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Abstract 13 

 14 
Replisome disassembly is the final step of eukaryotic DNA replication, and is triggered by 15 

ubiquitylation of the CMG (Cdc45-MCM-GINS) replicative helicase1-3. Despite being driven 16 

by evolutionarily diverse E3 ubiquitin ligases in different eukaryotes (SCFDia2 in budding 17 

yeast1, CUL2LRR1 in metazoa4-7), replisome disassembly is governed by a common regulatory 18 

principle, whereby CMG ubiquitylation is suppressed before replication termination, to 19 

prevent replication fork collapse. Recent evidence suggests this suppression is mediated by 20 

replication fork DNA8-10. However, how SCFDia2 and CUL2LRR1 discriminate terminated from 21 

elongating replisomes to selectively ubiquitylate CMG only after termination, is unknown. 22 

Here, we used electron cryomicroscopy (cryo-EM) to solve high resolution structures of 23 

budding yeast and human replisome-E3 ligase assemblies. Our structures show that the 24 

leucine-rich repeat (LRR) domains of Dia2 and LRR1 are structurally distinct, but bind to a 25 

common site on CMG, including the Mcm3 and Mcm5 zinc finger domains. The LRR-MCM 26 

interaction is essential for replisome disassembly and, crucially, is occluded by the excluded 27 

DNA strand at replication forks, establishing the structural basis for the suppression of CMG 28 

ubiquitylation before termination. Our results elucidate a conserved mechanism for the 29 

regulation of replisome disassembly in eukaryotes, and reveal a previously unanticipated 30 

role for DNA in preserving replisome integrity. 31 

 32 

 33 

 34 
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Main 35 

 36 

The eukaryotic replisome is assembled around the CMG helicase at replication origins 37 

during replication initiation. Once assembled, the CMG-replisome remains stably associated 38 

with replication forks, until two forks emanating from adjacent origins converge, or a single 39 

fork encounters the end of a linear chromosome or a template discontinuity, at which point 40 

replication terminates (Fig. 1a). Upon termination, the replisome is disassembled in two 41 

steps: first, CMG is ubiquitylated on its Mcm7 subunit by a cullin-RING type E3 ubiquitin 42 

ligase (SCFDia2 in budding yeast, CUL2LRR1 in metazoa); second, the ubiquitylated CMG-43 

replisome is disassembled by the Cdc48 / p97 ATPase1-3,8-10. As there is no known 44 

mechanism for origin-independent CMG assembly in S-phase, premature CMG disassembly 45 

must be avoided, to prevent replication fork collapse and genome under-replication and 46 

instability11. CMG translocates on the leading strand template whilst sterically excluding the 47 

lagging strand template from its central channel12. It has been suggested that this ‘excluded’ 48 

DNA strand, which is lost upon termination (Fig. 1a), inhibits CMG ubiquitylation at 49 

replication forks8-10. However, because there are currently no structures of the replisome in 50 

complex with SCFDia2 or CUL2LRR1 after termination, how CMG ubiquitylation is regulated to 51 

restrict replisome disassembly to termination remains a key unanswered question. 52 

 53 

Structure of a terminated budding yeast replisome 54 

 55 

To determine the molecular basis for the regulation of CMG ubiquitylation, we aimed to 56 

solve the structure of a terminated replisome, by adapting our system for reconstituting 57 

budding yeast replisomes for structural analysis13. After replication fork convergence, CMG 58 

translocates onto nascent double-stranded DNA (dsDNA) produced by the converging 59 

replisome3,9,14 (Fig. 1a). In order to trap a replisome that had translocated onto dsDNA, we 60 

used a DNA substrate that lacked a 5’ flap and contained a region of dsDNA with a short 61 

stretch of leading strand methylphosphonate modifications (Extended Data Fig. 1a), which 62 

slow CMG translocation15. In addition to CMG and the replisome factors Tof1-Csm3, Mrc1 63 

and Ctf4, replisome assembly reactions included SCFDia2 (Hrt1-Cdc53-Skp1-Dia2), a ubiquitin 64 

conjugate of the E2 enzyme Cdc34 (Cdc34-Ub)16 and the leading strand DNA polymerase Pol 65 

e (Extended Data Fig. 1a). Following a short incubation with ATP to allow CMG to advance 66 
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onto dsDNA, complexes containing all replisome and SCFDia2 subunits were isolated using 67 

glycerol gradient sedimentation (Extended Data Fig. 1b). Cdc34-Ub did not stably bind to the 68 

complex, perhaps reflecting the absence of neddylation on the Cdc53 cullin subunit of 69 

SCFDia2 17,18.  70 

 71 

After gradient fixation, samples were prepared for cryo-EM, yielding three-dimensional (3D) 72 

reconstructions at 3 – 4 Å resolution (Extended Data Fig. 1c-h, Extended Data Table 1). DNA 73 

binding was heterogenous across the dataset and the majority of particles were still 74 

engaging ssDNA (Extended Data Fig. 2), indicative of inefficient CMG translocation. 75 

Nonetheless, we identified a subset of particles, which were subsequently sub-classified into 76 

two conformations (conformations I and II), that had unambiguously translocated onto 77 

dsDNA, representative of bona fide termination intermediates produced after fork 78 

convergence (Fig. 1b, Extended Data Fig. 2, 3a-e). In each conformation, the incoming 79 

dsDNA is bent by approximately 46° between the N- and C-tiers of MCM, necessitating 80 

distortion of the DNA duplex within the N-tier (Extended Data Fig. 3f). The overall 81 

architecture of conformations I and II was very similar, differing almost exclusively in their 82 

configuration of the MCM C-tier (see Extended Data Fig. 3 for details). Notably, for 83 

conformation I the nucleotide occupancy and engagement of the phosphate backbone of 84 

the leading-strand template are similar to when CMG is bound to a replication fork13 (Fig. 85 

1c, Extended Data Fig. 3b,g), suggesting a shared mechanism for CMG translocation over 86 

single- and double-stranded DNA15.  87 

 88 

Having identified particles that had translocated onto dsDNA, we were able to build the first 89 

atomic model of a terminated replisome (Fig. 1d). The overall architecture of CMG, Ctf4, 90 

Tof1-Csm3 and the non-catalytic module of Pol ε (Pol εnonCat) was almost indistinguishable 91 

from previous structures13,19-21. Additionally, the high resolution of our structure enabled us 92 

to identify previously uncharacterised interactions between Pol εnonCat and the Mcm2 AAA+ 93 

and Mcm5 winged-helix domains (Extended Data Fig. 4a-d). Furthermore, a subset of 94 

particles contained low-resolution density into which the Pol2 catalytic domain could be 95 

docked, which, in contrast to previous structures19,22 (Jones et al., under review), positions 96 

the catalytic domain at the C-tier face of CMG, adjacent to the leading-strand template, in a 97 

state that may be important for leading-strand synthesis (Extended Data Fig. 4e,f). 98 
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 99 

We observed an additional, large region of density at the N-tier face of CMG beside Mcm3 100 

and Mcm7, between Tof1-Csm3-dsDNA and the Ctf4 SepB-domain trimer (Fig. 1d). This 101 

density closely approaches Csm3 and the dsDNA ahead of CMG, before extending away 102 

from the core of the complex, forming an elongated arm characteristic of the cullin subunit 103 

(Cdc53) of SCFDia2. The resolution of the cullin arm is relatively poor (precluding model 104 

building for Cdc53-Hrt1), which is explained by a large degree of flexibility in this region, as 105 

highlighted by comparison of 3D classes (Extended Data Fig. 5a). We predict that this 106 

flexibility is important for conjugating the long K48-linked poly-ubiquitin chains required for 107 

Cdc48-mediated unfolding of Mcm7 during replisome disassembly8. Regardless, the 108 

orientation of SCFDia2 can be unambiguously defined, placing the Cdc53 C-terminus and Hrt1 109 

~45-70 Å from the primary ubiquitylation site on Mcm7 (Lys 29)8,23 (Extended Data Fig. 110 

5a,b), consistent with previous structures of substrate-bound un-neddylated cullin-RING E3 111 

ligases24. 112 

 113 

Density corresponding to the E3 ligase substrate-recognition module (Skp1-Dia2) is adjacent 114 

to the N-tier face of CMG (Fig. 1d,e). Clear secondary structure and side chain density 115 

allowed us to build a de novo atomic model for Dia2, encompassing the F-box (residues 211 116 

– 247), the 15 tandem leucine-rich repeats of the LRR domain (248 – 716), and a C-terminal 117 

tail (717 – 732), which folds back onto the concave surface of the horseshoe-shaped LRRs 118 

(Extended Data Fig. 5c-i). The N-terminal tetratricopeptide repeat (TPR) domain of Dia2, 119 

which binds Ctf4 and Mrc18,25,26, was not visible in our structure. At the N-terminal end of 120 

the LRR domain, LRR repeat 1, together with the three-helix bundle of the F-box, bind to 121 

Skp1 in a similar manner to other F-box proteins (Extended Data Fig. 5j,k). Strikingly, the C-122 

terminal end of the LRR domain forms an extensive interface with the N-tier face of the 123 

Mcm3, 5 and 7 subunits of CMG (Fig. 1d, Extended Data Fig. 5l,m; see Fig. 2a-b and text 124 

below for a more detailed description), demonstrating for the first time that Dia2 can bind 125 

directly to CMG bound around dsDNA, equivalent to the situation after replication fork 126 

convergence.  127 

 128 

When DNA replication terminates at the end of linear chromosomes, CMG is thought to 129 

dissociate from DNA, at which point the loss of the excluded strand triggers CMG 130 
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ubiquitylation8,9 (Fig. 1a). To establish how Dia2 engages the replisome following 131 

termination at chromosome ends, we repeated cryo-EM sample preparation as described 132 

above, except in the absence of DNA. This yielded a 3D reconstruction of an “off-DNA” 133 

replisome at 3.9 Å resolution (Fig. 1f, Extended Data Fig. 6). Notably, binding of the Dia2 134 

LRRs across Mcm3/5/7 is indistinguishable from complexes bound around dsDNA (Fig. 1g, 135 

Extended Data Fig. 3e). Furthermore, comparison of the dsDNA-bound and off-DNA 136 

complexes, with a prior structure of the replisome bound to a replication fork13 reveals no 137 

conformational changes in the region of the MCM N-tier to which Dia2 binds (Fig. 1g, 138 

Extended Data Fig. 3e). Therefore, we conclude that termination does not induce 139 

conformational changes in CMG that are important for the regulation of CMG ubiquitylation 140 

by SCFDia2 27, either after fork convergence, or when CMG dissociates from DNA. 141 

 142 

The Dia2LRR-MCM interaction is essential for replisome disassembly  143 

 144 

The majority of the interface between Dia2LRR and MCM is formed by several N-tier regions 145 

of Mcm3, specifically helices a1 and a5 and the zinc finger (ZnF) domain, forming a cradle 146 

for the C-terminus of Dia2LRR (Fig. 2a,b, Extended Data Fig. 5k,l). The N-terminus of Mcm7 – 147 

which wraps around the Mcm3 ZnF – becomes sandwiched between Mcm3 and Dia2, 148 

further contributing to the MCM:Dia2LRR interaction. The details of the residues involved are 149 

illustrated in Fig. 2b. In brief, the interface formed by Mcm3 a1/a5 is of a mixed nature, 150 

featuring both hydrophobic and polar interactions, whilst the more extensive interface 151 

formed by the Mcm3 ZnF predominantly comprises networks of electrostatic interactions 152 

positioned either side of the Mcm7 N-terminus. Several residues belonging to the Mcm7 N-153 

terminus are able to form hydrogen bonds to Dia2LRR, whilst P6Mcm7 becomes sandwiched 154 

between aromatic moieties from both Mcm3 and Dia2. Finally, the very C-terminus of 155 

Dia2LRR interacts with the ZnF domain of Mcm5 at the periphery of the interface, the most 156 

prominent contact being formed between R187Mcm5 and the final residue of the LRR domain, 157 

Y716Dia2 (Fig. 2a,b). 158 

 159 

To examine the significance of the Dia2LRR:MCM interaction for CMG ubiquitylation and 160 

replisome disassembly, we generated a series of point mutants targeting the Dia2LRR:MCM 161 

interface, in both Dia2 (Fig. 2a,b) and MCM. The majority of MCM mutants exhibited defects 162 
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in Mcm2-7:Cdt1 complex formation or MCM loading (data not shown), likely because the 163 

Dia2 LRR binding site is positioned at the inter-hexamer interface in the MCM double 164 

hexamer28. Whilst this precluded analyses of Mcm7 ubiquitylation after replication fork 165 

convergence in vitro, we were able to purify a CMG complex containing mutations in Mcm3 166 

and Mcm5, which, whilst being proficient for DNA replication, was defective for Mcm7 167 

ubiquitylation (Extended Data Fig. 7a-d). Dia2LRR mutants formed stable tetrameric SCFDia2 168 

complexes and supported ubiquitylation of Ctf4 (Extended Data Fig. 7e-g). Importantly, with 169 

the exception of Dia2-3A, the Dia2LRR mutants were defective for Mcm7 ubiquitylation, both 170 

after replication fork convergence (Fig. 2c), and off DNA (Extended Data Fig. 7h), with Dia2-171 

13A showing the most penetrant defect. Strikingly, haploid yeast cells harbouring the dia2-172 

13A allele accumulated CMG in G1-phase of the cell cycle (Fig. 2d, Extended Data Fig. 7i), 173 

reflecting a failure to disassemble CMG during replication termination in S-phase of the 174 

previous cell cycle1. Furthermore, these cells exhibited a profound growth defect at 20 °C, 175 

indistinguishable from cells lacking Dia225 (Fig. 2e). Taken together, these data demonstrate 176 

that MCM binding by the Dia2 LRR domain at the interface we describe is essential for CMG 177 

ubiquitylation and replisome disassembly, both after fork convergence, and when CMG 178 

dissociates from DNA. 179 

 180 

Structure of human replisome-bound CUL2LRR1 181 

 182 

CMG ubiquitylation in metazoa is driven by CUL2LRR1 (LRR1-CUL2-ELOB-ELOC-RBX1)4-7. 183 

Although LRR1 displays no apparent sequence homology to Dia2, metazoan CUL2LRR1 184 

ubiquitylates CMG on its MCM7 subunit4-6, and is suppressed by the excluded DNA 185 

strand9,10, suggesting there might be common features of E3 ligase replisome association 186 

that are important for the regulation of CMG ubiquitylation in diverse eukaryotes. To 187 

investigate this, we used our approach for human replisome assembly (Jones et al., under 188 

review) and a DNA substrate lacking a 5’ flap, to determine the structure of CUL2LRR1 in the 189 

human replisome (Fig.3a,b, Extended Data Figs. 8, 9a-e).  190 

 191 

The overall architecture of human CMG, AND-1, TIMELESS-TIPIN and Pol ε are 192 

indistinguishable from our prior structure lacking CUL2LRR1 (Jones et al., under review) (Fig. 193 

3a,b, Extended Data Fig. 10a). LRR1 is positioned across the N-tier of MCM, in close 194 
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proximity to the parental DNA duplex. Additionally, an elongated arm of lower resolution 195 

density, into which the crystal structure of ELOB-ELOC-CUL2-RBX1 could be unambiguously 196 

docked29, projects from the MCM N-tier in an analogous fashion to yeast Cdc53-Hrt1 (Fig. 197 

3b). Strikingly, although metazoan CUL2 and yeast Cdc53 are tethered to their respective 198 

substrate adaptors (ELOB-ELOC-LRR1 for CUL2 and Skp1-Dia2 for Cdc53) via very different 199 

interactions, the cullin C-terminus and RING-box protein is located in a very similar position 200 

in the yeast and human replisomes, ~45-70 Å from the primary ubiquitylation sites in the N-201 

tier of Mcm7 (Figs. 1d, 3b)8,9,23. Furthermore, like Cdc53, CUL2 displays considerable 202 

conformational variability, likely important for the conjugation of long poly-ubiquitin chains 203 

onto MCM78,30 (Extended Data Figs. 5a, 10b). 204 

 205 

The majority of LRR1 was well resolved in our cryo-EM map (Extended Data Fig. 9e,j-m), 206 

which enabled de novo modelling of an N-terminal pleckstrin homology (PH) domain and C-207 

terminal LRR domain, both of which bind directly to the MCM N-tier (Fig. 3c,d). The PH 208 

domain docks onto the N-tier between the ZnF domains of MCM2 and MCM6, the N-209 

terminal region of the TIMELESS α-solenoid, and parental dsDNA, making specific contacts 210 

with each of these elements (Extended Data Fig. 10c,d). We note that the binding of 211 

TIMELESS to the LRR1 PH domain is consistent with a recently reported role for TIMELESS-212 

TIPIN in recruiting CUL2LRR1 to the replisome in C. elegans30. A flexible linker stretches 213 

perpendicularly across the parental dsDNA to connect the PH and LRR domains (Fig.3d). The 214 

LRR domain comprises 7 canonical LRR motifs and 2 irregular LRR motifs - one positioned at 215 

either end - that form a shallow arc, reaching from the parental dsDNA to the N-tier face of 216 

MCM3 and MCM5 (Fig. 3d, Extended Data Fig. e,f). At its C-terminal end the LRR domain is 217 

capped by a two-stranded antiparallel β-sheet (Extended Data Fig. 10g). The BC- and CUL2- 218 

boxes, that function to link LRR1 to ELOB-ELOC-CUL2-RBX1, are situated in an insert 219 

between LRR repeats 8 and 9 (Fig. 3c,d, Extended Data Fig. e,f). We also observed a small 220 

region of density alongside ELOC and LRR1 not obviously contributed by CUL2LRR1 or CMG 221 

subunits, into which we could dock a structure of the C-terminal HMG-box of AND-1 (Fig. 3h, 222 

Extended data Fig. 10h). Moreover, this region of density was absent in 3D classes lacking 223 

AND-1 (Extended Data Fig. 10i, j), further indicating that AND-1 is a binding partner of 224 

CUL2LRR1 in the human replisome. 225 

 226 
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Remarkably, despite the very different architectures of the LRR1 and Dia2 LRR domains, 227 

they bind to the same region of the MCM N-tier, but do so via completely different modes 228 

of interaction. The primary attachment site for the LRR1 LRR domain is centred on MCM3, 229 

where LRR1 repeat 9 forms β-sheet interactions with the 3-stranded antiparallel β-sheet of 230 

the MCM3 ZnF, which effectively extends the shallow arc of the LRR1 β-sheet (Fig. 3e). This 231 

interface is augmented by numerous contacts on both sides of the β-sheet (Fig. 3e,f). On 232 

one side the MCM7 N-terminus contacts a loop immediately following the β-strand of LRR1 233 

repeat 9, whilst Y298LRR1 and D300LRR1 from repeat 8 bind the tip of the MCM3 ZnF (Fig. 3f). 234 

On the other side, MCM3 residues 164-174 undergo a significant rearrangement to engage 235 

a loop and short helix preceding LRR1 repeat 9 (Fig. 3g). This rearrangement is stabilised by 236 

the N-terminus (residues 3 – 8) of MCM3, which becomes ordered upon CUL2LRR1 237 

engagement, projecting between the MCM3 and MCM5 ZnFs towards dsDNA (Fig. 3g). 238 

Finally, the LRR domain is further secured by multiple polar contacts between charged 239 

residues immediately preceding the β-strands of LRR1 repeats 4-7 and the tip of the MCM5 240 

ZnF (Fig. 3f).  241 

 242 

A conserved mechanism for regulating CMG ubiquitylation 243 
 244 
Both SCFDia2 and CUL2LRR1 are supressed by the excluded DNA strand at replication forks8-10; 245 

our discovery that Dia2 and LRR1 bind directly to a common site - principally across the 246 

MCM3 and MCM5 ZnF domains – suggested that this region of MCM might be important for 247 

the regulation of ubiquitylation. Notably, in our recent structure of the human replisome 248 

bound to a replication fork (Jones et al., under review), cryo-EM density that we attributed 249 

to the excluded strand was positioned in the channel between the MCM3 and MCM5 ZnF 250 

domains, consistent with previous structures of Drosophila and budding yeast CMG13,31,32. 251 

To further validate our assignment of the excluded strand, we identified a subset of 252 

particles lacking CUL2LRR1 from our dataset of replisomes without an excluded strand 253 

(Extended Data Fig. 8, 9g). In the resulting density map, the MCM N-tiers were identical with 254 

our previous map of replication fork-associated CMG (Jones et al., under review), apart from 255 

a single region of density, extending from the fork junction between the MCM3 and MCM5 256 

ZnF domains (Fig. 4a). This density was present only in the replication fork-associated 257 

complex, thus confirming that it is contributed by the excluded DNA strand.  258 
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 259 

Crucially, Figure 4b shows that the presence of the excluded strand between the MCM3 and 260 

MCM5 ZnFs sterically blocks the engagement of the Dia2 and LRR1 LRR domains with MCM. 261 

As the LRR-MCM interaction is essential for CMG ubiquitylation and, in turn, replisome 262 

disassembly, the occlusion of this interface by the excluded strand provides an elegant and 263 

universal explanation for the regulation of replisome disassembly across yeasts and 264 

metazoa. Notably, the LRR domains of Dia2 and LRR1 do not exhibit obvious homology, in 265 

either structure or sequence. Thus, we propose that the binding of Dia2 and LRR1 across the 266 

exit channel for the excluded strand reflects convergent evolution, likely indicative of a 267 

stringent evolutionary pressure to accurately regulate replisome disassembly, and thereby 268 

safeguard replication forks. This evolutionary constraint is not evident in other parts of the 269 

replisome disassembly machinery that do not contribute to the regulation of CMG 270 

ubiquitylation. For example, the Dia2 TPR domain binds yeast Mrc1 and Ctf4, whereas the 271 

LRR1 PH domain interacts with human TIMELESS. 272 

 273 

Based on our results, we propose the model summarised in Figure 4c. Ubiquitylation of the 274 

MCM double hexamer is blocked by the occlusion of the LRR binding site at the inter-275 

hexamer interface28 (Extended Data Fig. 11a). This occlusion likely also suppresses 276 

ubiquitylation during the conversion of MCM double hexamers into pairs of active CMG 277 

helicases33, although additional mechanism(s) may also exist to block LRR-MCM 278 

engagement, before the lagging strand template is excluded. Once bi-directional replication 279 

forks are established and elongation begins, the constant spooling of the excluded DNA 280 

strand between the MCM3 and MCM5 ZnFs sterically blocks LRR engagement on MCM. It is 281 

possible that the binding of proteins to the excluded strand may help to re-enforce the 282 

block to LRR engagement. However, CMG ubiquitylation is inhibited at reconstituted 283 

budding yeast replication forks in the absence of the lagging strand machinery (Extended 284 

Data Fig. 11b,c), consistent with the excluded DNA alone being sufficient to suppress SCFDia2 285 

during elongation. In principle, the binding of yeast Dia2 to Mrc1 and Ctf4, and human LRR1 286 

to TIMELESS and AND-1, could still occur at replication forks, even when the LRR-MCM 287 

interaction is blocked by the excluded strand. Critically, however, the essentiality of the LRR-288 

MCM interaction for CMG ubiquitylation will restrict replisome disassembly to termination, 289 

independent of the timing of E3 ligase recruitment, and irrespective of whether a replication 290 
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fork terminates via fork convergence, or at a telomere. Finally, we note that if CMG ever 291 

becomes disengaged from the apex of the replication fork during elongation, CMG 292 

ubiquitylation and replisome disassembly could be triggered prematurely, due to mis-293 

positioning of the excluded strand. As such, the regulatory mechanism we describe herein 294 

may have implications for replication fork stability under conditions of replication stress. 295 

 296 

Methods 297 

 298 

Purification of yeast proteins 299 

Cdc34, Cdc45, Cdc6, Cdc9, Cdt1⋅Mcm2-7, CMG, Tof1-Csm3, Ctf4, DDK, Dpb11, Fen1, GINS, 300 

Mcm10, ORC, PCNA, Pif1, Pol α - primase, Pol δ,  Pol ε, Pol εexo-, RFC, RPA, S-CDK, SCFDia2, 301 

Sld2, Sld3-7, Top1 and Uba1 were purified as previously described34-40. Ubiquitin was kindly 302 

provided by Dr. Axel Knebel (MRC PPU, Dundee, U.K.). 303 

 304 

Mrc1 purification 305 

Mrc1 was purified as previously described40 except substituting 150 mM NaOAc for NaCl in 306 

the final gel filtration step for protein stocks used in the cryo-EM sample preparation of 307 

complexes assembled on dsDNA. 308 

 309 

Cdc34-Ub purification 310 

To prepare Cdc34-Ub, a 5 ml reaction was assembled containing 7.5 µM Cdc34 (harbouring 311 

the C95K mutation), 1 µM Uba1 and 50 µM HIS6-ubiquitin in 50 mM Tris-Cl (pH 10), 5 mM 312 

Mg(OAc)2, 2 mM ATP and 1 mM TCEP at 30°C for 16 h. Subsequently, this sample was 313 

loaded onto a 120 ml Superdex 200 column in 25 mM Hepes-KOH (pH 7.6), 10% glycerol, 314 

500 mM NaCl, 0.5 mM TCEP. Peak fractions containing Cdc34-HIS6-Ub were pooled, 315 

imidazole was added to 30 mM, and Cdc34-HIS6-Ub was purified by incubation with 0.5 ml 316 

Ni-NTA beads for 30 min at room temperature. Cdc34-HIS6-Ub was eluted in 25 mM Hepes-317 

KOH (pH 7.6), 10% glycerol, 500 mM NaCl, 0.5 mM TCEP, 400 mM imidazole and then 318 

dialysed vs. 25 mM Hepes-KOH (pH 7.6), 10% glycerol, 150 mM NaCl, 0.5 mM TCEP at 4°C 319 

overnight. The dialysed sample was recovered, concentrated to 1.7 µM, aliquoted and snap 320 

froze. 321 
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 322 

Expression of human proteins in insect cells 323 

Bacmids were prepared following transformation of EMBacY E. coli with vector constructs 324 

either expressing individual proteins or protein complexes (see supplementary table 2 for 325 

vector details). Baculoviruses were generated by transfecting Sf9 cells with purified bacmids 326 

using FuGENE® HD (Promega) before subsequent amplification. For protein expression, Hi5 327 

cells (1 x 106 cells / ml) were infected with the required baculovirus and growth continued 328 

for 72 h before harvest by centrifugation. 329 

 330 

Purification of human proteins 331 

CMG, TIMELESS-TIPIN, CLASPIN, AND-1 and Pol ε were purified as previously described 332 

(Jones et al., under review). CMG was also purified using a modified version of the method 333 

in (Jones et al., under review). Here, cells lysis, anti-FLAG immunoprecipitation and 334 

Streptactin affinity chromatography were performed as described previously (Jones et al., 335 

under review). The flow through from the Streptactin column was applied to a Mono Q 5/50 336 

GL column (GE Healthcare) equilibrated in 25 mM Tris-HCl pH 7.2, 10% glycerol, 0.005% 337 

TWEEN 20, 0.5 mM TCEP, 150 mM KCl and bound proteins were eluted with a 20 column 338 

volume gradient to 1 M KCl. Peak fractions from the Streptactin and MonoQ columns were 339 

pooled, concentrated to ~ 500 µl (Amicon Ultra, Ultracel - 30K) and applied to a Superdex 340 

200 Increase 10/300 column (GE Healthcare) equilibrated in 25 mM Hepes-KOH pH 7.6, 200 341 

mM potassium acetate, 10% glycerol, 0.5 mM EDTA, 0.005% Tween 20, 0.5 mM TCEP. Peak 342 

fractions were pooled and applied to a MonoQ PC 1.6/5 (GE healthcare). The monoQ and 343 

subsequent purification steps were performed as previously described (Jones et al., under 344 

review).  345 

 346 

CUL2LRR1 purification 347 

Cells from a 2L culture were resuspended in 40 ml lysis buffer (40 mM Tris-Cl (pH 7.2), 200 348 

mM NaCl, 10% glycerol, 1 mM EDTA, 0.005% NP40, 1 mM DTT) + protease inhibitors (1 349 

tablet cOmplete, EDTA- free (Roche) per 25 ml buffer). Cells were lysed by Dounce 350 

homogenisation and cell debris was cleared by centrifugation (235,000 g, 4°C, 45 min). To 351 

the soluble lysate, 1.7 ml FLAG-M2 resin was added and the sample was incubated on a 352 

rotating wheel for 90 min at 4oC. The resin was collected in a 20 ml gravity flow column 353 
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(Biorad) and washed three times with 20 ml lysis buffer followed by 10 ml lysis buffer + 5 354 

mM MgCl2 + 0.5 mM ATP. During the ATP wash the column flow was stopped for 10 min 355 

before the column was washed twice more with 20 ml lysis buffer. Bound proteins were 356 

eluted in 2 ml lysis buffer + 0.2 mg/ml FLAG peptide followed by a second 4 ml elution in 357 

lysis buffer + 0.1 mg/ml FLAG peptide. The eluates were pooled, concentrated to 600 µL 358 

(amicon ultra 30 kDa cutoff) and applied to a Superdex 200 Increase 10/300 column 359 

equilibrated in 25 mM Hepes KOH (pH 7.6), 300 mM KOAc, 10% glycerol, 1 mM EDTA, 360 

0.005% Tween 20, 1 mM DTT. Peak fractions were pooled, frozen in liquid nitrogen and 361 

stored at -80oC. 362 

 363 

Cryo-EM sample preparation 364 

S. cerevisiae replisome:SCFDia2 complexes on dsDNA 365 

The DNA substrate was annealed by mixing equal volumes of the leading strand template 366 

(5’-367 

TAGAGTAGGAAmGmTmGmAmTmGmGmTmAmAmGmTmGmAmTmTmAmGmAmGAATTGG368 

AGAGTGTG(T)34T∗T∗T∗T∗T∗T; *=phosphorothioate linkage, m=methylphosphonate linkage) 369 

and the lagging strand template (5’-370 

ACACACTCTCCAATTCTCTAATCACTTACCATCACTTCCTACTCTA), each at 100 µM in 10 mM 371 

Tris-HCl (pH 8.0), 1 mM EDTA, before allowing to cool gradually from 75°C to room 372 

temperature. 373 

CMG (1.1 μM) was incubated with 1.5-fold molar excess DNA in reconstitution buffer 374 

(25 mM HEPES-NaOH (pH 7.6), 100 mM NaOAc, 0.5 mM TCEP, 7.5 mM Mg(OAc)2, 0.5 mM 375 

ATP) in a 30 μL reaction volume, and incubated on ice for 30 min. To this was added a 376 

mixture of Tof1-Csm3, Ctf4, Mrc1, Pol eexo-, Cdc34-Ub and SCFDia2 in reconstitution buffer 377 

(containing an additional ~30 mM NaOAc contributed by Mrc1 storage buffer (58.9 μL) and 378 

40 mM KOAc contributed by SCFDia2 storage buffer (31.3 μL); contribution of other stocks 379 

negligible), giving a final reaction volume of 300 μL and resulting in a final concentration of 380 

110 nM CMG with all other factors in 1.5-fold molar excess (except 2-fold molar excess 381 

Mrc1). The reaction was incubated on ice for a further 40 min before loading 100 μL onto 382 

each of two GraFix gradients (plus one gradient with crosslinking agents omitted for 383 

assessing the position of peak fractions) prepared as described previously40. Gradient 384 

sedimentation and subsequent buffer exchange were performed as described40, except 385 
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pooling peak fractions across both crosslinking gradients (total volume ~370 μL). Sample 386 

was concentrated to ∼24 μL and immediately used for cryo-EM grid preparation as 387 

previously described40. 388 

 389 

S. cerevisiae replisome:SCFDia2 complexes in the absence of DNA 390 

CMG (final concentration 100 nM) was mixed with 1.5-fold molar excess Tof1-Csm3, Ctf4, Pol 391 

eexo-, Cdc34-Ub and SCFDia2, plus 2-fold molar excess Mrc1, in 25 mM HEPES-NaOH (pH 7.6), 392 

~40 mM NaCl*, ~50 mM KOAc*, 0.5 mM TCEP, 2.75 mM Mg(OAc)2, 0.5 mM AMP-PNP with a 393 

final reaction volume of 230 μL. The reaction was incubated on ice for 60 min before loading 394 

equally across two GraFix gradients, prepared as described40. 395 

Gradient sedimentation and subsequent buffer exchange were performed as 396 

described40, except pooling peak fractions across both crosslinking gradients (total volume 397 

~550 μL). Sample was concentrated to ∼27 μL and immediately used for cryo-EM grid 398 

preparation as previously described40. 399 

*Salt contributed by storage buffers of protein stocks (30.5 μL SCFDia2, 63 μL Mrc1); 400 

contribution of other stocks negligible. 401 

 402 

H. sapiens replisome:CUL2LRR1 complexes on 3’-flap DNA 403 

The DNA substrate was annealed by mixing equal volumes of the leading strand template 404 

(5ʹ-(Cy3)TAGAGTAGGAAGTGA(Biotinylated-dT)GGTAAGTGATTAGAGAATTGGAGAGTGTG(T)34 405 

T∗T∗T∗T∗T∗T; *=phosphorothioate linkage) and the lagging strand template (5ʹ-406 

ACACACTCTCCAATTCTCTAATCACTTACCA(Biotinylated-dT)CACTTCC 407 

TACTCTA), each at 53 μM in 25 mM HEPES-NaOH (pH 7.5), 150 mM NaOAc, 0.5 mM TCEP, 408 

2 mM Mg(OAc)2, before allowing to cool gradually from 75°C to room temperature. 409 

 CMG (1.7 μM) was incubated with 1.5-fold molar excess DNA in reconstitution buffer 410 

(25 mM HEPES-NaOH (pH 7.6), 150 mM NaOAc, 0.5 mM TCEP, 10 mM Mg(OAc)2, 0.5 mM 411 

AMP-PNP) in a 85 μL reaction volume, and incubated on ice for 30 min. To this, a mixture of 412 

TIMELESS-TIPIN, AND-1, CLASPIN, Pol e and CUL2LRR1 was added in reconstitution buffer, 413 

giving a final reaction volume of 240 μL. This resulted in a final concentration of 230 nM 414 

CMG with all other factors in 1.5-fold molar excess. The reaction was incubated on ice for a 415 

further 30 min before loading 106 μL onto each of two GraFix gradients. The remaining 28 416 

μL was diluted in reconstitution buffer to 106 μL and loaded onto a single gradient in the 417 
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absence of crosslinking agents to determine the position of peak fractions. Gradient 418 

preparation, sedimentation and subsequent buffer exchange were performed as 419 

described40. Two peak fractions from each crosslinking gradient (total volume ~370 μL) were 420 

pooled and concentrated to ∼24 μL and the sample was immediately used for cryo-EM grid 421 

preparation as previously described40. 422 

 423 

Cryo-EM data collection 424 

S. cerevisiae replisome:SCFDia2 complexes on dsDNA 425 

A total of 13,385 raw micrographs were acquired in a single dataset using a 300 keV Titan 426 

Krios microscope (FEI) equipped with a K3 direct electron detector (Gatan) operated in 427 

electron counting mode using the EPU automated acquisition software (ThermoFisher) with 428 

“Faster Acquisition” mode (AFIS) enabled. A slit width of 20 eV was used for the BioQuantum 429 

energy filter. Data were collected in super-resolution mode with an effective pixel spacing of 430 

0.53 Å/pixel (nominal magnification of 81,000 X), using a defocus range of -0.4 to -2.2 µm and 431 

dose-fractionating into 38 fractions per micrograph. An exposure time of 4 s achieved a dose 432 

of 38.8 e-/Å2 per micrograph. 433 

 434 

S. cerevisiae replisome:SCFDia2 complexes in the absence of DNA 435 

A total of 3,096 raw micrographs were acquired in a single dataset on a 300 keV Titan Krios 436 

TEM (FEI), equipped with a Falcon III direct electron detector operated in electron counting 437 

mode, using the EPU automated acquisition software (ThermoFisher) with “Faster 438 

Acquisition” mode (AFIS) and on-the-fly motion correction enabled. Data were collected at a 439 

pixel spacing of 0.87 Å/pixel (nominal magnification of 96,000 X), using a defocus range of -440 

0.5 to -2.5 µm and dose-fractionating into 55 fractions per micrograph. An exposure time of 441 

25.5 s achieved a dose of 32.5 e-/Å2 per micrograph. 442 

 443 

H. sapiens replisome:CUL2LRR1 complexes on 3’-flap DNA 444 

A total of 16,721 raw micrographs were acquired in a single dataset using a 300 keV Titan 445 

Krios microscope (FEI) equipped with a K3 direct electron detector (Gatan) operated in super-446 

resolution mode using the EPU automated acquisition software (ThermoFisher) with “Faster 447 

Acquisition” mode (AFIS) enabled. A slit width of 20 eV was used for the BioQuantum energy 448 

filter. The effective pixel spacing of the data was 0.536 Å/pixel (nominal magnification of 449 
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81,000 X), using a defocus range of -0.8 to -2.8 µm and dose-fractionating into 38 fractions 450 

per micrograph. An exposure time of 4 s achieved a dose of 38.3 e-/Å2 per micrograph. 451 

 452 

Cryo-EM data processing 453 

S. cerevisiae replisome:SCFDia2 complexes on dsDNA 454 

Data processing used RELION-3.0/3.141 as outlined in Extended Data Fig. 2. The dataset was 455 

divided into three roughly equal parts (Parts A-C) which were initially processed 456 

independently; for additional details regarding particle numbers associated with each of Parts 457 

A-C, refer to Extended Data Fig. 2. The 38-fraction movies were aligned and dose-weighted 458 

(1.02 e-/Å2/fraction, 5 x 5 patches, 150 Å2 B-factor) using RELION’s implementation of a 459 

MotionCor2-like program42 during which data were binned 2-fold to give a binned pixel 460 

spacing of 1.06 Å/pixel for use in downstream processing. CTF parameters were estimated 461 

using CTFFIND-4.143. After excluding poor quality micrographs, particles were picked from the 462 

remaining 12,730 micrographs using Gautomatch v0.5644 leading to extraction of ~2,160,000 463 

particles using a box size of 399 Å. During extraction, data were down-sampled to a pixel size 464 

of 4.24 Å/pixel prior to three rounds of 2D classification. The best 2D classes (totalling 465 

~1,720,000 particles) were selected and submitted for 3D classification (regularisation 466 

parameter, T = 4). At this stage, different combinations of 3D classes were combined for 467 

downstream processes depending on the specific processing goals, as discussed below. For 468 

all instances of signal subtraction, particles were reverted to the original (non-subtracted) 469 

state following 3D subclassification prior to 3D-refinement. 470 

To isolate complexes which had translocated onto dsDNA, the best aligned 3D classes 471 

were combined irrespective of CMG-associated factor occupancy for each Part (A-C) of the 472 

dataset, giving a total of ~1,450,000 particles (orange path, Extended Data Fig. 2). Particles 473 

were subsequently re-extracted without down-sampling before performing signal subtraction 474 

focusing on the MCM channel and MCM PS1/H2I DNA-binding loops (recentring on mask) 475 

followed by 3D-subclassification (without alignment, T=100). In each of Parts A-C, this 476 

approach identified two classes with clear dsDNA engaged by the MCM C-tier, each 477 

containing ~230,000 particles, plus several additional classes featuring particles bound to 478 

ssDNA. The classes bound to ssDNA were excluded and the remaining classes combined 479 

across Parts A-C prior to iterative CTF refinement (beamtilt and trefoil correction, anisotropic 480 

magnification correction, and per-particle defocus and astigmatism CTF correction) and 481 
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dataset-trained Bayesian polishing. A further round of signal subtraction focusing on the 482 

MCM channel (recentring on mask, re-boxing in 159 Å) and 3D-subclassification (without 483 

alignment, T=100) was able to exclude additional ssDNA-bound particles, again leaving two 484 

classes bound to dsDNA. The first of these dsDNA-bound classes (~100,000 particles) 485 

represented conformation I. The second dsDNA-bound class appeared heterogeneous and 486 

was thus subjected to a final round of signal subtraction (recentring on mask, re-boxing in 159 487 

Å) and 3D-subclassification (without alignment, T=20) this time focusing on Mcm3/Mcm7, 488 

allowing isolation of a second MCM C-tier conformation, conformation II (~65,000 particles). 489 

Having separated conformations I and II, each population was submitted for multi-body 490 

refinement45, defining the MCM N- and C-tiers as individual bodies. The resulting maps were 491 

submitted for map sharpening and RELION local resolution estimation46, yielding sharpened 492 

maps with resolutions from 3.3 – 3.6 Å (refer to Extended Data Fig. 2). The MCM N-tier 493 

sharpened maps (from map sharpening) and MCM C-tier filtered maps (from RELION local 494 

resolution estimation46 were used for model building of these regions. 495 

For the remaining regions of the complex, data processing focused on particles from 496 

the initial 3D classification (pixel spacing 4.24 Å/pixel) with reasonable SCFDia2 occupancy 497 

(magenta path, Extended Data Fig. 2). This approach was taken after identifying no 498 

appreciable differences in SCFDia2 association between the different dsDNA-bound 499 

conformations and ssDNA-bound complexes identified above. For those classes with weaker 500 

SCFDia2 occupancy, signal subtraction focusing on SCFDia2/Mcm3N-tier (recentring on mask) and 501 

3D subclassification (without alignment, T=4) improved the SCFDia2 occupancy prior to further 502 

downstream processing. At this stage, a subset of ~168,000 particles with the best SCFDia2 503 

occupancy from Part C of the dataset were submitted for multi-body refinement defining 504 

Cdc53-Hrt1 as a single body, yielding an 8.5 Å reconstruction following map sharpening (B-505 

factor of -50 Å2).  506 

After combining all particles with good SCFDia2 occupancy across Parts A-C of the dataset 507 

(~903,000 particles), the subclassification focusing on SCFDia2/Mcm3N-tier was repeated to 508 

exclude additional particles lacking SCFDia2. The remaining ~783,000 particles were re-509 

extracted without down-sampling and subjected to iterative CTF refinement and Bayesian 510 

polishing as described above, rescaling to a 1.33 Å pixel spacing during polishing. CTF-511 

refined/polished particles were submitted for a further signal subtraction which focused on 512 

the Dia2 region (recentring on mask, re-boxing in 200 Å) and 3D subclassification (without 513 
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alignment, T=100), revealing flexibility in Dia2LRR. The class with the best Dia2-Skp1 514 

reconstruction (~56,000 particles) was submitted for multi-body refinement45, defining Dia2-515 

Skp1 as a single body, yielding a 4.0 Å reconstruction following map sharpening (B-factor of -516 

40 Å2).  517 

Otherwise, to derive maps with good density for the additional replisome factors, all 518 

classes featuring good Dia2-Skp1 density from the above Dia2-focused 3D-subclassification 519 

were combined (~369,000 particles). These particles were used as input for multi-body 520 

refinement45 yielding sharpened maps encompassing Cdc45-GINS-Ctf4 (3.2 Å) or Pol eexo- (3.5 521 

Å) – B-factor of -50 Å2. The same particles were separately used as input for signal subtraction 522 

(recentring on mask, re-boxing in 213 Å) and 3D-subclassification (without alignment, T=100) 523 

focusing on Tof1-Csm3, producing a 3.6 Å sharpened map (B-factor of -35 Å2) with the best 524 

Tof1-Csm3/parental dsDNA density. 525 

The sharpened maps described above, or the equivalent filtered maps generated during 526 

local resolution estimation by RELION46, were used in subsequent model building; maps were 527 

used either individually or after combination using Phenix combine_focused_maps47 528 

[https://www.phenix-online.org/documentation/reference/combine_focused_maps.html]. 529 

 530 

S. cerevisiae replisome:SCFDia2 complexes in the absence of DNA 531 

Data processing used RELION-3.041. The 55-fraction movies were aligned and dose-weighted 532 

(1.18 e-/Å2/group, 2 fractions per group, 5 x 5 patches, 300 Å2 B-factor) using MotionCor2 42 533 

and CTF parameters estimated using Gctf48. Particles were picked using Gautomatch v0.5344 534 

leading to extraction of ~203,000 particles (397 Å box size) with pixel spacing down-sampled 535 

by a factor of 4. To achieve good alignment during 2D classification, it was necessary to 536 

remove black pixels over 2.5-times the image standard deviation, replacing them with values 537 

from a Gaussian distribution. 538 

Following 2D classification, the best ~86,000 well-aligned particles were re-extracted 539 

(here down-sampling by a factor of 2) without removing black pixels and submitted for 3D 540 

classification (regularisation parameter, T = 4). One well-aligned 3D class was observed 541 

(~43,000 particles) and subsequently sub-classified without further alignment. Here, the best 542 

classes featuring good SCFDia2 occupancy were combined (~42,000 particles), re-extracted 543 

without down-sampling and 3D-refined, yielding a final reconstruction at 4.6 Å resolution 544 

following map sharpening (B-factor of –135 Å2). These refined particles were submitted for 545 
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multi-body refinement45, defining the MCM N-tier, Ctf4 and SCFDia2 regions as a single body, 546 

yielding a 3.9 Å reconstruction following map sharpening (B-factor of –20 Å2), displayed in Fig. 547 

1f. The local resolution map was produced for this reconstruction using RELION46.  548 

 549 

H. sapiens replisome:CUL2LRR1 complexes on 3’-flap DNA 550 

Data processing used RELION-3.141 as illustrated by the schematic in Extended Data Fig. 8. 551 

The 38-fraction movies were aligned and dose-weighted (1.00773 e-/Å2/fraction, 5 x 5 552 

patches, 150 Å2 B-factor) using RELION’s implementation of a MotionCor2-like program42 553 

during which data were binned 2-fold to give an effective pixel spacing of 1.072 Å/pixel. CTF 554 

parameters were estimated using CTFFIND-4.143. Particles were picked using Gautomatch 555 

v0.5644 leading to extraction of ~2,412,000 particles using a box size of 450.2 Å. During 556 

extraction, data were down-sampled to a pixel size of 4.29 Å/pixel.  557 

Two rounds of 3D classification (regularisation parameter, T = 4) were carried out using a 558 

previously obtained map of the core human replisome as a reference. Classes were selected 559 

based upon both the presence of high-resolution features in CMG and density 560 

corresponding to LRR1, giving a total of ~1,000,000 particles. In order to enrich for 561 

replisomes, bound by CUL2LRR1, signal subtraction was carried out focussing on the interface 562 

between LRR1 and the MCM3 N-tier, followed by 3D classification without alignment (pink 563 

pathway Extended Data Fig. 8). For all instances of signal subtraction, particles were 564 

reverted to the original (non-subtracted) state following 3D subclassification prior to 3D-565 

refinement, and all 3D classifications were carried out with a T-value of 4. This approach 566 

identified ~333,000 particles in classes with strong CUL2LRR1 density. Following refinement of 567 

this subset of particles an improved mask was generated covering the entirety of the 568 

CUL2LRR1 complex and the N-tier of MCM3. This mask was used to carry out an additional 569 

round of signal-subtraction and sub-classification resulting in ~310,000 replisome particles 570 

with stoichiometric CUL2LRR1 association. These particles were then submitted for dataset-571 

trained Bayesian polishing and re-extraction into a 430 Å box using an un-binned pixel size 572 

of 1.072 Å/pix, and CTF parameters (beamtilt and trefoil correction, anisotropic 573 

magnification correction, and per-particle defocus and astigmatism CTF correction) were 574 

iteratively refined. A final round of 3D classification without alignment for the total complex 575 

was carried out and classes containing the full complement of replisome components were 576 

selected for, giving a total of ~232,000 particles.  577 
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These particles were also refined in 3D using non-uniform refinement in cryoSPARC-249, 578 

yielding a reconstruction at 2.8 Å resolution (B-factor of -80 Å2). 579 

In order to improve the resolution of AND-1, an additional 3D classification step was 580 

carried out on the ~232,000 particles which yielded a reconstruction at 2.9 Å resolution (blue 581 

pathway Extended Data Fig. 8). This resulted in the selection of ~177,000 particles occupying 582 

classes containing strong secondary structure features present within AND-1. This subset was 583 

submitted for multibody refinement using a mask encompassing the AND-1 SepB domain 584 

trimer, CDC45 and GINS resulting in a reconstruction following postprocessing (B-factor of -585 

40 Å2) at 3.3 Å resolution. Refinement of 3D classes lacking AND-1 results in reconstructions 586 

lacking density attributed to the AND-1 HMG box in the region of the LRR1-CUL2-ELOB-ELOC 587 

interface. 588 

Further focussed classification was carried out on the region encompassing the N-589 

terminal half of CUL2, ELOB-ELOC and the LRR1 BC and CUL2 boxes (orange pathway Extended 590 

Data Fig. 8). Signal subtraction, followed by 3D classification without alignment, focussing 591 

upon this region resulted in the selection of ~88,000 particles in 3D classes displaying 592 

secondary structure features. Refinement of this subset of particles permitted the generation 593 

of an optimised mask covering the region in question. An additional round of signal 594 

subtraction and 3D classification without alignment resulted in a stack of ~54,000 particles. 595 

Multibody refinement of this subset yielded a reconstruction of the LRR1-ELOB-ELOC-CUL2 596 

interface following postprocessing (B-factor of -80 Å2) at 7.8 Å resolution. 597 

In order to recover density comprising the entirety of CUL2/RBX1, the ~232,000 particle 598 

subset which yielded a reconstruction at 2.9 Å resolution, was re-extracted and downsampled 599 

to 4.288 Å/pixel; increasing the signal-noise for highly flexible regions (orange pathway 600 

Extended Data Fig. 8). Following refinement of the downsampled particles, a mask 601 

encompassing CUL2/RBX1 was generated in which the binary edge was extended by 40 Å with 602 

a soft edge of 10 Å, ensuring all conformations of CUL2-RBX1 were included within the mask. 603 

Following signal subtraction and 3D classification without alignment, a variety of 604 

conformations were recovered. A single class representing ~39,000 particles was selected as 605 

representative of a single CUL2-RBX1 conformation based upon the presence of secondary 606 

structure features in the N-terminal half of CUL2. Following multibody refinement of this 607 

particle stack, a reconstruction for the CUL2-RBX1 body was obtained following 608 

postprocessing (B-factor of -100 Å2) at 10.8 Å resolution.  609 
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During the initial stages of 3D classification, it was noted that ~625,000 particles did not 610 

contain CUL2LRR1 stably bound (dark green pathway Extended Data Fig. 8). Following Bayesian 611 

polishing and CTF refinement, these particles were further classified in 3D resulting in the 612 

selection of ~415,000 particles classes lacking CUL2LRR1. In order to be confident that this 613 

subset was homogenously lacking CUL2LRR1, a previously used mask, covering the entirety of 614 

the CUL2LRR1 complex and the N-tier of MCM3, was used to carry out signal subtraction and 615 

3D classification without alignment. This enabled us to select ~388,000 particles in core-616 

replisome classes lacking CUL2LRR1. These particles were refined and postprocessed (B-factor 617 

of -30 Å2) to a resolution of 2.8 Å. Interestingly a class containing ~ 87,000 particles, derived 618 

from the ~625,000 in which CUL2LRR1 was not stably bound, was identified in which density 619 

for the LRR1 pleckstrin homology domain was present but lacking for the leucine-rich repeats. 620 

This class was refined and postprocessed (B-factor of -40 Å2) to 3.8 Å resolution. 621 

The sharpened maps described above, or the equivalent filtered maps generated during 622 

local resolution estimation by RELION, were used in subsequent model building. Maps were 623 

used either individually or after combination using Phenix combine_focused_maps. 624 

 625 

Model building and refinement 626 

S. cerevisiae replisome:SCFDia2 complexes on dsDNA 627 

Model building and refinement were performed iteratively using COOT50, ISOLDE51 and 628 

Phenix real-space refinement52. For Mcm2-7 and the C-tier-bound dsDNA, model building 629 

utilised maps derived separately for each of conformation I and II. For the remaining regions 630 

of the complex, no significant local differences were observed between conformations I and 631 

II enabling higher-resolution maps derived from combining more than one conformation to 632 

be fitted and used to complete model building. A detailed description of map derivation is 633 

provided in the data processing section above. 634 

For CMG, Ctf4, Tof1-Csm3 and the parental dsDNA, our previous model of CMG-CTM-635 

Ctf4-DNA (PDB: 6SKL13) was used as a starting model and adjusted to density. For Tof1-Csm3 636 

specifically, the region of the relevant map was isolated using the “zone” function in 637 

Chimera53 to enable better fitting to each conformation prior to model building. Ca-638 

backbone density was observed for Csm3 residues 40-45, allowing the model to be 639 

extended upstream of the DNA-binding motif to contact the concave surface and C-terminal 640 

tail of Dia2 (see below). Furthermore, density was of sufficient resolution to build the Mcm5 641 
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winged helix (WH) domain using an I-TASSER54-56 homology model as an initial starting 642 

point: the position of the Mcm5 WH was comparable to what has previously been 643 

reported19, although our model reveals the details of its interaction with the non-catalytic 644 

module of Pol e. 645 

DNA was modelled as idealised B-form dsDNA and adjusted to density. Because the 646 

exact position of the replisome along the DNA substrate used in sample preparation could 647 

not be determined, the sequence was defined as poly(dG):poly(dC) with the exception of a 648 

short stretch approaching the region of the MCM channel located within the MCM N-tier: 649 

here, the sequence was modified to poly(dT) to better fit the observed density and reduce 650 

clashes with neighbouring regions of MCM in conformation I. 651 

The Pol2 and Dpb2 subunits of the non-catalytic module of Pol e were modelled using 652 

the prior structure of CMG-Pol e (PDB: 6HV919) as a starting model. The improved resolution 653 

of our data enabled extension or rebuilding of several regions of Pol2 and Dpb2 (exemplified 654 

by regions of Pol2 in the vicinity of residues 1934-1975). For the Dpb2 N-terminal domain 655 

(residues 7-94), model building was aided by comparison to the equivalent region of the 656 

human complex (Jones et al., under review). 657 

With regard to SCFDia2, the resolution of our density enabled de novo model building of 658 

the Dia2 F-box (residues 207-247) and LRR (residues 248-716) domains, as well as the C-659 

terminal tail (residues 717-732). Model building of the F-box domain was aided by I-TASSER 660 

homology models54-56 of the Dia2 F-box and comparison to other F-box proteins (e.g. PDB: 661 

1LDK24). To model the Dia2 LRR domain and C-terminal tail, a combination of higher-662 

resolution density for the C-terminal regions of Dia2, comparison to I-TASSER homology-663 

based models54-56 and Jpred secondary-structure57 predictions, identification of density 664 

corresponding to specific bulky side-chains, continuity with the upstream F-box domain and 665 

identification of the characteristic LRR consensus motif58 enabled model building of the 666 

complete LRR domain and C-terminal tail, with the exception of two disordered regions 667 

(residues 380-419 and 675-681). 668 

The resolution of the density contributed by Skp1 was insufficient to enable de novo 669 

model building for the majority of the protein; however, a prior crystal structure of Skp1 670 

from budding yeast (PDB: 1NEX59) could be unambiguously fitted to our density. 671 

Furthermore, the Skp1 C-terminus (absent from the crystal structure) could be modelled 672 
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based on our density, aided by the prior crystal structure of the human Skp1:Skp2 complex 673 

(PDB: 1FQV60).  674 

Finally, the resolution of our map was sufficient to resolve a-helices belonging to the 675 

cullin repeats of Cdc53. This allowed unambiguous rigid-body fitting of a crystal structure 676 

previously determined for the human Cul1-Rbx1 subcomplex (homologous to Cdc53-Hrt1). 677 

However, as no structures exist for the yeast homologues, these subunits were omitted 678 

from our final models. 679 

During model building, a final round of Phenix real-space-refinement using the input 680 

model as a reference to generate restraints with sigma=0.1 and global minimisation with 681 

nonbonded_weight=2000 and weight=0.5 was particularly useful for limiting the clash score. 682 

Both during and following completion of model building/refinement, model validation was 683 

performed using the MolProbity server61, Phenix validation52and the wwPDB OneDep 684 

validation server62. Model-to-map FSCs were plotted using Xmipp63 having generated a 685 

model-map using EMAN pdb2mrc64 and removing solvent density from the relevant full- and 686 

half-maps using multiplication in RELION relion_image_handler65. 687 

 688 

S. cerevisiae replisome:SCFDia2 complexes in the absence of DNA 689 

The model for the complex assembled on dsDNA (described above) was adjusted to cryo-EM 690 

density for the sample lacking DNA using ISOLDE51 , enabling comparison of the MCM:Dia2 691 

interface (see Fig. 1g). 692 

 693 

H. sapiens replisome:CUL2LRR1 complexes on 3’-flap DNA 694 

Model building and refinement were performed iteratively using COOT50, ISOLDE51 and 695 

Phenix real-space refinement52.  696 

 For CMG, TIMELESS-TIPIN, AND-1, Pol εnonCat and DNA, our previous model of the 697 

core-human replisome (Jones et al., under review) was used as a starting point for model 698 

building. The fit-to-density was optimised in ISOLDE and regions for which the model 699 

correlated poorly with the density were manually re-built in COOT. These included the N-700 

terminus and residues 164-174 of MCM3 and the ZnF of MCM5.  701 

The resolution of LRR1 enabled de novo model building for its pleckstrin homology 702 

domain (residues 1-116), leucine-rich repeats (LRRs) 3-8 (residues 203-305) and some of the 703 

flexible linker between them (residues 130-139). Due to the weaker density for LRRs 1-2 704 
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(residues 139-202) an iTasser54-56  generated homology model for this region was rigid-body 705 

docked into the density and the fit optimised using ISOLDE and COOT. Analysis of the high-706 

resolution density for LRR-9 enabled us to determine the sequence-from-density for this 707 

region. This permitted the building of both LRR-9 and the C-terminal capping beta sheet 708 

(residues 370-397) de novo with the assistance of bulky side-chains such as H377. At this 709 

stage the crystal structure of CUL2-RBX1-ELOB-ELOC (PDB:5N4W29) was docked into the 710 

remaining density of the multibody map focussed on this region. The fit was unambiguous 711 

and was guided by secondary structure elements. Furthermore, in this conformation, the C-712 

terminal half of CUL2 and RBX1 fit with high confidence into the multibody map focussing 713 

on this region alone. Following this rigid body docking protocol, it was reasoned that the 714 

remaining unmodelled density in the vicinity of LRR1 must represent its CUL2- and BC-715 

boxes. Into this density, unconnected poly-Ala a-helices were built, and their arrangement 716 

compared to the structure of the VHL-box (PDB:4JGH66), subsequently identifying the region 717 

of LRR1 comprising the BC-box. These secondary structure elements were then connected 718 

manually in COOT and an additional C-terminal helix built into density following secondary 719 

structure predication. Additional density that could not easily be attributed to unmodelled 720 

regions of LRR1 or ELOB-ELOC still remained, into which the structure of the AND-1 HMG-721 

box (PDB:2D7L) was docked with high confidence, guided by secondary structure elements. 722 

Regions of the core replisome interacting with LRR1 were subsequently refined in 723 

COOT and ISOLDE. These regions include the MCM3 residues 152-158 which form a beta 724 

strand at the primary interface with the LRR1 LRRs, in addition to regions of the TIMELESS 725 

helical repeats 1-3 and the ZnFs of MCM6 and MCM2 that contact the LRR1 PH domain. A 726 

final round of real-space-refinement using the input model as a reference to generate 727 

restraints with sigma=0.1 and global minimisation with nonbonded_weight=2000 and 728 

weight=0.5 was carried out. Model validation was carried out using the MolProbity server61, 729 

Phenix validation52and the wwPDB OneDep validation server62. Model-to-map FSCs were 730 

plotted using Xmipp63 having generated a model-map using EMAN pdb2mrc64 and removing 731 

solvent density from the relevant full- and half-maps using multiplication in RELION 732 

relion_image_handler65. 733 

 734 

In vitro replication-ubiquitylation assays 735 
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Mcm2-7 loading and DDK phosphorylation was performed by incubating 6 nM 3.2 kb plasmid 736 

DNA template (pBS/ARS1WTA), 5-10 nM ORC, 20 nM Cdc6, 40 nM Cdt1⋅Mcm2-7 and 20 nM 737 

DDK in 25 mM Hepes-KOH (pH 7.6), 100 mM KOAc, 0.02% NP-40-S, 0.1 mg/mL BSA, 1 mM 738 

DTT, 10 mM Mg(OAc)2 and 5 mM ATP at 30°C for 10 min.  739 

Separate buffer and replication protein mixtures were next added sequentially to the 740 

Mcm2-7 loading mixture.  10 µL of the Mcm2-7 loading mixture was generally used per 741 

sample and this was typically diluted 2-fold in the final reaction. The final replication reaction 742 

contained 25 mM Hepes-KOH (pH 7.6), 100 mM KOAc, 0.02% NP-40-S, 0.1 mg/ml BSA, 1 mM 743 

DTT, 10 mM Mg(OAc)2, 3.75 mM ATP, 30 µM dATP-dCTP-dGTP-dTTP, 33 nM g-[32P]-dCTP, 400 744 

µM CTP-GTP-UTP, 20 µM creatine phosphate, 50 µg/mL creatine phospho-kinase, 6 µM 745 

ubiquitin, 20 nM S-CDK, 30 nM Dpb11, 8 nM GINS, 40 nM Cdc45, 30 nM Pol ε, 5 nM Mcm10, 746 

5 nM RFC, 20 nM PCNA, 20 nM Top1, 20 nM Pol a-primase, 6.25 nM Sld3-7, 40 nM Ctf4, 50 747 

nM RPA, 10 nM Tof1-Csm3, 40 nM Mrc1, 50 nM Sld2 and 5 nM Pif1 (unless otherwise 748 

indicated). Pol d (2.5 nM), Fen1 (10 nM) and Cdc9 ligase (20 nM) were included as indicated. 749 

The extra contribution from protein storage buffers to the final reaction was approximately 750 

22 mM chloride and 50-60 mM acetate, and the corresponding potassium counter-ions.   751 

The replication step was routinely conducted at 30°C for 20 min.  30 nM Uba1, 15 nM 752 

Cdc34 and 2 nM SCFDia2 were added after the replication step, and the incubation continued 753 

at 30°C for a further 20 min. Ubiquitylation reactions were stopped by the addition of KOAc 754 

to 700 mM.  Next, plasmid DNA was digested by addition of 125 U Pierce Universal Nuclease 755 

(ThermoFisher Scientific, 88702) and incubation on ice for 30 min. Each sample was then 756 

incubated for 30 min at 4°C with 10 µL magnetic Dynabeads M-270 Epoxy (Life Technologies) 757 

that had been coupled to antibodies raised against Sld5.  After the incubation, protein 758 

complexes bound on antibody-coupled magnetic beads were washed twice with 190 µL of 759 

buffer containing 25 mM Hepes-KOH (pH 7.6), 700 mM KOAc, 0.02 % NP-40-S, 0.1 mg/mL 760 

BSA, 1 mM DTT, 10 mM Mg(OAc)2 (Wash buffer / 700 mM KOAc).  The bound proteins were 761 

then eluted by the addition of SDS-PAGE sample loading buffer and boiling for 5 min at 95°C. 762 

 763 

Immunoprecipitation of TAP-Sld5 following G1-arrest 764 

Yeast cells were grown at 30°C in YP medium supplemented with 2% glucose (YPD). To 765 

synchronize cells in G1-phase, α-factor mating pheromone (Pepceuticals Limited) was added 766 
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to log-phase cell cultures (cell density: 0.7 × 107 cells/ml) to a final concentration of 7.5 μg/mL. 767 

After 1 h, additional aliquots of 2.5 μg/mL (final concentration) α-factor were added every 15 768 

min until ~90% cells were unbudded and schmooing. To release from G1-phase arrest, cells 769 

were washed twice with fresh medium lacking α-factor, and then resuspended in medium 770 

lacking α-factor to the original cell density. 771 

To prepare yeast whole cell extracts from frozen yeast cells, 250 ml of a cell culture was 772 

first pelleted at 200g for 3 min. Cells were washed once in 50 mL of lysis buffer (100 mM 773 

Hepes-KOH (pH 7.9), 50 mM potassium acetate, 10 mM Mg(OAc)2, 2 mM EDTA) and then 774 

resuspended in three pellet volumes of lysis buffer supplemented with 2 mM sodium fluoride, 775 

2 mM sodium β-glycerophosphate pentahydrate, 1 mM DTT, 1% Protease Inhibitor Cocktail 776 

(P8215, Sigma-Aldrich), and 1X Complete Protease Inhibitor Cocktail (Roche; a 25X stock 777 

solution was made by dissolving 1 tablet in 1 ml water) before freezing dropwise in liquid 778 

nitrogen.  779 

~2-2.5 g of frozen yeast cells were ground in a SPEX SamplePrep 6780 Freezer/Mill (2 x 780 

2 min cycles on setting 14). After thawing, the thawed extract was supplemented with 0.25 781 

volumes of glycerol mix buffer containing 100 mM Hepes-KOH (pH 7.9), 50 % glycerol, 300 782 

mM potassium acetate, 10 mM Mg(OAc)2, 2 mM EDTA, 0.5% NP-40, 1 mM DTT and the 783 

protease and phosphatase inhibitors at the concentrations mentioned above. Chromosomal 784 

DNA was then digested by addition of 400 U/mL Pierce Universal Nuclease (123991963, 785 

Fisher) and incubation for 30 min at 4°C. Insoluble cell debris was pelleted in two high-speed 786 

centrifugation steps (at 25000 × g for 30 min and then at 100000 × g for 1 h).  787 

Samples of the recovered cell extracts (typically 50 μL) were removed the remaining 788 

fraction of each cell extract (~2 ml) was then split into two aliquots, each of which was 789 

incubated with 1.7 × 109 magnetic beads (Dynabeads M-270 Epoxy; 14302D, Life 790 

Technologies) that had been coupled to rabbit immunoglobulin G (IgG) (S1265, Sigma-Aldrich) 791 

for 2 h at 4°C. After the incubation, protein complexes bound on antibody-coupled magnetic 792 

beads were washed four times with 1 ml of wash buffer (100 mM Hepes-KOH (pH 7.9), 100 793 

mM KOAc, 10 mM Mg(OAc)2, 2 mM EDTA, 0.1% IGEPAL CA-630, 2 mM sodium fluoride, 2 mM 794 

sodium β-glycerophosphate pentahydrate, 1% Protease Inhibitor Cocktail (Sigma-Aldrich), 795 

and 1X Complete Protease Inhibitor Cocktail (Roche)). The bound proteins were then eluted 796 

by heating at 95°C for 5 min in 50 μL SDS-PAGE sample loading buffer. 797 

 798 
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Flow Cytometry 799 

For each sample, 107 yeast cells were harvested and fixed by resuspension in 1 ml of 70% 800 

ethanol. Subsequently, 3 ml of 50 mM sodium acetate and 50mg of RNase A was added to 801 

150 µL of fixed cells, followed by incubation at 37°C for 2 h. The cells were then pelleted and 802 

proteins degraded by incubation at 37°C for 30 min in 500 µL of 50 mM HCl containing 2.5 803 

mg of Pepsin. Finally, cells were pelleted and then re-suspended in 1 ml of 50 mM sodium 804 

citrate containing 2 mg of propidium iodide. Samples were sonicated and then analysed in a 805 

FACSCanto II flow cytometer (Becton Dickinson). The data were analysed with FlowJo 806 

software (TreeStar Inc.). 807 

 808 

Dia2 mutant growth assays 809 

Yeast strains were constructed and manipulated by standard genetic techniques. 810 

Mutagenesis of DIA2 at the endogenous locus was done by first cloning full-length 811 

DIA2 harbouring the 13A mutations upstream of URA3 in plasmid pKL506 (Labib laboratory). 812 

The resultant DIA2-URA3 cassette was amplified from plasmid pTDK48 (see supplementary 813 

table 2) by PCR and then used to replace an endogenous copy of DIA2 by transformation into 814 

a yeast diploid. Mutant haploid yeast strains were then isolated by tetrad dissection of the 815 

resultant heterozygous diploid strain.  816 

For spot-dilution assays, 10-fold dilutions of each yeast strain were spotted onto YPD-817 

agar plates and incubated at the indicated temperature for the indicated time. 818 

 819 

In vitro CMG ubiquitylation assays (off DNA) 820 

Reactions (8-10 µL volume) containing 15 nM CMG, 30 nM Uba1, 15 nM Cdc34, 1 nM SCFDia2, 821 

30 nM Ctf4, 30 nM Pol ε and 45 nM Mrc1 were assembled on ice in 25 mM Hepes-KOH (pH 822 

7.6), 75 mM KOAc, 0.02% NP-40-S, 0.1 mg/mL BSA, 1 mM DTT, 10 mM Mg(OAc)2, 6 µM 823 

ubiquitin and 5 mM ATP. Protein storage buffers typically contributed approximately 50 mM 824 

acetate, and the corresponding potassium counter-ions, to the final reaction.  Ubiquitylation 825 

reactions were incubated at 30°C for 20 min and stopped by the addition of SDS-PAGE sample 826 

loading buffer. 827 

 828 

In vitro Ctf4 ubiquitylation assays 829 
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Reactions containing 30 nM Uba1, 15 nM Cdc34, 5 nM SCFDia2 and 30 nM Ctf4 were assembled 830 

on ice in 25 mM Hepes-KOH (pH 7.6), 75 mM KOAc, 0.02% NP-40-S, 0.1 mg/mL BSA, 1 mM 831 

DTT, 10 mM Mg(OAc)2, 6 µM ubiquitin and 5 mM ATP. Ubiquitylation reactions were 832 

incubated at 30°C for 20 min and stopped by the addition of SDS-PAGE sample loading buffer. 833 

 834 

DNA replication assay on a forked DNA template 835 

To prepare the 9.7 kbp primed forked DNA template for replication assays, oligonucleotides 836 

MT096 -837 

GCTATGTGGTAGGAAGTGAGAATTGGAGAGTGTGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT838 

TTTTGAGGAAAGAATGTTGGTGAGGGTTGGGAAGTGGAAGGATGGGCTCGAGAGGTTTTTTTTTTT839 

TTTTTTTTTTTTTTTTTTTTTTT, JY195 - CCTCTCGAGCCCATCCTTCCACTTCCCAACCCTCACC and 840 

JY197 -TTTTTTTTTTTTTTTTTTTTCACACTCTCCAATTCTCACTTCCTACCACAT  (Integrated DNA 841 

Technologies) were annealed and ligated to SapI-linearised ZN336. The ligation was 842 

performed for 16 h at 16oC in a 300 µL reaction containing 1X T4 ligase buffer (New England 843 

Biolabs), 5 mM MgCl2, 15 nM SapI-linearised ZN3, 375 nM annealed replication fork and 844 

7,000 units T4 DNA ligase. The ligation was stopped by addition of EDTA to 30 mM and 845 

deproteinised by addition of SDS and proteinase K (New England Biolabs) to 0.25% and 0.5 846 

mg/ml respectively followed by incubation at 37oC for 20 min. Excess fork oligonucleotides 847 

were removed by gel filtration through a 0.7 x 50 cm Sepharose-4B (Sigma) column 848 

developed in 5 mM Tris-Cl (pH 7.2), 0.1 mM EDTA. Peak fractions were pooled, ethanol 849 

precipitated and stored in 10 mM Tris-Cl (pH 7.2), 1 mM EDTA. 850 

 Replication assays were performed as follows. Yeast CMG was prebound to the 851 

forked DNA template in a buffer (CMG bind) containing 25 mM Hepes-KOH (pH 7.6), 100 852 

mM potassium glutamate, 10 mM Mg(OAc)2, 0.01% NP40, 1 mM DTT, 0.1 mg/ml BSA, 0.05 853 

mM AMP-PNP, 2 nM forked-ZN3 template and 50 nM CMG. After a 5 min incubation at 854 

30oC, CMG bind was mixed ~1:1 with reaction mix to give a reaction buffer containing 25 855 

mM Hepes-KOH (pH 7.6), 100 mM potassium glutamate, 10 mM Mg(OAc)2, 0.01% NP40, 1 856 

mM DTT, 0.1 mg/ml BSA, 0.025 mM AMP-PNP, 1 nM forked-ZN3 template and 25 nM CMG, 857 

20 nM Pol ε, 20 nM RFC, 20 nM PCNA, 20 nM Pol α, 10 nM Mrc1, 20 nM Tof1-Csm3, 20 nM 858 

Ctf4 and 30 µM dA/dCTP. After 5 min incubation at 30oC to enable replisome assembly, 859 

reactions were initiated with 10X Start buffer containing (final concentrations) 3 mM ATP, 860 
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200 µM C/U/GTP, 30 µM dG/dTTP, 100 nM RPA and 33 nM α-[32P]-dCTP. Reactions were 861 

quenched by addition of EDTA to 25 mM and processed as described previously35.  862 

 863 

Immunoblotting 864 

For detection of polyubiquitylated Mcm7 and Ctf4, proteins were resolved by SDS–PAGE 865 

using NuPAGE Novex 3 - 8% Tris-Acetate gels with NuPAGE Tris-Acetate SDS buffer at 200V 866 

for 70 min.  For all other samples, NuPAGE Novex 4 - 12% Bis-Tris gels with NuPAGE MOPS 867 

SDS buffer were used at 200V for 50 min. Resolved proteins were transferred onto a 868 

nitrocellulose iBlot membrane (Invitrogen) with the iBlot Dry Transfer System (Invitrogen). 869 

All polyclonal primary antibodies used in this study were raised in sheep against the 870 

indicated yeast proteins. A conjugate to horseradish peroxidase of anti-sheep IgG from 871 

donkey (Sigma, A3415) was used as a secondary antibody before the detection of 872 

chemoluminescent signals on Hyperfilm ECL (Amersham, GE Healthcare) using ECL Western 873 

Blotting Detection Reagent (GE Healthcare). 874 

 875 

Structural analysis and visualisation 876 

All figures of cryo-EM density maps and models were produced using ChimeraX67 with the 877 

exception of cryo-EM density coloured by local resolution, produced using Chimera68. 878 

Calculations of buried surface area were performed using PDBePISA69. Fourier shell 879 

correlation curves generated using RELION41,65 were plotted using Prism 8. 880 

 881 

Data Availability 882 

Depositions of cryo-EM maps to EMDB and atomic models to PDB will be made at a later date, 883 

prior to publication. 884 
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Fig. 1: Cryo-EM structures of terminating replisomes from S. cerevisiae bound by SCFDia2. a, 
Schematic of the regulation of replisome disassembly. Replisomes are depicted as CMG with 
other replisome factors omitted for clarity. CMG ubiquitylation and replisome disassembly 
are inhibited before termination by a hitherto unknown mechanism, dependent on the 
excluded DNA strand at replication forks (red panel). This inhibition is relieved following 
translocation onto dsDNA (green panel, left and middle) or off DNA (green panel, right). b, 
Slice-through view of cryo-EM density for complexes assembled on dsDNA, highlighting the 
path of DNA through the MCM channel. The cryo-EM density shown is a composite of focused 
maps (refer to Extended Data Fig. 3). Density corresponding to DNA within the MCM N-tier is 
observed but was ill-defined, reflecting few protein:DNA contacts and distortion of B-form 
DNA within this region (refer to Extended Data Fig. 3f). c, DNA engagement within the MCM 
C-tier motor domains by complexes assembled on dsDNA (shown in colour) is comparable to 
prior structures of replisomes bound to a replication fork (shown in grey, PDB: 6SKL13). d, 
Cryo-EM density as in b (left) and corresponding atomic model (right) for complexes 
assembled on dsDNA. For the atomic model, only SCFDia2, DNA and MCM subunits which 
interact with SCFDia2 are coloured. e, Alternative view of the atomic model in d, highlighting 
the approach of DNA and Csm3 by Dia2. f, Cryo-EM density for complexes assembled in the 
absence of DNA derived from multi-body refinement, encompassing the subunits shown. g, 
Comparison of the MCM:Dia2LRR interface from complexes assembled on dsDNA (panels b-e), 
off DNA (panel f) and replisomes bound to a replication fork (PDB: 6SKL13). 
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Fig. 2: A novel MCM:Dia2LRR interface required for replisome disassembly. a, Overview of 
the MCM:Dia2LRR interface. Leading- and lagging-strand template DNA is coloured orange and 
pink, respectively. Residues altered in Dia2LRR mutants are yellow. b, Detail of the 
MCM:Dia2LRR interface. Dia2 residues involved in mutagenesis are coloured yellow. For the 
Mcm3 ZnF, interaction networks are subdivided into those above (A) and below (B) the 
position of the Mcm7 N-terminus. c, (Left) Reaction scheme to monitor CMG-Mcm7 
ubiquitylation after replication fork convergence in vitro. Pif1 helicase was included to 
stimulate fork convergence14. (Right) Immunoblot of reactions conducted as indicated left. 
Wildtype or mutant SCFDia2 was included as indicated. d, Extracts were prepared from G1-
arrested yeast cells harbouring the indicated Dia2 alleles. GINS (and associated CMG) were 
then immunoprecipitated via a TAP tag on Sld5 and the samples analysed by SDS-PAGE and 
immunoblotting. Also Extended Data Fig. 7i.  e, Spot-dilution assay with the indicated yeast 
strains. 10-fold serial dilutions were plated on YPD medium and grown at the indicated 
temperatures for the indicated times.  
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Fig. 3: Cryo-EM structures of human replisomes bound by CUL2LRR1. a, Cryo-EM density of 
the human replisome bound by CUL2LRR1. The density shown is a composite of focused maps 
(refer to Extended Data Fig. 8). b, Atomic models for the human replisome bound by CUL2LRR1 

displayed using transparent surface rendering, other than for CUL2LRR1. (Left) Only CUL2LRR1, 
DNA and the regions of MCM subunits that interact with CUL2LRR1 are coloured. (Right) Model 
indicating the distance between RBX1 and K28-K29MCM7 coloured according to subunit. c, 
LRR1 domain architecture diagram. Numbering indicates primary sequence with LRRs 1-9 also 
indicated. d, Overview of the interface between LRR1 and the replisome. Model displayed 
using surface rendering, other than for LRR1 and DNA, and coloured according to key. e, 
Overview of the MCM:LRR1LRR interface. MCM subunits displayed with additional transparent 
surface rendering and the order of the LRR1LRRs numbered. Red-dashed boxes indicate key 
interaction sites, expanded in (f). f, Detail of the MCM:LRR1LRR interface involving contacts 
between the LRR1LRRs and 1 - MCM3, 2 - MCM5 ZnF and 3 - the MCM7 N-terminus. g, Model 
highlighting local rearrangements of MCM3 upon binding CUL2LRR1. Structures in the absence 
(top) and presence (bottom) of CUL2LRR1, coloured according to inset key, highlight the 
rearrangement of MCM3(1-9) and MCM3(164-174). h, Overview of the 
LRR1:ELOB:ELOC:CUL2:AND-1 interface. Models displayed docked into transparent cryo-EM 
density with MCM subunits visualised using surface rendering. 
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Fig. 4: A Conserved mechanism for regulating replisome disassembly in eukaryotes. a, 
Comparison of cryo-EM density maps for human replisome complexes (human CMG, 
TIMELESS, TIPIN, CLASPIN, AND-1, Pol e) bound to DNA substrates either lacking (left) or 
featuring (right) a 15-nucleotide unpaired lagging-strand template arm, representing the 
excluded DNA strand (Jones et al., under review). Density coloured according to chain 
occupancy using a radius of 5 Å with the excluded strand coloured manually in UCSF 
Chimera. b, Global (top) and local (bottom) views of the MCM3/MCM5 ZnF domains during 
replication elongation (red box, excluded strand present (Jones et al., under review), LRR-
MCM interaction blocked) and termination (green box, excluded strand absent, LRR-MCM 
interaction permitted). For the red box upper panel, the dashed line shows a putative path 
for the excluded ssDNA beyond the density observed in panel a, right. For the red box lower 
panel, four sugar-phosphate backbone DNA linkages were built into the density attributed 
to the excluded strand (see panel a, right). The position of the excluded ssDNA after it exits 
between the MCM3/MCM5 ZnF domains blocks the binding site on MCM for the LRR 
domain of Dia2 (green box, left) and LRR1 (green box, right), thereby restricting this 
interaction to termination. c, Model for the regulation of CMG ubiquitylation via the LRR-
MCM interface. LRR-interacting regions of the labelled MCM subunits are occluded in the 
MCM double hexamer (see Extended Data Fig. 11a) and by the excluded DNA strand at 
replication forks (see a, b) (red box). Loss of the excluded strand upon termination allows 
LRR-MCM engagement, CMG ubiquitylation and replisome disassembly (green box). For 
more details, see text. 
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Extended Data Fig. 1: Supporting data for cryo-EM investigation of S. cerevisiae dsDNA-
bound replisome:SCFDia2 complexes. a, Schematic of reconstitution approach used for 
preparation of cryo-EM sample representing terminating SCFDia2-bound replisome complexes 
after translocation onto dsDNA. A schematic of the DNA substrate used is shown in orange, 
with the 20 nt tract of methylphosphonate (MEP) linkages coloured red. b, Silver-stained SDS-
PAGE gels analysing 100 µL fractions taken across 10-30% glycerol gradients, either lacking 
(top) or containing (bottom) crosslinking agents. Fractions 13+14 used for cryo-EM sample 
preparation are indicated. * = Cdc34-Ub; ** = Cdc34. c, Representative cryo-EM micrograph. 
d, Representative 2D class averages, 40 nm box width. e, Representative angular distribution 
of particle orientations. A correspondingly oriented model is shown to the right for reference. 
f, Fourier shell correlation graphs for maps used in model building. g, Model-to-map 
correlation graphs. h, Cryo-EM density maps relevant to model building, coloured by local 
resolution. 
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Extended Data Fig. 2: Data processing pipeline related to S. cerevisiae replisome:SCFDia2 
complexes. The approach used to subclassify complexes based on MCM C-tier conformation 
and DNA engagement are coloured orange; the approach used to derive cryo-EM 
reconstructions for model building or adjustment of regions outside MCM are coloured 
magenta. 
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Extended Data Fig. 3: DNA engagement by S. cerevisiae CMG following translocation onto 
dsDNA. a, Comparison of conformations I and II demonstrating the similarity in the overall 
complex architecture. For clarity, conformation I is rendered as a surface, whilst conformation 
II is shown as a cartoon. b, Overview of MCM C-tier domains bound to dsDNA, highlighting 
ATPase site occupancy in conformations I and II. c, Cryo-EM density (grey) at the MCM C-tier 
Mcm3-Mcm5 interface for each conformation. Mcm3, cyan; Mcm5, blue; AMP-PNP, red. d, 
Changes in ATPase site occupancy between conformations I and II correspond to movement 
of Mcm3/5/7 AAA+ domains and their DNA-binding loops (helix-2-insertion, H2I; presensor-
1, PS1). Arrows indicate the relative movement of Mcm5 and Mcm3. The outward movement 
of Mcm3/Mcm7 in conformation II – associated with opening of the Mcm3/5 interface and 
loss of nucleotide at this ATPase site – leads to loss of the canonical contacts (described in 
panel g) formed between the Mcm3 H2I/PS1 loops and the leading-strand template DNA 
phosphate backbone. As such conformation II may reflect a partially disengaged state. e, 
Comparison of MCM:Dia2LRR interface between conformations I and II, demonstrating lack of 
conformational changes in this region. f, Model of DNA in cryo-EM density (mesh) for 
conformation I demonstrating distortion of the B-form DNA duplex within the MCM N-tier; 
similar DNA density is observed within the MCM N-tier for conformation II. Approximate 
trajectories of DNA strands within the MCM N-tier are shown as dotted paths. g, Engagement 
of the leading-strand template DNA phosphate backbone by Mcm H2I/PS1 loops in complexes 
that have translocated onto dsDNA is comparable to that previously observed for CMG bound 
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to ssDNA 13. Contacts shown for the representative Mcm6 subunit (conformation I). Specific 
contacts with the DNA phosphate moieties indicated by dashed yellow lines.  
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Extended Data Fig. 4: Insights into Pol e positioning within the S. cerevisiae replisome. a, 
Cryo-EM density derived from multi-body refinement (top) and corresponding atomic model 
(bottom) of the Pol e non-catalytic module (Pol enon-Cat), with the exception of the Dpb2 NTD. 
b, Representative cryo-EM density (mesh) allowing de novo model building and adjustment 
of prior structures. c, Pol2-Mcm2 AAA+ domain interface. d, Interactions formed by the Mcm5 
winged-helix (WH) domain with Pol enon-Cat. The Mcm5 WH is observed to contact regions of 
Pol2 (dark green) in addition to the Pol2 CysB and Dpb2 OB-fold domains. e, Regions of 
additional cryo-EM density observed for SCFDia2-bound replisome complexes on dsDNA, 
visible at low map contour levels. The crystal structure of the Pol2 catalytic domain (PDB: 
4M8O70) has been rigid-body fitted to additional density beside the MCM channel exit. 
Additional unassigned density between Ctf4SepB, Tof1 and SCFDia2 is outlined. f, Focused view 
of additional density attributed to the Pol2 catalytic domain (as in e, except rotated 180°). 
The C-terminal residue of the Po2 catalytic domain (residue 1186), the N-terminal residue of 
the Pol2 non-catalytic domain (residue 1321), and density linking the two domains are 
indicated. 
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Extended Data Fig. 5: Supporting information for the Dia2 structure and its interaction with 
the S. cerevisiae replisome. a, Cryo-EM density for Cdc53-Hrt1 for two 3D classes following 
signal subtraction/3D subclassification, demonstrating the flexibility observed in the position 
of replisome-bound SCFDia2. The position of Hrt1 is shown, derived from rigid-body fitting the 
crystal structure of homologous Cul1-Rbx1 (PDB: 1LDK24). The approximate distance between 
Hrt1 and the primary ubiquitylation site (K29Mcm7) is indicated. b, Cryo-EM density map for 
Cdc53-Hrt1 with the crystal structure of homologous Cul1 (PDB: 1LDK24) rigid-body fitted. c, 
Representative cryo-EM density (mesh) across different regions of Dia2. d, Dia2 domain 
architecture; TPR domain and nuclear localisation signal (NLS)25. e,f, Alternative views of the 
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Dia2 LRR domain coloured by repeat. The F-box domain and C-terminal tail are shown for 
context in e. g, Comparison of Dia2 LRR domain repeats to the LRR consensus sequence 58. L 
is Leu/Val/Ile/Phe, N is Asn/Thr/Cys, x is any amino acid; we consider L0 as the first repeat 
residue. The core LxxLxL motif is highlighted. Dotted underlines represent a-helices. h, 
Comparison of Dia2 F-box to the consensus sequence60. Exact matches coloured red, 
conservative differences coloured green. i, The Dia2 LRR domain (repeats 1 and 2) closely 
approaches the parental dsDNA (orange: leading-strand template; pink: lagging-strand 
template) and Csm3. The region of Csm3 upstream of the DNA-binding motif (DBM) is 
observed to interact with the Dia2 LRR domain b-sheet and Dia2 C-terminal tail, however 
cryo-EM density for this region was insufficient to identify details of this interaction. Dia2 
residues which are positioned close to DNA are labelled.  j, Dia2-Skp1 interaction. k, 
Interactions of Skp1 with alternative LRR-domain-containing F-box proteins, for comparison 
with j. Human Skp1-Skp2: PDB:1FQV60; human Skp1-Fxbl3: PDB: 4I6J71. l, Overview of 
interaction between Dia2 LRR domain and Mcm subunits. m, The MCM:Dia2LRR interaction 
does not involve the concave b-sheet surface of Dia2LRR.  
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Extended Data Fig. 6: Supporting data for cryo-EM investigation of S. cerevisiae 
replisome:SCFDia2 complexes assembled in the absence of DNA. a, Silver-stained SDS-PAGE 
gel analysing 100 µL fractions taken across a 10-30% GraFix gradient. Fractions 1-17 (of 23) 
shown. Fractions 11-13 used for cryo-EM sample preparation are indicated. b, Representative 
cryo-EM micrograph. c, Representative 2D class averages, 40 nm box width. d, Angular 
distribution of particle orientations contributing to cryo-EM density map (Fig. 1f). e, Fourier 
shell correlation curve for the multi-body refinement map presented in Fig. 1f. f, Cryo-EM 
density map (related to Fig. 1f) coloured by local resolution. 
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Extended Data Fig. 7: Supporting data for functional analyses of Dia2 and MCM mutants. a, 
Coomassie-stained SDS-PAGE gel of purified CMG complex containing mutations in Mcm3 and 
Mcm5 at Dia2LRR-MCM interface b, Reaction scheme for in vitro replication of 9.7 kb forked 
DNA template using CMG and the indicated replication proteins. c, Reaction conducted as in 
(b) with wildtype or mutant CMG. Samples were separated on an alkaline agarose gel and 
visualised by auto-radiography. d, In vitro CMG ubiquitylation reaction in the absence of DNA. 
The indicated proteins were incubated in the presence of ubiquitin and ATP and then 
visualised by SDS-PAGE and immunoblotting. e, Positions of residues mutated in Dia2 LRR 
domain. LRR repeats 12-15 are coloured and numbered as in Extended Data Figure 5e-f. 
Residues are coloured according to the Dia2 mutant in which they are present; all residues 
shown were mutated in Dia2-13A. Dia2-8A featured the following mutations: D632A, F657A, 
I662A, Y665A, Q694A, I698A, T699A and Y716A. f, Coomassie-stained SDS-PAGE gel of purified 
SCFDia2 complexes containing Dia2LRR mutants g, In vitro Ctf4 ubiquitylation reaction. The 
indicated proteins were incubated in the presence of ubiquitin and ATP and then visualised 
by SDS-PAGE and immunoblotting. The Hrt1 immunoblot serves as a loading control for 
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SCFDia2. h, Reaction conducted as in (d) with the indicated Dia2LRR mutants. i, DNA content of 
G1-arrested cells from experiment in Fig. 2d was monitored by flow cytometry.  
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Extended Data Fig. 8: Data processing pipeline related to H. sapiens replisome:CUL2LRR1 
complexes. Each pathway describing the generation of a discrete reconstruction is given its 
own colour. The final reconstructions are coloured red and boxed. 
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Extended Data Fig. 9: Supporting data for cryo-EM investigation of H. sapiens replisome: 
CUL2LRR1 complexes. a, Schematic of reconstitution approach used for preparation of a 
replisomes bound to CUL2LRR1 for cryo-EM. A schematic of the DNA substrate used is shown 
with a 39 nucleotide 3’ arm and no 5’ arm. b, Silver-stained SDS-PAGE gels analysing 100 µL 
fractions taken across 10-30% glycerol gradients, either lacking (top) or containing (bottom) 
crosslinking agents. Fractions 15+16 used for cryo-EM sample preparation are indicated. c, 
Representative cryo-EM micrograph. d, Representative 2D class averages, 40 nm box width. 
e-j, (Top) cryo-EM reconstructions coloured by local resolution according to inset keys 
(Bottom) angular distribution of particle orientations. e, Consensus refinement for 
replisome:CUL2LRR1 fully engaged.  f, Consensus refinement for replisome:CUL2LRR1 where the 
LRR1PH domain is bound but the LRRs are disengaged g, Consensus refinement for particles 
lacking CUL2LRR1. h, Multibody refinement for AND-1:CDC45:GINS. I, Multibody refinement 
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for LRR1:ELOB:ELOC:CUL2:AND-1-HMG. j, Multibody refinement for CUL2:RBX1. j, Cryo-EM 
density for the LRR1 LRRs. k, Cryo-EM density for the LRR1 PH domain. l, Representative cryo-
EM density for a LRR1 LRR domain b-strand at 3.5 Å resolution. m, Representative cryo-EM 
density for a LRR1 LRR domain a-helix at 3.7 Å resolution. n, Fourier-shell correlation (FSC) 
curves for the various maps used in model building. o, Map-to-model FSC curves for the 
complete model docked into the consensus refinement for replisomes fully engaged by 
CUL2LRR1.  
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Extended Data Fig. 10: Supporting information for the CUL2LRR1 structure and its interaction 
with the H. sapiens replisome. a, Structural overlay of aligned model from replisomes bound 
to CUL2LRR1 (blue) and in the absence of CUL2LRR1 (red). b, Composite model and map 
representing the conformational variability of CUL2/RBX1. The model for the replisome, 
bound to LRR1 and ELOB-ELOC, is displayed using pipes and planks rendering and coloured 
according to subunit. Three representative 3D classes are displayed encompassing density for 
CUL2:RBX1 obtained through 3D classification without alignment. The distance between RBX1 
and K29MCM7 is indicated as a dotted orange line and distances denoted in the inset key. c, 
Overview of the interface between the LRR1 PH domain and the replisome. Subunits 
interacting with the LRR1 PH domain are displayed using transparent surface rendering. 
Boxed regions indicate key interaction interfaces expanded in (d). d, Detailed structural views 
of the interface between the LRR1 PH domain and: 1- TIMELESS, 2 (1) - MCM6 ZnF, 2 (2) 
dsDNA and 3 - MCM2 ZnF. e, Model for the LRR1 LRRs with numbering indicating the order of 
the leucine-rich repeats. f, Consensus motif for the LRR1 LRRs. The sequence of each repeat 
is indicated with the positions of the key L0, L3 and L5 residues highlighted in red. Repeats 1 
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and 9 represent irregular LRRs. g, LRR1 model docked into transparent cryo-EM density with 
the capping 2-stranded b-sheet highlighted in gold. h, Structure of the AND-1 HMG box 
(PDB:2D7L) docked into the AND-1-dependent cryo-EM density adjacent to ELOC and LRR1. 
Selected hydrophobic core residues displayed. i, Map of the replisome bound to CUL2LRR1 in 
the absence of AND-1 coloured according to subunit. j, Cryo-EM density of the 
LRR1:ELOB:ELOC:CUL2 interface obtained through multibody refinement from particles 
lacking AND-1. The density attributed to the AND-1 HMG box is dependent upon AND-1.   
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Extended Data Fig. 11: Supporting data for model for regulation of CMG ubiquitylation. a, 
The MCM:Dia2LRR interface is occluded in the inactive Mcm2-7 double hexamer. The structure 
of the budding yeast Mcm2-7 double hexamer is shown (PDB: 5BK428): one Mcm2-7 hexamer 
is displayed as a cartoon, the other as a surface. Double-stranded DNA is coloured orange. 
The positions of the N-tier (N) and C-tier (C) are labelled for each hexamer. Inset: focused 
view of the regions of Mcm2-7 involved in interaction with the Dia2 LRR domain, 
demonstrating the inaccessibility of these regions to Dia2 in the context of a double hexamer. 
b, Reaction scheme for experiment in (c), to monitor the suppression of CMG ubiquitylation 
by DNA in the absence of the indicated proteins (top), which are predicted to interact with 
the excluded DNA strand during lagging strand synthesis. Pif1 was omitted to block fork 
convergence. DNase was included after the replication step to release the replisome from 
DNA, which triggers CMG ubiquitylation8 c, Reaction conducted as in (b) and analysed by SDS-
PAGE and immunoblot. 
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 Yeast 
Replisome:SCFDia2 

( Conformation I ) 

Yeast 
Replisome:SCFDia2 

( Conformation II ) 

Human 
Replisome:CUL2LRR1 

Data collection and processing \ \ \ 
Grids Cu R 2/2 400-mesh 

(Quantifoil) with 
ultrathin continuous 

carbon support 

Cu R 2/2 400-mesh 
(Quantifoil) with 

ultrathin continuous 
carbon support 

Cu R 2/2 400-mesh 
(Quantifoil) with 

ultrathin continuous 
carbon support 

Cryo-specimen freezing Manual plunger Manual plunger Manual plunger 
Microscope Titan Krios 

(ThermoFisher 
Scientific) 

Titan Krios 
(ThermoFisher Scientific) 

Titan Krios 
(ThermoFisher 

Scientific) 
Detector K3 Summit (Gatan) K3 Summit (Gatan) K3 Summit (Gatan) 
Datasets 1 1 1 
Micrographs used in data processing 12,730 12,730 16,721 
Fractionation scheme (fractions per 
micrograph) 

38 38 38 

Voltage (keV) 300 300 300 
GIF slit width (eV) 20 20 20 
Electron exposure (e-/Å2) 38.8 38.8 38.3 
Defocus range (µm) -0.4 to -2.2 -0.4 to -2.2 -0.8 to -2.8 
Sampling interval (Å/pixel) 0.53 (super-

resolution) 
0.53 (super-resolution) 0.536 (super-

resolution) 
Initial particle number 2,160,000 2,160,000 2,412,000 
Final particle numbers † 56,000 – 369,000 56,000 – 369,000 39,000 – 232,000 
Map resolution (Å) – 0.143 FSC threshold † 3.3 – 4.0 3.4 – 4.0 2.8 – 10.8 
Refinement \ \ \ 
Model resolution (Å) – 0.5 FSC threshold 4.0 4.3 3.2 
Map-sharpening B-factor (Å2) † -20 to -50 -20 to -50 -30 to -100 
Model composition \ \ \ 
Non-hydrogen atoms 74,850 74,806 77128 
Protein residues 9,145 9,150 9625 
Ligands Zn2+ (7), Mg2+ (3), 

AMP-PNP (3) 
Zn2+ (7), Mg2+ (2),  

AMP-PNP (2) 
Zn2+ (7), Mg2+ (3), 

AMP-PNP (3) 
RMS deviations \ \ \ 
Bond lengths (Å) 0.009 0.009 0.010 
Bond angles (o) 1.083 1.079 1.146 
Validation  \ \ \ 
MolProbity score 0.78 0.81 1.18 
Clash score 0.28 0.23 0.43 
Poor rotamers (%) 0.27 0.54 1.52 
Ramachandran plot \ \ \ 
Favoured (%) 97.01 96.55 94.27 
Allowed (%) 2.98 3.42 5.54 
Outliers (%) 0.01 0.02 0.19 
Data availability \ \ \ 
PDB accession number* XXXX XXXX XXXX 
EMDB accession number* † XXXX XXXX XXXX 

 
 

Extended Data Table 1: Cryo-EM statistics. Model statistics generated using Phenix 
comprehensive validation (cryo-EM)52. * Depositions to PDB and EMDB will be made at a 
later date, prior to publication. † Refer to Extended Data Figs. 2, 8 and Methods for details 
related to individual maps. 
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