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SUMMARY

RNA-DNA hybrids and R-loops can lead to extensive DNA damage and loss of genomic integrity if not regu-

lated in a timely manner. Although RNase H1 overexpression is frequently used as a tool to resolve R-loops,

the regulation of RNase H1, overexpressed or endogenous, remains poorly characterized. We reveal that in

yeast, overexpressed RNase H1 (RNH1) has no effect on gene expression, cell growth, or RNA-DNA hybrid

resolution in wild-type cells. Overexpressed RNase H1 does, however, remove RNA-DNA hybrids in mutants

where hybrids have become dysregulated. Endogenous RNase H1 becomes up-regulated and chromatin-

associated in the absence of Sen1 in a DNA replication checkpoint-dependent manner. Rnh1 gets recruited

to genomic loci where RNA-DNA hybrids accumulate following the loss of Sen1. Rnh1, together with Sen1,

promotes DNA replication at sites of transcription-replication conflict. Hence, RNase H1, overexpressed or

endogenous, responds to unscheduled, stress-inducing RNA-DNA hybrids.

INTRODUCTION

RNA-DNA hybrids form primarily in a co-transcriptional manner

when the 5′ end of nascent RNA base pairs with the template

strand of DNA. Hybrid formation can result in a 3-stranded struc-

ture (RNA-DNA hybrid + displaced single-stranded DNA [ssDNA]

strand) referred to as an R-loop. RNA-DNA hybrids and R-loops,

used interchangeably here for simplicity, have important cellular

functions, many of which have only recently been revealed.1

RNA-DNA hybrids can promote DNA repair through homologous

recombination,2–5 regulate transcription termination,6 contribute

to telomere end protection,7,8 and influence gene expression

through chromatin establishment.9,10 Despite their contributions

to the above-mentioned nuclear processes, R-loops are surpris-

ingly short lived, with half-lives of approximately 10 min across

the human genome.11 This rapid turnover is required to ensure

that R-loops do not become a source of genome instability.

When RNA-DNA hybrids are not removed in a timely manner in

cycling cells, their encounter with the DNA replication machinery

can lead to replication stress and DNA strand breaks, both of

which can compromise genome integrity.12–14 In non-cycling

cells, the displaced ssDNA of the R-loop is more prone to dam-

age, mutagenesis, and the formation of secondary structures

when hybrid removal is impaired.15,16 Hence, the regulation of

RNA-DNA hybrids must be finely tuned, in terms of formation

and removal, to ensure that the physiological effects are realized

before they develop into sources of chromosomal instability.

Although cause and consequence cannot be differentiated, the

negative implications of mis-regulated RNA-DNA hybrids are un-

derscored in the myriad of pathological scenarios where R-loop

accumulation has been observed.13

In general, there are two means to limit/regulate RNA-DNA hy-

brids: (1) prevent their formation and (2) actively remove them.

The formation of hybrids can be prevented through the action

of RNA binding proteins that associate with the nascent RNA as

it emerges from the exit channel of the respective RNA polymer-

ase and prevent its base pairing with DNA.17 Examples of such

RNA binding proteins include the THO/TREX complex and the

spliceosome.12,18 In the case that hybrids do form, they can be

removed through the action of the RNase H nucleases (RNase

H1 and H2)19 as well as by helicases with RNA-DNA hybrid un-

winding capacity. In budding yeast S. cerevisiae, the RNase H en-

zymes, together with the Sen1Senataxin helicase, combine to limit

RNA-DNA hybrid levels.20 Sen1 is an essential gene; however,

conditional alleles, such as sen1-1, can be used to partially inac-

tivate the protein in a temperature-dependent manner.21
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Figure 1. Overexpressed RNH1 likely acts at misregulated RNA-DNA hybrids

(A) 10-fold serial dilutions of the indicated strains transformed with the indicated plasmids were spotted on SC-Leu plates containing either 2% glucose or

galactose. Additionally, galactose-containing plates were supplemented with 0.01% MMS or 0.2 M HU. Images were taken after 3 days at 30◦C. Flow cytometry

of the same strains was carried out. Strains were grown in SC-Leu + 2% raffinose prior to addition of 2% glucose or galactose. The overexpression was carried

out for 5 h at 30◦C. A rad52 control was used as positive control for slow growth and damage sensitivity in spotting assays. EV: empty vector.

(B) 10-fold serial dilutions of the indicated strains transformed with the indicated plasmids were spotted on SC-Leu plates containing either 2% glucose or

galactose. Images were taken after 3 days at 30◦C for rnh1 rnh201, top1, and mft1 and at 25◦C for sen1-1. Flow cytometry of the same strains was carried out.

Strains were grown in SC-Leu + 2% raffinose prior to addition of 2% glucose or galactose. The overexpression was carried out for 5 h at 30◦C. EV: empty vector.

% of G2 cells was calculated as the % ratio of G2:EV in galactose (n = 2).

(C) Rnh1 (D193N) ChIP for determining the binding of Rnh1(D193N)-HA to chromatin after overexpression for 8 h in wild-type (WT) and rnh1 rnh201 cells. Data are

depicted as mean ± SD, n = 3; unpaired t test (*p < 0.05). EV: empty vector.

(legend continued on next page)
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The RNase H enzymes are not essential in unchallenged condi-

tions. However, the absence of both RNase H1 (RNH1) and any

of the trimeric RNase H2 genes (RNH201, RNH202 and

RNH203) results in sensitivity to genotoxic agents.22 When all

three hybrid resolvases are compromised simultaneously (RNase

H1, RNase H2, and Sen1), hybrids strongly accumulate, along

with increased levels of DNA damage, checkpoint activation,

and cell death.20

When Sen1 function is impaired, R-loops specifically accumu-

late in the S phase of the cell cycle and delay replication progres-

sion, indicating that Sen1 limits R-loops at sites of transcription-

replication conflicts (TRCs).23 Consistently, Sen1 associates and

travels with the replisome through its interaction with Ctf4 and

Mrc1,24 and this interaction is required to alleviate the TRCs.25

RNase H2 accounts for nearly all RNase H activity in the cell,26

and the majority of RNA-DNA hybrids are removed in an RNase

H2-dependent manner.27 Chromosome instability is increased in

the absence of RNase H2 but only to negligible levels when

RNase H1 is absent.27 We have shown that RNase H2 is able

to function outside of S phase to limit the accumulation of

RNA-DNA hybrids.28 Recently, it was demonstrated that the

Smc5/6 complex can stimulate RNase H2 activity toward R-

loops, and genetic evidence from this study also suggests that

replication-associated R-loops are not Smc5/6 targets, consis-

tent with either a pre- or post-replicative function for RNase H2

at R-loops.29 In human and yeast cells, it was reported that

RNase H2 likely acts in a post-replicative manner to resolve

RNA-DNA hybrids behind the replication fork.30

Although we have gained insight into the temporal activity of

Sen1 (S phase) and RNase H2 (outside of S phase) toward

RNA-DNA hybrids, there is little understanding regarding how

RNase H1 is regulated, even though RNase H1 overexpression

is regularly employed as a tool to reduce RNA-DNA hybrid levels.

Zimmer and Koshland have demonstrated that in yeast, Rnh1 is

not responsible for the removal of the bulk of RNA-DNA hybrids

and hypothesized that it may only be required at sites where hy-

brids are particularly stable and lead to chromosome stress.27

Consistently, Rnh1 only suppressed loss of heterozygosity

(LOH) events along chromosome III in a region that was particu-

larly prone to hybrid formation. RNase H2, on the other hand,

prevented a general LOH increase across the chromosome

and was responsible for the majority of R-loop removal.27 Inter-

estingly, that study also reported that Rnh1 has the ability to

physically associate with all RNA-DNA hybrids (high or low

DNA-RNA immunoprecipitation [DRIP] signal) but is only able

to remove them at particularly hybrid-prone regions (high DRIP

signal), suggesting that it may be activated locally as part of a

stress response.27

We have previously demonstrated that yeast RNase H1

(Rnh1) can function in S and G2 phases of the cell cycle and,

in agreement with Zimmer and Koshland27, hypothesized that

it may act as a stress-response enzyme. We showed that

Rnh1 became more abundant on chromatin when Sen1 was in-

activated.28 Here, we extend our understanding of RNase H1

regulation by demonstrating that (1) when RNH1 is overex-

pressed, it gets recruited to many, if not all, genes where hy-

brids can form, but it only resolves hybrids when they are mis-

regulated; (2) Rnh1 promotes the timely resolution of TRCs in

the absence of Sen1 and enhances the viability of sen1-1 mu-

tants; and (3) endogenous Rnh1 levels increase in a DNA repli-

cation checkpoint-dependent manner when Sen1 can no

longer resolve TRCs. Our data suggest that Rnh1, whether

overexpressed or endogenous, is specifically regulated to

resolve R-loops that have become dysregulated and cause

stress. In addition, our data suggest that Rnh1 regulation at

R-loops may be a two-step process. In the first step, a check-

point-mediated increase in Rnh1 levels ensures its hybrid asso-

ciation. We hypothesize that the second step, involving Rnh1

activation and subsequent hybrid elimination, only occurs at

deregulated hybrids that have resulted in a TRC.

RESULTS

Overexpressed RNH1 may preferentially act at

dysregulated RNA-DNA hybrids

RNase H1 overexpression is frequently employed as a tool to

resolve RNA-DNA hybrids in vivo. We used a galactose inducible

promoter to drive RNH1 gene expression in budding yeast

S. cerevisiae (Figure S1A) to gain mechanistic insights regarding

the nuances of RNase H1 overexpression. Surprisingly, only

minimal effects on cell growth and cell cycle distribution were

observed when either active (RNH1) or catalytically inactive

(RNH1 D193N) alleles of RNase H1 were overexpressed in un-

challenged (galactose) conditions or in the presence of geno-

toxic stress induced by either MMS (methyl methanesulfonate)

or hydroxyurea (HU) (Figure 1A). RNA sequencing of total RNA

revealed that, excluding the overexpressed RNH1 gene itself,

zero genes were differentially expressed when RNH1 was up-

regulated, and only two genes were changed following RNH1

(D193N) overexpression (Figure S1B). Together, we conclude

that the overexpression of yeast RNH1 (active or inactive) has

minimal effects on wild-type yeast cells grown in unchallenged

conditions.

In contrast to wild-type cells, the overexpression of catalyti-

cally inactive RNH1 (D193N) resulted in a pronounced growth

defect in mutants (sen1-1, rnh1 rnh201, top1, mtf1) where it

has been shown that RNA-DNA hybrids are no longer regulated

in a timely manner (Figure 1B).18,23,31,32 In the mutants where hy-

brids are misregulated, we observed an accumulation of

cells with a 2n DNA content (% 2n cells indicated) using flow

cytometry, consistent with a checkpoint-mediated G2 delay

(Figure 1B, compare Galactose EV to Galactose RNH1

(D193N)). The above results suggest that overexpressed RNH1

may have more pronounced effects when RNA-DNA hybrids

are misregulated and has little effect in wild-type cells when

other hybrid prevention and removal pathways are intact.

(D) DRIP for determining the effect of RNH1(D193N) overexpression on R-loop levels after 8 h in wild-type (WT) and rnh1 rnh201 cells. Data are depicted as mean ±

SD, n = 3; unpaired t test (*p < 0.05, ***p < 0.001).

(E) DRIP for determining the effect of RNH1 overexpression on R-loop levels after 3 h in wild type (WT) and rnh1 rnh201 cells. Data are depicted as mean ± SD,

n = 3; unpaired t test (*p < 0.05, ***p < 0.001). EV: empty vector.
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To test these notions further, we performed ChIP (chromatin

immunoprecipitation) and DRIP using the hemagglutinin (HA)

antibody, targeting Rnh1-HA, and the S9.6 antibody to detect

overexpressed RNH1 and RNA-DNA hybrids, respectively.

Overexpressed RNH1 (D193N) associated with all loci tested,

and its recruitment to these loci was further increased in the

complete absence of RNase H activity (rnh1 rnh201 cells)

(Figures 1C and S1C). DRIP experiments revealed that RNA-

DNA hybrids increased at all loci tested when RNH1 (D193N)

was overexpressed in rnh1 rnh201 mutants, but only at some

loci in wild-type cells (Figures 1D and S1D). The accumulation

of RNA-DNA hybrids at an increased number of loci in rnh1

rnh201 mutants may explain why the overexpression of catalyt-

ically inactive RNH1 is specifically toxic in mutants where hybrids

are misregulated (Figure 1B). Strikingly, the overexpression of

catalytically active RNH1 did not reduce DRIP signals at any lo-

cus tested (n = 10) in wild-type cells (Figure 1E) in line with the

observation that RNH1 overexpression has little, or no, effect

on cell growth (Figure 1A) or gene expression in wild-type cells

(Figure S1B). In contrast, RNH1 overexpression significantly

reduced DRIP signals at many, albeit not all, loci in rnh1

rnh201 mutant cells. Taken together, these data suggest that

overexpression of RNase H1 has little, or no, effect on RNA-

DNA hybrids in wild-type cells where other RNA-DNA hybrid re-

solvases are intact. When hybrids become dysregulated, as in

the case of rnh1 rnh201 mutants, the overexpression of RNH1

is more likely to promote RNA-DNA hybrid resolution. These re-

sults, with overexpressed RNase H1, support the previously pro-

posed hypothesis that RNase H1 is acting in response to misre-

gulated RNA-DNA hybrids and R-loops that result in (replication)

stress.27,28

Sen1 loss results in increased Rnh1 levels

While the above data (Figure 1) was related to overexpressed

RNH1, we wanted to test whether endogenous Rnh1 was also

specifically responding to stress inducing/misregulated RNA-

DNA hybrids. If Rnh1 is acting at misregulated RNA-DNA hy-

brids, then its function may become essential in the absence of

other R-loop resolvases. In unchallenged conditions, the loss

of RNH1 showed a negative genetic interaction with the temper-

ature-sensitive sen1-1 mutant at the semi-permissive tempera-

ture of 28◦C (Figure 2A), while the loss of other RNA-DNA hybrid

regulators grew comparably to wild-type cells in the presence or

absence of RNH1 (Figure 2A). Likewise, sen1-1 mutant cells did

not display additional viability defects in the absence of RNH201

(RNase H2 catalytic subunit) or TOP1 and showed some growth

defects when the THO/TREX complex was mutated (mft1)

(Figure S2A). In summary, genetic evidence suggests that

endogenous Rnh1 may become particularly important for cell

viability when Sen1 function is impaired, but not when other R-

loop resolvases are absent.

To further interrogate the relationship between Sen1 and

Rnh1, we assayed protein levels when one, or the other, factor

was inactivated. Using an auxin-inducible degron to deplete

Sen1 (Sen1-AID*), we observed that endogenous Rnh1 protein

levels increased approximately 5-fold in a time-dependent

manner following the addition of the auxin analog IAA (3-indole-

acetic acid) (Figures 2B and 2C, gray bars). The increase in

endogenous Rnh1 levels was strongly reduced when an addi-

tional copy of RNH1 (Rnh1-MYC) was overexpressed from an

ectopic plasmid to remove hybrids (Figure 2C, blue bars), sug-

gesting that the accumulation of RNA-DNA hybrids was trig-

gering Rnh1 accumulation. Interestingly, Sen1 protein levels

also increased, albeit to a lesser extent, when RNH1, but not

RNH201, was deleted, revealing a potential regulatory crosstalk

between the proteins (Figure S2B). We previously demonstrated

that Rnh1 localizes to chromatin in sen1-1 mutant cells at non-

permissive temperatures.28 Chromatin localization of Rnh1 was

re-capitulated in the Sen1-AID* background, where we observed

that increased Rnh1 protein levels were occurring specifically on

the chromatin, and not the soluble, fraction (Figure 2D).

Importantly, the up-regulation of Rnh1 was specific to the

loss of Sen1 function as Rnh1 levels did not increase following

the loss of Rnh201, Hpr1 (THO complex), or Top1 when

the respective degron fusions were depleted (Figure S1C).

Furthermore, Rnh201 and Rnh202 levels did not increase when

Sen1-AID* was inactivated (Figure S2D). Interestingly, neither

the addition of HU nor MMS caused an increase in Rnh1 levels

(Figure S2E). Finally, the depletion of another essential gene,

Cdc20, did not trigger the up-regulation of Rnh1, ruling out

that the effect seen in the absence of Sen1 is due to its essential

nature (Figure S2F). Hence, there are very specific reciprocal

genetic (Figures 2A and S2A) and regulatory (Figures 2B–2D) inter-

actions between Sen1 and Rnh1. Furthermore, like overex-

pressed RNH1, which likely targets misregulated R-loops, endog-

enous Rnh1 may specifically respond to Sen1-targeted R-loops.

To assess the interplay of Sen1 and Rnh1 on global RNA-DNA

hybrid levels, we performed a dot-blot assay on total nucleic

acids with the S9.6 antibody (Figures 2E and 2F). Interestingly,

there was only a slight increase in signal in the absence of

Sen1, but this was increased further when RNH1 was addition-

ally deleted (Figures 2E and 2F). Hence, the up-regulation of

RNH1 (Figure 2C) may compensate to keep R-loops in check

in Sen1’s absence.

To determine if Rnh1 is specifically targeting Sen1-regulated

R-loops, we analyzed published DNA-RNA immunoprecipitation

followed by cDNA conversion coupled to high-throughput

sequencing (DRIPc-seq) data comparing hybrid levels between

wild-type and Sen1-AID-depleted cells23 in S phase. We identi-

fied the top 12 loci that accumulated hybrids following Sen1 loss

(see Figures S3A and S3B for examples) and determined if

endogenously expressed catalytically dead Rnh1 gets recruited

to those loci using ChIP. Indeed, upon Sen1 depletion through

IAA, Rnh1 was recruited to all protein-coding regions demon-

strated to be Sen1 targets (Figures 2G and S3C). In the absence

of Sen1, overexpressed RNH1 can remove hybrids at these loci

when overexpressed,23 consistent with our prediction that over-

expressed RNH1 targets misregulated R-loops (Figure 1).

Although R-loops accumulate to similar extents and at the

same loci, but rather in G1, upon Hpr1 depletion,23 we could

not detect Rnh1 at these loci (Figure S3D). The depletion of

Rnh201 also did not result in an increased ChIP signal above

background (no antibody) levels (Figure S3D). All together, these

results indicate that there is a specific interplay between Sen1

and Rnh1 both in terms of genetic interactions as well as regula-

tion of protein abundance and localization. Rnh1 may be working
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together with Sen1 or compensating for the loss of function of

Sen1, at transcription-replication conflicts.

Rnh1 levels increase in an RNAPII-dependent manner

The Nrd1-Nab3-Sen1 (NNS) complex promotes transcription

termination at over 1,000 non-coding RNAs.33–35 Loss of NNS

function leads to both direct and indirect global transcription

deregulation due to aberrant readthrough at these loci.36 To

determine if Sen1 may be directly affecting the transcription

termination of the RNH1 gene itself, we performed 3′ RACE

(rapid amplification of cDNA ends) on total RNA from strains

where the NNS complex had been depleted (Figures 3A, 3B,

Figure 2. Sen1 loss results in increased Rnh1 levels

(A) 10-fold serial dilutions of the indicated strains were spotted on YPD plates and incubated at indicated temperatures for 3 days.

(B) Western blot analysis of endogenous Rnh1-HA levels over a time course of 5 h after depleting Sen1 and inducing overexpression of Rnh1-MYC. Loading

controls for the blots are indicated by the corresponding symbol (▴ or *). EV: empty vector.

(C) Quantification of (B). Values were normalized to the 0 h time point. Data are depicted as mean ± SD, n = 3; unpaired t test (*p < 0.05; **p < 0.01). EV: empty

vector.

(D) Western blot analysis of cell fractionation into whole-cell extract, soluble protein, and chromatin-associated protein. Exponentially growing yeast were either

untreated or grown for 2.5 h or 5 h in 1 mM IAA for depletion of Sen1-AID*.

(E) Quantification of (F). The S9.6 signal was normalized to the dsDNA signal. Data are depicted as mean ± SD, n = 3; unpaired t test (*p < 0.05; **p < 0.01,

***p < 0.001).

(F) Dot blot for RNA:DNA hybrid levels upon Sen1-AID* depletion for 5 h in 1 mM IAA.

(G) Chromatin immunoprecipitation of endogenous catalytically inactive Rnh1-HA in a Sen1-AID* background after 5 h of IAA treatment or without treatment. Data

are depicted as mean ± SD, n = 3; unpaired t test (*p < 0.05).
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Figure 3. Sen1 loss triggers an RNAPII-dependent induction of RNH1

(A) 3′ RACE analysis of transcription termination. The cells were grown to exponential phase and treated with 1 mM IAA. Samples were collected before IAA

addition, after 2.5 h and 5 h of treatment. The PCR analysis was carried out at the SNR13 gene, a known readthrough locus in Sen1-deficient cells used here as

positive control (*expected PCR product size; **effect of IAA; ***readthrough product).

(B) 3′ RACE analysis of transcription termination. The cells were grown to exponential phase and treated with 1 mM IAA. Samples were collected before IAA

addition, after 2.5 h and 5 h of treatment. The PCR analysis was carried out at the RNH1 gene (*expected PCR product size; ***readthrough product).

(C) Western blot analysis of endogenous Rnh1-HA levels over a time course of 5 h after depleting Nab3-AID*. Values were normalized to the 0 h time point. Data

are depicted as mean ± SD, n = 3. Paired t test (*p < 0.05; **p < 0.01).

(legend continued on next page)
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S4A, and S4B). As expected, following depletion of Sen1, Nab3,

or Nrd1, the SNR13 small nucleolar RNA (snoRNA) showed a

termination defect, as seen by the increased 3′ RACE product

(Figures 3A and S4A). In contrast, the 3′ termination site of the

RNH1 gene was not affected upon NNS loss (Figures 3B and

S4B). In agreement with the loss of Sen1’s NNS function not be-

ing responsible for Rnh1 up-regulation, neither the loss of Nrd1

nor Nab3 led to increased Rnh1 protein levels (Figures 3C

and S4C).

To test whether Rnh1 up-regulation was due to changes in

protein stability, we used cycloheximide (CHX) to inhibit transla-

tion, combined with Sen1-AID* inactivation to determine if the

rate of Rnh1 turnover may be affected. Sen1 was inactivated

for 3.5 h to allow Rnh1 levels to accumulate before adding

CHX and taking samples for whole-cell protein extraction

(Figure 3D). Levels of Rnh1 were increased at time ‘‘0’’ in the

presence of IAA, as expected; however, the rate of degradation

relative to tubulin was unchanged, regardless of the presence or

absence of Sen1 (Figure 3D). Since Rnh1 strongly accumulates

on chromatin upon Sen1 loss (Figure 2D), we entertained the

notion that exclusively the chromatin-bound fraction of Rnh1

may be stabilized. To address this, we created Rnh1

alleles that were missing one or the other RNA-DNA hybrid bind-

ing domains (HB1 or HB2) to impair chromatin association

(Figure S4D). Upon overexpression of these alleles, we could

verify that they were strongly affected in their ability to associate

with RNA-DNA hybrids, as revealed through ChIP experiments

(Figure 3E). We constructed endogenously expressed versions

of the hybrid binding impaired alleles in a Sen1-AID* back-

ground. Both the HB1- and HB2-deleted RNH1 alleles were

up-regulated upon IAA addition, indicating that the increase in

Rnh1 levels was not linked to hybrid binding per se (Figure 3F).

We tested whether the transcriptional regulation of RNH1 may

be accountable for increased levels following loss of Sen1.

Reverse transcription droplet digital PCR (RT-ddPCR) revealed

that loss of Sen1 function led to increased RNH1 mRNA levels

(Figure 3G). However, as previously mentioned, Sen1 has pleo-

tropic effects on transcription throughout the genome. Indeed,

all three RNase H2 subunits, as well as actin (ACT1) mRNAs

were also up-regulated following IAA addition (Figure 3G), while

their protein levels remained unchanged (Figure S2D). Therefore,

it is difficult to discern whether the increased transcription of the

RNH1 gene is specific. Nonetheless, when transcription was in-

hibited through the depletion of the Rpb1 subunit of RNAPII, at

the same time that Sen1 was depleted, we were unable to detect

an increase in Rnh1 levels (Figure 3H). Together, these data sug-

gest that RNH1 is transcriptionally induced following the loss of

Sen1, which accounts for increased protein levels and subse-

quent chromatin association.

The replication checkpoint is required for Rnh1

accumulation

As Rnh1 levels were not responding to the loss of NNS function

(Figure 3), we tested whether the loss of Sen1’s replication func-

tion23–25 might trigger Rnh1 accumulation. In support of this, by

preventing S phase entry through G1 arrest, the increase in Rnh1

levels was prevented following Sen1 degradation (Figures 4A

and 4B). Furthermore, in mutants expressing the sen1-3 allele,24

where association to the replisome is impaired, there was a

negative genetic interaction between sen1-3 and the deletion

of RNH1, but not between the deletion of RNH201 and sen1-3,

in the presence of MMS (Figure 4C). In addition, Rnh1 levels

increased in the presence of the sen1-3 allele (Figure 4D), albeit

not to the same extent as we observed when Sen1 was

completely degraded (Figure 2). In summary, Rnh1 does not

respond to loss of Sen1 if cells are prevented from entering S

phase, and the specific loss of Sen1 function at replisomes re-

sults in Rnh1 accumulation and a negative genetic interaction

in rnh1-deletion cells. Together, these results suggest that

Rnh1 and Sen1 collaborate at RNA-DNA hybrids during DNA

replication.

Replication stress can locally activate the intra-S phase

checkpoint, which in yeast is transduced via Mec1ATR and the

downstream effector kinase Rad53Chk1. The mediator proteins

Rad9 and Mrc1 act in a partially redundant manner to amplify

the phosphorylation and activation of Rad53. While the depletion

of Mec1 with an AID* tag was technically problematic, when

Rad53 was inactivated in addition to Sen1 loss, the accumula-

tion of Rnh1 was completely suppressed (Figure 4E). Even in

the presence of Sen1, Rad53 appears to contribute to the main-

tenance of Rnh1 levels (Figure 4E). Loss of both Mrc1 and Rad9

together, but not individually, also prevented Rnh1 accumulation

(Figure 4F). The loss of Tel1ATM and Chk1, on the other hand, had

no influence on Rnh1 accumulation following Sen1 degradation

(Figures S5A and S5B). Consistent with the up-regulation of

RNH1 being dependent on transcription induction, RNH1

mRNA levels were slightly reduced upon Rad53 depletion even

in SEN1+ cells (Figure S5C).

As the increase of Rnh1 levels is linked to chromatin associa-

tion, we tested whether Rad53 was also required for the

(D) Protein stability of RNase H1 determined by cycloheximide chase assay. The cells were grown to exponential phase and 1 mM IAA was added. After 3.5 h,

200 μg/mL cycloheximide (CHX) was added, and samples were collected every 15 min for 90 min. The protein levels of Rnh1 were determined by western blot

analysis. Data are depicted as mean ± SD, n = 3.

(E) Rnh1 (D193N) ChIP for determining the binding of overexpressed Rnh1(D193N)-HA upon loss of hybrid binding domain 1 or 2 in rnh1 rnh201 cells. Cells were

grown in SC-Ura until they reached exponential phase. Overexpression was induced for 2 h by addition of 2% galactose. EV: empty vector; FL: full-length

Rnh1(D193N); ΔHB: deletion of hybrid binding domain. Data are depicted as mean ± SD, n = 3; unpaired t test (**p < 0.01; ****p < 0.0001).

(F) Western blot analysis of endogenous Rnh1-HA levels in a Sen1-AID* strain depending on deletions of hybrid binding domains 1 and 2 of Rnh1. Cells were

treated for 5 h with or without 1 mM IAA. FL: full-length Rnh1; ΔHB, deletion of hybrid binding domain. Values were normalized to the − IAA samples. Data are

depicted as mean ± SD, n = 3; unpaired t test (*p < 0.05).

(G) Transcript copy number determination by digital droplet PCR (ddPCR). The cells were grown to exponential phase and treated with IAA to deplete Sen1.

Samples were collected before IAA addition, after 2.5 h and 5 h of treatment. Data are depicted as mean ± SD, n = 3.

(H) Western blot analysis of endogenous Rnh1-HA levels over a time course of 5 h after depleting Sen1-AID* and/or Rpb1-AID*. Values were normalized to the 0 h

time point. Data are depicted as mean ± SD, n = 3; unpaired t test (***p < 0.001).
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accumulation of Rnh1 on chromatin. Indeed, Rnh1 was no longer

recruited to chromatin when Rad53 was depleted in addition to

Sen1 (Figure 4G, compare final 2 lanes). Importantly, although

Sen1 and Rad53 are both essential genes, their co-depletion

for the course of these experiments (5 h) did not have a detect-

able influence on cell viability (Figure S5D). Together, we have

demonstrated that Rnh1 is being regulated in response to the

loss of Sen1’s functions in S phase in a manner dependent on

the Rad53-mediated replication checkpoint.

Rnh1 promotes replication through TRCs in the absence

of Sen1

Based on the above results, we predicted that Rnh1 would

contribute to a timely replication completion in the absence of

Sen1 by promoting replication at TRCs through its up-regulation.

To get a global picture of replication timing, we used flow cytom-

etry in synchronized cells to verify that the progression through S

phase was impaired following IAA addition in the Sen1-AID*

strain grown at 25◦C (Figure 5A). When RNH1 was deleted in

addition, there was a further delay in replication progression

(best seen between 40 and 60 min post G1 release). To deter-

mine if Rnh1 specifically acts at TRCs to promote replication,

we employed a previously established imaging-based approach

for monitoring replication fork progression during transcription-

replication encounters in individual live yeast cells.37 Specif-

ically, we monitor replication by tracking the intensity changes

of lacOx128 and tetOx160 fluorescently labeled arrays inte-

grated in the vicinity of an early-replicating origin, ARS413, by

time-lapse microscopy (Figure 5B). To measure TRC-associated

replication slowdown, we integrated an inducible mouse anti-

sense of IGF2R non-coding RNA (mAIRN) gene in the path of

the replisome in a co-directional orientation. Measuring the

time interval between the lacO and tetO array duplication events

(e.g., replication-time [Figures 5C and 5D]) in the absence or

presence of mAIRN transcription allows us to detect slowdown

of single replisomes during an inducible TRC.37,38 Using this sys-

tem, we found that mAIRN induction did not affect replication

fork progression in either the presence or absence of the

RNH1 gene in Sen1-AID cells in the absence of IAA

(Figure 5C). However, when Sen1-AID was depleted in the pres-

ence of IAA, there was a small, albeit non-significant, increase in

the replication time of the TRC, indicating a mild replication slow-

down (Figures 5D and S6A). Interestingly, the additional deletion

of RNH1 in the presence of Sen1-AID depletion further slowed

down replication and resulted in a statistically significant differ-

ence in replication times when compared to the uninduced

(non-transcribed) conditions (Figure 5D). Therefore, Rnh1 be-

comes important for replisome progression when TRCs accu-

mulate upon Sen1 depletion. Additionally, we exploited the fact

that a deletion of the SPT2 genes, which promotes RNAPII elon-

gation, reduces TRCs in the absence of Sen1.39 We combined

the spt2 mutant with sen1-1 and the combination of sen1-1

and RNH1 deletion. In both cases, the reduction of TRCs had a

positive effect on the viability (Figure 5E). Furthermore, in the

absence of SPT2, RNase H1 upregulation is reduced upon

Sen1-AID* depletion (Figure S6B). These further support the

notion that RNase H1 assists Sen1 at resolving TRCs to promote

timely replication completion.

DISCUSSION

Exogenous sources of DNA damage, including UV light, ionizing

radiation, as well as various chemicals can break, fragment, and

modify chromosomes, leading to compromised genomic integ-

rity and susceptibility to pathologies and premature aging. Exog-

enous DNA damage can be controlled, to an extent, through life-

style changes and the avoidance of the respective damaging

source. DNA is also at risk of being damaged through normal

cellular processes, referred to as endogenous sources of dam-

age. Endogenous DNA damage can arise through processes

such as oxidation, alkylation, DNA replication, and transcription,

to mention a few. Transcription and DNA replication both occupy

the same DNA substrate, and these multi-subunit complexes

need to be coordinated to avoid unscheduled collisions. RNA-

DNA hybrids and R-loops form downstream of transcription

and can lead to transcriptional stalling, thereby increasing the

probability that a collision will occur. TRCs result in DNA

breakage, replication stress, and aberrant DNA repair.12 In this

study, we show that the RNase H1 enzyme specifically responds

to TRCs that accumulate in the absence of Sen1. When Sen1

function is lost, Rnh1 levels accumulate, driving its recruitment

to chromatin in a manner that depends on the Rad53 replication

checkpoint kinase. Rnh1 functions to ensure a timely completion

of DNA replication in the face of unresolved TRCs. Our data

Figure 4. The replication checkpoint is required for Rnh1 accumulation

(A) Western blot analysis comparing Rnh1 levels in exponential vs. G1 arrested cells after Sen1-AID* depletion. Exponentially growing cells were split and either

kept in exponential phase by diluting or arrested in G1 phase by adding 0.24 μM alpha-factor (experiment carried out in bar1Δ cells). After 1.5 h of arrest, 1 mM IAA

was added. Samples were collected for 5 h every hour. Loading controls for the blots are indicated by the corresponding symbol (▴ or *).

(B) Quantification of (A). Values were normalized to 0 h time point. Data are depicted as mean ± SD, n = 3; multiple t tests (*p < 0.05).

(C) 10-fold serial dilutions of the indicated strains were spotted on YPD plates containing with or without 0.02% MMS. Images were taken after 2 days at 30◦C.

(D) Western blot analysis comparing Rnh1 levels in the context of the sen1-3 and rnh201 mutants. Values were normalized to WT. Data are depicted as mean ±

SD, n = 3; unpaired t test (*p < 0.05; **p < 0.01).

(E) Western blot analysis of Rad53 dependency of Rnh1 upregulation in Sen1-AID*. Samples were grown to exponential phase, the − IAA samples were taken, and

1 mM IAA was added. The cells were incubated for 5 h, and the +IAA samples were taken. For quantification, the Sen1-AID* samples were normalized to the Rnh1-

HA samples, and the Sen1-AID* Rad53-AID* samples were normalized to the Rad53-AID* samples. Data are depicted as mean ± SD, n = 3; two-way ANOVA

(**p < 0.01).

(F) Western blot analysis of S-phase checkpoint adaptor dependency of Rnh1 upregulation in Sen1-AID*. Samples were grown to exponential phase, the − IAA

sample was taken, and 1 mM IAA was added. The cells were incubated for 5 h, and the +IAA sample was taken. Values were normalized to − IAA samples. Data

are depicted as mean ± SD, n = 3; multiple paired t tests (*p < 0.05, **p < 0.01).

(G) Fractionation assay for detecting Rnh1 levels in the chromatin bound fraction vs. soluble fraction. Cells were grown as described in (E).
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suggest that in unchallenged conditions, Rnh1 makes minor

contributions at TRCs (Figure 5) through RNA-DNA hybrid reso-

lution (Figure 2F), with Sen1 playing a more prominent role in dis-

placing the transcription machinery (Figure 6A). When Sen1 is

absent, Rnh1’s function to resolve RNA-DNA hybrids at TRCs

becomes more important (Figure 5D), and accordingly, it is upre-

gulated and eventually activated at TRCs to promote hybrid res-

olution and timely replication completion (Figure 6B).

There are two evolutionarily conserved RNase H enzymes (H1

and H2). However, the division of labor between the enzymes is

Figure 5. Rnh1 assists with timely replication completion through TRCs

(A) S-phase progression studied by DNA content in flow cytometry. Exponential cultures grown in YPD at 25◦C were arrested in G1 with 2 μg/mL alpha-factor in

the first hour and 4 μg/mL alpha-factor in subsequent hours for 3 h with or without addition of 1 mM IAA in the beginning of synchronization. Cells were washed

twice in H2O with or without IAA and were released into YPD with or without IAA. 50 min after release, 15 μg/mL nocodazole was added from a 1.5 mg/mL stock in

DMSO for arresting the cells in G2. The DNA content was analyzed by flow cytometry.

(B) Schematic representation of the system for measuring replication during inducible TRCs. Replication fork progression is monitored using two operator arrays,

128xlacO and 160xtetO, integrated downstream of ARS413, labeled by LacI-Halo-SiR and TetR-tdTomato. For monitoring replisome progression during TRC,

mAIRN under the pGal promoter is integrated in a co-directional or head-on orientation between the arrays (for illustration purposes only, the head-on orientation

is presented). Collisions between the moving replisome and the actively transcribing mAIRN gene could result in harmful TRCs leading to replication slow-

down.37,40

(C) Replisome progression is not affected by mAIRN transcription in the presence or absence of Rnh1. Replication times in individual WT or rnh1 cells measured in

the absence of IAA and in either the absence or the presence of mAIRN transcription. The mAIRN gene is located in a co-directional orientation relative to re-

plisome progression.

(D) Replisome progression is slowed down in Sen1-AID-depleted and rnh1 mutant cells upon mAIRN induction. Replication times in individual Sen1-AID-depleted

or Sen1-AID-depleted and rnh1 mutant cells, measured in the presence of IAA and in either the absence or the presence of co-directional mAIRN transcription.

(E) 10-fold serial dilutions of the indicated strains were spotted on YPD plates and incubated at indicated temperatures for 3 days.

10 Cell Reports 44, 116565, November 25, 2025

Article
ll

OPEN ACCESS



poorly understood. Previous studies from the Koshland lab have

determined that the majority of RNA-DNA hybrids are removed in

an RNase H2-dependent manner, whereas Rnh1 contributes

very little to hybrid removal in unperturbed conditions.27 Accord-

ingly, using chromosome III LOH as a readout, the LOH events

were strongly elevated and evenly distributed along the entire

chromosome in the absence of RNase H2. When RNH1 was

deleted, LOH events were only slightly increased and concen-

trated in a region of chromosome III that is particularly prone to

RNA-DNA hybrid formation.27 ChIP experiments revealed that

Rnh1 associates with all hybrids along the chromosome, but

when RNH1 was removed, LOH was only unleashed at the

hybrid-prone region.27 They predicted that Rnh1 may only get

activated in a local manner at unscheduled or particularly stable

R-loops that induce some sort of stress. In agreement, a parallel

study determined that when transcription was altered by

mutating RNA biogenesis factors, there was a synergistic in-

crease in LOH following the loss of RNH1.41

We could verify the prediction that Rnh1 only acts at un-

scheduled R-loops by using an overexpression system. Inter-

estingly, the overexpressed version of catalytically dead Rnh1

could be cross-linked to all loci that we tested (Figure 1). This

experiment demonstrated that an important aspect of Rnh1

regulation may be related to its expression levels, as RNH1

up-regulation is sufficient to promote chromatin association.

Our observations with ectopic RNase H1 overexpression

appear to be physiologically relevant, as endogenous RNH1

protein levels also increased when Sen1 function, and hence

TRC management, was impaired (Figure 2). Therefore, the

amount of cellular Rnh1 seems to be an important step

regarding Rnh1 function to ensure it goes to chromatin.

Although ectopically overexpressed RNH1 was recruited to

multiple transcribed loci, subsequent DRIP experiments

showed that, in wild-type cells, RNA-DNA hybrid levels were

not decreased (Figure 1), consistent with the Zimmer and Kosh-

land study.27 We observed that hybrid levels were only signifi-

cantly decreased at a subset of loci in rnh1 rnh201 cells when

RNH1 was overexpressed (Figure 1). Therefore, we suggest

that Rnh1 may only resolve hybrids that are dysregulated, as

previously hypothesized.27 Further support for this model

comes from the Aguilera lab, who observed that the decrease

in hybrid levels upon Rnh1 overexpression is mild in wild-type

cells but is quite dramatic in the absence of Sen1 or Hpr1

(THO complex).23 These results also have important implica-

tions for the use of RNase H1 overexpression as a tool to

reduced hybrid levels. Our data suggest that Rnh1 overexpres-

sion will be most effective in mutants where RNA-DNA hybrids

are dysregulated and cause replication stress, but using it to

probe the function of endogenous R-loops may not be effective

as these hybrids are likely removed by other resolvases such as

RNase H2 and Sen1.

We postulated that DNA replication stress may be the trigger

required to increase Rnh1 levels. Consistent with this notion,

we could prevent Rnh1 levels from increasing by abolishing the

checkpoint response through Rad53 inactivation. Checkpoint in-

hibition also resulted in lower Rnh1 levels in otherwise wild-type

cells, both at the level of the transcript and the protein, suggest-

ing that scheduled TRCs may regularly occur that require Rnh1

activity. Importantly, checkpoint activation per se is not sufficient

to stimulate RNH1 transcription, as the addition of MMS or HU to

the media did not result in higher Rnh1 protein levels, despite

clear checkpoint activation. Therefore, there may be a particular

feature of TRCs that directs the checkpoint to activate RNH1

transcription. We predict that components of the transcription

machinery or the presence of the nascent transcript itself may

alter the checkpoint response in such a manner. These ideas

remain to be investigated and will be pursued in future studies.

In summary, we have shown that overexpressing Rnh1 is suf-

ficient to promote its association with RNA-DNA hybrids, but not

sufficient to trigger the removal of hybrids. We suggest that

increased levels of Rnh1, combined with a replication stress-

inducing R-loop, are required to trigger hybrid resolution

(Figure 1). We propose that in a physiological setting, TRCs

weakly activate the DNA damage checkpoint, which is required

to drive RNH1 expression in wild-type, and to a much greater

extent, in Sen1-depleted cells (Figure 6). Based on our overex-

pression results (Figure 1), the association of Rnh1 with chro-

matin is not sufficient to trigger RNase H activity, we hypothesize

that a stress presumably stemming from TRC is also required for

local Rnh1 activation (Figure 6, arrows emanating from the repli-

cation stress). These results will contribute further to under-

standing how transcription as a source of endogenous genome

instability is dealt with and may be relevant for certain disorders

where TRCs are prevalent.

Figure 6. Interplay of Sen1 and Rnh1 during

TRCs

(A) Sen1 is the main contributor to deal with TRCs,

with minor (dashed lines) contributions from Rnh1

to remove TRC-associated RNA-DNA hybrids.

(B) In the absence of Sen1, unresolved TRCs lead

to stronger checkpoint activation and RNH1 up-

regulation. Rnh1-mediated removal of the RNA-

DNA hybrid becomes more important in the

absence of Sen1 function, to ensure the timely

completion of DNA replication through the TRC.
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Limitations of the study

We made the general prediction that overexpressed Rnh1 acts

more efficiently in mutants where RNA-DNA hybrids are stabi-

lized and hence stress inducing. This, however, was based on

10 loci, and we appreciate that a thorough genome-wide

DRIP-seq using various mutants involved in R-loop stabilization

would be required to make a definitive conclusion. In Figure 3,

we showed that the depletion of Rpb1 prevented the increase

in Rnh1 levels, which supported RNAPII transcription being

required. It is, however, possible that this prevents TRCs and

this is what prevents increased Rnh1 levels. Deciphering be-

tween the two possibilities is not possible with the current data.
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30. Heuzé, J., Kemiha, S., Barthe, A., Vilarrubias, A.T., Aouadi, E., Aiello, U.,

Libri, D., Lin, Y.L., Lengronne, A., Poli, J., and Pasero, P. (2023). RNase

H2 degrades toxic RNA:DNA hybrids behind stalled forks to promote repli-

cation restart. EMBO J. 42, e113104. https://doi.org/10.15252/embj.

2022113104.

31. El Hage, A., French, S.L., Beyer, A.L., and Tollervey, D. (2010). Loss of

Topoisomerase I leads to R-loop-mediated transcriptional blocks during

ribosomal RNA synthesis. Genes Dev. 24, 1546–1558. https://doi.org/

10.1101/gad.573310.

32. Amon, J.D., and Koshland, D. (2016). RNase H enables efficient repair of

R-loop induced DNA damage. eLife 5, e20533. https://doi.org/10.7554/

eLife.20533.

33. Steinmetz, E.J., Warren, C.L., Kuehner, J.N., Panbehi, B., Ansari, A.Z., and

Brow, D.A. (2006). Genome-wide distribution of yeast RNA polymerase II

and its control by Sen1 helicase. Mol. Cell 24, 735–746. https://doi.org/

10.1016/j.molcel.2006.10.023.

34. Hazelbaker, D.Z., Marquardt, S., Wlotzka, W., and Buratowski, S. (2013).

Kinetic competition between RNA Polymerase II and Sen1-dependent

transcription termination. Mol. Cell 49, 55–66. https://doi.org/10.1016/j.

molcel.2012.10.014.

35. Tudek, A., Porrua, O., Kabzinski, T., Lidschreiber, M., Kubicek, K., For-

tova, A., Lacroute, F., Vanacova, S., Cramer, P., Stefl, R., and Libri, D.

(2014). Molecular basis for coordinating transcription termination with

noncoding RNA degradation. Mol. Cell 55, 467–481. https://doi.org/10.

1016/j.molcel.2014.05.031.

36. Schulz, D., Schwalb, B., Kiesel, A., Baejen, C., Torkler, P., Gagneur, J.,

Soeding, J., and Cramer, P. (2013). Transcriptome surveillance by selec-

tive termination of noncoding RNA synthesis. Cell 155, 1075–1087.

https://doi.org/10.1016/j.cell.2013.10.024.

37. Tsirkas, I., Dovrat, D., Thangaraj, M., Brouwer, I., Cohen, A., Paleiov, Z.,

Meijler, M.M., Lenstra, T., and Aharoni, A. (2022). Transcription-replication

coordination revealed in single live cells. Nucleic Acids Res. 50, 2143–

2156. https://doi.org/10.1093/nar/gkac069.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-alpha Tubulin antibody [EPR13799] Abcam Cat# ab184970; RRID:AB_2928998

Rat monoclonal anti-HA High Affinity (clone 3F10) Roche Cat# ROAHAHA; RRID: AB_2687407

Mouse monoclonal anti-HA (clone 12CA5) Roche Cat# 11666606001; RRID: AB_514506

Rabbit polyclonal anti-Histone H3 Abcam Cat# ab1791; RRID: AB_302613

Mouse monoclonal anti-Phosphoglycerate

Kinase 1 (22C5D8; Pgk1)

Invitrogen Cat# 459250; RRID: AB_2532235

Goat Immun-Star anti-mouse (GAM)-HRP conjugate Bio-Rad Cat# 170–5047; RRID: AB_11125753

Goat polyclonal anti-Mouse-IRDye 800CW Li-COR Cat# 926–32210; RRID: AB_621842

Mouse monoclonal anti-c-Myc (Clone 9E10) Sigma-Aldrich Cat# MABE282; RRID: AB_11213164

Goat Immun-Star anti-rabbit (GAR)-HRP conjugate Bio-Rad Cat# 170–5046; RRID: AB_11125757

Goat polyclonal anti-Rabbit-IRDye 680RD Li-COR Cat# 926–68071; RRID: AB_10956166

Mouse monoclonal anti-Rad53 (EL7.E1) Abcam Cat# ab166859; RRID: AB_2801547

Monoclonal ANTI-FLAG® M2-Peroxidase (HRP) antibody Sigma-Aldrich Cat# A8592, RRID:AB_439702

Rabbit polyclonal anti-Ribonucleoside-diphosphate

reductase large chain 2 (Rnr3)

Agrisera Antibodies Cat# AS09 574; RRID: AB_1966947

Mouse monoclonal anti-DNA-RNA Hybrid (S9.6) Kerafast Cat# ENH001; RRID: AB_2687463

Mouse monoclonal anti-dsDNA Abcam Cat# ab27156; RRID: AB_470907

Chemicals, peptides, and recombinant proteins

2-mercaptoethanol Sigma-Aldrich Cat#M6250

AmbionTM RNase III Thermo Fisher Scientific Cat#AM2290

Alpha factor mating pheromone Zymo Research Cat#Y1001

Benzonase® Nuclease Sigma-Aldrich Cat#E1014

15 mL Bioruptor® Pico Tubes & sonication beads Diagenode Cat#C01020031

Bovine serum albumin Sigma-Aldrich Cat#A4919-100G

CompleteTM Mini EDTA-free protease

inhibitor cocktail tablets

Roche Cat#4693159001

ddPCRTM Droplet Reader Oil BioRad Cat#1863004

Deoxyribonucleotides (dNTPs, 10 mM each) Invitrogen Cat#N0447L

DynabeadsTM Protein G Invitrogen Cat#10607605

Formaldehyde 37% Sigma Aldrich Cat#F8775-500ML

Hydroxyurea Sigma-Aldrich Cat#H8627-25G

Lysis Matrix C tubes MP Biomedicals Cat#1169120-CF

Methyl methanesulfonate Sigma-Aldrich Cat#129925-25G

4–15% Mini-PROTEANTM TGX Stain-FreeTM

Protein Gels, 15 well

Bio-Rad Cat#4568086

4–15% Mini-PROTEANTM TGX Stain-FreeTM

Protein Gels, 10 well

Bio-Rad Cat#4568083

7.5% Mini-PROTEANTM TGX Stain-FreeTM

Protein Gels, 15 well

Bio-Rad Cat#4568026

7.5% Mini-PROTEANTM TGX Stain-FreeTM

Protein Gels, 10 well

Bio-Rad Cat#4568023

Nonidet P40 (NP40) AppliChem Cat#A1694,0500

Phenol equilibrated, stabilized: Chloroform:

Isoamyl Alcohol 25 : 24: 1

AppliChem Cat#A0889,0500
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PhosSTOP Roche Cat#04906845001

Proteinase K BioFroxx Cat#1151ML010

Q5 HotStart High-Fidelity DNA Polymerase New England Biolabs Cat#M0493L

QX200TM ddPCRTM EvaGreen Supermix Bio-Rad Cat#186-4033

Random hexamers Thermo Fisher Scientific Cat#SO142

RNase A Thermo Fisher Scientific Cat#EN0531

RNase H New England Biolabs Cat#M0297L

RNase T1 Thermo Fisher Scientific Cat#EN0542

RNaseOutTM Invitrogen Cat#10777019

SuperfrostTMPlus Adhesion Microscope Slides Epredia Cat#10149870

SuperScriptTM III Reverse Transcriptase Invitrogen Cat#18080044

SuperSignalTM West FEMTO Chemiluminescent Substrate Thermo Fisher Scientific Cat#34094

SuperSignalTM West Pico PLUS chemiluminescent substrate Thermo Fisher Scientific Cat#15669364

SYTOX Green nucleic acid stain Thermo Fisher Scientific Cat#S7020

Zymolyase® 20T (Arthrobacter luteus) Amsbio Cat#120491-1

Critical commercial assays

Gentra Puregene Yeast/Bact. Extraction Kit B Qiagen Cat#158567

QIAquick PCR purification kit Qiagen Cat#28106

riboPool kit siTOOLs Cat#dp-P024-5

RNasre-Free DNase Set Qiagen Cat#79254

TruSeq stranded Total RNA LT Sample Prep Kit Illumina Cat#20020598

Deposited data

RNA sequencing This study SRA: PRJNA1212884

Experimental models: Organisms/strains

S. cerevisiae strains, S288C background derivatives This study See Table S1

Oligonucleotides

Primers This study See Table S2

Software and algorithms

CFX manager 3.1 Bio-Rad http://www.bio-rad.com/de-de/sku/1845000-cfx-

manager-software; RRID: SCR_018057

Fiji 1.51d (ImageJ) NIH https://imagej.net/software/fiji/;

RRID: SCR_002285

FlowJo 10.10 BD Life Sciences https://www.flowjo.com/; RRID: SCR_008520

GraphPad Prism 10.4.1 GraphPad https://www.graphpad.com/scientific-software/

prism/; RRID: SCR_002798

Illustrator 27.8 Adobe http://www.adobe.com/products/illustrator.html;

RRID: SCR_010279

Image lab 6.1 Bio-Rad https://www.bio-rad.com/de-de/product/

image-lab-software; RRID: SCR_014210

Image studio 3.1 Li-COR https://www.licor.com/bio/image-studio/;

RRID:SCR_015795

QuantasoftTM Analysis Pro Bio-Rad https://commerce.bio-rad.com/webroot/

web/software/lsr/Downloads/AmplificationPCR/

quantasoftAP_1.0.596_Setup.zip?_gl=

1*jciqv0*_gcl_aw*R0NMLjE3NDI1NDkzNzMuRUFJYUl

Rb2JDaE1Jek1ldG1PNmFqQU1WQ1pLRE

J4M21BUjVaRUFBWUFTQUFFZ0l6aWZEX

0J3RQ.*_gcl_au*MTA0OTM3NDE5MC4xN

zM5MTgzMjYx; RRID:SCR_025321

R The R Foundation https://www.r-project.org/; RRID: SCR_001905
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Saccharomyces cerevisiae strains used in this paper are derivatives of the standard strain S288C and are listed in Table S1.

Strains were grown under standard conditions in YPD (Yeast Peptone Dextrose) or SC without amino acids (Synthetic Complete) at

30◦C if not indicated otherwise. Further specifications are mentioned within the method details and Figure legends section.

METHOD DETAILS

Yeast strain generation

AID*-tagged strains were constructed as described previously.42 Yeast knock out strains were taken from yeast knock out collec-

tions.18–20 For microscopy measurements (Figures 5C and 5D), strains were generated as previously described37 with minor mod-

ifications. Briefly, strains for replication measurements were generated on a W1588 MATa background, where LacI-HaloTag

and TetR-tdTomato fusion proteins are expressed for nuclear localization.37,38 Non-repetitive lacOx128 and tetOx160 arrays

were then integrated using a CRISPR-Cas9 marker-free approach43 at the vicinity of ARS413 at chrIV:332960 and chrIV:352560,

respectively, with an inter-array distance of ∼25.5 kb. Subsequently, the mAIRN gene was integrated in co-directional orientation

between the lacO and tetO arrays in chrIV:336187 using the CRISPR approach.43 Sen1-AID was fused to the AID* tag by genomic

integration marked with hphMX antibiotic resistance cassette.42 A GEM plasmid for the expression of estradiol receptor-Gal4-tran-

scription activation domain (provided by the Pasero lab) was linearized and integrated into the AUR1 locus for the estradiol-mediated

induction of mAIRN.44 To enable the auxin (IAA) induced depletion of Sen1-AID, TIR1 gene from Oryza sativa was integrated at the

ADE1 locus.

Cell-cycle arrest and release

For arresting cells in G1, cells carrying mating type ‘‘a’’ were treated with 2.4 μM alpha factor for 1.5 h–2 h. The cells were either kept in

G1 for further experiments or the alpha factor was washed out for releasing them to the cell cycle. For the release, the cells were spun

down for 3 min at 900 x g and RT and the supernatant was discarded. The cells were washed three times in one culture volume sterile

ddH2O and spun down again like before. The cells were resuspended in the same volume of YPD or suitable drop out medium (pre-

warmed to 25◦C) as the initial culture volume. The release was performed at 25◦C in the water bath shaker.

Western blot

Protein extraction was carried out by Trichloroacetic acid (TCA) extraction. First, 2 OD600 units of pelleted yeast cells were resus-

pended in 140 μL 1.85 N NaOH containing 7.6% beta-Mercaptoethanol and incubated for 10 min on ice. 140 μL 50% Trichloroacetic

acid were added and the samples were mixed well. After incubating again for 10 min on ice, the samples were spun down at 18000 x g

and 4◦C for 2 min. The supernatant was removed and the pellet was washed in 1 mL ice-cold Acetone. The samples were spun down

at 18000 x g and 4◦C for 2 min 100 μL urea buffer (120 mM Tris-HCl pH 6.8, 5% (v/v) Glycerol, 8 M Urea, 143 mM beta-Mercaptoe-

thanol, 8% (v/v) SDS and Bromphenol blue) was added to the samples, followed by incubation at 95◦C for 3 min.

For the SDS-PAGE, precast acrylamide gels from the BioRad Mini-PROTEAN TGX Stain-Free system were used. For the protein

transfer to membranes, the BioRad Trans-Blot Turbo Transfer System was used.

The following antibodies were used for immunostaining:

Primary antibodies: α-Pgk1 (Invitrogen) at 1:20000; α-H3 (Abcam) at 1:1000. Anti-HA (Clone 12CA5) at 1:3000, anti-Myc (Clone

9E10) at 1:1000, anti-γH2A (pS129; Abcam) at 1:1000, Anti-α-Tubulin (Abcam) at 1:20000, anti-Rad53 (Abcam) 1:1000, anti-Rnr3

(Agrisera Antibodies) 1:1000, anti-FLAG antibody conjugated to HRP enzyme (Sigma-Aldrich) 1:1000.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Seaborn Michael Waskom https://seaborn.pydata.org/; RRID:SCR_018132

Zen Microscopy Software 3.0 Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html;

RRID:SCR_013672

Other

Bio-Dot® SF Filter paper Bio-Rad Cat#1620161

DG8TM Cartridges for QX200TM Droplet Generator Bio-Rad Cat#1864008

DG8TM Gaskets for QX200TM Droplet Generator Bio-Rad Cat#1863009

Dotblot apparatus ‘Bio-Dot’ Bio-Rad Cat#1706545

Microseal® ’B’ PCR Plate Sealing Film Bio-Rad Cat#17010701

Nylon Membrane, positively charged Roche Cat#11417240001
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Secondary antibodies: Goat anti-rabbit -HRP conjugate, (Bio-Rad) at 1:3000 Goat anti-mouse -HRP conjugate (Bio-Rad) at

1:3000, IRDye 680RD Goat anti-Rabbit (Li-Cor) at 1:2000 or IRDye 800CW Goat anti-Mouse (Li-Cor) at 1:2000.

Proteins were detected using the Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific) on Bio-Rad ChemiDoc

Touch Imaging System or on the Li-Cor Odyssey XF imaging system.

DNA content flow cytometry

0.18 OD600 units exponentially cycling cells were spun down at 900 x g at RT. The cells were washed in 1 mL ddH2O and spun down

as before. The cells were resuspended in 70% EtOH and stored at 4◦C overnight.

The samples were spun at 16200 x g and RT for 5 min. The pellet was resuspended in 1 mL 50 mM Tris-HCl (pH 7.4) and the centri-

fugation was repeated. The cells were resuspended in 500 μL 0.25 mg/mL RNase A (Thermo Scientific) and incubated at 37◦C for 3 h

or overnight. 25 μL 20 mg/mL Proteinase K solution (Biofroxx) were added and the samples were incubated for 2 h at 50◦C. The sam-

ples were sonicated using a Branson Sonifier (10 s, constant mode, 10% power). 500 μL 4 μM Sytox green in 50 mM Tris-HCl (pH 7.4)

were added and the samples were measured using the BD FACS Fortessa or Agilent Novocyte Quanteon flow cytometer. The anal-

ysis was carried out using the software ‘‘FlowJo’’.

RNA extraction

For RNA extraction, 15 mL exponentially growing cells were collected and spun down for 3 min and 600 x g at RT. The Pellet was

washed in 1 mL ddH20 and the supernatant was removed very thoroughly.

The cell pellets were resuspended in 400 μL AE buffer (50 mM Sodium Acetate pH 5.3, 10 mM EDTA). 20 μL 20% SDS were added

and the samples were vortexed. 500 μL phenol pre-equilibrated in AE-buffer were added and the samples were again vortexed. After

5 min incubation at 65◦C and 5 min incubation on ice, the samples were spun down for 2 min at 20800 x g and 4◦C. The aqueous

phase was mixed with 500 μL Phenol: Chloroform: Isoamylalcohol (25 : 24: 1; AppliChem) were added by inverting 5 times. The sam-

ples were incubated for 5 min at RT, followed by spinning for 2 min at 20800 x g and 4◦C. The aqueous phase was mixed with 40 μL

3 M Sodium acetate and 1 mL ice-cold 100% EtOH. The samples were inverted 5 times and incubated on ice for 15 min, followed by

centrifugation for 2 min at 20800 x g and 4◦C. The pellet was washed in 1 mL 80% EtOH and spun down for 2 min at 20800 x g and

4◦C. The pellet was dried for 5 min and resuspended in 100 μL RDD buffer (Qiagen) with 4 μL DNase I (Qiagen). The samples were

incubated at 37◦C and 350 rpm for 30 min.

Reverse transcription

For reverse transcription, 1 μg RNA was preincubated with 1 μL NTPs (Invitrogen,10 mM each) and 2 μL random primers (Thermo

Scientific, 0.2 m/μL) in 13 μL ddH2O for 5 min at 65◦C. 4 μL 5x First Strand buffer (Invitrogen), 1 μL 0.1 M DTT (Invitrogen), 1 μL

RNaseOut (Invitrogen) and 1 μL Superscript III (Invitrogen) were added to the samples. The samples were incubated for 5 min at

25◦C, followed by 1 h at 50◦C and 15 min at 75◦C.

Digital droplet PCR

Exponentially growing yeast cells were counted using the Cellometer X1 (Nexcelom) and the count was adjusted manually to account

for clumping yeast and particles identified as yeast. The RNA was extracted like described under ‘‘RNA extraction’’ and reverse tran-

scribed like described under ‘‘reverse transcription’’.

For the ddPCR, 1 μL cDNA was diluted to 12.5 μL in DPEC treated water containing 500 nM of each PCR primer. The samples were

supplemented with 12.5 μL QX200 ddPCR EvaGreen Supermix (Bio-Rad) prior to droplet generation. For droplet generation, 20 μL of

the sample and 70 μL droplet generator oil for EvaGreen (Bio-Rad) were loaded into a DG8 cartridge (Bio-Rad), covered by a DG8

gasket (Bio-Rad) and the droplets were generated using the QX200 droplet generator machine (Bio-Rad). 40 μL of the generated

droplet were transferred into a 96 well plate (BioRad) and the plate was sealed using the PX1 PCR plate sealer (Bio-Rad) and

PCR plate heat seal foil (Bio-Rad). The PCR was carried out using the following program: 5 min at 95◦C, 40 cycles of 30 s at 95◦C

and 1 min at 60◦C, 5 min at 4◦C, 5 min at 95◦C, 4◦C until droplet read.

For the droplet read, the PCR plate was moved into the QX200 droplet reader (Bio-Rad) and the droplets were analyzed. The Quan-

tasoft analysis pro software (Bio-Rad) gives out transcripts per sample which can be used for calculating the transcripts per cell

considering the cell count from the beginning.

RNA-seq

For RNA sequencing, 20 mL exponentially growing cells were collected by centrifugation for 3 min at 600 x g. The RNA was extracted

and DNase I digested like described under ‘‘RNA extraction’’. rRNA depletion was performed with a starting amount of 1500 ng using

the riboPool kit from siTOOLs following riboPoolKitManual_v1-4 (December 2021). The RNA clean-up was performed with a ratio of

1.8x of RNA Clean XP beads to RNA volume. Library preparation was performed with Illumina TruSeq stranded Total RNA LT Sample

Prep Kit following TruSeq Stranded total RNA Reference Guide (Oct.2017) (Document # 1000000040499v00) starting at the Fragmen-

tation step. Libraries were amplified in 9 PCR cycles. Libraries were profiled in a High Sensitivity DNA on a 2100 Bioanalyzer
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(Agilent technologies) and quantified using the Qubit dsDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life technologies). All samples

were pooled together in equimolar ratio and sequenced on a NextSeq 500 Midoutput flow cell, single read for 1x 75 cycles plus 8 +

8 bp cycles for the dual index read.

RT-qPCR

For RT-qPCR, the reverse transcribed RNA from ‘‘reverse transcription’’ was used. The cDNA was diluted to 50 μL. As a no RT con-

trol, also 1 μg untreated RNA was diluted in 50 μL ddH2O. The PCR was carried out in 384 well plates using the CFX Real-time PCR

cycler with 384 well add-in from BioRad. The reaction volume was 10 μL, consisting of 4 μL cDNA or not reverse transcribed RNA,

0.9 μL DPEC treated H2O, 0.05 μL of each primer (100 μM stock) and 5 μL Eva green Master Mix. The PCR plate was sealed using

Microseal ’B’ PCR Plate Sealing Film and the spun down shortly. The PCR program was the following: 10 min at 95◦C, followed by 40

cycles of 15 s at 95◦C and 1 min at 60◦C. Afterward melting curves were measures from 65.0◦C until 96.5◦C in 0.5◦C steps. The qPCR

results were analyzed using the Bio-Rad RFX Manager software. The cq determination method was set to ‘‘regression’’ and the data

was exported. The further analysis was carried out in Excel. The mean of the technical replicates was calculated and the actin (house-

keeping gene) values were subtracted. The following formula was used for the calculation:

Transcript level normalized to actin = 2− (cq;transcript of interest − cq;actin):

3′RACE

The cultures were grown to OD600 0.4 and 10 mL of the culture were collected. The cells were spun down for 3 min at 900 x g and

RNA was extracted like described under ‘‘RNA extraction’’. The RNA was reverse transcribed like described under ‘‘reverse

transcription’’ using a 3’RACE specific primer (oCW128; poly-T primer carrying an adaptor sequence from Mischo et al., 2011).

The resulting cDNA was used in a with a gene specific primer in combination with the reverse adaptor primer (oCW129 from Mischo

et al., 2011). The PCR was setup in 25 μL total volume, using 1 μL cDNA, both primers at 10 μM and 2x Q5 Master Mix (NEB) in the

following program: 30 s at 98◦C, 35 cycles of (5 s at 98◦C, 15 s at 66◦C and 20 s at 72◦C) and final elongation for 2 min at 72◦C. The

samples were analyzed on a 2% agarose gel, run at 100 V for 1 h. The gels were imaged using the Bio-Rad ChemiDoc Touch Im-

aging System.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) experiments were in general conducted like described in our published method for R-ChIP.21

In brief, 150 mL exponentially growing cell cultures were diluted to OD600 0.6 in 150 mL. For crosslinking, 4.9 mL 37% Formaldehyde

(0.84% final) were added and the cultures were incubated for 10 min at RT. The crosslinking was quenched by adding 7.5 mL 2.5 M

Glycine for 5 min at RT, followed by 5 min on ice. The cells were precipitated by centrifugation at 4◦C and 3000 x g for 3 min. The cell

pellets were washed twice in 20 mL ice-cold 1x PBS. The dry cell pellets were stored at − 80◦C until further processing.

For immunoprecipitation, each sample was resuspended in 200 μL FA lysis buffer minus SOD (50 mM HEPES-KOH pH 7.5,

140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 1 protease inhibitor tablet per 10 mL buffer (Roche)) and transferred to an

lysing matrix C tube. The cell lysis was carried out using the FastPrep (MP Biomedicals) machine at the speed of 6 m/s for

30 s twice, placing the samples on ice in between for 1 min. For recovery, 800 μL of the FA lysis buffer plus SOD (50 mM

HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v) Sodium deoxycholate, one protease inhibitor

tablet per 10 mL buffer (Roche)) was added and the mixture was transferred to a fresh 2 mL centrifugation tube. The samples

were centrifuged at 17000 x g and 4◦C for 7 min. The supernatant was discarded and the pellet was resuspended in 1.5 mL FA

lysis buffer plus SOD and 20 μL of 20% SDS. The samples were transferred into 15 mL sonication tubes containing 0.8 g–1.0 g

sonication beads. The sonication was carried out twice in 10 cycles (30 s on, 30 s off) with a 15 min break on ice in between

using a Bioruptor pico (Diagenode).

In the meantime, the magnetic beads were prepared. Per samples, 200 μL Dynabeads Protein G (Thermo Fisher Scientific) 10 mL

1x PBS were added and the volume was adjusted to 6 mL for blocking with 5% molecular biology grade BSA (final, w/v, NEB). The

beads were incubated for 1 h on a rotating wheel at 4◦C. The beads were washed in 10 mL 1x PBS, followed by a wash in 10 mL FA

lysis buffer plus SOD. The supernatant was removed for reaching the initial filling volume of the beads.

The sonified samples were centrifuged at 17000 x g and 4◦C for 15 min. The supernatant was collected and is called ChIP extract.

The protein concentration of the ChIP extract was measured using a Bradford assay. The samples were diluted to 1 mg/mL in 2.2 mL

FA lysis buffer plus SOD with protease inhibitor. The samples were split in four fresh tubes.

(1) 1 mL for immunoprecipitation.

(2) 1 mL as immunoprecipitation negative control (no antibody).

(3) 50 μL as input sample (stored at − 20◦C).

(4) 100 μL for sonication control.

The sonication control samples were mixed with 100 mL Elution buffer B (50 mM Tris-HCl pH 7.5, 1% SDS, 10 mM EDTA pH 8),

supplemented with 7.5 μL Proteinase K (20 mg/mL) and incubated overnight shaking at 450 rpm and 65◦C. The samples were EtOH
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precipitated by adding 1 mL 100% EtOH and incubating 20 min at − 80◦C, followed by centrifugation for 15 min 20000 x g at 4◦C. The

samples were resuspended in 20 μL ddH2O and were supplemented with 1 μL RNase A (10 mg/mL). After incubating for 30 min at

37◦C, the sonication was verified on an agarose gel.

The immunoprecipitation samples were precleared by adding 30 μL of the prepared magnetic beads and incubation for 1 h on a

rotating wheel at 4◦C. The supernatant was transferred to a fresh tube. For the negative control samples, no antibody was added,

while to the immunoprecipitation samples antibody was added (10 μL Anti-HA 3F10 (Roche) for R-ChIP or 4 μL S9.6 (Kerafast) for

DRIP). The samples were incubated for 30 min on a rotating wheel at 4◦C. 50 μL of the prepared magnetic beads were added

and the samples were incubated overnight on a rotating wheel at 4◦C.

The IP samples were washed in four steps, using 1 mL of each of the following buffers and incubating for 5 min at 4◦C on a rotating

wheel: 1. FA cell lysis buffer plus SOD 2. FA 500/lysis buffer (50 mM HEPES-KOH pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% (v/v) Triton

X-100, 0.1% (w/v) Sodium deoxycholate), 3. Buffer III (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 250 mM LiCl, 1% (v/v) Tergitol-type NP-

40, 1% (w/v) sodium deoxycholate), 4. 1x TE buffer.

After the last wash, the magnetic beads were resuspended in 100 μL Elution buffer B immediately. At this point, the input samples

were thawed and supplemented with 150 μL Elution buffer B. For the elution, the input samples and the IP samples were incubated

together. The elution was carried out for 8 min at 65◦C and 850 rpm on a heat block. The supernatant was transferred to a fresh

tube. 100 μL of fresh Elution buffer B were added and the elution was repeated. After pooling the eluents, 7.5 μL Proteinase K

(20 mg/mL) were added to the IP and input samples. The samples were incubated overnight at 65◦C, shaking at 450 rpm on a

heat block.

The samples were purified using the Qiagen PCR purification kit, eluting the DNA with 50 μL DPEC treated water. The quan-

titative real-time PCR was prepared in a 384 well PCR plate. The reaction mix per well was the following in 10 μL total volume:

1 μL DNA, 5 μM of each primer, 5 μL of Eva green qPCR Master mix. The PCR was carried out under the following conditions:

10 min at 95◦C, 40 cycles of 15 s at 95◦C and 1 min at 60◦C, followed by a melting curve measurement (65.0◦C till 96.5◦C in

0.5◦C steps).

The analysis of the data was carried out using the Bio-Rad CFX Manager software. The data was imported, the Cq determination

method was set to ‘‘regression’’ and the data was exported to Excel. The mean Cq of the technical replicates was calculated and the

Cq value of the input sample was corrected to account for the 1:20 dilution compared to the IP samples:

log2(20) = 4:322;

Cq(corr: input) = Cq(input) − 4:322:

The percent input of the IP samples was calculated:

ΔCq = Cq(corr: input) − Cq(sample ± antibody);

Percent input = 100 ∗ 2ΔCq :

Spotting assay

Overnight cultures of budding yeast were diluted in 10-fold serial dilution in sterile ddH20, starting from OD600 0.5. The yeast dilutions

were spotted onto agar plates using a replica plater stamp. The plates were incubated at 30◦C if not indicated differently. Images of

the plates were taken after 24 h, 48 h and 72 h using the Bio-Rad ChemiDoc Touch Imaging System (Colorimetric mode, 0.3 s

exposure).

CHX chase assay

In order to start the Cycloheximide (CHX) chase assay, an untreated sample was taken as 0 min time point. The collected OD600 units

were dependent on the chosen analysis method (simple Western blot: 2 OD600; Chromatin binding assay: at least 12 OD600). The cell

culture were either treated with 200 μg/mL CHX or stayed untreated. Samples were collected adding the collected volume to a suf-

ficient amount of 10% NaAz in order to reach 0.1% NaAz (end concentration) on ice. The volume was corrected in order to reach the

right amount of OD600 units. The samples were spun down for 3 min at 600 x g at RT and the supernatant was discarded. The samples

were transferred to micro centrifugation tubes and stored at − 20◦C until further processing. The protein stability was determined by

Western blot.

Chromatin binding assay

At least 12 OD of exponentially cycling cells were collected and spun down at 600 x g at RT. The supernatant was discarded, the

pellets were resuspended in 1 mL ddH2O and transferred to fresh microcentrifugation tubes. The samples were again spun down

at 900 x g at RT and the dry pellets were stored at − 20◦C until further processing. The pellets were thawed on ice and resuspended

in 1 mL spheroblasting buffer (50 mM phosphate buffer pH 7.4, 1 M Sorbitol, 1 mM DTT). The OD of the suspension was measured. 12

OD were diluted in 1 mL spheroplasting buffer. 5 μL Zymolyase T20 and 1 μL 1 M DTT were added and the samples were incubated at

30◦C for 40 min. The cells were spun down at 400 x g for 2 min and the supernatant was removed. The pelleted cells were
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resuspended in 300 μL extraction buffer (50 mM Tris-HCl pH 7.5, 100 mM KCl, 2.5 mM MgCl2, 1 tablet per 10 mL proteinase inhibitor

cocktail (Roche), 1 tablet per 10 mL PhosphoStop (Roche)).

(1) 50 μL for whole cell extract.

(2) 50 μL for soluble fraction.

(3) 200 μL for chromatin bound fraction.

The different fractions were treated in different ways.

(1) Whole cell extract: 1.25 μL 10% Triton-100 were added, the samples were quickly vortexed and incubated for 5 min on ice.

125 U/μL Benzonase was added, followed by 15 min incubation on ice. 20 μL urea buffer were added and the samples were

boiled at 75◦C for 5 min.

(2) Soluble fraction: 1.25 μL 10% Triton-100 were added, the samples were quickly vortexed and incubated for 5 min on ice. The

samples were spun for 10 min at 20000 xg and 4◦C. 50 μL of the supernatant were transferred to a fresh tube, 20 μL urea buffer

were added and the samples were boiled at 75◦C for 5 min.

(3) Chromatin bound fraction: 5 μL 10% Triton-100 were added, the samples were quickly vortexed and incubated for 5 min on

ice. 1 mL 30% ice-cold sucrose was added into fresh tubes and the samples were layered on top. The samples were spun for

10 min at 20000 xg and 4◦C. The supernatant was removed and the pellets were resuspended in 200 μL extraction buffer and

5 μL 10% Triton-100. The sucrose step was repeated. The supernatant was removed and the pellet was resuspended in 50 μL

extraction buffer and 1.25 μL 10% Triton-100. 125 U/μL Benzonase was added and the samples were incubated on ice for

15 min 20 μL urea buffer were added and the samples were boiled at 75◦C for 5 min.

The samples were loaded to a precast 4 to 15% gradient polyacrylamide gel (Bio-Rad) and run at 140 V for 51 min.

Dotblot for measuring RNA:DNA hybrid levels

gDNA was extracted from exponentially growing yeast cells using the Gentra Puregene Yeast/Bact. Extraction Kit B (Qiagen) accord-

ing to the manufacturers protocol, skipping the RNase A treatment step. The DNA pellet is dissolved in RNase-free water over night at

4◦C. 4.8 μg of the extracted gDNA was digested with an RNase cocktail in 100 μL 1x RNase H buffer from NEB. The mixture contained

the following RNases: 5 units RNase III (Thermo Fisher Scientific) and 1 unit RNase T1 (Thermo Fisher Scientific). The control samples

contained additional 10 units RNase H (NEB). The digest was incubated for 3 h at 37◦C, followed by heat inactivation for 20 min at

65◦C. The samples were split in two and diluted to 240 μL in 1x SSC buffer. In a 96-well plate, the initial was diluted in a 1:2 serial

dilution in four steps, aiming for 120 μL sample per well. 100 μL of each sample and dilution was spotted onto a positively charged

nylon membrane pre-soaked in 1x SSC, stacked on Bio-Dot SF Filter paper using a Dotblot apparatus (Bio-Rad). This creates spots

with 2 μg, 1 μg, 0.5 μg, 0.25 μg and 1.25 μg of DNA. The liquid was removed using a vacuum pump. The spotting process is repeated

with the second sample, creating one membrane for the S9.6 signal and one for the loading control which is used for quantifying the

dsDNA signal. The DNA is crosslinked to the membrane using a UVP crosslinker (Analytik Jena) with 120 mJ/cm2. The membranes

were blocked for 1 h at room temperature in 5% skim milk in 1x PBS +0.1% Tween 20. Both membranes are stained using different

primary antibodies. For the first membrane 2 μL of mouse S9.6 (Kerafast) in 10 mL 3% BSA were used and for the second membrane

10 μL mouse anti-dsDNA (Abcam) in 10 mL 5% skim milk in 1x PBS +0.1% Tween 20 were used. The membranes were incubated

overnight shaking at 4◦C. The membranes were washed four times for 15 min in 1x PBS +0.1% Tween 20. Both blots were stained

with the same secondary antibody which was 1:3000 goat anti-mouse-HRP (Bio-Rad). Which was incubated for 1 h at RT, followed

by three washes for 15 min in 1x PBS +0.1% Tween 20 and one wash for 15 min in 1x PBS. The blots were developed on a Bio-Rad

ChemiDoc System.

For quantification of the blots, ImageJ was used. In the software, the image was inverted and with the oval selection tool a circle

was drawn around the spots that were chosen for quantification and the intensity was measured. Additionally, for subtracting the

background, 5 circles that were distributed over the membrane were measured. The S9.6 signal was normalized to the dsDNA signal.

Microscopy

Microscopy experiments for replication measurements were performed as previously described37,38 with minor modifications.

Briefly, yeast cells were grown overnight at 30◦C in synthetic complete (SC) media supplemented with 4% glucose. Cultures were

diluted to an OD600 of 0.2, and SiR-HALO dye was added to reach 800 nM concentration. A 10 μg/mL of α-factor (GenScript) was

added for G1 arrest, followed by the addition of 500 nM of Estradiol (Sigma-Aldrich) to induce mAIRN expression, for an additional

incubation of 2 h. For the uninduced cells, cultures were synchronized without the addition of estradiol. For Sen1-AID degradation,

1 mM of IAA (Thermo Fisher) was added 1 h before imaging. For microscopy, cells were immobilized on a precoated concanavalin A

(Sigma) slide chamber (Ibidi) and washed to remove the α-factor and SiR-HALO dye. Live-cell imaging of the cells was performed on

an Axio Observer microscope (Zeiss) as previously described.37,38
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QUANTIFICATION OF MICROSCOPY EXPERIMENTS AND STATISTICAL ANALYSIS

The imaging data was collected using ZEN 3.0 software and analyzed using AutoCRAT, which is a custom Python-based computa-

tional pipeline to measure replication times. Cells were analyzed and merged across 3–5 independent experiments for each strain

and condition. Replication time data was statistically analyzed using Monte Carlo resampling with 1,000,000 iterations. To visualize

replication timing distributions, swarm plots were generated using the Seaborn package in Python.
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