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ABSTRACT

Yen1 and GEN1 are members of the Rad2/XPG family
of nucleases that were identified as the first canoni-
cal nuclear Holliday junction (HJ) resolvases in bud-
ding yeast and humans due to their ability to intro-
duce two symmetric, coordinated incisions on op-
posite strands of the HJ, yielding nicked DNA prod-
ucts that could be readily ligated. While GEN1 has
been extensively characterized in vitro, much less is
known about the biochemistry of Yen1. Here, we have
performed the first in-depth characterization of puri-
fied Yen1. We confirmed that Yen1 resembles GEN1
in many aspects, including range of substrates tar-
geted, position of most incisions they produce or
the increase in the first incision rate by assembly of
a dimer on a HJ, despite minor differences. However,
we demonstrate that Yen1 is endowed with additional
nuclease activities, like a nick-specific 5’-3' exonucle-
ase or HJ arm-chopping that could apparently blur
its classification as a canonical HJ resolvase. De-
spite this, we show that Yen1 fulfils the requirements
of a canonical HJ resolvase and hypothesize that its
wider array of nuclease activities might contribute to
its function in the removal of persistent recombina-
tion or replication intermediates.

INTRODUCTION

Holliday junctions (HJs) are four-way secondary DNA
structures where two duplexes exchange a pair of single
strands. HJs and similar cruciform structures may arise dur-
ing the processes of double-strand break (DSB) repair by
homologous recombination (HR), post-replication repair
or during the reversal of stalled replication forks. Due to
the physical linkage that HJs establish between two DNA
molecules, their persistence until late stages of the cell cy-
cle may compromise the correct segregation of sister chro-
matids or homologous chromosomes in both the mitotic
and meiotic scenarios (1). Hence, eukaryotic cells are en-

dowed with two main pathways to ensure their timely re-
moval and the disengagement of the two DNA molecules.
First, the combined actions of a RecQ-family helicase Sgs1
in Saccharomyces cerevisiae (BLM in mammals), the type
IA topoisomerase Top3 (TOPOIIIa) and the OB-fold con-
taining accessory protein Rmil (RMI1/RMI2) drive the
convergent branch migration of two HJs and fuse them
into a hemicatenane structure that can be subsequently de-
catenated. This process, double HJ dissolution, leads to
the formation of non-crossover (NCO) products, exclusively
(2). Second, structure-selective endonucleases (SSEs) like
S. cerevisiae Mus81-Mms4, SIx1-SIx4 and Yenl (MUSS81-
EME1/EME2, SLX1-SLX4 and GENI1) can cleave these
HlJs in a process generally referred to as HJ resolution,
which may yield both NCOs and crossover (CO) depend-
ing on the orientation of the cuts across the HJs (3-15).
Additionally, a fourth nuclease, Mlh1-MI1h3, plays a major
role in the resolution of double HJs into COs to ensure chi-
asmata formation and accurate segregation of homologous
chromosomes during meiosis I (16-21).

All these SSEs with the ability to cleave HJs are gener-
ally termed HJ resolvases. The extensive biochemical char-
acterization of phage, prokaryotic and mitochondrial re-
solvases, like T4 Endo VII, T7 Endo 1, Escherichia coli
RuvC, S. cerevisiae Ccel or Schizosaccharomyces pombe
Ydc2 defined the paradigm of ‘canonical’ HJ resolution,
whereby the enzyme introduces a pair of symmetric, co-
ordinated nicks in opposite strands across the junction,
yielding two nicked DNA duplexes that can be directly lig-
ated without further processing (22-39). The two incisions
take place within the lifetime of the protein-DNA com-
plex, with the first one being the limiting step of the reac-
tion and greatly accelerating the second cut (40-42). Re-
solvases that follow this mode of HJ resolution have been
dubbed canonical resolvases. Oppositely, non-canonical re-
solvases typically sever HJs by non-coordinated, asymmet-
rical incisions that release DNA molecules containing small
gaps or flaps, thus requiring additional processing before
re-ligation (43).

Yenl and GEN1 were identified as the first eukaryotic,
nuclear SSEs displaying canonical HJ resolvase activity in
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budding yeast and humans, respectively (10). Both belong
to the subclass I'V of the Rad2/XPG family of SSEs and or-
thologous proteins are present in most organisms analysed,
with the notable exception of S. pombe (10,44-49). These
enzymes are characterized by the presence of a bi-partite nu-
clease domain (XPG-N/XPG-I), a conserved helix-hairpin-
helix motif and a DNA interaction area mediated by a chro-
modomain, identified both in the human and Chaetomium
thermophilum orthologs (50-52) (Figure 1A). The biochem-
ical analysis of various members of this subclass IV in hu-
mans, nematodes, flies, fungi and plants indicate that all
these nucleases retain the characteristic 5'-flap nuclease ac-
tivity of the Rad2/XPG family, but in most cases have also
evolved the ability to resolve HJs in a RuvC-like manner
and to process other branched DNA structures like model
replication forks and nicked HJs (10,45-50,52-58).

In budding yeast, the role of Yenl in resolution of HR
intermediates has been considerably studied. While dele-
tion of YENI confers no overt DNA repair defects ei-
ther on its own or in the absence of other members of the
Rad2/XPG family of nucleases, it dramatically increases
the DNA damage sensitivity of mus8/A and mms4A mu-
tants (59-63). Yenl seems dispensable in meiotic recombi-
nation, but double mus81 A yenl A mutants display meiotic
chromosome segregation abnormalities and cannot sporu-
late (19,59,64-66). These observations have consequently
led to the interpretation that Yenl acts as a back-up mech-
anism for Mus81-Mms4 in the removal of mitotic and
meiotic recombination intermediates. However, it has been
recently shown that Yenl also has a specific role, non-
redundant with Mus81-Mms4 or SIx1-Slx4, in the process-
ing of replication intermediates that persist in the absence
of the nuclease/helicase Dna2 (67,68). Additionally, it has
been shown that Yenl subcellular localization, catalytic ac-
tivity and chromatin accumulation are strictly controlled by
post-translational modifications. Phosphorylation of Yenl
by the Cdc28 (CDK) kinase both reduces its DNA bind-
ing activity and promotes its export to the cytoplasm in S-
phase. At the onset of anaphase, the activation of the Cdc14
phosphatase reverts this modification and allows Yenl ac-
tivation and re-ingression into the nucleus, where it acts to
remove persistent recombination intermediates prior to cell
division (64,69-71). Yenl can also be a substrate for the
SUMO ligases Sizl and Siz2 and the SUMO-targeted ubiq-
uitin ligase SIx5-SIx8 after DNA damage, which drive its
polyubiquitination and subsequent proteasomal degrada-
tion before entry in S-phase (72). Arguably, these different
layers of Yen1 regulation prevent it from severing branched
replication and recombination intermediates from S-phase
until anaphase, limiting its action to persistent branched
DNA intermediates in late stages of mitosis. In this sense,
Yenl mutants that bypass these regulatory mechanisms,
such as Yen1°N (69) (identical to Yen1°A (70)) or Yen1K714R
(72) have proved extremely useful to ascertain the cellular
consequences of premature activation or nuclear persistence
of this resolvase. In particular, Yen1°N has been widely em-
ployed in different experimental set-ups to uncouple the nu-
cleolytic processing of HR intermediates from cell cycle pro-
gression in both mitotic and meiotic contexts. These studies
have collectively revealed that in wild-type cells the precise

timing of Yenl activation is essential to minimize genome
instability, CO formation and loss-of heterozygosity dur-
ing mitosis and to properly establish CO interference during
meiosis I. Contrarily, in mutants deficient in the processing
of HR or replication intermediates, the sustained activation
of Yen1©N alleviates or suppresses the phenotypes associ-
ated to the toxic accumulation of replication or recombina-
tion intermediates (68,69,73-80).

Despite these advances in our understanding of Yenl
functions and regulation, our knowledge about its biochem-
ical properties is relatively lacking compared to some of
its orthologs in other organisms, as it mainly derives from
its initial identification as a canonical resolvase employing
whole-cell extracts (10) and a basic description of its two
activation states once the protein was successfully purified
(69). Here, we present an analysis of Yenl biochemical prop-
erties, with a special focus in the characterization of its ac-
tivities as a canonical HJ resolvase. Our results reveal that,
despite its general behaviour as a bona-fide canonical HJ
resolvase, Yenl is endowed with additional nucleolytic ac-
tivities that may blur this adscription, at least according
to its in vitro properties. In this sense, we have identified
a novel nick-specific 5'-3'exonuclease activity that renders
Yenl resolution products unable to be ligated as well as
an alternative, non-canonical two-step mode of HJ process-
ing, which we term ‘arm-chopping’. Additionally, we have
discovered that despite their many similarities, Yenl and
human GENI1 display different preferences for HJ strand
cleavage. We speculate that such activities might contribute
to the processing of particularly recalcitrant branched DNA
intermediates, but also account for the detrimental effects of
its premature activation.

MATERIALS AND METHODS
Plasmids and strains

All S. cerevisiae strains and plasmids employed are de-
scribed in Supplementary Tables S1 and S2, respectively.

The coding sequence of YENI"T in p416ADHI-
YENIWT.V5-6xHis (60) was mutagenized and/or
subcloned into p416GPD1 (81) to create p416ADHI1-
YENION.V5-6xHis, p416GPDI1-YENIWYT-V5-6xHis and
p416GPDI1-YEN1°9N.V5-6xHis. The vector pENTR221-
GENIWT_FTH-STOP, a kind gift from Gary Chan and
Stephen C. West that contains the coding sequence of
C-terminally tagged GENIWT-3xFLAG-2xTEV-10xHis
(FTH tag), was modified by site-directed mutagenesis
and inverse PCR to generate pENTR221-GENI1™¢-
FTH-STOP, which encodes a constitutive nuclear form
of GENI1 by mutation of its nuclear export signal and
addition of 3xSV40 nuclear localization signals (54).
From these two vectors, derivative plasmids carry-
ing either full length or truncated (1-527) versions of
GENIWYT or GENI™® (pENTR221-GEN1WVT/ne GO,
pYES-EXP52-GEN1WT/ne_y5.6xHis and pYES-EXP52-
GEN[!-527WT/nwe_y5_6xHis, pAG306GAL-GEN1-FTH)
were created by standard subcloning, inverse PCR and/or
Gateway recombination. Details of each cloning can be
provided upon request.
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Genotoxicity assays

Yeast strains were grown to mid-logarithmic phase in SC-
URA containing 2% glucose. The cultures were then nor-
malized to an ODgyp = 0.5 and 10-fold serial dilutions
were spotted onto fresh SC-URA plates containing 1%
raffinose, 2% galactose and increasing concentrations of
methyl methanesulfonate (MMS). Plates were incubated in
the dark for 3 days at 30°C and then photographed in a Gel
Doc XR+ (Bio-Rad).

Immunofluorescence microscopy

Strains carrying V5-tagged versions of Yenl or GENI, ei-
ther in a wild-type or mus81A yenl A background (Sup-
plementary Table S1), were cultured in SC-URA for 16 h
at 30°C, then diluted to an ODgyy = 0.2 in fresh medium
and incubated for 5 h. Cells were then fixed by addition
of 0.1 vol formaldehyde and incubation at 4°C overnight.
Cells were washed once in 0.1 M phosphate buffer pH 7.4,
once in spheroplasting buffer (0.1 M phosphate buffer pH
7.4, 0.5 mM MgCl, and 1.2 M sorbitol) and then incu-
bated in 200 w1 of spheroplasting buffer containing 28 mM
B-mercaptoethanol at 30°C for 15 min. 100-T Zymolyase
(AMSBIO) was added to a final concentration of 1 mg/ml
and incubated at 30°C for an additional 10 min. Sphero-
plasts were then attached to a polylysine-coated multi-well
microscope slide and dehydrated in consecutive methanol
and acetone baths at —20°C. Slides were blocked for 30
min at RT in PBS containing 1% BSA and then incubated
with mouse monoclonal anti-V5 antibodies (1:200 dilu-
tion, Invitrogen #R960-25) at 25°C for 1 h. After washing
with PBS-BSA, the slides were incubated with an Alexa
Fluor 488-coupled anti-mouse antibody from goat (1:200
dilution, Life technologies #A-11001). DNA was stained
with DAPI. Images were acquired using a confocal micro-
scope Leica TCS SP8 with HC PL APO CS2 63x/1.40
OIL lens, under the control of LAX software.

Protein purification

Wild-type Yenl, deregulated Yen1°N and catalytically inac-
tive Yen1NP (E193A, E195A) were all purified from yeast as
fusions with a C-terminal 3xFLAG-2xTEV-10xHIS (FTH)
tag, as previously described (69,82). Yen1® and Yen1°N-P
represent a highly phosphorylated version of the protein,
purified from cells arrested at restrictive temperature before
anaphase entry in a cdcl4-1 strain. Yenl™ and Yen1©9N-*
are lambda phosphatase-treated versions of Yenl? and
Yen1ON-P respectively (69). A lambda phosphatase-treated
version of YenINP was used as catalytically inactive mu-
tant, except in Supplementary Figure S8. For control reac-
tions with FTH-tagged GENI or GEN1'"?7, samples for
initial experiments were kindly provided by Gary Chan and
Stephen C. West. Additional batches were purified as de-
scribed (40). All protein batches were tested for non-specific
exonuclease, endonuclease and protease contaminant activ-
ities and analysed by SDS-PAGE through Novex Value 4—
20% Tris-Glycine Mini Gel (Thermo Fisher Scientific) fol-
lowed by Coomassie staining.
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Protein analysis

For the preparation of soluble protein lysates containing
Yenl or GENI, strains expressing different versions of V5-
tagged Yenl or GEN1 were cultured in 15 ml SC-URA sup-
plemented with 2% glucose. When a density of ~0.6 x 107
cells/ml was reached, cells were harvested, rinsed in wa-
ter, and resuspended in 15 ml SC-URA containing 1% raf-
finose and 2% galactose and incubated for 6 h at 30°C
to induce protein expression. Cells were then harvested
and resuspended in lysis buffer (40 mM Tris—HCI pH 7.5,
150 mM NaCl, 10% glycerol, 0.10% NP-40, 1 mM DTT,
1 mM PMSE, 5 mM NaF, 5 mM H,;NaPO4, 5 mM -
glycerophosphate) and disrupted using a Mini-Beadbeater-
16 (BioSpec). Lysates were quantified with the Bradford
reagent method (BioRad) and normalized to 2 mg/ml. Pro-
tein expression levels were assessed by western blotting em-
ploying an anti-V5 antibody (1:3000 dilution, Invitrogen,
#R960-25).

Mobility-shift detection of phosphorylated Yenl variants
by western-blotting was performed by separating 400 ng
of purified Yen1?, Yen1*, Yen1°N" and Yen1°N through
7.5% SDS-PAGE gels, either unmodified or containing 40
pM Phos-tag (Wako Chemicals) and 160 wM MnCl,. Prior
to transference, Phos-tag gels were washed with transfer
buffer (192 mM glycine, 25 mM Tris-Base, 0,02% SDS, 20%
methanol) containing 100 mM EDTA for 30 min at RT, and
then washed 3 x 15 min with transfer buffer. Proteins were
detected with anti-FLAG M2-HRP (1:3000 dilution, Sigma
#A8592).

Hydrodynamic analysis of Yenl

Glycerol gradient sedimentation and size exclusion chro-
matography were carried out essentially as described (56),
with the following modifications. 25 pg Yen1* was loaded
on 15-35% glycerol gradients prepared in 40 mM Tris—HCI,
pH 7.5, 500 mM NacCl, 0.1% NP-40 and 1 mM DTT. For
size exclusion chromatography, 20 g Yen1* was applied to
a Superdex 200 PC 3.2/30 column (GE Healthcare) in the
same buffer. In both cases, the fractions collected were anal-
ysed by SDS-PAGE through 4-12% MOPS NuPage gradi-
ent gels (Thermo Fisher Scientific) followed by Coomassie
staining.

DNA substrates

Synthetic substrates were prepared essentially as described
(82), employing PAGE-purified ssDNA oligonucleotides.
All the oligonucleotides are listed in Supplementary Table
S3 and the strand composition of each substrate is described
in Supplementary Figure S1. Briefly, labelled and unlabelled
oligonucleotides were mixed in a 1:3 ratio, boiled in a wa-
ter bath, cooled down to room temperature overnight and
fully ligated substrates were purified from 10% polyacry-
lamide gels. For radioactive substrates, oligos were either
5'-end-labelled with [y-3*P]-ATP (3000 Ci/mmol, Perkin
Elmer) and T4 PNK (Thermo Fisher) or 3’-end-labelled
with [a-*2P]-cordycepin (3000 Ci/mmol, Perkin Elmer) and
terminal transferase (New England Biolabs). For fluores-
cent substrates, 5'-IRDye 700, 5'-IRDye 800-labelled (Inte-
grated DNA Technologies), 5-6FAM or 3'-6FAM-labelled
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oligonucleotides (Sigma-Aldrich) were employed. For bi-
otinylated substrates, 5'-biot-X01 oligonucleotide (Sigma-
Aldrich) was employed. Unlabelled substrates were pre-
pared with equimolecular mixtures of oligonucleotides and
purified from native 10% polyacrylamide gels by UV-
shadowing. When appropriate, oligonucleotides containing
one or three consecutive phosphorothioate (SP) linkages
(Sigma-Aldrich) were employed.

Mapping of cleavage sites of various DNA substrates

For the mapping of the incisions on each oligonucleotide
(Figures 1, 2, Supplementary Figures S3 and S4), 5 nM pro-
tein was incubated with 20 nM unlabelled substrate (unless
otherwise stated) supplemented with ~0.1 nM 5'-3?P-end-
labelled substrate in 25 wl of reaction buffer (Yenl reaction
buffer: 50 mM Tris—-HCI pH 7.5, 0.5 mM MgCl,; GENI1 re-
action buffer: 50 mM Tris-HCl pH 7.5, 1 mM MgCl,, | mM
DTT). In all reactions, enzymes represent 1/10 of the final
volume (or enzyme storage buffer in mock reactions). Af-
ter 10 min of incubation at 30°C (Yen1NP, Yen1? or Yenl*)
or 37°C (GEN1!27), 10 ul of each reaction were depro-
teinized by addition of 2.5 pl stop solution (2% SDS, 10
mg/ml proteinase K) and incubation at 37°C for 20 min,
followed by addition of 0.2 vol of 6x native loading buffer
(15% Ficoll-400, 60 mM EDTA, 19.8 mM Tris—-HCl pH 8.0,
0.48% SDS). Another aliquot of 10 .l was mixed with 1 vol
of 2x denaturing loading buffer (TBE 1x, 80% formamide)
and incubated at 99°C for 3 min. The radiolabelled prod-
ucts were then separated by PAGE through 10% native or
denaturing (7 M urea) gels. Radiolabelled molecules were
analysed by phosphorimaging using a Typhoon FLA 9500
and quantified by densitometry using ImageQuant software
(GE Healthcare).

Nuclease time-courses experiments

Time-course experiments for Yen1” and Yen1* (Supplemen-
tary Figure S2) were carried out by pre-incubation of 5 nM
5"-6FAM fluorescent DNA substrate (5'-flap (5'F), replica-
tion fork (RF), nicked X0 HJ (X0n3) and fully ligated X0
HJ (X0)) with increasing concentrations of Yen1® or Yen1*
(25, 50, 100, 200 or 500 nM) in Yenl reaction buffer (as de-
scribed in ‘Mapping of cleavage sites of various DNA sub-
strates’) without MgCl, for 5 min at 4°C. Cleavage was initi-
ated by addition of 0.5 mM MgCl, and incubation at 30°C.
Aliquots were taken at each time point (0, 15, 30, 45, 60, 75,
90, 105 and 120 s) and stopped by addition of 2.5 .l stop
solution and incubation at 37°C for 30 min. These likely rep-
resent single turn-over conditions for Yenl® in most cases,
but not for Yen1?. Products were separated through 10%
native PAGE, scanned at 488 nm in a Typhoon FLA 9500
and quantified by densitometry using ImageQuant soft-
ware. Each time-course was carried out three times inde-
pendently. To estimate apparent reaction rates (kops) at var-
ious enzyme concentrations, we assumed pseudo-first order
kinetics and fitted the fraction of cleaved DNA at time ¢
by non-linear regression as described elsewhere (48) using
GraphPad Prism.

Time-course experiments in Supplementary Figure S9
were carried out in duplicates, using 50 nM 5’-IRDye-
800 fluorescent DNA substrates and 40 nM Yenl1®, Yenl*,

Yen19NF or Yen19N* for reactions with X0 HJ or RF and
10 nM enzyme in those with the 5-flap. Reactions were
incubated in Yenl reaction buffer (as described in ‘Map-
ping of cleavage sites of various DNA substrates’) at 30°C,
aliquots were taken at each time point and stopped by ad-
dition of 2.5 pl stop solution further incubation at 37°C
for 30 min. Products were separated through 10% native
PAGE and analysed using an Odyssey infrared imaging sys-
tem (LI-COR Biosciences).

Symmetricity of cleavage

To assess if Yen1 was capable of symmetrical resolution of a
HJ (Figure 3), we employed an X0 HJ with three hydrolysis-
resistant phosphorothioate linkages between nucleotides 30
to 33 in strands X0-2 and X0-4 (HJ-2SP). Reactions were
carried out as described for the mapping analyses. 5 nM
unlabelled HJ or HJ-2SP spiked with ~0.5 nM each 5'-
32P-end-labelled junction was incubated with 5 nM Yen1*
(30°C, 30 min) or 5 nM GEN1!-%27 (37°C, 2.5 min). The ra-
diolabelled products were then separated by PAGE through
10% native or denaturing (7 M urea) gels. Radiolabelled
molecules were analysed by phosphorimaging using a Ty-
phoon FLA 9500 and quantified by densitometry using Im-
ageQuant software. Reactions in Figure 3D were carried out
in triplicate.

Preference for axis cleavage

To assess any preference for the axis of HJ resolution (Fig-
ure 4), reactions were carried out as described for the map-
ping analyses. 5 nM unlabelled J3 HJ spiked with ~0.5
nM 5'-32P-end-labelled junction was incubated with 50 nM
Yenl* (30°C, 5 min) or 5 nM GENI (37°C, 5 min). The
radiolabelled products were separated by 10% denaturing
PAGE and quantified by phosphorimaging as described.
The experiment was carried out in triplicate.

Re-ligation and exonuclease activity experiments

For re-ligation experiments (Figure 5B and F), ~0.5nM 5'-
32P-end-labelled asymmetric HJ X1-T (40) or X1-T-SP were
incubated with 10 nM Yen1* or GENI1 for 30 min under the
same conditions described for the mapping analysis. 10 .l
aliquots of each reaction were either left untreated or ad-
justed to 1X T4 DNA ligase buffer, supplemented with 5 U
of T4 DNA ligase (Fisher, #EL0014) and further incubated
for 1 h at 25°C. All reactions were stopped by adding 1 vol
of 2x denaturing loading buffer and incubated at 99°C for 3
min. Products were then analysed by 10% denaturing PAGE
and phosphorimaging as described above.

For exonuclease assays in Figure 5C and D, ~0.5 nM ei-
ther 5'- or 3'- 3P-end-labelled nicked or gapped dsDNA
substrates were incubated with increasing concentrations of
Yenl* (0, 0.25, 0.5, 1, 2, 4, 8 nM in Figure 5C; 0, 0.5, 2, 8
nM in Figure 5D) for 10 min at 30°C in Yen1 reaction buffer
(as described in ‘Mapping of cleavage sites of various DNA
substrates’) in a total volume of 20 wl. After incubation,
all reactions were stopped with 5 wl stop buffer, 37°C, 1 h.
For analysis under native conditions, reactions were mixed
with 0.2 vol of 6x native loading buffer and separated in
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10% PAGE native gels. For analysis under denaturing con-
ditions, reactions were mixed with 1 vol of 2x denaturing
loading buffer, boiled and loaded on 12% PAGE gels con-
taining 7 M urea. Gels were analysed by phosphorimaging
as described before.

For exonuclease experiments in Figures SE and Supple-
mentary Figure S6C, 50 nM enzyme was incubated on its
reaction buffer with 10 nM 3’-6FAM-fluorescent substrates
for 10 min at 30°C for Yenl* and YenI™P and 37°C for
GENI1. After incubation, all reactions were mixed with 1
vol of 2x denaturing loading buffer, boiled, loaded on 13%
PAGE gels containing 7 M urea and scanned at 488 nm in
a Typhoon FLA 9500. For exonuclease experiments per-
formed at different temperatures (Supplementary Figure
S6A and B), 2 nM Yen1* or Yen1NP was incubated in Yenl
reaction buffer (as described in ‘Mapping of cleavage sites of
various DNA substrates’) with 10 nM 3"-6FAM-nicked ds-
DNA or 5-6FAM-5"flap at the indicated temperatures (20,
25, 30, 35, 40 and 45°C) for 5 min (5’-flap) or 20 min (nicked
dsDNA). Reactions were processed as stated above. Gels
were scanned at 488 nm in a Typhoon FLA 9500 and quan-
tified by densitometry using ImageQuant software. Experi-
ments in Supplementary Figure S6A were done three inde-
pendent times.

Cruciform assays

In experiments with the cruciform-forming pIR9 plasmid
(47) (Figure 6B), extrusion of the cruciform was favored by
preincubation at 37°C in extrusion buffer (50 mM Tris—HCl
pH 7.5, 50 mM NacCl, 0.1 mM EDTA). Cruciform cleav-
age assays were carried out in 10 pl Yenl reaction buffer
(as described in “‘Mapping of cleavage sites of various DNA
substrates’) containing 4.5 nM plasmid and 90 nM Yen1?
or Yenl* at 30°C. Aliquots were taken at 0, 7.5, 15, 30, 60,
90 and 120 min. Resistance to digestion by EcoRI was em-
ployed to measure cruciform extrusion levels. Products were
separated in 0.8% agarose gels, stained with ethidium bro-
mide, and imaged and quantified on a Gel Doc XR + Sys-
tem using the Image Lab software (Bio-Rad). Each experi-
ment was done three independent times.

For the ligation experiment in Figure 6C, 4.5 nM pIR9
was incubated with 90 nM Yen1® in Yen1 reaction buffer for
1 h at 30°C. In addition, incubation of the cruciform plas-
mid with 10 U Nt.BspQI (NEB) at 50°C for 1 h was used as
a control for a nicked circle. After the nuclease reaction, the
DNA was purified using a commercial kit (E.Z.N.A.Cycle-
Pure Kit, Omega Bio-tek #D6492-02). Following the purifi-
cation, 5 U T4 DNA ligase was added to 100 ng of purified
DNA in the supplied ligase buffer for 1 h at 37°C. Products
were analysed as stated above.

For experiments in Figure 6D, pIR9 was pre-nicked with
Nt.BspQI and purified by phenol-chloroform extraction.
After this, 4.5 nM nicked pIR9 was incubated with 90 nM
Yenl1®, Yen1® or Yen1NP for 90 min at 30°C. After the nucle-
ase reaction, the DNA was purified using commercial DNA
purification kits followed by 1 h incubation with 5 U T4
DNA ligase at 37°C. Products were then analysed as stated
above.

For the labelling experiments (Figure 6F), 4.5 nM pIR9
was incubated with 90 nM Yenl (Yenl*, YenlON* or
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Yen1™NP), 50 nM GENI1, 10 U Nt.BspQI or 1 U EcoRI in
their corresponding reaction buffers for 90 min. Reactions
were carried out in a final volume of 20 pl. After this, they
were treated with 1 U thermosensitive alkaline phosphatase
(FastAP, Thermo Fisher) for 1 h at 37°C, and inactivated
for 5 min at 75°C. Then, half of the reaction was loaded on
agarose gels as described, and the other half was denatured
at 99°C for 3 min. After this, 50 wl 50 mM Tris—HCI was
added to the reaction and applied to a G-25 MicroSpin col-
umn. The eluted reaction products were labelled by adding
1 wl [y-**P]-ATP (3000 Ci/mmol, Perkin Elmer) and 10 U
T4 PNK for 1 h at 37°C. The non-incorporated isotope was
eliminated using G-25 columns and the eluted DNA was
precipitated with 2 vol of ethanol, 0.1 vol of 3 M sodium
acetate pH 5.2 and 0.02 vol of 5 mg/ml glycogen. The pel-
let was resuspended in 10 wl 2x denaturing loading buffer
and samples analysed in 15% denaturing gels as described
above.

Nicking stimulation by dimer formation

To assess if the dimerization of Yen1 on a HJ favours its first
incision, we employed an X0 HJ with a SP linkage between
nucleotides 31-32 in strand X0-3 (X0-SP). Experiments in
Figure 7B and C were performed as described for the map-
ping analyses. 5 nM unlabelled substrates were used, and
the incubation time was 5 min for YenI* and 2.5 min for
GENI.

For experiments in Figures 7D, E and Supplementary
Figure S8, 10 nM 5"-6FAM-HJ-X0-SP was incubated with
2 nM Yenl* or Yenl® and increasing concentrations of
Yen1™P or Yen1NP-P respectively (0, 4, 8, 16, 32, 64, 128
nM) in Yenl reaction buffer (as described in ‘Mapping
of cleavage sites of various DNA substrates’). Reactions
were incubated 5 min for Yenl* (Figure 7D, E) or 1 h for
Yen1? (Supplementary Figure S8) at 30°C. All reactions
were stopped by adding 1 vol of 2x denaturing loading
buffer and incubated at 99°C for 3 min. Products were then
analysed by 10% denaturing PAGE, scanned at 488 nm in
a Typhoon FLA 9500 and quantified by densitometry us-
ing ImageQuant software. Each experiment was done three
independent times.

For the kinetic analysis in Figure 7F, 2 nM YenI* was
pre-mixed with 0, 32 or 128 nM YenINP. Reactions were
performed and analysed as described above. Aliquots were
taken at 0, 1, 2, 4, 8, 16, 32, 64 and 128 min. Reaction rates
were calculated from triplicate time-courses using Graph-
Pad Prism, employing a global adjustment of all the data
points to a single exponential curve, assuming a pseudo-first
order reaction. Data are presented as the reaction ratein 1/s
with a 95% CI. Significance of the difference between reac-
tion rates was estimated by an extra-sum-of-squares F-test.

Bio-layer interferometry assays

Binding kinetics of Yen1* and Yen1NP to a biotinylated X0
HJ were measured by bio-layer interferometry (BLI) using
a BLItz instrument (FortéBio). Streptavidin-coated biosen-
sors (FortéBio, Cat No. 18-5019) were pre-hydrated in Yenl
binding buffer (50 mM Tris—HCI pH 7.5, 125 mM Nacl,
5mM EDTA, | mM DTT, 100 pg/ml BSA, 11% glycerol)
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for 10 min. BLI experiments involved the following steps: (1)
baseline establishment, 30 s; (ii) loading 5'-biotinylated X0
HJ, 120 s; (iii) wash in binding buffer, 30 s; (iv) association
step with Yen1* or Yen1NP (250, 500 or 1000 nM), 120s; (v)
dissociation step in binding buffer, 120 s. Data Acquisition
9.0 software (FortéBio) was used to record binding events
in duplicate experiments and to estimate the equilibrium
dissociation constant (Kp). The Kp values obtained for the
enzyme-HJ complexes were 5.84 + 0.60 nM (mean + SD)
with YenI* and 13.47 4 1.76 nM with YenINP.

Nuclease assays with whole-cell lysates

Nuclease assays with whole-cell lysates from strains express-
ing Yenl or GEN1 were performed with 50 nM 5’-IRDye-
700 labelled X0 HJ in either Yenl or GEN1 reaction buffer
(as described in “Mapping of cleavage sites of various DNA
substrates’). 1 wl of normalized lysate (~2 mg/ml total pro-
tein) was added to each reaction and incubated for 1 h at
30°C. Products were analysed by 10% native PAGE and gels
were scanned using an Odyssey infrared imaging system.

Protein sequence alignment

Protein sequences for GENI (Q17RS7), CtGENI
(GORYN2) and Yenl (P40028) were retrieved from
Uniprot (83) and aligned with SnapGene software
(www.snapgene.com) using Clustal Omega (84). Predicted
structural features for Yenl were retrieved from AlphaFold
(85).

RESULTS

Yenl and GENI cleave four- and three-way junctions at sim-
ilar, but not identical, positions

Yenl nuclease activity is regulated by CDK-dependent
phosphorylation events that inhibit both its overall DNA-
binding and catalytic activity (69,70). However, it is not
known whether these changes may also alter the position of
the incisions that Yenl creates on the substrates. To investi-
gate this, we purified highly phosphorylated (Yen1®) and in
vitro, lambda phosphatase-dephosphorylated (Yen1*) ver-
sions of Yenl (Figure 1B) and incubated them with X0
HJ, nicked X0 HJ (XOn), replication fork (RF) and 5'-flap
(5'F) synthetic DNA substrates. In agreement with previous
results (69,70), time-course analyses of Yenl? and Yenl*
demonstrated the inhibitory effect of phosphorylation on
the processing of all this substrates, being the 5 -flaps and
nicked X0 HJs processed more efficiently than replication
forks and X0 HJs (Supplementary Figure S2). For the high-
resolution mapping of incision sites on various branched
DNA structures, including X0 HJs, three-way junctions
(3W1), replication forks and 5'-flap substrates, we separated
the reaction products by 7 M urea denaturing PAGE (Fig-
ure 1C-F). The same reactions were also analysed by na-
tive PAGE (Supplementary Figure S3). We observed that,
despite their different efficiency, the incision sites produced
by Yen1” and YenI™ on all the tested substrates are entirely
coincident, indicating that the upregulation of Yen1 activity
by dephosphorylation does not alter its cleavage specificity.

In parallel, we also compared Yenl incisions with those
created by its human homolog GENI1 on the same set of
substrates (Figures 1C-G, Supplementary Figures S3 and
S4). On the static, fully ligated X0 HJ substrate (10), GEN1
typically introduces symmetrical nicks 1 nt at the 3’ of
the branching point specifically on strands X0-1 and XO0-
3 (Figure 1C and G), in agreement with previous reports
(10,40,56). On top of these cuts, Yenl can nick strands X0-
2 and X0-4 of X0 HJ, typically 1 or 2 nt at the 3’ of the
branching point. Therefore, it seems that while GENI1 pref-
erentially resolves the X0 HJ over the 1-3 axis, Yenl can
process it across both the 1-3 and 2-4 axis. Interestingly,
the analysis of the cleavage products by native PAGE re-
vealed that Yenl, but not GENI, gives rise to two additional
bands apart from the nicked duplex expected by canoni-
cal resolution (Supplementary Figure S3). These species mi-
grate in positions comparable to those of a replication fork-
like (RF-like) structure and a 30 nt duplex, which would be
consistent with the cleavage of two annealing strands, and
thus releasing one helical arm of the junction. Differences
between the two enzymes in their preference to cleave spe-
cific strands can also be observed on a fully continuous 3WJ
(Figure 1E and G). For this substrate, Yenl has a marked
preference to incise strand X0-1, again 1 nt at the 3’ of the
branching point, while GEN1 produces detectable nicking
on all strands of this substrate. Together with the results ob-
tained with the X0 HJ, this suggests that the two enzymes
may recognize or remodel these continuous branched sub-
strates in a different manner or, alternatively, that they may
display a mild, but slightly different sequence preference for
cleavage. However, substrates with discontinuous strands
like model replication forks or 5'-flaps were almost exclu-
sively processed by both Yenl and GEN1 on strand X0-4, 1
or 2 nt at the 3’ from the branching point of the 5" arm/flap
(Figure 1D, F and G). An additional incision 4 nt into the
S'-flap strand for GEN1 that has been previously observed
was also recapitulated in our analysis (40). We also tested if
Yenl could nick any of the strands of 3'-flap, splayed arm,
double- and single- stranded DNA substrates. In agreement
with our previous results showing no cleavage of these struc-
tures (69), we did not detect incisions produced by Yenl on
any of their constituent strands (Supplementary Figure S4).

Yenl can incise both the opposing and 5’ strands of nicked
HJs

Nicked HJs are particularly interesting intermediates dur-
ing HR, as they represent the precursors of fully ligated
HlJs and are considered in many instances as a key inter-
mediate to generate crossovers (86-89). To specifically as-
sess how Yenl resolves these structures, we generated the
four possible nicked HJs based on the X0 structure (X0nl
to X0n4, with n1-4 indicating the nicked strand) and inde-
pendently labelled each of the intact strands. The resulting
set of 12 substrates was incubated with Yenl or GENI and
their incisions mapped as described in the previous section.
When we labelled the strand opposing the nick (Figure 2A),
we observed that both Yenl and GENI hydrolysed it 1 nt
to the 3’-side of the junction point (position 31) for X0Onl
and XO0n3. In junctions X0n2 and X0n4, Yenl still cleaves
mainly at position 31, but GEN1 does it 1-3 nt to the 3'-side
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Figure 1. Mapping of Yen! incisions on branched DNA substrates. (A) Graghical representation of Yenl and GEN1 domains. Serines in consensus CDK
phosphorylation sites are indicated in Yenl. (B) FTH-tagged YenI1NP, Yen1®, Yen1*, Yen1ON-P and Yen19N* were purified, analysed by SDS-PAGE and
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Figure 2. Mapping of Yenl incisions on nicked HJs. Reactions with different nicked X0 HJs and Yen1* or GEN1!527 were carried out and labelled as in
Figure 1. (A) Reactions using nicked X0 substrates labelled on the strand opposite the nick were analysed by 10% denaturing PAGE or (B) 10% native
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of the junction point, mainly in position 32 of the oligonu-
cleotide (Figure 2A and G). Interestingly, these incisions on
the nicked X0 HJ are not perfectly symmetrical to the pre-
existing nick in position 30 and thus would lead to duplex
products that would contain typically 1 nt (up to 3 nt) gaps
or 3'-flaps, as it has been observed for the Arabidopsis or-
thologs (47).

It is generally considered that the presence of a nick in
a HJ increases its flexibility and the accessibility of the
SSEs for the cleavage of the opposite strand, thus favour-
ing counter-nicking and resolution of the junction (90). Ac-
cordingly, analysis of the same reaction products on native
gels also revealed that the expected 60 nt duplex resulting
from resolution of the XOn1 and X0n3 was almost the exclu-
sive product for GENI1 (Figure 2B). However, in the case of
Yenl, the same pattern of 3 bands (RF-like, nicked duplex,
small duplex) observed with intact X0 HJ was still present,
to different extents, with all the nicked X0 versions. Surpris-
ingly, the major product of GEN1 on X0n2 and X0n4 was
the small duplex molecule, which necessarily involves the
cleavage of the 5'strand with respect to the nick. Indeed,
when we labelled the 5'strand in all the nicked X0 HJs, we
detected cleavage by both nucleases in all cases, except for
GENI1 on X0n3-4* (Figure 2C and G) and consistently, we
observed again the presence of the small duplexes in the na-
tive gels, except for X0n3-4* (Figure 2D). Conversely, we de-
tected no incisions or the presence of the small duplex prod-
uct when the nicked junctions were labelled on the 3'strand
with respect to the nick (Figure 2E, F and G).

The removal of one arm from a nicked HJ to produce
a three-arm structure has already been observed for the
A. thaliana orthologs of Yenl, AtGENI and AtSENDI1
(47), being referred to as Ref-I (Replication Fork Interme-
diate) activity. Interestingly, the small duplex that we ob-
serve when we label the strand opposite the nick (Figure 2B)
cannot directly arise as a consequence of this Ref-I activity.
Instead, it must involve a sequential reaction, in which the
first incision by Ref-I activity on the 5'strand with respect
to the nick is followed by a second incision on the result-
ing RF-like intermediate, with the typical 5" polarity of the
Rad2/XPG family (Supplementary Figure SSA).

Both symmetrical resolution and arm-chopping contribute to
the formation of nicked duplex DNA from a synthetic HJ

The paradigm of canonical HJ resolution proposes that two
symmetrical, coordinated incisions across the axis of the
HJ produce a pair of nicked duplexes (23,91). Surprisingly,
when we analysed the cleavage products generated by Yenl
on an intact X0 HJ in native gels (Supplementary Figure
S3), we detected the formation of, apparently, the same two
additional species that we observed with the nicked X0 HJs:
one with a migration compatible with a RF-like structure
and another migrating like a small (~30 nt) DNA duplex.
This suggests that Yenl may exhibit an alternative way of
processing an intact HIJ: the cleavage of both strands in one
arm of the HJ, releasing a small dssSDNA fragment and a RF-
like, three-arm structure (Supplementary Figure S5B). This
arm-chopping activity can also be observed in some of Yenl
orthologs such as AtGENI and AtSEND1 (47), OsGEN1
(58) and DmGEN]1 (53). Importantly, the RF-like structure
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produced by this arm-chopping would be susceptible of fur-
ther processing to yield a nicked dSDNA product, similar to
the one expected by symmetrical resolution, in a situation
analogous to that described for the Ref-I activity on nicked
HJs (Supplementary Figure S5A). This poses an interest-
ing caveat: is Yenl able to symmetrically resolve an intact
HJ into two nicked dsDNA molecules or do these nicked
duplexes arise from a two-step mechanism involving arm-
chopping? To address this question, we generated an X0 HJ
variant in which the opposing oligonucleotides X0-2 and
X0-4 were modified to contain three hydrolysis-resistant
phosphorothioate linkages (SP) between nucleotides 30, 31,
32 and 33 (Figure 3A). This renders these strands more re-
sistant to cleavage by both Yenl and GENI (Figure 3B)
and favours the processing of this HJ by symmetrical res-
olution, i.e., by the introduction of two nicks on oligos XO0-
1 and XO0-3, respectively. We compared the ability of both
resolvases to process this structure with respect to an un-
modified X0 HJ and verified that the ability of each enzyme
to introduce a nick at nucleotide 31 in the oligo X0-1 was
similar for both substrates (Figure 3C). Remarkably, when
analysing the same reactions on native gels, we observed
that both the RF-like and small duplex products that Yenl
generates on the X0 HJ disappear when the X0-2SP is em-
ployed, while most of the nicked duplex product remained
(Figure 3D). We quantified the formation of nicked duplex
and total cleavage (RF-like + nicked duplex + small duplex)
in each reaction and observed that, for GENI1, total cleav-
age is equivalent to nicked duplex formation, as expected
for a canonical resolvase. For Yenl, the nicked duplex rep-
resents ~2/3 of the total cleavage (19% vs 28%) on a nor-
mal X0 HJ, with an undetermined contribution from each
mechanism. However, on the X0-2SP virtually all cleavage
products correspond to the nicked duplex (14%), which in
this case can only arise from symmetrical resolution (Fig-
ure 3D). Therefore, these results demonstrate that Yenl is
capable of symmetrical resolution of an intact HJ, despite
being endowed with an alternative arm-chopping mode of
HJ processing.

Yenl and GENI1 display a different preference in strand cleav-
age on a HJ with a fixed conformation

In the presence of Mg?", HJs undergo a conformational
change from an open, square structure into a form where
pairs of arms are coaxially stacked (92). This implies the ex-
istence of two DNA strands that will appear as continuous
as opposed to two exchanging strands. Some HJ resolvases
like RuvC, T7 Endo I and GENI1 show a preference for the
cleavage of the continuous strands (34,56,93,94), while Hjc
or T4 Endo VII incise the exchanging strands (95-97). To
assess if Yenl displays any bias in cleavage orientation, we
determined the incision sites it produced on a J3 synthetic
HIJ, which in solution exists almost exclusively as a con-
former with arm-stacking of 2 over 4 and 1 over 3 (Figure
4A) (33). While GENI1 preferentially nicked the J3 HJ in the
x and 4 strands (Figure 4B-D), as previously reported (56)
and similarly to CtGEN1 (48), Yenl introduced incisions
mostly in b and r strands (Figure 4B-D). These results in-
dicate that, like other GEN1-family resolvases, Yenl also
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Figure 3. Yenl can resolve HJs symmetrically. (A) Scheme of the SP-containing X0 HJ employed in the assay (X0-2SP), which contains 3 hydrolysis-
resistant phosphorothioate linkages between nucleotides 30, 31, 32 and 33 of oligos X0-2 and X0-4 (indicated by a blue box). (B) Reactions were carried
out and labelled essentially as in Figure 1, using 5 nM X0-2SP, 5'-3?P-end-labelled (asterisk) and 5 nM YenI* (30 min, 30°C) or GEN1!-%7 (2.5 min, 37°C).
Reaction products were analysed by 10% denaturing PAGE followed by phosphorimaging and quantified using ImageQuant. (C) Reactions with X0 or
X0-2SP (5 nM) 5'-32P-labelled in X0-1 were incubated with YenI* or GEN1!-527 in the same conditions as in (B) and analysed by 10% denaturing PAGE.
(D) The same reactions as in (C) were analysed by 10% native PAGE (left panel). A representative gel is shown. The formation of nicked dsDNA products
and the total amount of all cleavage products were quantified (right panel). Data represented as mean values £+ SD (n = 3).

displays a strong bias for the cleavage of one particular axis
of the J3, but in this case preferring the opposite one.

A novel 5'-3’ exonuclease activity in Yen1 prevents the ligation
of its HJ resolution products

GENI was first characterized as a canonical HJ resolvase
due to its ability to introduce symmetrical cuts across
the junction, leading to the formation of nicked dsDNA
molecules that can be ligated without any further processing
(10). As we have shown, Yenl can also introduce symmetri-
cal incisions, but its ability to produce resolution products
that can be directly ligated remains unaddressed. Therefore,
we decided to test if HJ resolution by Yenl also fulfils this
condition. For this purpose, we employed the X1-T asym-
metrical HJ, which allows the detection of ligation products
after resolution (40). Resolution of X1-T HJ across strands
X1-1T (53 nt, 5-labelled) and X1-3 (60 nt) and further re-
ligation of the nicked product with T4 DNA ligase creates
a new hybrid 5-labelled strand of 60 nt that can be detected

by denaturing PAGE (Figure SA). Using this set-up, we con-
firmed that GEN1 resolution products can be readily lig-
ated (>40%) (Figure 5B), as previously reported (10,40,56).
However, ligation products were almost undetectable for
Yenl. Given that the nicks produced on this junction are
symmetrical and thus a priori able to be sealed, we spec-
ulated that Yenl might be further processing its cleavage
products. To test this hypothesis, we created nicked dsDNA
substrates and determined whether Yen1 could act on them.
When we labelled the 5'-phosphate group at the nick, we
observed that incubation with Yenl resulted in the loss of
the labelling, as determined by the appearance of a fast-
migrating band in both native and denaturing gels (Fig-
ure 5C, left panel). Conversely, when labelling the 3’-end
of the same strand downstream the nick, Yenl produced a
slight shift of the substrate in native PAGE and the degra-
dation of the substrate up to 3 nucleotides in denaturing
PAGE (Figure 5C, right panel). Both results suggest that
Yenl is endowed with a 5'-3’ exonuclease activity specific
for nicked DNA molecules. To further characterize this pre-
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viously undescribed exonuclease activity, we created a se-
ries of 3'-labelled dsDNA substrates with gaps of increasing
length and checked if Yenl could extend such gaps (Fig-
ure 5D). We observed that nicks and gaps up to 2 nt could
be efficiently extended into 3-nt gaps. However, 3-nt gaps
became poor substrates for Yenl exonuclease activity and
4- or 5- nt gaps were not further extended. A possible ef-
fect of DNA breathing at the nick followed by endonucle-
olytic cleavage of the resulting pseudo-flap was ruled out
by comparing the processing of the nicked dsDNA and 5°-
flap substrates at different temperatures, with no obvious
stimulation of the exonuclease activity at higher tempera-
tures (Supplementary Figure S6A). Importantly, the inclu-
sion of an SP linkage between the first two nucleotides of the
downstream oligo in a nicked dsDNA substrate prevented
Yenl from further processing the nicked dsDNA (Figures
SE and Supplementary Figure S6B). The same experiment
revealed that GENI1 is also endowed with this exonuclease
activity, albeit comparatively weaker and excising only 1 nt
(Figure SE). On the other hand, neither Yenl nor GEN1
display exonuclease activity on the preferred substrate for
Rad2/XPG-family 5'-3" exonucleases, a 5'-recessed dsDNA
substrate (Supplementary Figure S6C). Finally, we hypoth-

esized that if this previously undetected exonuclease activity
was processing the resolution products of Yenl on the X1-T
HJ and preventing their ligation, the inclusion of a SP link-
age between nt 31-32 in the oligo X1-3 of this X1-T HJ (1
nt at the 3'of the incision for resolution) should prevent this
activity and allow their ligation. Indeed, when the resolu-
tion products created by Yenl on such X1-T-SP were incu-
bated with T4 DNA ligase, the 60 nt ligated strand could be
detected, unlike with the unmodified X1-T HJ (Figure S5F).
Altogether, these results reveal the existence of a 5'-3" ex-
onuclease activity in Yenl that specifically extends nicks in
dsDNA molecules into single-stranded gaps up to 3 nt long.
Such activity efficiently processes the products of symmetri-
cal resolution by Yenl, rendering them unable to be ligated
in vitro.

Yenl can process plasmid-borne cruciform structures by both
resolution and arm-chopping

In bacteria and archaea, the dimeric nature of resolvases
facilitates the acceleration of second-strand cleavage to in-
troduce near-simultaneous nicks across one of the axes of
the HJ and ensure coordinated resolution (43,98). However,
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Yenl orthologs are monomers in solution, like all the mem-
bers of the Rad2/XPG family and, hence, it has been pro-
posed that coordinated incisions require their dimerization
on the HJs (40,48,53,56). After confirming that Yenl is also
a monomer in solution (Supplementary Figure S7), we em-
ployed plasmid-based substrates that extrude palindromic
sequences as a cruciform, like pIRbke8 derivatives (56,99)
or pIR9 (47) to assess if Yenl was able to introduce pair of
nicks in a coordinated manner, this is, within the lifetime
of the enzyme dimer—HJ complex. Coordinated cleavage of
the cruciform structure leads to the linearization of the plas-
mid, while individual nicks on the cruciform allow the re-
lease of negative supercoils and result in the reabsorption
of the cruciform into a relaxed nicked circular DNA (Figure
6A, upper and lower row). It has been shown that dimers of
Rad2/XPG-family resolvases introduce coordinated nicks
on the cruciform within the lifetime of the enzyme-DNA
complex, leading mainly to the formation of linear products
(40,47,48,56). To test if Yenl also displays a similar level
of coordination when processing this type of substrates,
we incubated the cruciform-containing plasmid pIR9 with
either the phosphorylated or lambda phosphatase-treated
version of Yenl and a mixture of products was observed
in both cases (Figure 6B). Phosphorylated Yenl converted
most of the plasmid into its low-mobility, relaxed circular
form, whereas the major product after incubation with the
more active, dephosphorylated version of Yenl1 was the lin-
ear form (Figure 6B). These results suggest that the activa-
tion of Yenl, in addition to the enhancement of its nucle-
ase activity, may also improve its ability to carry out coor-
dinated cleavage within the lifetime of the enzyme dimer-
DNA complex.

However, we were still surprised by the level of non-
coordinated cleavage that Yenl was able to promote, as ev-
idenced by the presence of the relaxed form of the plasmid
in these experiments. Given our previous observations of
Yenl arm-chopping activity, we wondered whether this ac-
tivity could also act on a cruciform-bearing plasmid. If so,
it would imply a coordinated pair on incisions, but in an
asymmetrical manner, that could lead to the formation of
a relaxed, gapped circle (Figure 6A, central row), a product
that would be electrophoretically indistinguishable from a
relaxed, nicked circle in an agarose gel. To elucidate if Yenl
gives rise to nicked circles (uncoordinated cleavage) and/or
gapped circles (coordinated cleavage), we designed two dif-
ferent experiments. First, we argued that if the relaxed cir-
cles were nicked molecules, they could be re-ligated; if they
contained ssDNA gaps, they should not re-ligate. As shown
in Figure 6C, nicked circles produced with Nt.BspQI are
readily ligated, and migrate as a supercoiled DNA band,
while only a minor fraction of the relaxed circle can re-
ligate in the reactions with Yenl. This suggests that the
main circular product generated by Yen1 could be a gapped
molecule. However, it is important to consider that Yenl
could also produce a relaxed circle that cannot be re-ligated
if the nicking of a single strand is followed by its exonu-
clease activity. Indeed, Nt.BspQI-nicked pIR9 cannot be
re-ligated upon treatment with Yenl (Figure 6D). There-
fore, a second experiment was designed to specifically de-
tect the DNA fragment that would be released only if Yenl
catalysed an arm-chopping reaction on one of the hairpins
of the cruciform structure (Figure 6E), by labelling all the
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reaction products and analysing them in a denaturing gel.
For this experiment, the cruciform-based plasmid was incu-
bated with Yen1*, Yen19N* (a phosphatase-treated version
of Yen1°N, see below), Yen1NP, GENI as a control for a
linear product, Nt.BspQI as a control for a nicked product,
and EcoRI, which is commonly used to test the extrusion
level of the plasmid. When these reactions were analysed
in a denaturing gel, we could only detect bands consistent
with the expected size of the released hairpin (66 nt) in those
containing active Yenl, but not in any of the other con-
trols (Figure 6F). All these results strongly suggest that a
significant fraction of the relaxed, circular molecules arise
from an arm-chopping mechanism. Therefore, Yenl seems
to mainly promote the coordinated incision of plasmid-
borne cruciform structures, albeit occasionally in an asym-
metrical manner.

The assembly of a Yenl dimer on the HJ accelerates the rate
of the first incision during HJ resolution

Our results with the plasmid-borne cruciform indicate that
HJ processing by Yenl proceeds mostly by the introduction
of coordinated incisions within the lifetime of a nuclease
dimer-HJ complex. For the dimeric prokaryotic and mito-
chondrial resolvases, such coordination is ensured by the ac-
celeration of the cleavage of the second strand after the first
incision (98). However, eukaryotic Rad2/XPG family HJ
resolvases are monomeric in solution and dimerization hap-
pens on the HJ (40,47,48,53). It has been shown for human
GENT1 that dimerization on the HJ substrate stimulates the
first incision of the junction by one of the monomers, which
is the rate-limiting step for HJ resolution (40), while exper-
iments with CtGEN1 have confirmed that cleavage of the
second strand is accelerated after the first incision (48,100).
To test if the formation of the dimer on a HJ could also
favour the initial incision by Yenl1, we created a modified X0
HJ with a SP bond at the expected cleavage position of Yenl
in oligo X0-3, between nucleotides 31 and 32 (Figure 7A).
When incubated with Yenl or GEN1, this X0-SP cannot be
resolved as efficiently as a normal X0 HJ junction, mostly
due to a drastic decrease in the cleavage of strand X0-3
(Figure 7B and C), as previously shown for GEN1 (40).
Then, we titrated catalytically inactive Yen1NP, which is still
binding-proficient (see Materials and Methods: ‘Bio-layer
interferometry assays’), in reactions with limiting amounts
of active Yenl to measure how an increase of total dimers
in the reaction would affect the initial incision. This ex-
periment was performed both with lambda phosphatase-
treated (Figure 7D-F) and phosphorylated (Supplementary
Figure S8A and B) versions of Yenl and Yen1NP. In agree-
ment with published results for GEN1 (40), the nicking of
strand X0-1 was stimulated by addition of YenINP, up to
a 1:16 WT:ND molar ratio (Figures 7D, E, Supplementary
Figure S8A and B). As expected, further titration resulted
in an inhibitory effect, likely due to the sequestration of
HJs by inactive dimers. A kinetic analysis of the nicking
of the X0-1 oligonucleotide in denaturing gels confirmed
a 2-fold increase in the observed reaction rate when com-
paring Yenl alone or with a 16-molar excess of inactive
enzyme (Figure 7F). These results indicate that formation
of a Yenl dimer on the HJ favours the rate-limiting, initial
incision.
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Figure 6. Yenl processes plasmid-borne cruciform structures by coordinated incisions. (A) Schematic representation of the cruciform cleavage assay used
to determine whether incisions are coordinated or not. A third possibility incorporating arm-chopping (central pathway) is added to the two classical
outcomes of the assay. (B) 4.5 nM pIR9 plasmid was incubated with 90 nM YenI? or YenI* at 30°C the indicated times. Products were analysed in
ethidium bromide-post-stained 0.8% agarose gels. Analysis and quantification were carried out with Image Lab software (Bio-Rad). A representative gel
is shown for each enzyme. Data represented as mean values + SD (n = 3). OC: open circle; L: linear; SC: supercoiled. (C) Ligation experiment with pIR9.
4.5 nM pIR9 was incubated with 90 nM Yen1® or 10 U Nt.BspQI for 1 h at 30°C or 50°C, respectively. Products were then purified, treated with T4 DNA
ligase for 1 h at 37°C, and then analysed and quantified as in (B). EcoRI was used as a control of the extrusion level of the plasmid. (D) Ligation experiment
with pre-nicked pIR9. 4.5 nM nicked pIR9 (see Materials and Methods) was either mock-treated () or incubated with 90 nM Yen1®, Yen1* or Yen1NP for
90 min at 30°C. Then it was purified, ligated and analysed as in (C). Dotted lines indicate splicing of superfluous lanes. (E) Schematic of the experimental
set-up to detect the hairpins released by arm-chopping on pIR9. (F) 4.5 nM pIR9 was incubated with 90 nM Yen1 (Yen1*, Yen1ON* or Yen1NP), 50 nM
GENTI, 10 U Nt.BspQI or 1 U EcoRI for 90 min. Then, reactions were treated with 1 U thermosensitive alkaline phosphatase (FastAP) for 1 h at 37°C and
inactivated for 5 min at 75°C. Half of the reaction was loaded on a 0.8% agarose gel (upper panel) and visualised with ethidium bromide post-staining. The
other half was denatured, labelled with T4 PNK and 3?P-y-ATP and analysed by 15% denaturing PAGE and phosphorimaging. () indicates no enzyme.

The arrow indicates products of expected sizes.
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at different times (0, 1, 2, 4, 8, 16, 32, 64 and 128 min) and reaction products were resolved, visualised and quantified as in (D, E). Data represented as
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Yen1©N displays the same cleavage specificity as Yenl

Yen1©N is a mutant version of Yenl where all nine serines in
CDK consensus sites (Figure 1A) have been substituted for
alanines, rendering the protein constitutively active and nu-
clear throughout the cell cycle (69). This mutant serves as
a powerful tool to explore the consequences of its prema-
ture activation without the need of interfering with the cell
cycle progression machinery (68,69,73-80). While we have
previously shown that the range of substrates that Yen1°N
can process overlaps entirely with that of Yenl (69,70),
we did not know whether the specificity of the incisions
within each substrate remained unaltered, so we mapped
the cleavage sites produced by Yen1®N on the same set of
substrates (Supplementary Figure S9A). We did not observe
any difference on the position of the sites cleaved by Yen1°N
with respect to those cleaved by the wild-type enzyme, con-
firming that despite its lack of CDK-dependent regulation,
Yen1©N retains the same cleavage specificity, thus represent-
ing a good proxy for the status of maximum Yenl acti-
vation. However, when comparing the kinetics of in vitro-
dephosphorylated wild-type Yen1 with those of Yen1°N, we
noticed that the cleavage rate of the former was always lower
(Supplementary Figure S9B and C). In this sense, previous
phosphomapping analyses of Yenl revealed that there are
at least 20 S/T residues at non-CDK consensus sites phos-
phorylated in vivo (69,70,101). Since the Yen1°N preps we
employed were not in vitro- dephosphorylated, we wanted
to assess if phosphorylation at those non-CDK consensus
sites could also be contributing to the regulation of Yenl ac-
tivity. For this, we dephosphorylated Yen1°N by treatment
with lambda phosphatase and compared its ability to pro-
cess different substrates with respect to the mock-treated
protein (Supplementary Figure S9D and E). Both versions
displayed similar cleavage kinetics, indicating that phospho-
rylation at CDK sites represent the major regulatory switch
for Yenl nuclease activity, with none or minor contribu-
tion from other phosphoresidues. Since this result did not
explain the differences in activity between dephosphory-
lated Yenl and Yenl©N, we tested if some level of resid-
ual phosphorylation could still be detected for these pro-
teins after lambda phosphatase treatment using Phos-Tag
containing SDS-PAGE gels that specifically reduce the mo-
bility of phosphoproteins. Indeed, we observed that while
the phosphatase treatment apparently abolished all phos-
phorylation on Yen1©N, a detectable shift was still present
for wild-type Yenl (Supplementary Figure SOF). Therefore,
the most likely explanation for the difference in activity be-
tween dephosphorylated wild-type Yenl and Yen1°N is due
to the inability of lambda phosphatase treatment to com-
pletely remove all phosphorylation from relevant serines at
Yenl CDK consensus sites and thus preventing full activa-
tion of the enzyme.

Expression in yeast of constitutively nuclear human GEN1
does not fully recapitulate the genotoxicity of misregulated
Yenl

The ability of both Yenl and GENI to target branched
DNA molecules is tightly controlled throughout the cell
cycle. To understand the importance of such regulation,

two mutants that can access and cleave their potential tar-
gets at any cell cycle stage—Yen1°N and GEN1™°—were
expressed in budding yeast and human cells, respectively
(54,69). Interestingly, while expression of both these mu-
tants leads to an increase of COs, only Yenl1ON causes hy-
persensitivity to genotoxic stress. To figure out whether this
higher toxicity of Yen1°N expression in yeast cells depends
on some specific feature of the yeast chromatin biology or
on the biochemical differences between Yenl and GENI,
we decided to set up an in vivo experiment to compare the
effects of expressing these mutants in the same organism.
For this, we created a series of S. cerevisiae strains har-
boring different cassettes to express Yenl, Yen1°N, GENI,
GENI™ and the GENI1 truncated versions GEN1!-%7
and GEN1!27me ai] ynder the control of either the in-
ducible GALI or the constitutive GPDI promoters in both
wild-type and resolution-deficient (mus81A yenl A) back-
grounds. To ensure that any observed toxicity for Yen1°N
was not merely due to a dose or localization effect, we aimed
for a set of strains where GENI1 variants displayed constitu-
tive nuclear localization as well as similar or higher protein
expression levels and similar or higher biochemical activ-
ity in whole-cell extracts when compared to strains carry-
ing Yen1°N. Among all combinations tested, these premises
could only be fulfilled in media containing galactose when
Yenl and Yen1°N were expressed under the control of the
GPDI promoter, and GEN1'-?7 and GEN1!-%7 "¢ were ex-
pressed under the control of the GALI promoter (Figure
8A—C). Under these conditions, we compared the effect of
Yen19N and GEN1!-3%7 2% ip increasing hypersensitivity to
the genotoxic agent methyl methanesulfonate (MMS) in a
wild-type background (Figure 8D). To verify the function-
ality of the enzymes, we also performed this experiment
in the resolution-deficient mus81A yenl A double mutants
(Figure 8E), where premature activation of Yenl provides
increased resistance to MMS (69). In the wild-type strain,
expression of Yenl1®N conferred strong sensitivity at the
lower dose of MMS tested (Figure 8D), whereas expres-
sion of GEN1!3?7m¢ induced a milder sensitivity, despite
showing comparable expression levels and a more potent
nuclease activity on extracts (Figure 8A and B). However,
when we analysed the survival of the mus81A yenl A double
mutants to the MMS treatment, we observed that Yen1°N
was also more efficient in providing resistance to MMS than
GEN1!-327nu¢ (Figure 8E). Therefore, while Yen1°N expres-
sion is more toxic than that of GEN1!-327m¢  despite its
lower biochemical activity in whole-cell extracts, we cannot
conclusively affirm that this toxicity derives from specific
differences in their biochemical properties, as GEN!-327 nue
does not seem comparably functional in the processing of
HR intermediates when expressed in yeast.

DISCUSSION

The original identification of Yenl as a canonical HJ re-
solvase in S. cerevisiae relied on experiments carried out
employing whole-cell extracts and protein immobilized on
agarose beads (10). Since then, much of what we know
about Yenl properties has been extrapolated from bio-
chemical analyses of other orthologs in the subclass IV of
the Rad2/XPG family. The biochemical characterization
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Figure 8. Expression of deregulated Yenl and GEN1 mutants in S. cerevisiae. (A) Western-blot analysis of protein expression levels in soluble extracts from
WT or mus81A yenl A strains transformed with the plasmids p416GPD1-YEN1WT/ON_y5_6xHis or pYES-EXP52-GEN 117327 WI/nuwe_y'5_6xHis growing
in SC-URA containing 1% raffinose and 2% galactose. Proteins were detected with an a-V5 antibody and Ponceau staining was employed as a loading
control. (B) Resolution assay employing soluble extracts from (A). 2 pg total protein were incubated with 50 nM IRDye-700 fluorescent X0 HJ for 1 h at
30°C. Products were analysed in 10% native PAGE and visualised in an Odyssey (LI-COR) infrared scanner. (C) Analysis of the subcellular localization
of Yenl and GEN1 variants by immunofluorescence employing a-V5 (1:200) as primary antibody and a-mouse Alexa 488 (1:200) as secondary antibody.
DNA was stained with DAPI. (D) Wild-type strains carrying the indicated constructs were plated on media with increasing amounts of MMS, grown at
30°C for 72 h and photographed. (E) As in (D), but employing mus81A yenl A strains.

of Yenl presented in this work confirms some of the pre-
dictions about its mode of HJ processing, but also reveals
unanticipated properties of this resolvase.

The high- and low-activity versions of Yenl display identical
incision patterns

We had previously shown that the phosphorylation status of
Yenl does not affect the range of branched substrates it can
target (69), which are similar to those described for GEN1
(10,40,56). Here, we have additionally confirmed that these

changes in phosphorylation do not alter the position of the
incisions that Yenl produces on a wide range of substrates
(Figures 1, Supplementary Figures S3 and S4). In a sim-
ilar way, the constitutively active mutant Yenl©N incises
all the tested substrates at identical positions when com-
pared to the wild-type Yenl (Supplementary Figure S9).
Therefore, this work further substantiates that the activa-
tion of Yenl by dephosphorylation does not qualitatively
change how the enzyme processes these oligonucleotide-
based substrates. The slightly lower activity observed with
Yen1* when compared to Yen1®N derives from the inabil-
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ity of lambda phosphatase to fully dephosphorylate Yenl
in vitro. These results suggest that some of the serines at
CDAK sites might become sterically occluded after phospho-
rylation due to a subsequent conformational change, ren-
dering them less accessible to phosphatase treatment.

Yenl may present a particular interaction mode with HJs and
other substrates

Our analyses show that Yenl and GENI cleave most
oligonucleotide-based substrates at identical positions.
However, overt differences were observed, not only regard-
ing the unexpected arm-chopping and nick-exonuclease ac-
tivities, but also in their preference for strand cleavage when
employing the J3 HJ (Figure 4). Despite its closer phyloge-
netic relation to Yenl, fungal CtGENI presents a similar
axis preference to human GENI1 (48), which suggests that
Yenl might dock on the junction or remodel it in a slightly
different manner compared to GEN1 or CtGENI1 and, po-
tentially, other orthologs. Such alternative preference could
also arise from specific sequence requirements for Yen1 that
differ from its orthologs. Interestingly, sequence alignments
of its XPG-N nuclease domain show an insertion of more
than 30 amino acids with respect to CtGEN1 and GEN1
in the region corresponding to their helical wedge (50,52)
(Supplementary Figure S10). This insertion is predicted to
be disordered and could modify the C-terminal part of the
first of its a-helices (a2 in GEN1; a3 in CtGEN1) and/or in-
crease considerably the size of the intervening coiled region.
The helical wedge is important for the bending of the DNA
substrate, containing several amino acids that establish di-
rect contacts with the DNA bases and backbone and being
located near conserved catalytic residues like D41 in Yenl
(D30 in GEN1, D38 in CtGENI1) (50,52). Thus, it could be
envisaged that a different spatial configuration of this region
could alter to some extent the binding of Yenl (or the rela-
tive positioning of catalytic residues) with respect to its sub-
strates, resulting in slightly different protein—-DNA interac-
tions when compared to its orthologs. Similarly, Yen1 chro-
modomain also displays notable differences with respect to
GENI and CtGENI, including a 6 amino acid insertion in
its DNA interaction site and substitutions in most residues
of its aromatic cage (50), which could have similar effects.
Curiously, both the insertions in the predicted Yenl heli-
cal wedge and chromodomain include five of the consensus
CDK sites that are known to modulate Yenl activity (Sup-
plementary Figure S10) (69,70). In this sense, it would be in-
teresting if future studies could determine whether some of
Yen1 biochemical properties have evolved as a result of the
inclusion of these regulatory regions within catalytic/DNA
binding domains to enforce its strict cell cycle-dependent
control.

We would also like to note that we have detected unan-
ticipated cleavage products by human GENT1 on oligo X0-1
in substrates like the 3'-flap, splayed arm or ssDNA (Sup-
plementary Figure S4). These products can be observed in
GENI preparations from other groups (53). Since this ac-
tivity can be observed on X0-1 as ssDNA, but not on ss-
DNA poly-T oligos, we think that this oligo may form a sta-
ble secondary structure that can be recognized and targeted

by GENI1, but not Yenl, revealing another minor difference
between the two enzymes.

Yenl1 non-canonical activities and the paradigm of canonical
HJ resolution

The paradigm of canonical resolution states that the sym-
metrical, coordinated incisions across one of the axis of
the junction must occur within the lifetime of the enzyme-
substrate complex, yielding nicked DNA molecules that can
be sealed without the need for further processing (43,91).
This work demonstrates that Yenl can be considered a
canonical resolvase since (i) it can create symmetrical cuts
on a HJ (Figure 1), (ii) the incisions occur mainly in a coor-
dinated manner (Figure 6) and (iii) its resolution products,
in a first instance, could be ligated (Figure 5). However, the
existence of the novel arm-chopping and nick-exonuclease
activities plays a confounding role in the interpretation of
biochemical assays traditionally employed to assess the co-
ordination of incisions and the ligation of resolution prod-
ucts, respectively.

In this sense, our results regarding cleavage coordina-
tion with the cruciform extruding plasmid pIR9 (47) led
us to propose an extension to the usual interpretation of
this type of experiments. Thus, an undetermined, but likely
major fraction of the relaxed circular species produced by
Yenl would correspond to gapped, rather than nicked cir-
cles, resulting from arm-chopping activity (Figures 6 and
Supplementary Figure S5B). In this way, Yenl would pro-
cess this cruciform mainly in a coordinated, but not al-
ways symmetrical manner. This coordination would be con-
sistent with the idea that Yenl, despite being a monomer
in solution (Supplementary Figure S7), needs to dimer-
ize on the substrate in order to accelerate the rate of the
first incision (Figure 7D, F), the limiting step of the reac-
tion, as previously proposed for other Rad2/XPG-family
resolvases (47,48,50,52-54,56,102). It is important to high-
light that the biochemical characteristics of Yenl prevent
a more quantitative approach in terms of establishing the
kinetics of the two incisions created by the enzyme in the
cruciform, akin to those performed with RuvC (41), Ccel
(42) or CtGENI (48). Some of the premises in these experi-
ments cannot be met with Yenl, including the unequivocal
adscription of the slowest migrating band to a single plas-
mid species or the direct relation between the generation
of the linear product and the disappearance of the relaxed
DNA molecules.

With respect to the nick-exonuclease activity, it is inter-
esting to note that we have also detected it with GENI,
but it does not seem robust enough to prevent re-ligation
of resolution products conspicuously (Figure SE and F).
Importantly, we have never observed this exonuclease ac-
tivity of Yenl on dsDNA, ssDNA (Supplementary Figure
S4) or even a 5'-recessed dsDNA substrate (Supplementary
Figure S6C) and it seems unlikely that it could stem from
partial DNA breathing that creates pseudo-5flaps at the
nicks that could be processed endonucleolytically (Supple-
mentary Figure S6A and B), reinforcing the notion that this
activity is specific for nicked dsSDNA molecules. Altogether,
our results support that Yenl has a canonical resolvase be-
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haviour in vitro, despite the presence of two additional ac-
tivities that may blur such classification.

Could the detrimental effects of Yenl premature activation be
due to non-canonical activities operating in vivo?

Yenl and GENI ability to access and process their tar-
gets in chromatin is strictly regulated throughout the cell
cycle (64,65,69-71). However, the misregulation of Yenl
seems to elicit a more detrimental effect than misregulation
of GENI, especially in terms of DNA damage sensitivity
(54,69). Such effect could be explained either by Yenl1 dereg-
ulation having more severe consequences due to its specific
activities or by yeast system being generally more sensitive
to misregulation of any nuclease. Our efforts to try to distin-
guish between these two possibilities have not allowed us to
reach a definitive conclusion (Figure 8). Our experiments
indicate that the expression in yeast of GEN1!-277¢ pro-
duces a milder phenotype than Yen1®N, both in terms of
hypersensitivity to MMS in wild-type cells and resistance
to MMS in mus81A yenl A double mutants. Hence, if in-
terpreted conservatively, these results would suggest that
GEN[1!-27nu¢ does not have a similar capacity to target
branched DNA molecules to Yen1°N in yeast, regardless of
their physiological or pathological nature for the cell. Pos-
sible explanations for this could include that maximal HJ
resolution activity in vivo requires additional Yenl-specific
post-translational modifications or interactions that cannot
occur with GEN1. Other groups have reported SUMOyla-
tion of Yenl, with important functions both in its target-
ing for degradation when bound to chromatin in G1 as well
as in its potential to establish protein-protein interactions,
although SUMOylation itself does not seem to modulate
Yenl biochemical activity (72,103). Also, a physical inter-
action between Yenl and an uncharacterized protein coded
by ORF YPLO88W has been recently detected (80), but its
significance remains unknown. At this stage, we cannot rule
out that Yenl may interact with proteins that target it to
specific substrates in vivo nor that additional modifications
may fine-tune control its biochemical activity.
Notwithstanding, it has been shown that expression of
GENI can process repair intermediates and restore sporu-
lation in S. pombe mus81A mutants (104). Moreover, the
magnitude of the detrimental effect caused by YenlON
expression compared to GEN1!73277¢ in wild-type cells
seems higher than the difference in their protective effect
in mus81A yenl A strains (Figure 8D and E). Therefore, we
could alternatively argue that, to some extent, Yenl might
present specific properties that lead to increased toxicity
when prematurely activated compared to GEN1, specially
taking into account the comparatively lower protein lev-
els and overall HJ resolvase activity in whole cell extracts
expressing Yenl©N (Figure 8A and B). Whether this po-
tential toxicity of Yenl is due to the novel activities de-
scribed in this work, or if they manifest in vivo, remains
unclear. The nicked dsDNA-specific 5'-3’exonuclease activ-
ity described in this paper has been previously observed for
other members of the Rad2/XPG family, like class II hu-
man FENT1 (105,106) and class 111 EXO1 (107), and, de-
spite very weakly, also in the class IV DmGEN (55). In
this sense, the low ligation efficiency observed for the res-
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olution products of OsGEN-L, AtGEN1 and AtSENDI
(47,58) could arguably be due to the presence of a simi-
lar activity. With respect to Yenl ability to excise one arm
from a nicked HJ (Ref-I activity (47)) or an intact HJ (arm-
chopping) (Figures 3, Supplementary Figures S3 and S95), at
least one of these activities has also been described or can
be observed in the experiments with the plant, fly and mam-
malian orthologs (47,53,58) (Figures 2 and Supplementary
Figure S3), and hence seem rather widespread among the
subclass IV of the Rad2/XPG family of nucleases. Despite
this apparent conservation, it is not straightforward to en-
visage a possible biological role for an activity like the arm-
chopping in the context of disengaging two DNA molecules
connected by HJs, as it would inevitably lead to the gen-
eration of a DSB (Supplementary Figure S5B). Alterna-
tively, it has been proposed that replication fork reversal,
which leads to the formation of a HJ-like structure, may
help stabilize stalled replisomes, sometimes leading to situa-
tions of transient over-replication (108). Then, template un-
winding followed by flap processing or end-resection of the
regressed arm would be required for its removal and replica-
tion termination. In this context, if such intermediates per-
sisted until late stages of mitosis, the endonucleolytic pro-
cessing of the regressed arm by arm-chopping could hypo-
thetically provide an alternative way for its elimination. In
the future, it would be interesting to take advantage of struc-
tural data to explore possible separation-of-function mu-
tants that lack some of these non-canonical activities. With
such tools in hand, we could ask if they play any functional
role in vivo, like the processing of particularly adamant re-
combination or replication intermediates, or simply repre-
sent collateral consequences of the evolutionary adaptation
of a monomeric SSE to perform a reaction that requires its
dimerization and coordinated cleavage on a Holliday junc-
tion.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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