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Abstract

Repairing DNA double-strand breaks is crucial for maintaining genome integrity, which occurs primarily through homologous recombination (HR)
in Saccharomyces cerevisiae. Nucleosomes, composed of DNA wrapped around a histone octamer, present a natural barrier to end resection to
initiate HR, but the impact on the downstream HR steps of homology search, DNA strand invasion, and repair synthesis remain to be determined.
Displacement loops (D-loops) play a pivotal role in HR, yet the influence of chromatin dynamics on D-loop metabolism remains unclear. Using the
physical D-loop capture and D-loop extension (DLE) assays to track HR intermediates, we employed genetic analysis to reveal that H2B mono-
ubiquitylation (H2Bubi) affects multiple steps during HR repair. We infer that H2Bubi modulates chromatin structure, not only promoting histone
degradation for nascent D-loop formation but also stabilizing extended D-loops through nucleosome assembly. Furthermore, H2Bubi regulates
DNA resection via Rad9 recruitment to suppress a feedback control mechanism that dampens D-loop formation and DLE at hyperresected ends.
Through physical and genetic assays to determine repair outcomes, we demonstrate that H2Bubi plays a crucial role in preventing break-induced
replication and thus promoting genomic stability.
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Introduction

Homologous recombination (HR) repair stands as a primary
mechanism for resolving DNA double-strand breaks (DSBs) in
Saccharomyces cerevisiae. During this process, the break ter-
mini undergo resection, leading to the formation of 3’ single-
stranded DNA (ssDNA) tails, a crucial step in committing the
DNA break to repair via HR [1, 2]. The recombinase pro-
tein Rad51 assembles onto the ssDNA to form the Rad51-
ssDNA presynaptic filament, which is capable of searching for
homology and invading homologous DNA, ultimately form-

ing a DNA joint molecule termed the displacement loop (D-
loop) [3]. DNA synthesis subsequently commences from the
3’ end of the invading strand, and the extended D-loop un-
dergoes resolution through one of several sub-pathways to
restore the integrity of the damaged chromosome, including
synthesis-dependent strand annealing, double-strand break re-
pair (DSBR) involving double Holliday junction formation,
and break-induced replication (BIR) [4].

Two steps of HR undergo reversal and exist in a dynamic
balance between forward and backward reactions [5, 6]: the
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Rad51-ssDNA filament and the nascent D-loop. The forma-
tion of the Rad51-ssDNA filament requires the assistance of
mediator proteins, while the Srs2 helicase/translocase disrupts
the Rad51-ssDNA filament [7-16]. Additionally, the Sgs1-
Top3-Rmil (STR) complex is involved in the disruption of
the nascent D-loop [17-21]. Both Srs2 and Mph1 participate
in the disruption of extended D-loops [19, 22-24]. Chromatin
structure has been conceptualized as a barrier to repair that
requires lifting and subsequent restoration [25]. Chromatin
regulators have been shown to affect HR repair, especially
end resection [26-36]. However, understanding of how chro-
matin regulators influence the kinetics of D-loop metabolism
has been limited due to the absence of assays capable detect-
ing nascent and extended D-loops during DNA repair in mi-
totically growing cells. Using a proximity ligation approach,
this gap in the toolbox to study HR intermediates has been
closed by the development of the D-loop capture (DLC) and
D-loop extension (DLE) assays [19, 37]. This progress al-
lowed to define two pathways of D-loop disruption, one in-
volving the STR complex, likely favoring nascent D-loops,
and one involving Srs2 involving extended, possibly longer D-
loops [19]. Interestingly, the STR complex acts epistatically
to Mph1, which is also capable of disrupting extended D-
loops [19, 24]. Unlike other polymerase chain reaction (PCR)-
based approaches to study DLE, which measure the double-
stranded DNA (dsDNA) repair product [38, 39], the DLE as-
say allows to track the extension intermediate before conver-
sion to double-stranded DNA (dsDNA) product [37]. Col-
lectively, these advances provide avenues for studying D-loop
metabolism within the context of chromatin.

In eukaryotes, DNA intricately wraps around histones to
form nucleosomes. Thus, dynamic alterations in chromatin
structure during HR repair can profoundly affect DNA re-
section, the subsequent homology search, followed by D-
loop formation, and DLE. Chromatin structure is regu-
lated through several mechanisms: histone modification, non-
histone proteins, histone variants, histone chaperones, and
ATP-dependent chromatin-remodeling enzymes [29]. In eu-
karyotic DNA replication, nucleosome disruption ahead of
the replication fork and subsequent reassembly behind are
essential processes [40]. During DLE, which resembles lag-
ging strand DNA replication, the involvement of the DNA
replication machinery including DNA polymerase delta, pro-
liferating cell nuclear antigen (PCNA), and replication factor
C (RFC) is necessary [38, 41-46]. However, whether nucleo-
somes are assembled into the three-strand stage of the D-loop
remains an open question. Histone chaperones such as Asfl
and CAF-1 play crucial roles in regulating chromatin repli-
cation [47, 48]. They have also been reported to stabilize D-
loops at stalled replication forks, ensuring replication restart
in fission yeast [49, 50]. Moreover, nucleosome assembly at
D-loops was inferred from studies of the HR-effect of human
ATRX [51].

H2B mono-ubiquitylation at lysine 123 (H2Bubi) has a pro-
found impact on chromatin structure interfering with chro-
matin compaction resulting in an open and accessible con-
formation [52]. Radé, in cooperation with the E3 enzyme
Brel, plays a pivotal role in regulating H2Bubi in S. cere-
visiae. H2Bubi has been associated with DSB repair through
relaxing chromatin structure, as observed in studies conducted
in both S. cerevisiaze and human cell lines [53-58]. H2Bubi
is reported to affect H3 methylation through Dotl1-mediated
H3K79 and Setl-mediated H3K4 methylation [59]. How-

ever, previous studies suggest that the HR repair function of
H2Bubi is independent of H3K4 or H3K79 methylation [55].
Moreover, H2Bubi helps avoid hyper-resection by permitting
Dotl-dependent H3K79 methylation for Rad9 recruitment,
which is known to limit excessive resection [52, 55, 60]. De-
spite this, the role of H2Bubi in fine-tuning chromatin struc-
ture for DSB repair presents a paradox: it enhances accessi-
bility for repair while simultaneously maintaining Rad9 chro-
matin binding to restrict excessive DNA end resection, thereby
limiting the availability of ssDNA necessary for strand inva-
sion. Investigating how H2Bubi affects DNA resection and D-
loop metabolism should elucidate the molecular mechanisms
underlying the complex role of H2Bubi in HR repair.

Here, we unveil the multifaceted roles of H2Bubi in D-loop
metabolism and its effect on DSB repair pathway usage in
S. cerevisiae. Through epistasis analysis using the DLC and
DLE assays to determine D-loop levels and their extension, we
reveal that H2Bubi modulates chromatin structure, not only
promoting histone degradation for nascent D-loop formation
but also stabilizing extended D-loops through nucleosome as-
sembly, as inferred from published mutant phenotypes [56,
61]. Furthermore, H2Bubi regulates DNA resection via Rad9
recruitment, suppressing a feedback control mechanism that
dampens D-loop formation and DLE. Through physical and
genetic assays aimed at studying repair outcomes, we demon-
strate that H2Bubi plays a crucial role in preventing BIR, a
sub-pathway of DNA DSBR known to culminate in genomic
instability.

Materials and methods

Yeast strains and growth conditions

The yeast strains and their genotypes (W303 RADS back-
ground) utilized in this study are listed in Supplementary
Table S3. Gene disruptions were achieved by replacing the
indicated gene using a PCR-based strategy [62]. The ht-
DKR strain was constructed by PCR amplifying a DNA seg-
ment containing the HTB2 lysine-to-arginine point mutation
(AAA to AGA) and the downstream selection marker (HIS3)
from a yeast strain obtained from Dr Cheng-Fu Kao using
the HTB2-C (GACACTGGTATTTCCCAGAAGTCTA) and
HTB2-D (ATTTAGGTTCACTACACGAGCATTC) primers.
Genomic DNA from histidine prototrophic transformants
was sent for Sanger sequencing to confirm the presence
of the htb2-K123R mutation. Subsequently, a DNA seg-
ment containing the HTBI lysine-to-arginine point muta-
tion (AAG to AGG), and the downstream selection marker
(NatMX) was PCR-amplified using the HTB1-C (CCATGTC-
TATCTTGAACTCTTTCGT) and HTB1-D (GGCTCGTGT-
GAACAATACTAGATTT) primers. This segment was trans-
formed into the htb2-K123R-HIS3 strain, resulting in the
htb1-K123R-natMX htb2-K123R-HIS3 (htb-K123R) strain,
which specifically and completely abolishes H2Bubi. All yeast
cells were cultured in YP medium (1% yeast extract, 2% pep-
tone) supplemented with 2% (v/v) dextrose. For DLC/DLE
assays, cells were initially grown in YPD medium (1% yeast
extract, 2% peptone, 2% dextrose), then diluted and switched
to YEP-lactate medium (1% yeast extract, 2% peptone, 2%
lactate). For haploid endpoint assays, cells were grown in
YEP-lactate medium before adding 2% galactose for GAL-
HO induction. For diploid endpoint assays, cells were cul-
tured in YPR medium (1% yeast extract, 2% peptone, 2% raf-
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finose) before adding 2% galactose for GAL-ISCEI induction.
All analyses were conducted during the log phase of growth
at 30°C.

DLC and DLE assays

For DLC experiments, all strains were in the W303 RADS
background. They contain a copy of the GAL1/10-driven
HO endonuclease gene at the TRP1 locus on chromosome
IV (Chr. IV). A point mutation inactivates the HO cut site
at the mating-type locus (MAT) on Chr. IIl (MATa-inc). The
DSB-inducible construct contains the 117-bp HO cut site, a
2086-bp-long homology A sequence (+4 to + 2090 of the LYS2
gene), and a 327-bp fragment of the PhiX174 genome flanked
by multiple restriction sites. The DLC and DLE assays were
conducted following established protocols with slight adjust-
ments [19, 37, 63]. Specifically, zymolyase-lysed cells were
immediately subjected to restriction digestion, ligation, and
DNA purification steps following hybridization with oligonu-
cleotides. The control experiments monitoring DSB forma-
tion, ligation efficiency, and a normalization locus are shown
in Supplementary Figs S1-SS5.

Determination of BIR frequency

BIR frequency determination followed the method outlined
in [38]. In brief, cells were cultivated to exponential phase
in YEP-lactate medium and then plated on YPD plates. Af-
ter 3 days, colonies were counted and subsequently replicated
onto synthetic complete medium lacking lysine (LYS2 drop-
out) plates or YPD plates containing geneticin (G418). Cell
viability post-HO induction was calculated by dividing the
number of colonies on YP galactose plates by those on YP
glucose plates. The percentage of cells repairing via BIR was
determined by dividing the number of cells on LYS2 drop-out
plates by the number on YP galactose plates, normalized to
the number on YPD. BIR frequencies were determined three
times for each strain.

Detection of BIR products formation

Cells were cultured in YEP-lactate medium, followed by the
addition of 2% galactose to induce HO endonuclease expres-
sion. Genomic DNA (25 ng) was then subjected to PCR am-
plification using Phusion High-Fidelity DNA Polymerase with
the following cycling conditions: initial denaturation at 98°C
for 30 s, followed by 25 cycles of denaturation at 98°C for
10 s, and annealing/extension at 72°C for 150 s in a 25
ul reaction volume. BIR product detection utilized P1 and
P2 primers, while HO cut detection employed D1 and D2
primers. Normalization of P1-P2 and D1-D2 products was
achieved using C1 and C2 primers, as described previously

[38].

DNA end resection determined by qPCR-based
assay

Resection assay was performed as described in [64]. Cells were
cultured in YEP-lactate medium and induced with 2% galac-
tose. Genomic DNA (150 ng) was collected at 0-, 2-, and 4-h
timepoints and digested with 10 units of Alul at 37°C for 3
h. Subsequently, the digested DNA samples or mock digests
were diluted in ice-cold ddH,O and kept on ice for quantita-
tive PCR (qPCR) analysis. Primers flanking the Alul cutting
site and located 1- and 5-kb away from the HO cut site were
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used to quantify end resection. A control primer pair targeting
a region on ARG#4 lacking the Alul site was used for normal-
ization. qPCR was conducted using Light Cycler 480 SYBR
Green I Master with the Light Cycler 480 System (Roche), as
per following program: 95°C for 15 s, 61°C for 12 s, 72°C
for 15 s, and repeated for 50 cycles. Triplicate reactions were
performed for all primer pairs, and the average threshold cy-
cle (Ct) value was calculated for each sample. The percentage
of ssDNA present at each timepoint was determined using the
formula described in [64].

Recombination outcome determined by haploid
endpoint assay

The haploid yeast strain utilized for the ectopic recombination
assay was previously detailed [65]. Plating efficiency (PE) was
calculated by dividing the count of colonies from YP galac-
tose plates by those from YP glucose plates. The distribu-
tion of crossover (CO) products was assessed via Southern
blot hybridization, employing a URA3 probe on ApaLI-Pyull-
digested genomic DNA, as outlined in [66].

Recombination outcome determined by diploid
endpoint assay

The diploid yeast strain utilized for the ectopic recombina-
tion assay was previously described [67]. Cells were cultured
in YPR medium until reaching the logarithmic phase, follow-
ing which 2% galactose was added to induce I-Scel expres-
sion for 1.5-3 h, depending on the growth rate of the wild
type (WT) and each mutant. Subsequently, cells were plated
on YPD and allowed to grow for 2 days. YPD plates were
then replica plated onto YPD with hygromycin B (200 ug/ml),
YPD with nourseothricin (Nat; 67 pg/ml, clonNat), and SC
(-Ura/-Met) plates to determine recombination outcomes and
ensure proper chromosome segregation, respectively. Notably,
the YPD plates were also replica plated onto re-induction
(SC-Ade medium containing 2% raffinose and 1% galactose)
plates to confirm that red colonies and the red halves of sec-
tor colonies were genuine long-tract gene conversions. Any
red colonies that turned white after replica plating onto re-
induction plates were not counted, as this indicated that not
both DSB sites were cut during galactose induction in liquid
culture. Statistical significance for the number of recombina-
tion events between given strains was calculated using Stu-
dent’s t-test. Independent inductions were performed at least
two times for each strain.

Western blot

Yeast cell lysates were prepared using the trichloroacetic acid
(TCA) method. Briefly, equivalent numbers of cells (4 x 107)
were collected and resuspended in 500 ul of ddH,O. Then,
75 ul of ice-cold NaOH/beta-mercaptoethanol (3ME) solu-
tion (1.85 M/7.5% final) was added, followed by vortexing
and incubation on ice for 15 min. After adding 75 ul of ice-
cold 55% TCA and another round of vortexing, the lysates
were incubated on ice for 10 min. The supernatant was com-
pletely removed after the final wash. Samples were suspended
in 30 pl of high urea buffer [8 M urea, 200 mM Tris-HCI
(pH 6.8), 1 mM ethylenediaminetetraacetic acid (EDTA), 5%
(w/v) sodium dodecyl sulfate (SDS), 0.1% (w/v) bromophe-
nol blue, 1.5% (w/v) dithiothreitol (DTT)] and denatured at
60°C for 10 min. Before analysis by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, samples were briefly cen-
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trifuged. The anti-H2B (active motif) antibody was utilized to
detect histones H2B and H2Bubi.

Chromatin immunoprecipitation

Cells were cultured overnight in YEP-lactate medium (time-
point 0 h). A total of 2% galactose was added to induce HO
endonuclease expression. Cells were collected at timepoints 4,
6, and 8 h post-DSB induction. Cells were fixed by adding
fresh 37% paraformaldehyde (final concentration: 1%) for
20 min at room temperature with shaking. The fixation was
quenched by adding glycine to a final concentration of 125
mM and incubating for 5 min at room temperature. Cells
(1 x 10%) were harvested and washed twice with cold 1x
Tris-buffered saline (TBS). At this stage, cells can be stored
at —80°C. The cell pellet was resuspended in 500 ul of chro-
matin immunoprecipitation (ChIP) lysis buffer [SO mM Tris—
HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40] sup-
plemented with proteinase inhibitor (Pierce 88265) and 1 mM
phenylmethylsulfonyl fluoride (PMSF). Cells were disrupted
using 0.8 g glass beads at 4°C by vortexing on high for 3 cy-
cles (15 min on, 1 min off). The lysate was carefully trans-
ferred to 1.5-ml tubes using gel loading tips. The lysate was
centrifuged at 13 200 rpm for 15 min at 4°C and the super-
natant was discarded. The chromatin pellet was resuspended
in 300 pl of ice-cold ChIP lysis buffer. The sample was soni-
cated using a Bioruptor (Diagenode), repeating for four times
[(30 s on, 30 s off, medium power) x 30 cycle] to shear the
chromatin into 300- to 500-bp fragments. The sample was
centrifuged at 13 200 rpm for 30 min at 4°C to remove cell
debris. The equivalent of 10 OD units (2 x 108 cells) of sol-
ubilized chromatin was transferred to fresh 1.5-ml tubes and
ChIP lysis buffer was added to bring the final volume to 500
pl. A total of 20 ul of chromatin was saved as the INPUT
sample and stored at —80°C. The remaining 480 pl chromatin
was used for immunoprecipitation (IP). Protein G sepharose
(20 ul per ChIP) were washed three times with 500 pl of ChIP
lysis buffer. To pre-bind the protein G sepharose with 2 ul of
H2Bubi antibody (Novus Biologicals, NBP2-54770) samples
were incubated at 4°C for 2 h. After pre-binding, the protein
G sepharose were washed three times with 500 ul of ChIP ly-
sis buffer. The chromatin was incubated with the pre-bound
protein G sepharose at 4°C for 2 h with gentle mixing. The
immunoprecipitates were washed for 5 min at room tempera-
ture in the following buffers: 1 ml ChIP lysis buffer, 1 ml wash
buffer I [S0 mM HEPES (pH 7.5), 0.5 M NaCl, 1 mM EDTA
(pH 8), 0.1% SDS, 0.1% sodium deoxycholate], 1 ml wash
buffer I [0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxy-
cholate, 1 mM EDTA, 10 mM Tris—HCI (pH 7.5)], and 1 ml
Tris-EDTA (TE) buffer. The immunoprecipitates were eluted
by adding 250 ul of elution buffer [50 mM Tris—-HCI (pH
7.5), 10 mM EDTA, 1% SDS] to both IP and INPUT tubes.
The samples were incubated at 65°C for 20 min with shaking,
followed by 10 min at room temperature on a nutator. The su-
pernatant (IP material) was transferred into new tubes. Then,
5 ul of protease K (20 mg/ml) and 1.5 ul of 1 M CaCl, were
added to both INPUT and IP samples, and incubated at 65°C
overnight. The DNA was purified using a MinElute column
(QIAGEN) and washed twice with Buffer PE (QIAGEN).

Quantitative real-time PCR

qPCR analysis was performed in accordance with the MIQE
guidelines [68]. qQPCR was conducted using the LightCycler®

480 SYBR Green I Master (Roche) and the primers listed
in Supplementary Table S2, on a LightCycler® 480 System
(Roche). SYBR Green dye incorporation into the PCR prod-
ucts was monitored in real-time after each cycle, allowing for
the calculation of the Ct value, which defines the cycle num-
ber at which exponential amplification of PCR products be-
gins. The PCR cycling conditions were as follows: 95°C for
15 s, 61°C for 12 s, 72°C for 15 s, and repeated for 50 cy-
cles. The specificity of the amplified product was confirmed by
determining its melting temperature. Fold changes for qPCR
were calculated using the AACt method. Experiments were
conducted with at least two biological replicates. Data were
analyzed using the Light Cycler 480 Software 1.5.0.

Statistical analysis

Statistical analysis of DLC, DLE, DNA resection, and ChIP
results for each mutant was compared with their respective
paired mutants using a two-way ANOVA in Prism 10 (Graph-
Pad Software). Experiments were conducted with at least two
biological replicates. Additionally, the statistical analysis of
genetic recombination outcomes for each mutant was com-
pared with the WT and was conducted using unpaired Stu-
dent’s ¢-test.

Results

H2Bubi affects the kinetics of D-loops metabolism

To directly investigate the involvement of H2Bubi in the for-
mation and extension of D-loops during HR repair, we em-
ployed the DLC and DLE assays [19, 37, 63], which are able
to quantify the kinetics of nascent D-loop intermediate forma-
tion and DLE iz vivo and distinguish themselves from other
assays limited to measuring the final physical or genetic repair
end products.

A site-specific DSB induced by HO endonuclease on Chr. V
leads to homology search and DNA strand invasion of a 2-kb
homologous donor sequence on Chr. II. Two EcoR1 sites were
used for proximity ligation (Fig. 1B). After GAL-HO induc-
tion and DNA strand invasion at the donor site, iz vivo inter-
strand DNA cross-linking by psoralen covalently links the het-
eroduplex DNA (hDNA) within the D-loop, preserving it dur-
ing subsequent steps. A long complementary oligonucleotide
is utilized to restore the restriction site that was ablated by
DNA end resection. Subsequently, following restriction site
restoration and digestion, the cross-linked hDNA, held to-
gether by psoralen, is preferentially ligated during the prox-
imity ligation reaction under dilute conditions. The resulting
unique chimeric ligation products are quantified by qPCR us-
ing a pair of specific primers, and this PCR product is referred
to as the DLC signal (Fig. 1A). Extended D-loops were quan-
tified using a similar proximity ligation approach to examine
DLE to the downstream 396-bp HindlIll site in the absence
of psoralen cross-linking (Fig. 1E). Two long complementary
oligonucleotides are used to restore the restriction sites. One
serves to restore the restriction site ablated by DNA end resec-
tion, while the other is used to restore the HindlIllI site located
396-bp downstream of the invading 3’-OH end in the ssDNA
extension intermediate in unique sequence following the ho-
mologous donor sequence. Following restriction site restora-
tion and digestion, proximity ligation is employed to ligate
the extended invading strand into a stable circular form of
DNA molecule. The resulting unique chimera is quantified by


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf081#supplementary-data

Roles of H2B mono-ubiquitylation in D-loop metabolism 5

g D-loop capture assay D-loop capture assay y D-loop extension assa D-loop extension assay
Recipient == EcoRr1 HOcs Recipient Hindlll HOcs
E . - H
2 e e— Reciplent S = omv - Recipent of == civ.v
@ | D-loop formation, in vivo £l 04 i Hindill
ONA crossiinking L m— y (D)) Dloopextenson L R ee—
— — ‘
E — x T\ F 396 bp
c ul_ »
@ lRestriction site T
E restoration and digestion @ l Restriction site
0.20 restoration and digestion 1.5
I: F=oi - WT H ¢ - WT
015 :——_"02 03:|-- > == htbKR
: = = 1.04
o) il g © l proximity 1 S Sl ek
i igati 2
% 040 ligation ]
8 y
E a Chimera quantification D 0.5+
0.054 by gPCR
Chimera quantification - *=
(® loyaper )
- 0.004 - . 3 pP3—+ o 0.0
D-loop capture sigr 0 2 4 6 ([)Slﬂggiﬁﬁ?ﬂﬂn signal 0 2 4 6 8
Pl (DLC signal) Time post-DSB induction (hours) =0 Time post-DSB induction (hours)
LYS2* Kan' cells
BIR assay 1004 40
B ks Time post 058 wr proke ] e
) Bl D — fhous: 0 2 4 8 0 2 4 8 g “= htbKR
Recipient t- E Chr. v £ 804 N = 5l
- L BIR (P1+P2) o
& b2 > k]
1) a L {C1+C2) ]
: . weni mm
Donor Chr. XI .g .... _E 20
o o E
. g - ST LT L] el
’ [+4 -— -DSB (D14D2) g id
: cl B o 204 [
product
&2 [ 0- o T 1 T 1
WT  htbKR L. < 4 e “

Time post-DSB induction (hours)

Figure 1. H2Bubi affects D-loop metabolism. (A) Schematic representation illustrating the rationale behind the DLC assay (see text for details). (B)
Schematic representation depicting the construct of the DLC-assay strain. (C) Quantification of the DLC signal from the specified strains obtained at
various timepoints following HO induction. Error bars, SEM (n = 2). (D) Schematic representation illustrating the rationale behind the DLE assay (refer to
the text for details). (E) Schematic representation depicting the construct of the DLE-assay strain. (F) Analysis of the DLE signal from the specified
strains was conducted at various timepoints following HO induction. Error bars, SEM (n > 2). (G) Schematic representation illustrating the construct for
the BIR assay (see text for details). (H) BIR efficiency was determined by counting colony formation on YP-Gal [ensure that colonies are viable on LYS
drop-out (LYS2+) and sensitive to geneticin (Kan—)] divided by YP-Glu for each of the indicated strains across three independent trials. Error bars, SEM
(n=3). **P = .0014. (I) Agarose gel analysis was conducted to assess PCR products from various primer sets, examining the kinetics of BIR product
formation (P1 and P2), DNA loading control (C1 and C2), and DSB cleavage efficiency (D1 and D2) from the indicated strains at various timepoints
following HO induction. (J) Plot illustrating the quantification of BIR products at each timepoint, as obtained from panel (I). Fig. 1A, B, D, E and G were

created in BioRender.com.

qPCR using specific primers, and this PCR product is referred
to as the DLE signal (Fig. 1D). The DLC and DLE assays con-
tain a number of quantitative controls to ensure reproducible
quantitation including monitoring the level of DSB formation,
a normalization control (ARG4 locus), as well as controlling
for the intramolecular ligation efficiency by measuring the lig-
ation of a circularized DNA fragment from Chr. VIII following
EcoR1 digestion (DLC assay) and a circularized DNA frag-
ment from Chr. XII following HindlIl digestion (DLE assay)
[19, 37, 63].

As anticipated from previous results [19, 37, 63], in WT
cells, D-loop formation was observed around 2 h post-DSB
induction, peaking at 4 h before slightly declining at 6 h due
to DLE and D-loop migration (Fig. 1C). As expected, DLE
exhibited slower kinetics, first detected after 4 h, and gradu-
ally increasing until 8 h (Fig. 1F). Nascent and extended D-
loops could be investigated separately due to this 2-h differ-
ence [19, 37]. For this reason, we focused in the subsequent
genetic pathway analysis on the 2-h timepoint for DLC assay
to evaluate nascent D-loop levels and the 8-h timepoint for the
DLE assay to assess DLE. We observed a significant decrease
in the DLC and DLE signals at all timepoints upon deletion
of BRE1 (brelA) or in the htbKR mutant [lacking mono-

ubiquitylation of H2B on lysine (K) 123 due to an amino
acid change to arginine (R)] (Fig. 1C and F). The DLC sig-
nal at 4 h post-DSB in the brel A and htbKR mutants resem-
bled the DLC signal at 2 h post-DSB in WT cells but with
no significant increase thereafter. Additionally, the DLE signal
was significantly depressed with essentially no increase after
4 h post-DSB induction in the brel A and htbKR mutant cells.
Control experiments showed similar level of DSB induction
efficiency by HO endonuclease and consistent individual val-
ues for the DLC and DLE control experiments in WT, brel A,
and htbKR cells (Supplementary Fig. S1). These results suggest
that H2Bubi promotes DNA strand invasion to form and/or
maintain nascent and extended D-loops. While the defect in
DLE could be a mere consequence of the defect in D-loop lev-
els, additional genetic analysis presented below suggests that
both defects reflect separate functions of H2Bubi in HR em-
ploying distinct mechanisms.

The DLE assay is designed to detect the extension interme-
diate of BIR, as the system does not provide homology on the
other DSB end to make the DSB repairable. This design was
implemented to avoid complications from cells that repaired
the DSB and resumed growth [19, 37, 63]. To further inves-
tigate the impact of H2Bubi on the kinetics of repair prod-
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uct formation, we used a well-characterized genetic and phys-
ical assay for BIR [38, 69]. The repair of an induced HO cut
on Chr. V depends on the search for and invasion of homol-
ogy on Chr. XI (Fig. 1G). Following DSB induction, successful
homology-directed repair can only occur via BIR to restore a
functional LYS2 gene, as evidenced by colony growth on syn-
thetic medium lacking lysine. The loss of the KanMX gene
confirms that the DSB was repaired by BIR and not by non-
homologous end joining (Fig. 1H). BIR efficiency was assessed
by measuring colony formation after DSB induction (Fig. 1H),
and BIR kinetics were evaluated by detecting the BIR repair
intermediates/products via PCR (Fig. 1I and J).

We observed a significant decrease in BIR efficiency in the
htbKR mutant (Fig. 1H). Furthermore, BIR kinetics in the ht-
bKR mutant was markedly delayed, emerging only at 8 h post-
DSB induction, compared with the WT cells, where BIR prod-
ucts appeared 2 h post-DSB induction and gradually increased
over time (Fig. 1I and J). Timepoints later than 8 h are diffi-
cult to interpret, as cells resume growth after repair. The dis-
parity in BIR kinetics between WT and htbKR mutants does
not seem to stem from differences in HO induction efficiency,
as evidenced by comparable cutting efficiencies at the HO cut
site. Significantly, no band indicative of an intact HO cut site
was detected 2-h post-HO induction in both WT and htbKR
mutant, as revealed by PCR, indicating near 100% DSB in-
duction (Fig. 1I). Collectively, these findings strongly suggest
that H2Bubi affects the kinetics of D-loop metabolism.

D-loop disruption pathways counteract nascent
D-loop formation in the absence of H2Bubi

To further elucidate the role of H2Bubi in the dynamic equi-
librium of nascent D-loop formation and disruption, we mea-
sured the DLC signal at 2 h post-DSB induction. At this
timepoint, DLE is very limited, allowing the determination
of nascent D-loop levels [19, 37]. It has been reported that
two distinct pathways, one STR- and Mph1-dependent and
the other Srs2-dependent, target different D-loop species (Fig.
2A) [19]. We thus compared the DLC signal in h#bKR mutant
in combination with SGS1 (sgs1A) or SRS2 (srs2A) deletions.
In line with our previous results [19], we observed that sgs1 A
or srs2 A resulted in a significant two- to three-fold increase
in DLC signal (Fig. 2B and C). In addition, we observed that
the reduced level of DLC signal in the htbKR mutant was re-
stored to WT levels when combined with the SGS1 deletion,
although it remained lower than in the sgs1A single mutant
(Fig. 2B). Surprisingly, in the s7s2A htbKR double mutant, the
DLC signal was restored to a level similar to that of the srs2A
single mutant (Fig. 2C).

To delve deeper into the epistatic relationship between
H2Bubi and the D-loop disruption pathways, we disabled the
function of the STR complex by overexpressing a catalyti-
cally inactive mutant top3-Y356F (top3-cd) in both the srs2A
single mutant and srs2A htbKR double mutant backgrounds
along with WT Top3 as a control. This approach to generate
a double mutant context is necessary, as the sgs1 A srs2 A dou-
ble mutant is synthetically lethal [70]. Our findings revealed
a significant two-fold increase in the DLC signal when top3-
cd was overexpressed in the srs2A mutant background, con-
sistent with the previous conclusion that the Srs2- and STR-
dependent pathways are separate [19]. No significant change
was observed upon overexpression of either Top3 or top3-cd
in the srs2A htbKR double mutant background (Fig. 2D).

Together, these results suggest that H2Bubi promotes
nascent D-loop levels. Notably, the deficiency in nascent D-
loop levels can be restored by eliminating STR- or Srs2-
dependent D-loop disruption pathways [19], underscoring the
critical role of the D-loop disruption pathways in monitor-
ing nascent D-loop levels. Moreover, H2Bubi may preferen-
tially promote longer D-loop formation, which was proposed
to be the target of the Srs2-dependent pathway (Fig. 2E) [19].
It is possible that this D-loop species involves chromatiniza-
tion that depends on H2Bubi. Alternatively, Rad51-ssDNA
filament stabilized by srs2A may promote homology search
thus compensate the nascent D-loop formation defect in the
htbKR mutant. We consider this alternative to be less likely,
as the Rad51 paralog complex Rad55-Rad57 effectively insu-
lates Rad51-sDNA filaments against disruption by Srs2 dur-
ing DSB repair and the srs2 single mutant that not display a
DSB repair defect as indicated its WT resistance to IR [71].
Besides D-loop disruption, STR is also involved in DSB re-
section [72], but we consider it less likely that this role is
relevant in our experimental system. The sgsI single mutant
shows normal resection kinetics during MAT switching and
no MAT switching defect as well as no resection defect for
an unrepairable DSB [73, 74]. The repair defect of the sgs1
single mutants only becomes apparent when measuring resec-
tion kinetics at 10 and more kb from the DSB site, but was
shown to be normal up to 3 kb [75]. Our experimental sys-
tem involves only 2-kb homology and requires resection for
homology search and strand invasion that is demonstrably
WT in the sgs1 single mutant. In sum, multiple factors may
contribute to the observed suppression of the defect in D-
loop levels caused by a defect in H2Bubi, but we interpret the
roles of Sgs1 and Srs2 in D-loop disruption as the major rea-
son for the recovery of D-loop levels in the respective double
mutants.

H2Bubi is epistatic to H2A.Z and INO80 in
promoting nascent D-loop formation

Checkpoint activation and the INO80 chromatin remodeling
complex (INO80-C) were shown to trigger histone degrada-
tion through the recruitment of several ubiquitin ligases and
the proteasome to damaged chromatin, resulting in reduced
chromatin compaction and enhanced chromosome movement
[56, 76-78]. We thus determined the DLC signal in mutants
in two well-studied chromatin regulators, the INO80 complex
(INO80-C) and the high-mobility group proteins NHP6A /B,
which were previously described as having compacted and ex-
panded chromatin, respectively [76] (Fig. 3A). We measured
the DLC signal at 2 h, which represents nascent D-loops, as
extension starts only later (Fig. 1C and F). Indeed, the deletion
of the INOS80-C subunit ARPS8 (arp8A) resulted in a five-fold
reduction of the DLC signal compared with the WT, and no
significant difference was observed between arp8A, htbKR,
and arp8A htbKR mutants (Fig. 3B). In contrast, the reduced
DLC signal in the htbKR mutant was restored to WT levels
when combined with the NHP6A/B deletion (nhp6AA) mu-
tant (Fig. 3C). This restoration is likely due to a 20% reduc-
tion in histone occupancy in the nhp6AA background [56,
77, 79], suggesting a role for H2Bubi in promoting nascent
D-loop levels via the described histone degradation pathway
after DNA damage. Our results are consistent with a previous
study demonstrating that Radé and Brel are both recruited to
chromatin upon DNA damage and contribute to recombina-
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tion by monitoring chromosome movement and the total level
of repair products [56].

To further support the notion that H2Bubi affects HR
through chromatin decompaction, we examined the histone
chaperons CAF-1 and Asf1, which are involved in chromatin
assembly through histone H3-H4 deposition [61] (Fig. 3D).
We used a cacl A strain to disable CAF-1 and the asf1 A mu-
tant. Both exhibited a 1.5-fold increase in nascent D-loop level
compared with WT cells (Fig. 3E and F), consistent with the
role of Asfl and CAF-1 in preventing unwanted recombina-
tion through the deposition of histone H3-H4 [80]. Addition-
ally, deletions of ASF1 or CAF-1 have been reported to in-
crease the rate of spontaneous gross chromosome rearrange-
ments [81]. We observed that the reduced DLC signal in the
htbKR mutant was significantly restored in combination with
the cacl A or asf1 A mutants (Fig. 3E and F). This further sug-
gests that in the absence of H2Bubi, chromatin becomes more
compacted due to the deficiency of the proteasome-dependent
histone degradation pathway [56, 77, 79], leading to interfer-
ence with nascent D-loop formation. Thus, reducing histone
occupancy alleviates the defect.

The linker DNA serves to connect nucleosome core par-
ticles. Additionally, the complete nucleosome assembly may
incorporate the linker histone H1, encoded by HHOT1 in

S. cerevisiae [82]. This histone associates with the exterior of
the core particle structure, particularly where the DNA en-
ters and exits (Fig. 3G). It is believed that histone H1 plays
a role in organizing higher order chromatin structure by fa-
cilitating chromatin condensation. Supporting this concept,
research conducted in budding yeast has demonstrated that
Hhol restrains HR-mediated repair [56, 83]. We conducted
an analysis involving hho1 A mutants in conjunction with hz-
bKR in the DLC assay. The hbhol A mutants exhibited a 1.5-
fold increase in nascent D-loops compared with WT cells (Fig.
3H). The hho1A htbKR double mutant showed no significant
difference compared with the h#bKR mutant alone, indicat-
ing that H2Bubi likely functions upstream of Hhol in the
proteasome-dependent degradation of both core and linker
histones [56] (Fig. 3H).

Both the INO80 and SWR complexes are recruited to site of
DSBs and engage in the exchange of H2A-H2B dimers, conse-
quently modulating the presence of the H2A variant, H2A.Z
[84-86], which is encoded by HTZ1 in S. cerevisiae (Fig. 31).
To explore the impact of H2A.Z occupancy on nascent D-loop
formation, we examined the DLC signal in arp8A (INOS8O-
C), swr1A (SWR-C), and hiz1 A (H2A.Z) strains. Intriguingly,
the arp8A mutant, characterized by elevated H2A.Z occu-
pancy, exhibited significantly lower DLC levels compared with
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both the swrlA mutant, which has reduced H2A.Z occu-
pancy, and the htz1 A mutant. However, the DLC signal in
both the swr1A and htzl1A single mutants was significantly
reduced compared with WT, suggesting that both the depo-
sition and removal of H2A.Z are important for nascent D-
loop formation (Fig. 3]). A previous study demonstrated that
H2A.Z recruits INO80-C to DSBs, where INO80-C subse-
quently removes H2A.Z during Rad51 filament formation
[86]. Remarkably, we observed that the reduced DLC signal in
the htbKR mutant was significantly restored in combination
with the htz1 A mutant (Fig. 3K). This finding suggests that
H2A.Z,INO80, and H2Bubi likely function in the same path-
way in the process of proteasome-dependent histone degrada-
tion [56] and facilitating Rad51 filament formation.

In summary, these findings suggest that H2A.Z, INO80-
C, and H2Bubi promote nascent D-loop formation through
a proteasome-dependent mechanism, as shown by the Gasser
laboratory [56], that involves the degradation of core and
linker histones and the formation of Rad51 filaments. Addi-
tionally, our data show that SWR1 promotes nascent D-loop
formation, while Asf1, Cacl, and Hho1 act as negative regu-
lators (Fig. 3L).

H2Bubi stabilizes extended D-loop

The regulatory influence of H2Bubi on D-loop metabolism,
through nucleosome assembly and/or disassembly, could be
intricate. It may impact not only the formation of nascent D-
loops via histone degradation mechanisms [56] but also the
disassembly of nucleosome ahead of the extending D-loop
and/or the stabilization of extended D-loops through nucleo-
some assembly (Fig. 4A). Building upon the observation that
compromising D-loop disruption factors and reducing histone
occupancy can restore the nascent D-loop level to WT levels
in the htbKR mutant (Figs 2 and 3), we further investigated
these mutants using the DLE assay to measure the next step in
HR, extension of the nascent D-loop [37]. We performed the
DLE assay at 8 h post-DSB, as essentially all ends are extended
at this timepoint in WT cells (Fig. 1F) [37].

We observe that the DLE signal of sgs1A, srs2A, cacl A,
and asf1A single mutants exhibited no significant difference
compared with WT cells at 8 h post-DSB (Fig. 4B, C, E, and
F), suggesting that these mutants specifically affect the kinetics
of nascent D-loop formation but have little or no effect on
the kinetics of DLE and by inference on the absolute D-loop
levels. The sgs1 A and srs2 A data are consistent with previous
observations [37].

When comparing the DLE signal of sgs1A htbKR with
srs2A htbKR to the htbKR single mutant, we observed that
the DLE signal was more significantly restored in the srs2 A ht-
bOKR compared with h#bKR mutant, than in the sgs1A htbKR
mutant compared with htbKR mutant (Fig. 4B and C). This
observation aligns with the DLC assay results, which showed
a faster kinetic of nascent D-loop formation in the srs2A ht-
bKR mutant compared with the sgs1A htbKR mutant (Fig.
2B and C). Moreover, the faster nascent D-loop formation ki-
netics but limited DLE of the srs2A htbKR double mutant
suggests that H2Bubi may have an additional function in ex-
tended D-loop progression and/or stabilization. Intriguingly,
the nhp6 A A htbKR, cacl A htbKR, and asf1 A htbKR mutants
exhibited no significant difference compared with the htbKR
single mutant by DLE assay (Fig. 4D, E, and F). This suggests
that H2Bubi may stabilize extended DLE through nucleosome
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assembly, while its role in nascent D-loop formation involves
histone degradation mechanisms [56]. This could be mediated
by recruitment of Rad6-Bre1 through its interaction with RPA
which binds to the displaced strand of the D-loop [87, 88].

The nhp6AA mutant exhibits a 1.5-fold increase in ex-
tended D-loop compared with WT cells (Fig. 4D), while
nascent D-loop levels remained largely unchanged (Fig. 3C)
[37]. This suggests that reducing nucleosome occupancy
through nhp6A A promotes DLE. Interestingly, the htz1A mu-
tant displayed a 50% decrease in extended D-loop levels com-
pared with the WT (Fig. 4G). Note that this effect was stronger
than the 30% reduction in nascent D-loop levels (Fig. 3K),
suggesting a possible function of H2A.Z in stabilizing ex-
tended D-loop. Furthermore, the htz1A htbKR double mu-
tant showed no significant difference in DLE signal compared
with the h#z1 A single mutant (Fig. 4G), suggesting that H2A.Z
functions upstream of H2Bubi for control of DLE. This ob-
servation aligns with the DLC assay results, which showed
a restored nascent D-loop level in the hiz1 A htbKR mutant
(Fig. 3K).

Together, these results suggest that H2A.Z and H2Bubi are
epistatic in stabilizing extended D-loops, likely by finely tun-
ing nucleosome assembly and disassembly. Additionally, our
data reveal a novel function of Nhp6A/B as negative regula-
tors of DLE (Fig. 4H).

To monitor H2Bubi levels, we performed ChIP experi-
ments in WT and htbKR cells, using three primer sets to
measure H2Bubi levels at the donor site (Fig. 41) and one
primer set to assess H2Bubi levels at 5 kb from the break
site (Supplementary Fig. S4C). In WT cells, we observed a
significant increase in H2Bubi levels at the DLE regions (P2
and P3 primer sets) of the donor site (Fig. 4]) and at 5 kb
from the break site (Supplementary Fig. S4D), but not at
the other region of the donor site (P1) (Fig. 4]). In addition,
no such increase was observed in htbKR cells (Fig. 4] and
Supplementary Fig. S4D). These results further support a role
of H2Bubi assembly at the donor site during DLE (Fig. 4A).

Excessive resection counteracts nascent D-loop
formation

H2Bubi likely promotes nascent D-loop formation by fa-
cilitating histone degradation [56]. Next, we were curious
whether H2Bubi also regulates D-loop metabolism by con-
trolling DNA end resection through the recruitment of Rad9
[60, 89]. The recruitment of Rad9 is orchestrated by chro-
matin binding facilitated by H2A phosphorylation and Dot1-
mediated H3K79 methylation, as well as Dpb11 binding
through the 9-1-1 DNA checkpoint clamp (Fig. 5A) [90]. Im-
portantly, in cells lacking H2Bubi, Rad9 recruitment to chro-
matin via H3K79 methylation is disrupted, while H2A phos-
phorylation and Dpb11 binding are preserved, thereby main-
taining proficiency in checkpoint activation through the 9-1-
1 clamp [60]. This scenario provides an opportunity to ana-
lyze the specific role of Rad9 in controlling resection during
D-loop metabolism through analysis of the h#bKR mutant.
Fun30, a chromatin remodeler, has been identified as a
competitor of Rad9 for chromatin and Dpb11 binding [91-
94] (Fig. SA). Thus, we hypothesized that deletion of FUN30
would lead to a deceleration of resection kinetics in the htbKR
mutant. To test the hypothesis, we assessed resection kinetics
using a well-established qPCR-based assay [64]. Primers were
strategically designed to flank the Alul cutting sites located
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Error bars, SEM (n > 2). *P= .01, **P = .005, ***P < .0006, ****P < .0001, ns: not significant. (H) A schematic representation indicating that H2Bubi
and H2A.Z promote DLE, while Nhp6A/B suppresses it. (I) Schematic representation illustrating the location of the primer sets used in the gPCR assay
to monitor H2Bubi at the donor site. (J) Quantification of H2Bubi levels at the donor site in WT and htbKR strains. Error bars, SEM (n = 2). *P = .02,
***¥P < .0005, ****P < .0001, ns: not significant. Fig. 4A, H, and | were created in BioRender.com.
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Figure 5. Excessive resection counteracts nascent D-loop formation and DLE. (A) Model illustrating the role of H2Bubi in regulating DNA end resection
through Rad9 recruitment. Rad9 can be recruited to chromatin via H3K79 methylation and H2A phosphorylation, as well as through the Dpb11 9-1-1
axis. Fun30 competes with Rad9 for chromatin binding and Dpb11 9-1-1 binding. SIx4 specifically affects Rad9 binding to the Dpb11 9-1-1 axis. (B)
Schematic representation illustrating the gPCR assay for monitoring DNA end resection. (C) Plot showing the percent of ssDNA among HO cut DNA at
each timepoint by gPCR analysis. Error bars, SEM (n = 3). (D) DLC signal in WT, rad9A, htbKR, fun30A, fun30A htbKR, and rad9A fun30A strains. Error
bars, SEM (n > 2). *P < .02, **P < .008, ns: not significant. (E) DLC signal in WT, htbKR, six4A, and six4A htbKR strains. Error bars, SEM (n > 2).

**P < .009, ns: not significant. (F) DLC signal in WT, htbKR, ddc1-T602A, and ddc1-T602A htbKR strains. Error bars, SEM (n > 2). *P = .01, **P = .006,
***¥*P <0001, ns: not significant. (G) Quantification of the DLE signal in WT, htbKR, fun30A, and fun30A htbKR strains. Error bars, SEM (n > 2).
***P— 0003, ****P < .0001, ns: not significant. (H) Schematic representation showing that H2Bubi affects nascent D-loop formation and DLE by
coordinating DNA end resection through Rad9 chromatin recruitment. Fig. bA, B, and H were created in BioRender.com.

1 and 5 kb from the HO cut site. Since Alul cannot cut ssDNA,
this design allows for the amplification of PCR products from
the ssDNA region generated by resection (Fig. 5B). Indeed,
we observed hyper-resection kinetics in the ##bKR mutant and
slowed resection kinetic in the fun30A mutant, consistent with
earlier findings [55, 91] (Fig. 5C). Moreover, we noted a sig-
nificant reduction in resection kinetics in the fun30A htbKR
when compared with the htbKR single mutant (Fig. 5C). Con-
trol experiments using western blots showed that fun30A does
not affect H2Bubi levels (Supplementary Fig. S5A).

To investigate whether resection kinetics impacts nascent
D-loop formation, we compared the levels of nascent D-loop
formation among WT, rad9A, htbKR, fun30A, fun30A ht-
bKR, and rad9A fun30A using the DLC assay at the 2 h
timepoint. Surprisingly, we observed that the fun30A strain,
which exhibited slower resection kinetics, displayed increased
nascent D-loop levels (Fig. 5D). Conversely, the rad9 A and ht-
DKR strain, characterized by faster resection kinetics, showed
reduced nascent D-loop levels at 2 h (Fig. 5D), suggesting an
inverse relationship between resection kinetics and nascent D-
loop levels. Notably, fun30A rescued the reduced nascent D-
loop levels in the htbKR mutant but not in the rad9A mu-
tant, indicating that Fun30 primarily competes with Rad9
in controlling end resection (Fig. 5D). Consistent with this,
a previous study found that fun30A does not slow down

hyper-resection in the rad9A mutant [91]. Additionally, we
observed that the reduced DLC signal in the h#bKR mutant
was restored to WT levels in the htbKR nhp6AA double mu-
tant (Fig. 3C), but not in the rad9A nhp6AA double mu-
tant (Supplementary Fig. S5B). This suggests that H2Bubi
modulates chromatin structure for nascent D-loop formation,
whereas Rad9 does not. Through examining Slx4, a protein
known to compete with Rad9 for binding to Dpb11 but lack-
ing influence on Rad9 chromatin binding [95, 96], we found
that the slx4 A mutation does not rescue the decreased nascent
D-loop levels in the htbKR mutant (Fig. SE). This finding
lends support to the hypothesis that H2Bubi primarily im-
pacts Rad9 chromatin binding rather than Dpb11 binding. To
further support this notion, we disrupted the Mec1-dependent
Ddc1 phosphorylation site (ddc1-T602R), which is crucial for
the recruitment of Rad9, Slx4, and Fun30 to Dpb11 [94, 96—
98]. This mutation failed to rescue the DLC defect observed in
the htbKR mutant, indicating that H2Bubi operates indepen-
dently of the Dpb11 9-1-1 axis in nascent D-loop formation
(Fig. SF).

Building on the observation that slowing down resection
through fun30A can restore nascent D-loop levels to WT lev-
els in the h#bKR mutant (Fig. 5D), we further investigated
these mutants using the DLE assay to measure the next step
in HR—the extension of the nascent D-loop. The fun30A mu-
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tant exhibits a two-fold increase in extended D-loop levels
compared with WT cells (Fig. 5G), a more pronounced effect
than the 1.5-fold increase observed in nascent D-loop levels
(Fig. 5SD). This suggests a novel role for Fun30 in negatively
regulating DLE. Additionally, the DLE signal was partially re-
stored in the fun30A htbKR double mutant compared with
the single mutants h#bKR and fun30A (Fig. 5G). This find-
ing aligns with the DLC assay results, which showed restored
nascent D-loop levels in the fun30A htbKR mutant (Fig. 5D),
indicating that Fun30 acts epistatically to H2Bubi in control-
ling D-loop formation and DLE.

Taken together, these data suggest that excessive resection
negatively feeds back on nascent D-loop formation and that
H2Bubi plays a role in this process likely through regulating
Rad9 chromatin binding (Fig. SH).

H2Bubi affects DSB repair pathway usage and
outcome

To explore the impact of H2Bubi on DSB repair pathway
usage and outcomes, we used a previously described DSB-
induced mitotic recombination assay. This assay monitors
both reciprocal and nonreciprocal exchange end products in
diploid cells monitoring CO and non-crossover (NCO) out-
comes as well as BIR and chromosome loss along with ad-
ditional events leading to loss of heterozygosity [67]. In this
system, an I-Scel cut site is introduced within the ADE2 lo-
cus (ade2-1) on one Chr. XV, while the other homolog car-
ries an inactive allele of ADE2 (ade2-n). The repair outcome
is assessed using two antibiotic resistance genes, HPH and
NAT. Additionally, MET22 and URA3 were employed to
trace chromosome loss events (Fig. 6A).

Following GAL-I-Scel induction, DSBs at ade2-I were re-
paired via gene conversion with ade2-n when both sister chro-
matids were cleaved in G2 cells. The pattern of gene conver-
sion tracts was determined by colony color: solid white for
short tract gene conversion on both sisters, sectored for short
tract on one and long tract on the other, and solid red for long
tract on both sisters (Supplementary Fig. S6A). We found a
similar ratio of long tract versus short tract gene conversion
(Supplementary Fig. S6B) and observed no chromosome loss
events in any of the mutants tested (Supplementary Table S1).

The repair outcomes were determined by the sensitivity of
cells to the antibiotic drugs Nat and hygromycin B (Hph) (Fig.
6B). Repair to NCO events results in Hph and Nat resistance
(HRNR/HRNR), while repair to CO events leads to either Hph
or Nat sensitivity (HRNS/HSNR). Repair by BIR events result
in Nat resistance (H’NR/HRNR) (Fig. 6B). The most defini-
tive determinant of repair outcomes was observed through the
analysis of sectored colonies. In WT cells, sectored colonies
exhibited a nearly even distribution of CO to NCO events,
along with a small percentage of BIR events, consistent with
the original study (Fig. 6C) [67]. We observed a reduction in
CO events in brel A and htbKR mutants, accompanied by an
increase in BIR events, but only in brel A and htbKR mutants;
no such increase was observed in fun30A and fun30A htbKR
mutants (Fig. 6C). The reduced CO was also evident in brel A
and AtbKR mutants when measuring solid red colonies (Fig.
6D) and solid white colonies (Supplementary Fig. S6C). Simi-
larly, the increased BIR was also observed in bre1 A and htbKR
mutants when analyzing solid red colonies (Fig. 6D), whereas
no such increase was noted in solid white colonies. Solid white
colonies underwent two short tract conversion events, for

which NCO is the preferred repair outcome. In these cells,
only a limited amount of CO and BIR were observed even in
WT (Supplementary Fig. S6C). Remarkably, the occurrence of
BIR events in fun30A htbKR mutants closely resembled that
of the WT cells across all types of colonies examined (sectored,
red, and white) (Fig. 6C and D and Supplementary Fig. S6C).
In sum, these data show that the influence of H2Bubi on D-
loop metabolism can significantly affect HR sub-pathway us-
age and outcome.

To validate the observed repair outcome in the diploid sys-
tem, we employed a well-established physical recombination
assay in haploid cells [65]. Haploid strains featuring an HO
cut site insertion within the native URA3 locus (ura3-HO)
on Chr. V, alongside a 5.6-kb ura3-HOinc (non-cleavable)
fragment integrated at the LYS2 locus on Chr. II (Fig. 6E).
Upon GAL-HO induction, the DSB on Chr. V undergoes re-
pair via gene conversion, transferring the ura3-HOinc allele
from Chr. II to Chr. V. The physical analysis was conducted
at 0, 2, and 8 h, longer timepoints are difficult to interpret
as cells that repair the DSB resume growth. To assess DSB
repair efficiency, we examined the plating efficiency (PE) of
each strain on galactose-containing medium compared with
glucose-containing medium. Our analysis revealed a signifi-
cantly lower PE for the h#bKR mutant compared with the WT
(Fig. 6F), demonstrating an involvement of H2Bubi in DSB re-
pair. To ascertain the repair outcome, we induced HO in liquid
cultures and isolated DNA at various timepoints post-HO in-
duction for restriction digestion and southern blot hybridiza-
tion. Mutants displaying decreased viability may be associated
with the use of the BIR pathway, leading to the loss of essen-
tial genes downstream of the ura3-HO site, thereby resulting
in lower PE. Since BIR and CO events are indistinguishable in
the physical assay, we corrected the CO signal determined by
Southern blot hybridization to the PE of all examined strains
(Fig. 6G), as done in previous studies [66, 99]. The analysis
revealed a two-fold decrease in CO events in the #tbKR mu-
tant compared with the WT (Fig. 6G). Intriguingly, fun30A
rescues both PE and CO in the htbKR mutant, highlighting
the inverse relationship between H2Bubi and Fun30 in DSB
repair (Fig. 6F and G).

Collectively, we conclude that the impact of H2Bubi on D-
loop metabolism can influence the usage of HR sub-pathways.
If not tightly regulated, BIR may be used for repair, a process
demonstrated to be mutagenic [100].

Discussion

H2Bubi has previously been associated with DSB repair [53-
56, 101], yet the precise molecular mechanisms underlying its
involvement in D-loop metabolism and its impact on repair
outcome have remained poorly understood. Primer extension
and ChIP assays are well-established and widely used to mon-
itor DLE and detect Rad51 recruitment in studies of HR dur-
ing mating-type switching [102-104]. In this study, we use the
novel and validated DLC and DLE assays to identify and mea-
sure critical recombination intermediates during BIR, namely
nascent and extended D-loops [19, 37]. These assays offer a
unique advantage with their ability to directly detect these in-
termediates, setting them apart from techniques that rely on
measuring the recruitment of recombinase Rad51 and physi-
cal or genetic repair endpoints. Rad51 measurement methods
can suffer from non-specific issues, as Rad51 presence can be
triggered by various forms of DNA damage beyond HR, for
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Figure 6. H2Bubi affects DSB repair pathway usage and outcome. (A) Schematic representation of the diploid strain, indicating the /-SCE1 cut site and
the selection markers for determining repair outcomes and monitoring chromosome loss events (see text for details). (B) Schematic representation of
repair outcomes, illustrating unchanged Nat and Hph markers in NCO repair, reciprocal exchange of Nat and Hph markers in CO repair, and
non-reciprocal exchange of Nat and Hph markers in BIR, resulting in homozygosis of the Nat marker. H: Hph, N: Nat, R: resistance, S: sensitive. (C)
Percentage of NCO, CO, and BIR events for sector colonies among the indicated strains. Error bars, SEM (n > 2). ***P < .0007, **P < .01, *P < .04, ns:
not significant. (D) Percentage of occurrences for each strain within the red colonies. Error bars, SEM (n > 2). ****P < 0001, ***P < .0008,

**P < .003, *P < .03, ns: not significant. (E) Schematic representation of the Chr. [I-Chr. V ectopic recombination assay, depicting the distance between
the HO endonuclease cut site (HO) and the heterology ApalLl (A) and Pvull (P) sites located outside the region of shared homology were utilized to
detect CO. Sizes of parental, NCO, and CO fragments are indicated. (F) PE was assessed by counting colony formation on YP-Gal plates divided by
YP-Glu plates for each of the indicated strains across three independent trials. Error bars, SEM (n = 3). *P = .02, ***P < .0007, ns: not significant. (G)
Southern blot analysis was conducted on DNA extracted from cells sampled at 0, 2, and 8 h post-DSB induction. Genomic DNA from each strain was
digested with Pvull and Apall enzymes, then probed with a fragment of Chr. V carrying the URA3 gene. The percentage of CO product at the 8-h
timepoint was calculated using densitometer quantification. This percentage was obtained by dividing the intensity of CO bands by the total DNA
content (Chr. Il, Chr. V, and CO). Subsequently, the CO level was normalized to the plating efficiency obtained from panel (E). The numbers in
parentheses represent the standard deviation values obtained from three independent trials. Fig. 6A, B, and E were created in BioRender.com.
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example stalled forks for fork protection [105]. Furthermore,
the DLC and DLE assays diverge from genetic analysis, which
primarily focuses on providing insights into repair outcomes
but lacks the necessary detail to fully understand molecular
mechanism of the recombination process.

By using DLC and DLE assays to monitor D-loop
metabolism, alongside physical and genetic assays to detect
repair outcomes in cells lacking H2Bubi and various mutants
affecting chromatin, we have uncovered multifaceted func-
tions of H2Bubi in D-loop metabolism. H2Bubi finely regu-
lates chromatin structure: first, it facilitates histone degrada-
tion as shown by the Gasser laboratory [56], thus promoting
the formation of nascent D-loops. Second, it potentially sta-
bilizes extended D-loops likely through nucleosome assembly.
Third, H2Bubi regulates DNA resection—it coordinates the
kinetics of DNA resection with the kinetics of D-loop forma-
tion and DLE by recruiting Rad9 (Fig. 7).

H2Bubi facilitates nascent D-loop formation

Our study offers evidence demonstrating the impact of
H2Bubi on nascent D-loop formation and DLE. Notably, the
deficiency in nascent D-loop formation can be restored by
eliminating factors involved in the D-loop disruption path-
ways identified in our previous research [19], underscoring the
critical role of the D-loop disruption pathway in monitoring
nascent D-loops. Furthermore, manipulating chromatin struc-
ture by removing factors known to alter chromatin structure
through various mechanisms influences nascent D-loop lev-
els to varying degrees. Our studies provide several line of evi-
dences to suggest that H2bubi fine-tunes chromatin structure
for HR: first, we demonstrated that ARPS8 deletion, previously
associated with compacted chromatin, resulted in a dramatic
reduction in nascent D-loop formation, similar to the htbKR
mutant, which is congruent with previous studies suggesting
that Radé6 and Brel recruitment upon DNA damage depends
on INOS8O0 [56]. Conversely, the NHP6A/B deletion, previ-
ously linked to expanded chromatin, showed complete rescue
of the D-loop defect in htbKR, likely due to a 20% reduc-
tion in histone occupancy [56, 77, 79]. Moreover, our epista-
sis analysis revealed that Hhol acts downstream of H2Bubi,
consistent with previous studies proposing core and linker hi-
stone degradation upon DNA damage [56, 76]. Our study fur-
ther defines H2Bubi’s role as upstream of linker histone Hhol.
Second, our epistasis analysis shows that the histone chaper-
ones Asf1l and CAF-1 act upstream of H2Bubi, consistent with
their role in promoting the assembly and disassembly of nucle-
osomes. Our results demonstrate that reducing histone occu-
pancy by deleting ASF1 or CAC1 reverses the decompaction
defect observed in the htbKR mutant. Third, our epistasis
analysis reveals that the histone variant H2A.Z acts upstream
of H2Bubi, which is intriguing. One possible explanation is
that in the absence of H2Bubi, H2A.Z inhibits Rad51 filament
formation, similar to previous reports showing restoration of
presynaptic filament formation and HR in INO80-C-deficient
mutants when H2A.Z is absent [86]. It is worth noting that
the restored nascent D-loop level in the htz1A htbKR double
mutant can be explained by the restored presynaptic filament
formation. Furthermore, we observed that the deposition of
H2A.Z also play a role in promoting nascent D-loop forma-
tion, as evidenced by the reduced DLC levels in swrl1A and
htz1 A mutants. Our results reveal a complex role for H2A.Z
in nascent D-loop formation, consistent with previous studies

demonstrating that H2A.Z is deposited to promote DNA re-
section and later removed during Rad51 filament formation
[84-86]. In conclusion, we infer that INO80 acts upstream
of H2Bubi through H2A.Z removal to promote proteasome-
dependent histone degradation [56], which promotes Rad51
filament formation as a prerequisite for homology search and
nascent D-loop formation (Fig. 7).

H2Bubi promotes nascent D-loop formation by
facilitating histone degradation and stabilizes
extended D-loop via nucleosome assembly

H2Bubi stands out as one of the most significant chromatin
marks known in the regulation of chromatin structure and
compaction [52]. However, the mechanism by which H2Bubi
fine-tunes chromatin structure to facilitate HR during D-loop
metabolism remains unclear. Our study provides evidence
demonstrating that H2Bubi promotes nascent D-loop forma-
tion through histone degradation [56] (Fig. 3), while stabi-
lizing the extended D-loop via chromatin assembly (Fig. 4).
This hypothesis is supported by several lines of evidence: first,
removing D-loop disruption pathways significantly recovered
nascent D-loop levels in the h#bKR mutant, while extended
D-loop levels remained low (Supplementary Fig. S7A and D-
loop disruption category). Second, the reduction of histone oc-
cupancy restored nascent D-loop levels but did not rescue ex-
tended D-loop levels in the h#tbKR mutant. This suggests that
H2Bubi stabilizes the extended D-loop through chromatin as-
sembly, rather than promoting chromatin disassembly ahead
of it (Supplementary Fig. S7A, chromatin structure category).
Indeed, we observed that H2Bubi levels are enriched at the
DLE regions, but not at other regions of the donor site (Fig.
4]). This may resemble DNA replication, where H2Bubi pro-
motes chromatin assembly behind the replication fork [106,
107]. Similarly, we speculate that H2Bubi may stabilize the ex-
tended D-loop by chromatin assembly at or behind the D-loop
(Fig. 7). This may involve not only full nucleosomes but pos-
sibly also histoner dimers or tetramers and potentially non-
canonicaly ways of engaging with DNA as speculated in Fig.
7B. In sum, the results suggest that the DLE defect in the hz-
bKR mutant is not the simple downstream consequence of the
defect in D-loop levels and not solely caused by a defect in
Rad51-ssDNA filament assembly. Rather, we interpret that
these phenotypes reflect the complex roles of chromatin on
different steps of the HR process.

Moreover, the direct interaction between Brel with RPA,
Rad51, and Srs2 [87, 108] raises the possibility that Brel
may be recruited to extended D-loops through RPA, Rad51,
and Srs2 binding, enhancing local H2Bubi levels to facili-
tate DNA synthesis during DLE. However, this needs further
investigation.

Our study observed no significant effect of Asf1 and CAF-
1 on DLE during the repair of a two-sided (frank) DSB. In a
different functional context, recombination-dependent repli-
cation in fission yeast, both were founds required for DNA
synthesis [49, 50], which may reflect the difference between
HR during template switching at stalled forks where HR in-
termediates may be stabilized by histone deposition.

Additionally, it has been shown that the human homolog of
Fun30, SMARCAD1, directly interacts with the PCNA repli-
cation clamp and is preferentially enriched at unperturbed
replication forks, suggesting a role in DNA replication [109].
Our study reveals a novel function of Fun30 that inversely cor-
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relates with H2Bubi in DLE. Whether this correlation relates
to its replication function requires further investigation.

Recent cryo-electron microscopic structural studies have re-
vealed that H2A.Z destabilizes the nucleosome structure by
enhancing DNA mobility near the DNA entry/exit site, while
also facilitating the formation of more regular and compact
chromatin fiber in nucleosome arrays [110]. The interplay be-
tween H2Bubi and H2A.Z contributes to transcriptional reg-
ulation in a context-dependent manner [111, 112]. This sug-
gests that H2Bubi may influence nascent D-loop formation
and DLE by stabilizing H2A.Z in nucleosomes or hindering
its eviction, and vice versa.

Due to the structural similarity between the Fun30 with
the INO80 and SWR complexes, Fun30 may play a role in
histone dimer exchange [113, 114]. It has been shown that
FUN30 genetically interacts with subunits of the SWR com-
plex and histone H2A.Z [115] and FUN30 deletion results
in defects in genome-wide histone variant H2A.Z occupancy,
further supporting this notion [116]. Our study reveals that
the cross talk between H2Bubi, H2A.Z, INO80, SWR1, and
Fun30 provides a possibility that their interaction may fine-
tune chromatin structure for D-loop metabolism (Fig. 7).

Resection influences D-loop metabolism

The rate of resection, necessary to produce ssDNA for homol-
ogy search, may serve as a time-limiting factor for the homol-

ogy search process. Initially, the formed 3’ ssDNA is coated
by RPA, followed by Rad51 filament formation, which facili-
tates the search for a homologous sequence. If successful, this
search is succeeded by the invasion of the template sequence.
Surprisingly, hyper-resection in cells lacking H2Bubi does not
result in successful strand invasion, indicating that excessive
resection negatively affects D-loop levels (Fig. 5). Consistently,
we observed that slowing down resection kinetics by delet-
ing FUN30 restored the kinetics of nascent D-loop formation
and DLE in the h#bKR mutant (Fig. 5D and G). Furthermore,
we found that the reduced cell viability, decreased CO forma-
tion and increased BIR observed in the htbKR mutant were
restored to WT levels in the fun30A htbKR double mutant
(Fig. 6C, D, F, and G).

This suggests that H2Bubi may play an additional role in
sustaining the kinetics of D-loop formation and DLE by lim-
iting excessive DNA end resection through recruiting Rad9
(Supplementary Fig. S7A, chromatin factors affecting Rad9
recruitment). This finding is supported by research suggesting
that Rad9 has an additional function independent of Rad53
checkpoint signaling in stabilizing D-loops by limiting the re-
cruitment of proteins involved in D-loop disruption pathways
[117]. Additionally, this research suggests that in the absence
of Rad9, hyperactivating of Mec1 signaling regulates the STR-
dependent D-loop disruption pathway to influence HR out-
comes and suppress gross chromosomal rearrangements [118,
119]. Moreover, Rad9’s function in Rad53 checkpoint signal-
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ing has been demonstrated to prevent aberrant processing of
BIR intermediates [120]. In sum, these results suggest the ex-
istence of a negative feedback loop between resection and D-
loop reversal that safeguards the homology search process
to limit non-allelic HR and gross chromosomal rearrange-
ments (Fig. 7B). Alternatively, prolonged checkpoint activa-
tion in fun30A cells may promote D-loop formation and DLE
through an unknown mechanism.

The dependence of H3K79 methylation on H2Bubi is an
example of histone modification cross talk that is conserved
across eukaryotes [121, 122]. One of the functions of H3K79
methylation is to regulate the DNA damage checkpoint re-
sponse and DNA resection through Rad9 chromatin recruit-
ment, which acts as a Mecl adaptor for Rad53 activation
and also serves as a barrier to inhibit DNA resection [60, 89,
123]. In contrast, Fun30, a chromatin remodeler, promotes
DNA resection by antagonizing Rad9. Despite multiple stud-
ies, the mechanism by which Fun30 removes Rad9 remains
unknown [124]. Fun30 possesses a CUE domain, which is
known for its ability to bind ubiquitin [125]. Whether Fun30
binds H2Bubi through its CUE domain remains an open ques-
tion and warrants further investigation. One possible scenario
is that H2Bubi itself recruits Fun30 to promote DNA resec-
tion and checkpoint deactivation. On the other hand, down-
stream H3K79 methylation may mediate Rad9 chromatin re-
cruitment, thereby inhibiting DNA resection and checkpoint
activation. Together, these processes could fine-tune DNA re-
section and the DNA damage checkpoint response.

H2Bubi affects DSB repair pathway usage and
outcome

D-loops serve as a central intermediate of HR-mediated re-
pair. Therefore, if any issue arises during D-loop metabolism,
the frequencies BIR, CO, and NCO may be affected. To this
end, we examined the competition between DSB repair sub-
pathways using genetic and physical assays (Fig. 6). In the
DLC/E and BIR assays, DSBs are exclusively repaired by the
BIR pathway (Fig. 1) not allowing to study competition be-
tween HR sub-pathways. In competition assays, we consis-
tently observed an increase in BIR and a decrease in CO out-
comes by analysis of genetic and physical endpoints in cells
lacking H2Bubi. BIR events could arise due to the failure of
second end capture thus discourage the formation of double
Holliday junctions and subsequent COs [4, 5].

Our results provide evidence to explain why CO decreases
and BIR increases in the absence of H2Bubi. The kinetics
of nascent and extended D-loops are dramatically delayed in
cells lacking H2Bubi, consistent with the hypothesis that limit-
ing the lifetime of nascent and extended D-loops discourages
the formation of dHJs and subsequent COs. Moreover, our
observation is supported by a previous study demonstrating
reduced meiotic COs upon depletion of the E3 ligase RNF20
for H2Bubi in mice [57]. Finally, inappropriate DNA resection
may interfere with engaging the second end either by anneal-
ing and strand invasion. It is also possible that H2Bubi may
influence the competition between gene conversion and BIR
through Sgs1 and Mph1, as it has been reported that these
proteins play major roles in shifting between gene conversion
and BIR [126]. This potential mechanism cannot be excluded
by this study and warrants further investigation.

We conclude that the effect of H2Bubi on D-loop
metabolism can influence repair pathway usage (Fig. 7C).

Specifically, H2Bubi plays a crucial role in preventing BIR, a
sub-pathway of DNA DSB repair known to culminate in ge-
nomic instability.

Limitations of the study

In this study, we reveal that H2Bubi plays multifaceted roles
in regulating the kinetics of nascent D-loop formation and
DLE. However, due to the technical constraints of visualiz-
ing nucleosomes on extended D-loops, we still do not fully
understand how H2Bubi stabilizes extended D-loops. Addi-
tionally, the molecular mechanism by which H2Bubi coordi-
nates DNA resection and D-loop formation is lacking. Fur-
ther studies analyzing resection intermediates would provide
a clearer interpretation of this molecular mechanism. H2Bubi
controls H3 methylation through Dot1-mediated H3K79 and
Setl-mediated H3K4 methylation [59]. While previous studies
suggest that the HR repair function of H2Bubi is independent
of H3K4 or H3K79 methylation [55], we cannot definitively
state whether the effect we observe are directly or indirectly
caused by H2Bubi.

In addition, this study uses several chromatin mutants in
DLC/E assays to investigate how these mutants affect D-
loop formation and DLE, without directly measuring chro-
matin structure alterations. These chromatin mutants, such as
nhp6AA, have been previously reported to influence nucle-
osome occupancy based on MNase sequencing [79]. Further
characterization using newer methodologies, such as fiber se-
quencing, may be required to provide insights into nucleo-
some organization at the single-fiber level [127]. Moreover,
the genome-wide localization of H2Bubi needs to be carefully
examined to compare its level at DSBs, the donor site, and
other regions of the genome.

Furthermore, due to the technical constraints of detecting
D-loop size in vivo and the fact that nucleosomes are not well-
positioned at the homology donor, we are unable to determine
the average size of D-loops in WT cells compared with mu-
tants, nor can we assess how many nucleosomes are physi-
cally assembled on the dsDNA portion of the D-loop during
extension.
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