40
Time (min

FE

0

20

40

60

80

100

0 10 20 30 40
Time (min

BA

2 3 4 5 6 7 8 9 11 12 13 14101

2 3 4 5 61 2 3 4 5 6100min
Veh

Lead
Stalled
Lag

D

C

Leading strand restart
Lagging strand stalling

Leading strand restart
Lagging strand restart

Leading strand restart
Lagging strand stalling

Leading strands extended
to downstream lagging

Leading strands extended
to downstream lagging

Ligated products



Figure S5
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