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            Abstract
During meiosis, crossover recombination connects homologous chromosomes to direct their accurate segregation1. Defective crossing over causes infertility, miscarriage and congenital disease. Each pair of chromosomes attains at least one crossover via the formation and biased resolution of recombination intermediates known as double Holliday junctions2,3. A central principle of crossover resolution is that the two Holliday junctions are resolved in opposite planes by targeting nuclease incisions to specific DNA strands4. The endonuclease activity of the MutLγ complex has been implicated in the resolution of crossovers5,6,7,8,9,10, but the mechanisms that activate and direct strand-specific cleavage remain unknown. Here we show that the sliding clamp PCNA is important for crossover-biased resolution. In vitro assays with human enzymes show that PCNA and its loader RFC are sufficient to activate the MutLγ endonuclease. MutLγ is further stimulated by a co-dependent activity of the pro-crossover factors EXO1 and MutSγ, the latter of which binds Holliday junctions11. MutLγ also binds various branched DNAs, including Holliday junctions, but does not show canonical resolvase activity, implying that the endonuclease incises adjacent to junction branch points to achieve resolution. In vivo, RFC facilitates MutLγ-dependent crossing over in budding yeast. Furthermore, PCNA localizes to prospective crossover sites along synapsed chromosomes. These data highlight similarities between crossover resolution and the initiation steps of DNA mismatch repair12,13 and evoke a novel model for crossover-specific resolution of double Holliday junctions during meiosis.
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                    Fig. 1: MutLγ endonuclease is stimulated by ATP hydrolysis and MutSγ.[image: ]


Fig. 2: RFC and PCNA activate MutLγ endonuclease activity.[image: ]


Fig. 3: Holliday junctions are specifically bound by MutLγ and modulate its endonuclease activity.[image: ]


Fig. 4: RFC–PCNA promotes crossing over in vivo.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Human MutLγ purification and endonuclease activity.
a, Human MLH1 and MLH3 expression constructs highlighting domain structure and affinity-purification tags: MLH3 ID, human MLH3 interaction domain; endo, endonuclease domain; MBP, maltose binding protein; PP, PreScission protease cleavage site; 10His, deca-histidine tag. Sequences of the conserved metal binding site for (1) wild-type and (2) the nuclease-dead D1223N mutant of MLH3 are also shown. b, Representative MutLγ purification steps monitored by 10% SDS–PAGE stained with Coomassie blue. Amylose enriched fractions were treated with PreScission Protease, to cleave the maltose-binding protein tag, and then subjected to Ni-NTA affinity purification. c, d, Endonuclease assays for varying concentrations of MutLγ and MutLγ(D1223N) (0–300 nM protein with 5 mM Mn2+ (c) or Mg2+ (d)) incubated at 37 °C for 60 min. e, Quantitation of experiments represented in c and d. Mean ± s.e.m. are shown for three experiments after subtracting background nicked product from no-protein controls.


Extended Data Fig. 2 MutLγ endonuclease activity with various metal cofactors and stimulation by ATP.
a, Representative gel image showing MutLγ endonuclease assays with various metal ions (100 nM MutLγ and 5 mM indicated divalent metal ions, incubated at 37 °C for 90 min). Migration positions of supercoiled (S) plasmid and nicked (N) product are shown. For reference, plasmid linearized (L) with BamHI is also shown. Mean ± s.e.m. are shown for three experiments after subtracting background nicked product from no-protein controls. b, Representative endonuclease assays with 100 nM MutLγ in 5 mM Mg2+ or Mn2+ with the addition of various second metal cofactors (5 mM). Reactions were incubated at 37 °C for 90 min. Metals other than Mg2+ compete with Mn2+ to inhibit MutLγ endonuclease activity. Mean ± s.e.m. are shown for three experiments. c, Representative gel image and quantification of human MutLγ endonuclease activity with and without ATP and metal cofactors (100 nM MutLγ, 0.5 mM ATP and 5 mM Mn2+ and/or Mg2+ incubated at 37 °C for 60 min). Mean ± s.e.m. are shown for five experiments. d, MutLγ endonuclease activity with increasing ATP concentration. 100 nM MutLγ was incubated with 5 mM Mn2+ and Mg2+ and indicated concentrations of ATP at 37 °C for 60 min. Endonuclease stimulation was optimal with 0.5 mM ATP, while higher concentrations were inhibitory. Mean ± s.e.m. are shown for three independent experiments.


Extended Data Fig. 3 Purification and characterization of human MutSγ.
a, Representative MutSγ purification steps monitored by 10% SDS–PAGE stained with Coomassie blue. b, Representative images of EMSAs analysing MutSγ binding to 80-mer single and double-stranded DNAs. Binding reactions contained 1 nM 32P-labelled DNA, 100 mM NaCl and 5 mM Mg2+ and were incubated on ice for 10 min. Bound and free DNA species were resolved by non-denaturing 5% polyacrylamide gel electrophoresis and processed for imaging. c, Representative images of EMSAs analysing MutSγ binding to pro-HJ and Holliday junction structures. Terminally 32P-labelled strands are indicated by asterisks. d, Quantification of the EMSAs represented in b and c showing mean ± s.e.m. for three independent experiments. e, SDS–PAGE analysis of purified nuclease-dead human EXO1(D173A) (10% gel stained with Coomassie). f, Endonuclease assays with varying mixtures of MutLγ, MutSγ and EXO1(D173A), with and without ATP (50 nM each protein, 0.5 mM ATP, 5 mM Mn2+ and Mg2+ incubated at 37 °C for 60 min). Mean ± s.e.m. are shown for three experiments. g, Negative control endonuclease assays with nuclease-dead human MutLγ(D1223N), MutSγ and EXO1(D173A). Average percentage nicking ± s.e.m. are shown for three experiments.


Extended Data Fig. 4 Colocalization of MutLγ and MutSγ in mouse spermatocytes.
a, Representative images of surface-spread spermatocyte chromosomes from the indicated pachytene substages, immuno-stained for MSH4 (green), MLH1 (magenta) and the chromosome axis marker SYCP3 (blue). Magnified panels show individual pairs of synapsed chromosomes. Scale bars, 10 and 2 μm, respectively. Arrowheads indicate crossover-specific MLH1 foci that colocalize with MSH4. b, Quantification of MSH4 and MLH1 foci and MSH4–MLH1 cofoci in early, mid and late-pachytene stages (n = 12, 15 and 13 nuclei, respectively). Error bars indicate mean ± s.e.m. N/A, not applicable because MLH1 foci were not observed in early pachytene. c, Percentage of MSH4 foci that are colocalized with MLH1 in mid and late pachytene nuclei (n = 12, 15 and 13 nuclei, respectively). Error bars indicate mean ± s.e.m. The percentage of co-foci increases as most MSH4 foci disappear in late pachynema.


Extended Data Fig. 5 RFC–PCNA activates the latent endonuclease activity of MutLγ in Mg2+.
a, b, SDS–PAGE analysis of purified PCNA and RFC (10% gels stained with Coomassie). c, d, Time-course analysis of MutLγ endonuclease activity in Mg2+, with and without RFC–PCNA and MutSγ–EXO1(D173A). Representative gel images (c) and quantification of three independent experiments (d, mean ± s.e.m.) are shown. Reactions contained 25 nM indicated proteins, 0.5 mM ATP and 5 mM Mg2+ and were incubated at 37 °C for the indicated times. e, Experimental scheme to analyse MutLγ–PCNA interaction in solution. f, SYPRO-Ruby stained SDS–PAGE analysis of MutLγ–PCNA interaction. g, ATP dependence of ensemble nicking reactions showing a representative gel image and quantification of percentage nicking (mean ± s.e.m. from three independent experiments). Reaction conditions were as described for c and d but without ATP, except in the positive control reaction. h, Dependence of ensemble nicking reactions on the MLH3 endonuclease active site. Representative gel images for reactions with nuclease-dead MutLγ(D1223N) and quantification of the percentage nicking are shown (mean ± s.e.m. from three independent experiments). Reactions contained 25 nM indicated proteins, 0.5 mM ATP and 5 mM Mn2+ and were incubated at 37 °C for 30 min. A reaction containing wild-type human MutLγ was included as a positive control.


Extended Data Fig. 6 Human MutLγ binding to single-stranded DNA.
a, Representative image of EMSAs comparing human MutLγ binding to ssDNA and Holliday junctions. b, Quantification of the EMSAs represented in a. Mean ± s.e.m. for three independent experiments are shown. Binding reactions contained 1 nM 32P-labelled DNA, 100 mM NaCl and 5 mM Mg2+ and were incubated on ice for 10 min. Bound and free DNA species were resolved by non-denaturing 5% polyacrylamide gel electrophoresis and processed for imaging. c, Representative images of EMSAs analysing human MutLγ binding to 80-mer DNAs containing single-strand gaps of varying size. To define the minimal single-strand gap that is efficiently bound by MutLγ, 80-nt linear DNAs containing gaps of varying lengths were tested. d, Quantification of the EMSAs represented in c showing mean ± s.e.m. for three independent experiments. Significant binding was not detected for gaps of 5 and 10 nt, but 20 and 40 nt gaps were bound efficiently. Notably, this minimal binding site is similar to that bound by the canonical ssDNA binding protein RPA. e, Representative images of EMSAs for MutLγ binding to an 80mer DNA containing a 40-nucleotide gap, with or without previous incubation with RPA. f, Quantification of the EMSAs represented in e shows that human MutLγ binds a 40 nt gap with almost identical affinity as a 40-mer single-stranded DNA; and that pre-incubation with RPA blocks MutLγ binding. Error bars show mean ± s.e.m. for three independent experiments. g, Representative images of EMSAs for MutLγ binding to pro-HJs and gapped-HJs that were pre-incubated with RPA. To test whether the branched and ssDNA binding activities are autonomous, gHJ and pHJ substrates were pre-incubated with RPA and then used as binding substrates for MutLγ. RPA-gHJ and RPA–pHJ complexes were still readily bound by MutLγ. h, Quantification of the EMSAs represented in g and in Fig. 3a shows that ssDNA and junction binding activities of MutLγ are largely independent. Error bars show mean ± s.e.m. for three independent experiments.


Extended Data Fig. 7 Model Holliday junctions are not incised by MutLγ.
a, b, Representative gel images of ensemble endonuclease reactions with Holliday junction (HJ) and nicked Holliday junction (nHJ) substrates. Reactions contained 25 nM indicated proteins, 0.5 mM ATP and 5 mM Mg2+/Mn2+, and were incubated at 37 °C for 30 min. The reaction products were analysed on a 15% denaturing polyacrylamide gel to detect strand nicking at any position. Nicking was not detected consistent with non-denaturing gels showing that model Holliday junction and nicked Holliday junction structures are not resolved by the MutLγ ensemble (not shown).


Extended Data Fig. 8 Cleavage of supercoiled plasmid containing a cruciform structure.
a, Endonuclease assays with pUC(AT) and varying mixtures of human MutLγ, MutSγ and EXO1(D173A), with and without ATP (50 nM each protein, 0.5 mM ATP, 5 mM Mn2+ and 5 mM Mg2+, incubated at 37 °C for 60 min). Mean ± s.e.m. are shown for three experiments. Under these conditions, pUC(AT) is incised 1.3–1.7-fold more efficiently than the corresponding reactions with pUC19 (also see Fig. 3e). Notably, the linear cleavage product seen with the pUC19 substrate (expected position indicated by L*; see Fig. 1e) was not observed. We suggest that this reflects a more physiological nicking reaction because MutSγ and MutLγ can interact with the cruciform structure. Thus, both the efficiency of nicking and the nature of the incision products are altered when a Holliday junction is present. b, The interdependent nature of stimulation by MutSγ and EXO1(D173A). Representative gel image and quantification of ensemble endonuclease reactions with using pUC(AT) as substrate and Mg2+ as the sole metal cofactor. Reactions contained 25 nM indicated proteins, 0.5 mM ATP and 5 mM Mg2+ and were incubated at 37 °C for 30 min. Mean ± s.e.m. are shown for three experiments. c, d, Negative control ensemble endonuclease assays for pUC(AT) (b) and pUC19 (c) containing nuclease-dead MutLγ(D1223N). Reactions contained 25 nM indicated proteins, 0.5 mM ATP and 5 mM Mg2+ or Mn2+ and were incubated at 37 °C for 30 min. Average percent nicking ± s.e.m. is shown for three independent assays.


Extended Data Fig. 9 Physical assay system for analysis of meiotic recombination in budding yeast.
a, Map of the HIS4:LEU2 recombination hotspot locus highlighting positions of the initiating DSB site, XhoI restriction sites (circled Xs) and the probe used in Southern blotting. Sizes of diagnostic fragments are shown to the right. b, Representative 1D gel Southern blot images for analysis of crossovers and dHJs in RFC1-AID and RFC1-AID mlh3∆ strains, with and without the addition of auxin to trigger Rfc1-AID degradation. Time points are 0, 7, 8, 9 and 11 h after induction of meiosis.


Extended Data Fig. 10 Model variants.
Comparison of variations on the basic theme that MutLγ mediates crossover-specific dHJ resolution by catalysing strand-specific incisions on both sides of the two HJs. a, The model presented in Fig. 4h is shown for comparison. This version has recombination-associated DNA synthesis tracts terminating outside the dHJ. PCNA at these termini direct the MutLγ–MutSγ–Exo1 ensemble to incise upstream (5′) specifically on the strands with DNA synthesis, maintaining this specificity across the stacked junctions (lower panels). Resolution of HJ-1 results in a crossover whereas HJ-2 is resolved as a non-crossover. Notably, this version of the model produces only ‘pattern 1’ crossovers, shown previously to be promoted by MutLγ3. b, By contrast, a more canonical scheme, with synthesis tracts and associated PCNA molecules located within the dHJ produces ‘pattern 2’ crossovers, thereby disfavouring this version of the model. c, Pattern 1 crossovers are also produced by a variant of the model in which MutLγ–MutSγ–Exo1 incises downstream (3′) of the internal synthesis tracts. However, this polarity is opposite to that established for MMR12,13.
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