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Abstract

The DNA damage response (DDR) constitutes a vital cellular process that safeguards

genome integrity. This biological process involves substantial alterations in chromatin struc-

ture, commonly orchestrated by epigenetic enzymes. Here, we show that the epigenetic

modifier N-terminal acetyltransferase 4 (Nat4), known to acetylate the alpha-amino group of

serine 1 on histones H4 and H2A, is implicated in the response to DNA damage in S. cerevi-

siae. Initially, we demonstrate that yeast cells lacking Nat4 have an increased sensitivity to

DNA damage and accumulate more DNA breaks than wild-type cells. Accordingly, upon

DNA damage, NAT4 gene expression is elevated, and the enzyme is specifically recruited

at double-strand breaks. Delving deeper into its effects on the DNA damage signaling cas-

cade, nat4-deleted cells exhibit lower levels of the damage-induced modification

H2AS129ph (γH2A), accompanied by diminished binding of the checkpoint control protein

Rad9 surrounding the double-strand break. Consistently, Mec1 kinase recruitment at dou-

ble-strand breaks, critical for H2AS129ph deposition and Rad9 retention, is significantly

impaired in nat4Δ cells. Consequently, Mec1-dependent phosphorylation of downstream

effector kinase Rad53, indicative of DNA damage checkpoint activation, is reduced. Impor-

tantly, we found that the effects of Nat4 in regulating the checkpoint signaling cascade are

mediated by its N-terminal acetyltransferase activity targeted specifically towards histone

H4. Overall, this study points towards a novel functional link between histone N-terminal

acetyltransferase Nat4 and the DDR, associating a new histone-modifying activity in the

maintenance of genome integrity.

Author summary

Chromatin structure alterations are central for cells to efficiently respond to DNA damage

since DNA assaults do not simply occur on ‘naked’ DNA but in the context of chromatin.

Cells have developed an integral process to mitigate DNA damage, known as the DNA

damage response (DDR), which involves instrumental chromatin dynamic changes often

regulated by histone-modifying enzymes. Our work demonstrates that N-terminal
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acetyltransferase Nat4 regulates the response to DNA damage. Importantly, cells lacking

Nat4 are more susceptible to genotoxic-induced DNA damage, as well as accumulate

higher number of DNA breaks. Accordingly, Nat4 expression is induced by DNA damage

and specifically localizes at DNA double-strand breaks. In agreement with this, the

absence of Nat4 impairs the DDR signaling, since the distribution of DNA damage-

induced phosphorylation on serine 129 of histone H2A and the subsequent binding of

Rad9 surrounding the break are robustly reduced. Both events are regulated by Mec1

kinase, whose recruitment at the DNA double-strand break is significantly decreased

when Nat4 is absent. Consistently, downstream activation of the DNA damage check-

point, indicative by Rad53 phosphorylation, is significantly reduced. Finally, this work

supports that Nat4 functions in DNA damage response through its N-terminal acetyl-

transferase activity, specifically towards histone H4. Collectively, our data reveal a novel

molecular and biological role for Nat4 in the response to DNA damage, and thus implicat-

ing a new player in genome integrity.

Introduction

Yeast N-alpha terminal acetyltransferase 4 (Nat4), also designated as NAA40, NatD and Patt1

in mammals, is classified among the family of N-terminal acetyltransferases (NATs), which is

comprised of nine members in eukaryotes [1]. NATs have a distinct function from lysine acet-

yltransferases, since they catalyze the covalent addition of an acetyl moiety to the alpha-amino

group at the N-terminal end of proteins [2–4]. Nat4 was originally discovered in S. cerevisiae
and it has a conserved human ortholog hNAA40 [5,6]. Unlike almost all other identified NATs

that target a wide variety of substrates [7], both yeast Nat4 and hNAA40 function as a mono-

mer and selectively N-terminally acetylate serine 1 (S1) on histones H4 (Nt-AcH4) and H2A

(Nt-AcH2A) [8,9]. Importantly, it has been demonstrated that Nat4-associated N-terminal

acetylation (Nt-Ac) affects critical cellular processes including chromatin function and regula-

tion of gene expression, which in turn influences biological phenotypes like cellular aging,

metabolic rewiring, and cancer progression [10–14]. Additionally, nat4Δ has been reported to

increase the sensitivity of yeast cells to different cytotoxic agents, including 3-aminotriazole,

benomyl, dinitrobenzene and thiabendazole [8]. Nonetheless, Nat4 has not been previously

linked to DNA damage response.

In eukaryotic cells, the chromatin environment is fundamental in regulating how cells com-

bat DNA damage, since the generation of a DNA double-strand break (DSB) occurs in the

chromatin context. Therefore, alterations in chromatin structure mediated by chromatin

remodelers are instrumental for the prompt response to DNA damage [15]. To protect geno-

mic integrity, all DNA lesions including DSBs must be detected and properly resolved [16,17].

Despite perpetual DSBs from both endogenous and environmental stressors, as well as exoge-

nous DNA-damaging agents like methyl methanesulfonate (MMS), cells have evolved mecha-

nisms to counteract this threat, collectively termed as DNA damage response (DDR) [18].

DDR is a sophisticated network involving the detection of the damage site that subsequently

activates signal transduction pathways, often called DNA damage checkpoint (DDC) [19].

Initiation of the checkpoint signaling in budding yeast is orchestrated by phosphatidylinosi-

tol 3-kinase-related kinases (PIKKs), with Mec1 and its mammalian ortholog ATR being a key

player [20]. Mec1 is recruited to RPA-coated single-stranded DNA (ssDNA) generated from

5’-3’ nucleolytic degradation (resection) of the DSB ends [21] and its regulation on DNA end

resection leads to longer 3’ overhangs that facilitate Mec1-dependent signaling [22].
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Downstream the DDR signaling cascade, Mec1 has two direct targets, including serine 129

phosphorylation on histone H2A (H2AS129ph) and the checkpoint control protein Rad9 [23–

25]. In yeast, H2AS129ph is the first DNA-damage induced modification to arise in the vicin-

ity of the break, also known as γΗ2A, and spreads over 50kb on both sides flanking the DSB

[26,27] stabilizing checkpoint factors and inhibiting further DNA end resection [28–30].

When a DSB occurs, Rad9 binds to damaged chromatin by interacting with H2AS129ph [31–

33], facilitating its Mec1-dependent phosphorylation [25]. Importantly, stabilization of Rad9

binding at DNA lesions by Mec1 ensures a controlled resection process, since Rad9 is known

for its role in inhibiting DNA end resection [34–38]. Rad9 activation primes its association

with downstream effector kinase Rad53, positioning it for Mec1-mediated phosphorylation

[39–44]. This leads to Rad53 subsequent autophosphorylation ensuring DDC activation

[19,40,43,45–48]. Once activated, DDC limits extensive resection to prevent excessive accumu-

lation of ssDNA through various mechanisms, as well as amplifies the signal for cell cycle

arrest and induction of DNA repair [19,49–51].

The presence of fragmented evidence associating Nat4 to DRR has prompted us to thor-

oughly investigate this functional link. In the current study, we unveil Nat4 as a novel player in

DDR, serving as a paradigm for the NAT family of enzymes. We initially show that loss of

Nat4 in S. cerevisiae (nat4Δ) sensitizes cells to MMS-induced DNA damage leading to accumu-

lation of DNA breaks. Further supporting the role of Nat4 in DDR, we demonstrate that its

expression is induced upon DNA damage, and it is physically recruited at the DSB-flanking

chromatin. Additionally, absence of Nat4 impairs the DDR signaling cascade, evident by

reduced global deposition and spreading of H2AS129ph around the break in contrast to wild-

type cells. Consequently, this reduced H2AS129ph leads to decreased Rad9 binding at the DSB

in nat4Δ. Consistent with these, recruitment of the key upstream kinase Mec1 to DSB, respon-

sible for mediating the checkpoint signaling cascade, is significantly impaired in nat4Δ cells.

As a result, downstream activation of the DNA damage checkpoint in nat4-deleted cells is

defective, as indicated by reduced Rad53 phosphorylation. Notably, Nat4 acetyltransferase

activity targeting histone H4 is crucial for its DDR function and checkpoint dynamics as evi-

denced by the deregulated DDR signaling in cells bearing a catalytically inactive Nat4 or

expressing the non-acetylated H4S1A histone mutant. Overall, through this work Nat4

emerges as a novel player regulating the DNA damage checkpoint signaling, mediating its

function through its N-terminal acetyltransferase activity on histone H4.

Results

Loss of Nat4 sensitizes cells to DNA damage

To delineate the functional landscape of Nat4 we analyzed its genetic interaction network uti-

lizing publicly available synthetic genetic array (SGA) data in S. cerevisiae (S1 Table) [52].

Gene ontology enrichment analysis of the significant genetic interactions (S1A Fig) revealed

terms that have been previously associated with Nat4, including the regulation of protein phos-

phorylation and gluconeogenesis (S1B and S1C Fig) [11,12,53]. Interestingly, a less studied

biological process amongst the most significantly enriched terms was the response to DNA

damage prompting us to further investigate the role of Nat4 in DDR (S1B and S1C Fig).

Therefore, we first assessed the phenotypic consequence of cells lacking Nat4 when under-

going DNA damage. Deletion of Nat4 caused dose-dependent sensitivity to cells exposed to

the genotoxic agent MMS, which induces global DNA damage, compared to wild-type cells

(Fig 1A). After observing sensitivity in the spotting assay, indicative of potential DNA damage

susceptibility, we next sought to quantify the number of DNA breaks present after MMS-

induced DNA damage in nat4Δ through TUNEL assay (Fig 1B) [54–56]. Interestingly, we
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Fig 1. Lack of Nat4 increases sensitivity to DNA damage. A) Phenotypic analysis of wild-type or nat4-deleted yeast cells by

spotting serial dilutions of logarithmically growing cells onto plates containing nutrient-rich medium, with or without the

addition of increasing concentrations of DNA-damaging agent methyl methanesulfonate (MMS), as indicated. Rad52 single

mutant (rad52Δ) was used as a control of DNA damage sensitivity. Plates were incubated at 30˚C for 2–3 days and images

were captured to assess growth and viability. B) Representative TUNEL assay scatter plots of wild-type (WT) and nat4Δ cells

treated with 0.1% MMS for 2h and analyzed by flow cytometry. TUNEL+ wild-type (turquoise) and nat4Δ (purple) cells are

defined by the shift of the population on the x-axis when overlapped with the untreated (-MMS) control cells (grey) of each

strain (left and middle panels). Relative fluorescence intensity of TUNEL+ cells was determined by the ratio of the mean

fluorescence intensity (MFI) of the test samples to the MFI of the corresponding internal negative control of each test sample
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found that the occurrence of DNA strand breaks (TUNEL+) was significantly increased in

nat4-deleted cells after 2 hours of MMS-treatment, compared to wild-type cells (Fig 1B). Sub-

sequently, we examined whether the increased DNA breaks in the nat4Δ population would

result in reduced cell fitness after longer exposure to MMS treatment. Using a Live/Dead stain-

ing technique that differentiates compromised cell membranes from intact ones [57], we

observed that nat4Δ exhibited higher levels of compromised cells after 5h of MMS treatment,

compared to wild-type MMS-treated cells (Fig 1C).

To explore whether Nat4 is involved in the DNA repair process itself, we proceeded to

examine the MMS sensitivity of double mutants of nat4Δ together with the key factor of the

homologous recombination (HR) pathway, Rad51 [58]. Because the rad51Δ single mutant is

very sensitive to DNA damage we performed the growth assay at low MMS concentrations

[59,60]. Deletion of NAT4 exacerbates the DNA damage sensitivity of rad51Δ cells (Fig 1D),

and this additive effect suggests that the DNA damage hypersensitivity caused by lack of NAT4
is unlikely to be due to HR-mediated DNA repair defects per se. Overall, these findings suggest

that Nat4 has a role in regulating the susceptibility of yeast cells to DNA damage and propose

that Nat4 may be involved in DDR signaling.

Nat4 is induced during DNA damage and localizes at DSBs

Given that Nat4 affects cellular sensitivity to MMS-induced DNA damage (Fig 1A–1C), we

then sought to investigate whether Nat4 expression is responsive DNA damage. We found that

NAT4 transcription levels are robustly increased in wild-type cells after 3h of MMS exposure

(Fig 2A). To determine whether this transcriptional induction was indeed a specific response

to DNA damage, we employed a yeast strain in which the endogenous NAT4 promoter was

replaced with the STE5 DNA damage-insensitive promoter (STE5p-Nat4-HA) [11]. As con-

trol, we also used an isogenic strain in which the expression of HA-tagged Nat4 was regulated

by its endogenous promoter (NAT4p-Nat4-HA). Upon treatment of these strains with MMS,

we found that the expression levels of Nat4 in cells carrying the STE5 promoter remained

unchanged, while cells with the endogenous NAT4 promoter showed a significant increase in

NAT4 gene expression levels, similar to wild-type cells (Fig 2A). Consistent with the gene

expression data, HA-tagged Nat4 protein levels significantly increased as MMS treatment per-

sisted for up to 9 hours (Fig 2B). A strain without the HA tag was used as a control to ensure

the specificity of the HA antibody (Fig 2B). These results indicate that NAT4 expression is

induced in response to DNA damage mediated by MMS.

To investigate the potential role of Nat4 protein in the response to DNA damage, we uti-

lized a well-established yeast system that enables the localized study of DSBs at a defined site.

We employed a yeast strain, obtained from the Haber laboratory [61], in which the HO endo-

nuclease is induced upon galactose treatment to cleave a specific site within the MAT locus,

thereby creating a localized and unrepairable DSB due to the deletion of HML and HMR

(right panel). Error bars represent standard error of the mean (SEM) of three independent experiments. ***P< 0.001;

calculated by paired two-tailed Student’s t-test. C) Representative histograms of wild-type (WT) and nat4Δ cells treated with

0.1% MMS for 5h and stained with Live/Dead dye before analysis by flow cytometry. Wild-type (turquoise) or nat4Δ
(purple) cells with compromised membranes are defined by the shift of the population on the x-axis when overlapped with

the untreated control cells (grey) of each strain (left and middle panels). Quantification of the relative fluorescence intensity

of compromised cells was determined by the ratio of the MFI of the treated samples to the MFI of the corresponding

untreated control cells of each test sample (right panel). Error bars represent SEM of three independent experiments.

**P< 0.01; calculated by ratio paired two-tailed Student’s t-test. D) Serial-fold serial dilutions of log-phase yeast cells were

spotted onto plates with 0.003% and 0.005% MMS to study the genetic assessment of nat4-deleted cells with rad51 single and

double mutant. Plates were incubated at 30˚C for 2–3 days and images were captured to assess growth and viability.

https://doi.org/10.1371/journal.pgen.1011433.g001

PLOS GENETICS Nat4 regulates the DNA damage checkpoint signaling in yeast

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011433 October 2, 2024 5 / 26

https://doi.org/10.1371/journal.pgen.1011433.g001
https://doi.org/10.1371/journal.pgen.1011433


donors (Fig 2C) [62]. This controlled DSB model has been widely used to study specific steps

in DDR signaling by chromatin immunoprecipitation (ChIP), such as protein recruitment and

distribution of DNA-damage induced modifications surrounding the break, as well as the

dynamics of resection [28,60,63–65]. Therefore, using this strain, we first examined the

recruitment of Nat4 after galactose-induced DSB by immunoprecipitating HA-tagged Nat4 at

various regions adjacent to the HO cut-site, ranging from 0.6 to 3kb. Specifically, after 3 hours

of galactose induction, Nat4 exhibited the highest enrichment at 0.6kb from the DSB site, with

decreasing enrichment observed at greater distances (2kb and 3kb) from the break (Fig 2D).

Fig 2. Nat4 expression is induced upon MMS treatment and it is recruited to an HO-induced DSB. A) Expression levels of Nat4

analyzed by qRT–PCR using total RNA extracted from wild-type (WT), NAT4p-Nat4-HA and STE5p-Nat4-HA strains grown in YPD

(t = 0) and treated with 0.1% MMS for 1, 3 and 9 hours (h). NAT4 mRNA levels were normalized to ACT1. Error bars represent SEM of

three independent experiments. *P< 0.05, ****P< 0.0001; calculated by unpaired two-tailed Student’s t-test. B) Left panel demonstrates a

representative immunoblot showing Nat4-HA protein levels in untreated controls and cells treated with 0.1% MMS for 1, 3, and 9 hours.

Nat4 is tagged with a hemagglutinin (HA) epitope for detection, and a wild-type untagged strain was used to validate antibody specificity.

Actin serves as a loading control. Right plot shows the quantification of Nat4-HA protein levels normalized to actin, demonstrating

changes in Nat4 expression upon MMS treatment over time. Error bars represent SEM of three independent experiments. **P< 0.01,

****P< 0.0001; calculated by two-way ANOVA, Sidak’s multiple comparisons test. C) Illustration depicting the HO cut-site at the MAT
locus. HO endonuclease expression is under the control of the GAL1 promoter and can be induced upon galactose addition to form a DSB

at the MAT locus. The respective strain carrying the construct is null for both the HML and HMR loci, as indicated, that normally serve as

donor templates, making the localized DSB unrepairable. ChIP analysis was performed with primers flanking the HO cut-site at 0.6, 2, 3, 7

and 10kb for the analysis of DDR factors recruitment and DNA damage-induced histone modifications enrichment at the break. D) ChIP

analysis for Nat4-HA and nat4(E186Q)-HA strains after 3 hours of GAL::HO endonuclease induction in galactose (GAL). Uninduced

conditions represent cells exposed to raffinose (RAFF), in which HO is not expressed. A wild-type (WT) untagged strain served as a

control for the specificity of the anti-HA antibody used in ChIP. Quantification of the ChIP signal is presented as the ratio of the 0.6, 2 or

3kb signals to the corresponding input of each strain and then normalized to the same ratio of the uncleaned site at SMC2. Error bars

represent SEM of two independent experiments. ****P< 0.0001; calculated by two-way ANOVA, Dunnett’s multiple comparisons test.

https://doi.org/10.1371/journal.pgen.1011433.g002
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To ensure that this enrichment was specific to HA-tagged Nat4 binding to the vicinity of DSB,

we used as controls raffinose treatment that does not lead to the formation of DSB and an

untagged WT strain (Fig 2D). Furthermore, the enrichment of Nat4-HA was normalized to

the uncleaved control site SMC2, as performed previously [63]. To determine whether the

enzymatic activity of Nat4 is necessary for its recruitment at DSB, Nat4 catalytically mutant

cells were constructed by replacing glutamic acid 186 with glutamate (E186Q), which is

known to abolish its acetyltransferase activity [9,11]. Notably, Nat4 recruitment to the DSB

was independent to its acetyltransferase activity, since an HA-tagged catalytically inactive form

of Nat4 (nat4(E186Q)-HA) was enriched at equal levels to its wild-type counterpart (Fig 2D).

Altogether, these findings demonstrate that the NAT4 gene is stimulated upon DNA damage

and the Nat4 protein is specifically localized to an induced DSB.

Nat4 affects key events of the DNA damage signaling cascade

The above results so far implicate Nat4 in the cellular response to DNA damage, but exclude it

from being involved in the DNA repair process per se (Fig 1D). Therefore, to further investi-

gate this link, we then examined the effect of Nat4 on the DDR signaling cascade starting with

the levels of H2AS129ph, the well-characterized DNA damage-induced modification [23,27].

nat4-deleted cells showed a significant reduction of global H2AS129ph levels from as early as

30 minutes and even at 9 hours after exposure to MMS, as compared to wild-type cells (Fig

3A). Notably, no significant changes were observed in the total levels of H2A, which is a

known direct target of Nat4, indicating that the observed changes in H2AS129ph were not due

to variations in total H2A protein levels (Fig 3A). Considering that H2AS129ph is deposited

around the DSB, but also spreads with fast kinetics on the chromosome farther away from the

break [26], we then examined the distribution of this DNA damage signal during the absence

of Nat4 using the site-specific DSB system described above (Fig 2C). After inducing a DSB

upon galactose treatment, we examined the enrichment of H2AS129ph using ChIP at 3, 7 and

10kb on the right and left side from the break. In agreement with the decreased global levels of

H2AS129ph (Fig 3A), nat4Δ cells had significantly reduced H2AS129ph enrichment bidirec-

tionally from the break, compared to wild-type cells (Fig 3B).

Since H2AS129ph serves as a critical binding site for the recruitment of the checkpoint con-

trol protein Rad9 [66], the observed reduction in H2AS129ph levels in the absence of Nat4

(Fig 3A and 3B) prompted us to investigate Rad9 binding at the induced DSB. Using ChIP

analysis, we found that in wild-type cells galactose-induced DSB resulted in significant enrich-

ment of HA-tagged Rad9 at 3kb flanking right and left of the HO-induced DSB as expected

(Fig 3C). In contrast, cells carrying NAT4 deletion exhibited significantly lower levels of HA

enrichment, indicating reduced Rad9 binding (Fig 3C). To confirm that this enrichment spe-

cifically resulted from HA-tagged Rad9 binding near the DSB, we used the isogenic untagged

WT strain as control (Fig 3C). Consistent with this effect, we verified that NAT4-deletion in

the HA-tagged Rad9 cells resulted in significantly decreased H2AS129ph enrichment and

spreading up to 10kb on both sides of the HO-induced break, compared to wild-type cells (S2

Fig).

Both H2AS129ph and Rad9 are downstream targets of the apical DNA damage kinase

Mec1 that is recruited to DSBs to mediate checkpoint signaling [23,40,63,67]. Having observed

both reduced distribution of H2AS129ph (Fig 3B) and Rad9 binding around the DSB (Fig 3C),

we then proceeded to examine the presence of Mec1 around the vicinity of the galactose-

induced DSB in the absence of Nat4. In accordance with data previously reported [63], galac-

tose-induced wild-type cells exhibited approximately 40-fold enrichment of myc-tagged Mec1

closer to the break at 0.6kb, which declined progressively when moving farther from the break
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Fig 3. Nat4 regulates the DNA damage checkpoint signaling cascade. A) Wild-type (WT) and nat4Δ cells were assessed in a time-

course of 9 hours after 0.1% MMS treatment and a representative immunoblot is shown for the global levels of H2AS129ph. Total

histone H2A and β-actin levels were used as a loading control between extracts. B) ChIP-qPCR showing H2AS129ph distribution

surrounding the HO-induced double-strand break (DSB). Cells were grown in overnight until log phase, followed by addition of either

raffinose (RAFF) as control or galactose (GAL) in order to induce DSB for 3h before chromatin cross-linking. Primer pairs flanking

right and left of the DSB at the MAT locus at sites 3, 7, and 10kb, were used for qPCR. Anti-H4 signal was used to normalize for histone

occupancy. The ratio of H2AS129ph/H4 at the MAT locus was normalized to the corresponding signal at the chromosome V intergenic

control locus. Data represents the mean of two independent biological replicates. Error bars represent SEM of two independent

experiments. **P< 0.01, ***P< 0.001, ****P< 0.0001; calculated by two-way ANOVA, Tukey’s multiple comparisons test. C) ChIP

analysis was performed in wild-type (WT) and nat4Δ cells carrying Rad9 tagged with HA (Rad9-HA) following a 3-hour induction of

GAL::HO endonuclease in galactose (GAL). Uninduced conditions depict cells exposed to raffinose (RAFF), where HO expression is

absent. Isogenic WT cells lacking the HA tag were assessed in parallel to control for HA antibody specificity. Quantification of ChIP
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at 2 and 3kb (Fig 3D). This enrichment was specific to Mec1 since in an untagged WT strain

the enrichment signal was at background level (Fig 3D). Remarkably, recruitment of Mec1 was

strongly reduced in nat4Δ compared to wild-type cells at all regions examined, ranging from

0.6 to 3kb away from the break (Fig 3D). This finding is consistent with inefficient spreading

of H2AS219ph and Rad9 binding, as previously described [24,30,64].

It is well-established that Rad9 acts as a scaffold to facilitate Mec1-dependent phosphoryla-

tion of downstream effector kinase Rad53 [39,40,44]. Previous studies have demonstrated that

yeast cells exposed to MMS treatment initiate a signaling cascade resulting in the phosphoryla-

tion of Rad53 which triggers DDC activation [68]. Consistent with the attenuated DNA dam-

age signaling observed in Fig 3A–3D, we found that MMS-treated nat4Δ cells showed reduced

Rad53 phosphorylation levels, persisting up to 5 hours (Fig 3E). To investigate whether the

observed differences in Rad53 phosphorylation could be attributed to its transcriptional

changes, we measured RAD53 mRNA levels in both wild-type and nat4Δ cells after 1, 3, and 5

hours of MMS treatment. Quantitative RT-PCR analysis revealed no significant differences in

the induction of RAD53 mRNA levels between the two strains, indicating that the reduced

Rad53 phosphorylation in nat4Δ cells is not due to altered RAD53 transcription (S3A Fig).

Overall, these results suggest that there is impaired checkpoint signaling in nat4Δ cells.

Considering that cells lacking Rad9 exhibit increased DNA end resection [30,37,38], and

mutants lacking H2AS129 phosphorylation (H2AS129A) display enhanced resection [28,29],

we next induced a DSB in different time points and quantified the percentage of DSB resection

at 0.15kb (S4A Fig, upper panel) and 4.8kb (S4A Fig, lower panel) from the HO cut-site [69].

In agreement with our findings above, nat4Δ cells demonstrated increased resection of the

DSB from as early as 30m of galactose-induced DSB, and by 1.5h the percentage of DSB

resected was almost double to that of wild-type cells (S4A Fig), further supporting deficient

DDR signaling in the absence of Nat4. Altogether, our data demonstrate that Nat4 contributes

to the maximal DNA damage response at DSBs, including DDC dynamics.

Nat4 effects in DDR are attributed to its N-terminal acetyltransferase

activity

Previous work showed that Nat4-mediated cellular functions are attributed to its histone acet-

yltransferase activity [11,12,14,53,70]. Therefore, we next investigated whether nat4Δ-associ-

ated effects in DDR were dependent on its acetyltransferase activity towards histones. To

accomplish this, we employed yeast cells bearing wild-type or catalytically mutant Nat4 (nat4
(E186Q)-HA) and subjected them to MMS treatment for up to 9h. Notably, catalytically

mutant Nat4 cells exhibited reduced global levels of H2AS129ph similar to nat4Δ (Fig 4A),

signals are shown as the ratio of enrichment at 3kb away from the right and left side of the break compared to the corresponding input

of each strain, and normalized against the uncut SMC2 locus. Error bars represent SEM from two independent experiments.

**P< 0.0001; calculated by two-way ANOVA, Sidak’s multiple comparisons test. D) ChIP analysis after 3 hours of an HO galactose-

induced DSB for the examination of myc-tagged Mec1 recruitment in wild-type and nat4Δ cells after growing in raffinose (RAFF) as

control or galactose (GAL) for DSB induction. Myc-tagged Mec1 recruitment was examined at 0.6, 2 and 3kb away from the HO cut-

site and normalized to the signal of the uncut locus SMC2. A WT untagged strain was used as control for the specificity of the anti-myc

antibody. Error bars represent SEM of two independent experiments. ****P< 0.0001; calculated by two-way ANOVA, Dunnett’s

multiple comparisons test. E) In the left panel, wild-type and nat4Δ cells treated with 0.1% MMS up to 5 hours were immunoblotted for

the detection of Rad53 phosphorylation. In t = 0, Rad53 is found in its unphosphorylated form in the absence DNA damage. β-actin

was used as control for equal loading. In the right panel, quantification of Rad53 phosphorylation was initially normalized relative to

total Rad53 levels, followed by normalization to actin, and subsequently to the untreated condition. Error bars represent SEM of three

independent experiments. Ns> 0.05, *P> 0.05, ***P< 0.001, ****P< 0.0001; calculated by two-way ANOVA, Sidak’s multiple

comparisons test.

https://doi.org/10.1371/journal.pgen.1011433.g003
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Fig 4. Nat4 N-terminal acetyltransferase activity is necessary for the activation of both the DDR and downstream checkpoint. A)

HA-tagged wild-type Nat4 (Nat4-HA) and catalytically mutant Nat4 (nat4(E186Q)-HA) cells were treated with or without MMS for up

to 9 hours and whole cell extracts were immunoblotted to detect the phosphorylation levels of H2AS129. β-actin was used as equal

loading control among cell extracts. Quantification of H2AS129ph levels normalized to β-actin, is presented in the accompanying graph

below. Error bars represent SEM of three independent experiments. * P< 0.05, **** P< 0.0001; calculated by two-way ANOVA, Sidak’s

multiple comparisons test. B) Site-specific investigation of H2AS129ph at regions 3, 7 and 10 kb flanking right and left of the HO

galactose-induced DSB through ChIP-qPCR in cells carrying either HA-tagged wild-type nat4 (Nat4-HA) or catalytically mutant Nat4

(nat4(E186Q)-HA). Cells were grown in either raffinose (RAFF) control or galactose (GAL) induced condition. H2AS129ph enrichment

was normalized first to histone H4 signal at the MAT locus and then to the chromosome V intergenic control locus. Error bars represent

SEM of two independent experiments. *P< 0.05, ****P< 0.0001; calculated by two-way ANOVA, Dunnett’s multiple comparisons test.

C) ChIP analysis for myc-tagged Mec1 enrichment in cells containing HA tagged wild-type Nat4 (Nat4-HA myc-Mec1) or catalytically

mutant Nat4 (nat4(E186Q)-HA myc-Mec1) grown for 3 hours in raffinose (RAFF) control conditions or galactose-induced (GAL) HO

DSB formation at the MAT locus. Myc-tagged Mec1 recruitment was examined at 0.6, 2 and 3 kb away from the HO cut-site and

normalized to the signal of the uncut locus SMC2. A wild-type parental untagged (WT) strain was used as a control for the specificity of

the anti-myc antibody. Error bars represent SEM of two independent experiments. ****P< 0.0001; calculated by two-way ANOVA,

Dunnett’s multiple comparisons test. D) Representative immunoblot of Rad53 phosphorylation after MMS treatment. Cells bearing HA

tagged wild-type Nat4 (Nat4-HA) or HA tagged catalytically inactive Nat4 (nat4(E186Q)-HA) were treated with 0.1% MMS for 1 to 5

hours. At t = 0, in untreated cells, Rad53 is present only in its unphosphorylated state. β-actin was used as a loading control between cell

extracts. In the right panel, quantification of Rad53 phosphorylation was first normalized to total Rad53, then to actin, and finally to the
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and displayed decreased distribution of the modification surrounding the galactose-induced

break even up to 10kb away (Fig 4B).

Furthermore, upon galactose-induction of DSB in catalytically inactive Nat4 cells, we

observed significant reduction of myc-tagged Mec1 enrichment at 0.6, 2 and 3kb adjacent to

the break when compared to cells bearing wild-type Nat4 (Fig 4C), highlighting the depen-

dence of Mec1 recruitment on the Nat4 acetyltransferase activity. Due to these deregulated

events, we next monitored DDC activation by examining Rad53 phosphorylation levels. Con-

sistently, we detected reduced Rad53 phosphorylation levels in MMS-treated catalytically

mutant Nat4 cells (Fig 4D), similarly to what has been observed in nat4Δ cells (Fig 3E). Finally,

Nat4 catalytically inactive cells exhibited increased DNA resection, at both 0.15 and 4.8kb

from the HO-induced DSB (S4B Fig), resembling nat4Δ cells (S4A Fig).

Taken together, our results support that the acetyltransferase activity of Nat4 is fundamen-

tal for mediating its effects in response to DNA damage.

Efficient DDR is dependent on Nat4 N-terminal acetyltransferase activity

towards histone H4

Nat4 is a selective NAT known to specifically acetylate histones H4 and H2A [5,6], and there-

fore, we next aimed to determine if its effects in DDR were attributed to targeting these his-

tones. To address this, we initially utilized previously constructed cells in which yeast NAT4 is

deleted and the Nat4 human ortholog is expressed ectopically in these cells (nat4Δ::hNAA40)

[11,70]. As previously reported, introducing hNAA40 into yeast cells lacking the endogenous

NAT4 solely rescues N-terminal acetylation of histone H4, but not of H2A due to the different

N-terminal protein motifs of yeast (SGGK) and human (SGRG) histone H2A [6,11,70]. Inter-

estingly, in yeast cells expressing hNAA40, the global distribution of H2AS129ph during MMS

treatment, as well as Rad53 phosphorylation levels were rescued back to wild-type levels (Fig

5A and 5B), indicating that Nat4 effects in DDR and checkpoint signaling are mediated

through N-terminal acetylation of histone H4 and not of H2A.

To further validate the suggested link to histone H4, we constructed a yeast strain that

expresses exclusively histone H4 whose serine 1 is mutated to alanine (H4S1A), and thus can

no longer get N-terminally acetylated by Nat4 [5,11,70]. In line with the Nat4 acetyltransferase

activity influencing the DDR signaling cascade, we observed that the H4S1A mutation results

in comparable growth sensitivity to MMS-induced DNA damage, as seen in cells lacking

NAT4 (compare Fig 6A to Fig 1A). Notably, as previously demonstrated [38,41], the growth

phenotype of the checkpoint control protein rad9 to MMS is analogous to that of both the nat4

(Fig 1A) and H4S1A mutants in our study (Fig 6A), suggesting that all these factors have a sim-

ilar functional contribution to DDR. Following this result, we next examined the effects of the

H4S1A mutant in DDR signaling cascade. Upon MMS treatment of H4S1A mutant cells, we

observed a decrease in global H2AS129ph levels (Fig 6B), as well as impaired distribution of

this specific mark around the galactose-induced DSB (Fig 6C), similarly to loss of NAT4 (Fig

3B) and Nat4 acetyltransferase activity (Fig 4B). The relative enrichment of H2AS129ph

between wild-type and mutant strains consistently shows an approximate 2- to 3-fold decrease

(compare Figs 3B and S2 to Figs 4B and 6C), despite variations in absolute H2AS129ph levels

across the different yeast strains. As expected, H4S1A cells also exhibited reduced recruitment

of Mec1 around a galactose-induced DSB (Fig 6D).

untreated condition. Error bars represent the SEM from three independent experiments. Statistical significance was determined using

two-way ANOVA with Sidak’s multiple comparisons test (***P< 0.001, ****P< 0.0001).

https://doi.org/10.1371/journal.pgen.1011433.g004
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Moreover, in line with attenuated DDR signaling, H4S1A mutant cells also showed reduced

Rad53 phosphorylation levels (Fig 6E). To determine if differences in Rad53 phosphorylation

were due to changes of its transcription, we measured RAD53 mRNA levels in H4-WT and

H4S1A cells after 1, 3, and 5 hours of MMS treatment, and found no significant differences

(S3B Fig), verifying the reduced Rad53 phosphorylation in H4S1A cells. Lastly, H4S1A mutant

cells displayed increased DSB resection at sites 0.15 and 4.8kb from the HO-cut site (S4C Fig),

similar to cells lacking Nat4 (S4A Fig) or cells expressing a catalytically inactive Nat4 (S4B

Fig).

To validate that Nat4’s function in response to DNA damage is mediated through its activ-

ity towards the N-terminus of histone H4, we investigated the phosphorylation levels of

H2AS129 and Rad53 in the combination mutant H4S1Anat4Δ. After MMS-induced damage,

both H2AS129ph levels and Rad53 phosphorylation were similarly reduced in the double

mutant strain H4S1Anat4Δ as in the single H4S1A and nat4Δ mutants (Fig 6F and 6G, respec-

tively), suggesting an epistatic interaction whereby the nat4Δ effect is mediated through his-

tone H4.

Collectively, the above data show that Nat4 effects in DDR signaling and DDC dynamics

are mediated through its N-terminal acetyltransferase activity targeted specifically towards his-

tone H4.

Discussion

An important aspect for efficient response to DNA damage is the rearrangement of chromatin

surrounding the damaged genomic sites to facilitate accessibility to the repair machinery [71].

Histone modifying enzymes and their mediated modifications play a crucial role in these chro-

matin rearrangements [60,64,72,73]. This study expands the repertoire of histone modifiers

implicated in DDR by shedding light on a novel function for Nat4 N-terminal acetyltransferase

in regulating the response to DNA damage and checkpoint dynamics in Saccharomyces cerevi-
siae. We show that cells lacking NAT4 exhibit increased sensitivity to genotoxic DNA damage

which is associated with defective DDR signaling, culminating in impaired DNA damage

Fig 5. hNAA40 rescues the DDR signaling defects of NAT4-deletion. A) Yeast cells having NAT4 deleted, and ectopically expressing

the human NAA40 homolog (nat4Δ::hNAA40), as well as their isogenic wild-type (WT) strain were assessed during a 9 hour-treatment

with 0.1% MMS. Whole cell extracts were analyzed by western blotting using an antibody against H2AS129ph. Equal loading was

monitored using β-actin. B) Wild-type and nat4Δ::hNAA40 cells were exposed to 0.1% MMS for up to 5 hours. Whole yeast cell extracts

were prepared and immunoblotted for Rad53 phosphorylation. The unphosphorylated form of Rad53 is apparent in t = 0 where cells are

untreated and the DNA damage checkpoint is not activated. An antibody against β-actin was used as a loading control. On the right,

Rad53 phosphorylation quantification was normalized sequentially to total Rad53, actin, and the untreated condition. Error bars

represent the SEM from three independent experiments. Ns> 0.05; calculated by two-way ANOVA, Sidak’s multiple comparisons test.

https://doi.org/10.1371/journal.pgen.1011433.g005
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Fig 6. Nat4 regulates DDR signaling through its N-terminal activity towards histone H4. A) Phenotypic assessment of H4-WT

and H4S1A mutant yeast cells by spotting serial dilutions of logarithmically growing cells onto nutrient-rich medium plates, with two

increasing concentrations of the DNA-damaging agent methyl methanesulfonate (MMS) or without (-MMS). Rad52 single mutant

(rad52Δ) served as a control for DNA damage sensitivity. Plates were incubated at 30˚C for 2–3 days and viability was evaluated

through image capture. B) Representative immunoblot of whole cell extracts that were prepared from H4S1A mutant and isogenic
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checkpoint activation (Fig 7). In addition, we demonstrate that the impact of Nat4 in DDR is

mediated through its N-terminal acetyltransferase activity targeted specifically on histone H4.

Our results show a hierarchal recruitment (0.6kb> 2kb> 3kb) of Nat4 to the DSB, strongly

supporting its spreading outwards from the cut-site (Fig 2D), a profile that resembles the spa-

tial organization of DDR-related proteins that are recruited in response to the generation of a

DSB [63,74,75]. It is also worth noting that Nat4 recruitment to DSBs occurs irrespective of its

N-terminal acetyltransferase activity since catalytically inactive Nat4 is still enriched at sites

adjacent to the DSB (Fig 2D). Also, the insignificant enrichment occurring upon the non-

induced raffinose conditions indicates that Nat4 recruitment is specific to the induction of a

DSB. Nat4 has been reported to work as a monomer [6,8], however the above binding pattern

might suggest that Nat4 may be recruited in a dynamic manner together with other DDR fac-

tors. Although, the recruitment data here support a direct function for Nat4 at the DSB, we

cannot exclude the possibility that Nat4 also mediates its effect in DDR through its previously

reported transcriptional activity [11,70]. The above intriguing questions could be the focus of

future investigations.

In this study, we show through ChIP experiments that Nat4 is enriched on chromatin after

an HO-induced DSB, and it is specifically localized at areas adjacent to the DSB (Fig 2D).

However, the NAT family of enzymes are generally cytosolic and are known to acetylate the

N-terminus of proteins co-translationally as the nascent polypeptide chain emerges from the

ribosome [76]. Despite this, there have been reports suggesting that NAA10 can also function

as a post-translational acetyltransferase, specifically for actin [77]. Likewise, there is evidence

suggesting that the human homolog of Nat4, NAA40, is located in the nucleus [6], indicating

that it may have nuclear functions. The evidence in this work further strengthens the possibil-

ity of Nat4 acting post-translationally on histones with an immediate impact on the chromatin

environment.

The precise role of Nat4 recruitment at the DNA break site remains unclear. One possibility

is that Nat4 and its mediated Nt-AcH4 could be cross-talking with other histone modifications

at DSBs to allow recruitment of the repairing machinery. For instance, acetylation at lysines 5,

wild-type (H4-WT) cells treated with 0.1% MMS for up to 9h and immunoblotted with anti-H2AS129ph antibody. β-actin was used as

equal loading control. C) Locus-specific ChIP enrichment of H2AS129ph at regions 3, 7 and 10kb flanking right and left of the HO

galactose-induced DSB at MAT in H4S1A mutant or isogenic wild-type (H4-WT) cells. Cells grown in raffinose (RAFF) were the

uninduced control condition. H2AS129ph enrichment was normalized to histone H4 signal at the MAT locus and the chromosome V

intergenic control locus. Error bars show SEM of two independent experiments. **P< 0.01, ***P< 0.001, ****P< 0.0001; calculated

by two-way ANOVA, Dunnett’s multiple comparisons test. D) ChIP analysis after 3 hours of an HO galactose-inducible DSB to

examine myc-tagged Mec1 recruitment in wild-type (H4-WT myc-Mec1) and H4S1A mutated (H4S1A myc-Mec1) cells. Cells were

grown either under raffinose (RAFF) non-induced control or galactose (GAL) inducible conditions. Myc-tagged Mec1 recruitment

was investigated at 0.6, 2 and 3kb away from the HO cut-site and normalized to the signal of the uncut locus SMC2. An isogenic wild-

type untagged (WT) strain was used as control for assessment of the specificity of the anti-myc antibody. Error bars represent SEM of

two independent experiments. ****P< 0.0001; calculated by two-way ANOVA, Dunnett’s multiple comparisons test. E)

Representative immunoblot of cells expressing either H4S1A mutant, or isogenic wild-type (H4-WT), or deleted for NAT4 (nat4Δ)

were treated with 0.1% MMS and collected at the indicated time points up to 5 hours to detect Rad53 phosphorylation levels. β-actin

was used to assure equal loading between extracts. The accompanying bottom graph represents the quantification of Rad53

phosphorylation levels that were normalized in sequence to total Rad53, actin, and then to the untreated condition. Error bars

represent the SEM from three independent experiments. ****P< 0.0001; calculated by two-way ANOVA, Sidak’s multiple

comparisons test. F) Wild-type (WT), nat4Δ, H4S1A and combination mutant H4S1Anat4Δ cells were assessed in a time-course of 9

hours after 0.1% MMS treatment and a representative immunoblot is shown for the global levels of H2AS129ph. β-actin levels were

used as a loading control between extracts. G) In the upper panel, WT, nat4Δ, H4S1A and double mutant H4S1Anat4Δ cells treated

with 0.1% MMS up to 5 hours were immunoblotted for the detection of Rad53 phosphorylation. In t = 0, Rad53 is found in its

unphosphorylated form in the absence of DNA damage. β-actin was used as control for equal loading. In the lower panel,

quantification of Rad53 phosphorylation was initially normalized relative to total Rad53 levels, followed by normalization to actin, and

subsequently to the untreated condition. Error bars represent SEM of two independent experiments. ****P< 0.0001; calculated by

two-way ANOVA, Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.pgen.1011433.g006
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8, 12 on histone H4 (H4K5,8,12ac) promotes chromatin relaxation and subsequently facilitates

DSB repair [78]. Intriguingly, in a previous study it was shown that under physiological condi-

tions Nat4 acts synergistically with these three lysine residues to regulate cell growth and

silencing of ribosomal DNA genes [70]. Therefore, Nat4-mediated Nt-AcH4 could potentially

Fig 7. Model depicting the regulation of Nat4 in DNA damage checkpoint signaling. In response to double-strand breaks (DSBs),

several sequential events ensure activation of the DNA damage signaling cascade, requiring the presence of Nat4 and its N-terminal

acetyltransferase activity towards histone H4 (left panel). In the absence of Nat4 or of its enzymatic activity (right panel) during the

induction of DNA damage, Mec1 kinase recruitment to a DSB is reduced, which in turn results in decreased deposition of

H2AS129ph around the break. Consequently, the reduced H2AS129ph sites, crucial for Rad9 recruitment, result in diminished Rad9

binding around the DSB. As a result, Rad53 phosphorylation, indicative of DNA damage checkpoint activation, is reduced. The

deregulated DDR signaling and defective DNA damage checkpoint activation ultimately culminate to increased sensitivity to

genotoxic damage and accumulated DNA breaks. Elements of the Fig 7 were created using BioRender.com

(Agreement#_EA274VTBS7).

https://doi.org/10.1371/journal.pgen.1011433.g007
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act together with H4K5,8,12ac to facilitate efficient chromatin remodeling at DSBs. Moreover,

in mammals, Nat4-associated Nt-AcH4 has been shown to have an antagonistic relationship

with phosphorylation on the same serine residue (H4S1ph) [12,53]. Given the previous link of

this modification in DNA repair [79], it is possible that Nat4 affects DDR through a dynamic

interplay with H4S1ph. However, it remains unclear if the antagonistic crosstalk between Nt-

AcH4 and H4S1ph occurs in yeast. Future work could address this hypothesis, though it is nec-

essary to first develop antibodies capable of recognizing these specific histone marks in yeast.

In Nat4-deficient cells, we observed reduced recruitment of Mec1 (Figs 3D, 4C and 6D)

whose loss is known to indirectly accelerate resection by affecting Rad9 binding at DSB sites

[24,25,30,35–38,51]. Additionally, we showed that in nat4Δ cells there is defective DDC activa-

tion, evident by reduced Rad53 phosphorylation (Figs 3E, 4D and 6E), while it was previously

shown that DNA end resection is inhibited in a checkpoint-dependent manner [50,51,80,81].

Moreover, factors known to inhibit resection, such as Rad9 and H2AS129ph [28,29,35,36,38],

showed reduced enrichment around DSB sites in nat4Δ cells (Figs 3B, 3C, 4B and 6C). Alto-

gether, this evidence is indicative of defects in inhibition of DNA resection, leading to the

observed accumulation of ssDNA (S4 Fig).

Remarkably, we found that there is substantial reduction in Mec1 (Figs 3D, 4C and 6D) and

Rad9 (Fig 3C) enrichment at the induced DSBs in nat4Δ cells but, this is not reflected in Rad53

phosphorylation whose reduction is considerably less pronounced (Figs 3E, 4D and 6E). This

discrepancy can possibly be explained by the fact that two distinct assays have been used to

extract these data. Specifically, ChIP analysis for localized Mec1 and Rad9 recruitment, and

immunoblot analysis for global Rad53 phosphorylation. Another possibility could be that

kinase Tel1 can in some instances provide functional redundancy to Mec1 in activating Rad53,

even though its contribution is usually minor [82,83]. Alternatively, and more likely, the

observed residual Rad53 activation could be mediated by a recently demonstrated non-canoni-

cal mode of Rad53 phosphorylation involving the retrograde signaling transcription factor

Rtg3 [84]. It was shown that this non-canonical signaling of Rad53 activation operates when

Mec1 function is compromised, and remains to be seen whether it also functions normally to

activate Rad53 in Mec1-intact cells [84].

The requirement of other histone-modifying enzymes in mediating different aspects of the

DDR has been previously established [34,85,86]. One comparable example to the Nat4 role in

DDR is that of the Set2 histone methyltransferase and its associated methylation on H3K36

[87]. Specifically, it has been shown that Set2 is required for the DDR activation, since its dele-

tion results in the reduction of H2AS129ph, both globally and surrounding an HO-induced

break [87]. Furthermore, this study demonstrates that Set2-mediated histone methylation on

H3K36 is necessary for DNA damage checkpoint stimulation and proper DNA end resection

at the DSB [87]. Since these Set2-associated effects are similar to the results presented here for

nat4Δ and the H4S1A mutant, future work could explore the interplay between these and

other epigenetic modifiers upon DNA damage to control the DDR.

Our findings highlight the essential role of Nat4 N-terminal activity towards histone H4 for

optimal recruitment of Mec1 at an HO-induced DSB (Figs 3D, 4C and 6D). This does not

exclude the potential involvement of other unidentified histone modifications in this process.

Nevertheless, studies in yeast have shown that post-translational modifications (PTMs) on

proteins play a significant role in enhancing the recruitment of Mec1 to damaged chromatin

[88,89]. Therefore, further investigation is warranted to identify whether specific histone

PTMs are necessary for direct Mec1 recruitment.

Given the biological importance of DDR in cell survival, it is not surprising that many of its

regulating factors and events are evolutionarily conserved. Most of our knowledge on the com-

plex network of the DDR came from research conducted in yeast that helped the
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characterization and functional understanding of their mammalian counterparts [20]. Consid-

ering that Nat4 and its N-terminal acetyltransferase activity towards histone H4 is preserved

from yeast to humans [5], we envision that its human ortholog NAA40 may be linked to pro-

cesses safeguarding the genome. In summary, our work unveils a new role for Nat4 in DDR,

which serves as a paradigm among the NAT family of enzymes and their mediated protein N-

terminal acetylation in regulating the cellular response to DNA damage.

Materials and methods

Yeast strain construction and growth conditions

The S. cerevisiae strains used in this study are listed in S2 Table. Gene deletion and protein tag-

ging was obtained through standard PCR techniques. Plasmid mutagenesis was performed as

previously described [90]. Plasmid shuffling using 5-fluoroorotic acid was used to introduce

plasmid with point mutations in each respective background. General lithium acetate method

was used to transform yeast cells. All liquid cultures were grown in yeast peptone dextrose rich

(YPD; 1% yeast extract, 2% peptone, 2% dextrose) media at 30˚C, unless otherwise stated.

Growth assays

Overnight cultures were diluted to OD *0.1 and grown to mid-log phase. Approximately

1.2×104 cells were serially diluted 10-fold, and spotted onto nutrient-rich medium (YPAD)

plates, with different concentrations of the DNA-damaging agent MMS (+MMS) or without

(-MMS). The plates were incubated at 30˚C for 2–3 days.

Synthetic genetic array (SGA) data processing and gene ontology

enrichment analysis

Nat4 genetic interactions (GIs; 250 negative, 218 positive) were extracted from https://

thecellmap.org/ with their corresponding SGA scores and p-values log transformed (S1 Table).

SGA scores were determined by an automated colony size scoring method [52]. Negative and

positive GIs that satisfied a previously defined confidence threshold (P-value < 0.05 and |SGA

score| > 0.08) set by the database are annotated [52]. Positive and negative GI data that ful-

filled the threshold requirements were run through gene ontology enrichment tool (https://

www.pantherdb.org/), selecting the significantly enriched biological pathways with a>7-fold

enrichment.

Cell staining and flow cytometry

4x10^6 cells untreated or treated with 0.1% MMS were pelleted and washed with 1X cold PBS.

To measure DNA strand breaks, TUNEL (Roche, In Situ Cell Death Detection Kit, Fluores-

cein, catalog no. 11684795910) staining was employed by fixing 4x10^5 cells with 4% parafor-

maldehyde at 20˚C for 1h while shaking. Cell wall was digested with 24 μg/ml Zymolyase 100T

(catalog no. E1004, Zymo Research) at 37˚C for 60 min. Then, cells were permeabilized for 2’

on ice with freshly prepared 0.1% Triton X-100 in 0.1% sodium citrate and processed for the

TUNEL reaction. Test samples were incubated at 37˚C for 1h with the TUNEL reaction mix-

ture containing the labeling solution (fluorescein d-UTP) with TdT enzyme. For Live/Dead

(Invitrogen, catalog no. L23101) staining, 2x10^6 cells were resuspended in 1X PBS and incu-

bated with the dye for 30’ at room temperature in the dark. Afterwards, cells were fixed with

4% paraformaldehyde for 30’ at 20˚C. Before flow cytometry, cells were diluted in 1X PBS. A

total of 50.000 events were acquired for both TUNEL and Live/Dead experiments and analyzed

using FlowJo X software, version 10.7.2 (FlowJo, LLC, Ashland, OR, USA). Data normalization
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was performed by standardizing the mean fluorescence intensity (MFI) values of test samples

to a uniform scale after employing the formula: Relative fluorescence intensity = MFI of test

sample/MFI of untreated control sample, as previously described [91].

Gene expression analysis

Total RNA from MMS-treated and untreated yeast cells was isolated using the hot phenol

extraction method [92] and was then treated with the TURBO DNA-free DNase kit (Ambion).

Isolated total RNA (0.5 μg) from each sample was reverse-transcribed with PrimeScript RT

reagent kit (TaKaRa, RR820A) using dNTP mix (10 mM), oligo-(dT) primer (50 μM) and ran-

dom hexamers (50 μM) (Invitrogen). A negative control reaction was carried out without the

addition of the RT enzyme. Final cDNA was diluted with 70 μl of DNase RNAse-free water

before analyzing with real-time PCR. SYBR Green (Kapa SYBR Fast Master Mix, # KK4602)

was used to quantify the level of expression. Relative quantification took place using the refer-

ence gene ACT1 for normalization. Real-time PCR (10 μl reactions) included 1 μl of cDNA,

0.2 μl of forward primer (50 μM), 0.2 μl of reverse primer (50 μM), 5 μl of SYBR Green and

3.6 μl DNase RNase free water. Reactions were incubated in a Biorad CFX96 Real-Time PCR

system in 96-well plates. Error bars for each sample represent the standard error of the mean.

Statistical significance P–values were calculated by unpaired two–tailed Student’s t–test using

GraphPad Prism data software. Primer sequences used are enclosed in S3 Table.

Chromatin Immunoprecipitation (ChIP) analysis

All ChIP experiments were performed in derivative strains of JKM179 [93], that contains a

HO cut-site at the MATα locus and expresses HO under the GAL1 promoter. Briefly, yeast

cells were grown overnight in YPA-Raffinose medium (1% yeast extract, 2% peptone, 0.004%

Adenine sulfate, 2% raffinose) in which GAL-HO is not expressed. Cultures were diluted in

fresh YPA-Raffinose and grown to exponential phase, at which time galactose is added to a

final concentration of 2% for 3h to induce expression of the HO endonuclease and a DSB at

the MAT locus. Cells were cross-linked at RT for 20 minutes with 1% final concentration of

37% formaldehyde. Sonicated chromatin was diluted 10-fold in IP buffer (1% Triton-X-100, 2

mM EDTA, 50 mM Tris-HCL pH 8, 150 mM NaCl, protease inhibitor) followed by 1h pre-

clearing using Protein A/G sepharose beads (GE Healthcare) at RT. Chromatin was incubated

overnight with 1μg of antibodies against H2AS129ph (ab15083), H4 (ab7311, Abcam), HA

(ab9110, Abcam), c-Myc (9E10, M4439, Sigma Aldrich), as well as IgG (Biogenesis 5180–

2104) as negative control. Following washing and elution steps, purified samples were analyzed

with qPCR using primer sequences flanking 0.6, 2, 3kb from the HO break and an uncut con-

trol locus SMC2 for recruitment of Nat4 and Mec1. For H2AS129ph detection, primer

sequences 3, 7, and 10kb flanking right and left of the HO break and a negative-control locus

in an intergenic region of chromosome V were used, and they are included in S3 Table. Fold

enrichment represents the ratio of %Immunoprecipitation/Input at the indicated locus around

DSB normalized on signal at the corresponding negative locus. The data represent the mean of

two independent biological replicates and error bars indicate the ranges between the two.

SDS-PAGE and Western Blotting

Yeast cells were grown to mid-exponential phase in a 30˚C shaker. Total yeast extracts were

prepared by first resuspending cell pellets in a tenfold volume of SDS loading buffer (50 mM

Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA and 0.02% bromophenol blue). The

samples were then alternately boiled and chilled three times to rupture cell membranes. For

Rad53 immunoblotting, mid-exponentially growing cells were resuspended in 20%
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trichloroacetic acid (TCA). Breaking of cells was achieved by using glass beads for 2 cycles of

20 seconds with 5 minutes interval in ice. After the addition of 5% TCA, cells were spin down

at 13K for 10 minutes and resuspended in 2X Laemmli buffer and 1M Tris-Base. Samples were

incubated at 95˚C for 5 minutes. Proteins were separated in a 7 cm long, 7,5% or 15%

SDS-PAGE (Laemmli 1970) at 180 V for 1h. The proteins were wet transferred into a PVDF

membrane (GE Healthcare life sciences) with 20% Methanol transfer buffer (25 mM Tris, 192

mM glycine, pH 8.3), at 100 V for 1h. Before incubation with the appropriate antibody, the

membrane was blocked in 5% BSA, 0.1% Tween-20 TBS buffer (25 mM Tris, 150 mM NaCl, 2

mM KCl, pH 8) and incubated overnight at 4˚C. Antibodies used include anti-β-actin

(ab178787), anti-Rad53 (ab104232), anti-H2A (AB_2687477, Active Motif), anti-H2AS129ph

(ab15083). For secondary antibody a Horseradish peroxide (HRP)-conjugated goat anti-rabbit

IgG (Thermo Scientific) was used at a dilution of 1:30000 and an HRP-conjugated goat-anti

mouse IgG (P0447, Dako) was used at a dilution of 1:1000.

qPCR-based quantification for DNA DSB resection

Quantification of ssDNA generation as a result of DNA end resection at an HO-induced DSB

was performed as recently described [36,69,94,95]. The rationale of this method relies on test-

ing whether the RsaI restriction enzyme can cleave DNA at sites further from the HO cut-site,

indicating the extent of resection. As resection progresses, the RsaI site transitions to a single-

stranded state resistant to digestion, resulting in PCR fragment amplification. This amplifica-

tion rate, normalized to HO-cutting efficiency, serves as a measure of resection speed [96].

Briefly, cells were grown in YP-Raffinose and synchronized in G2/M with nocodazole for 5h

(necessary as DNA end resection is cell-cycle regulated), and remained arrested with nocoda-

zole throughout the experiment, ensuring consistency in the cell cycle phase during the assess-

ment of DNA end resection dynamics. After the addition of 2% galactose that induces HO

expression, cells were collected in time points and sodium azide was added to 1% final concen-

tration to halt cellular processes. Then, cells were pelleted and genomic DNA was extracted by

a standard procedure using phenol-chloroform [97]. 2.5ug of DNA was digested for 6h at

37˚C with restriction enzyme RsaI or mock digested. DNA was precipitated with equal volume

of 2-propanol, washed with ice cold 70% ethanol and resuspended in 100ul 1X TE. qRT-PCR

was set up using DNA diluted 100X to a working concentration and 10uM primers flanking

0.15 and 4.8kb from the HO-induced break. An amplicon on a different chromosome (PRE1)
in which neither RsaI nor HO are cutting was essential to normalize all the PCR values. RsaI

cut DNA was normalized to uncut DNA as previously described to quantify the % ssDNA /

total DNA [36]. A standard curve was prepared by three different dilutions of the mock-

digested time 0 sample. The amount of ssDNA at the defined time points was calculated by the

ΔΔCt (ΔCt digested–ΔCt mock) using the following formula: %ssDNA {100 / [(1+ 2ΔΔCt) / 2] /

f} = %DSB resected, where f = HO cut efficiency. HO-cut efficiency at the MAT locus was ana-

lyzed by quantitative PCR using a primer pair (S3 Table) that spans the HO cleavage site and,

as control, primers that anneal to the uncut control locus PRE1. PCR signals were normalized

to the corresponding signal at PRE1 (S5 Fig).

Supporting information

S1 Table. Nat4 genetic interaction data. All NAT4 genetic interactions (GIs; 250 negative,

218 positive) as extracted from https://thecellmap.org/ with their corresponding synthetic

genetic array (SGA) scores and p-values log transformed.

(DOCX)
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S2 Table. Yeast strains. The genotypes of the yeast strains employed in the current study.

Depicted are the relevant figures in which each strain was used.

(DOCX)

S3 Table. Primer sequences used in this study. List of primers used in this study, including

their sequences, specific applications and references.

(DOCX)

S1 Fig. Nat4 genetically interacts with genes that enrich the DNA damage response gene

ontology term. A) Volcano plot of NAT4 genetic interactions (GIs), consisting of 250 negative

(turquoise) and 218 positive (purple) GIs (P-value < 0.05 and |SGA score| > 0.08). B) Enrich-

ment plot of biological pathways enriched by positive and negative GI data. Enclosed in the

dotted-line square are the significantly enriched biological pathways that presented fold

enrichment above 7. C) Bar chart of significantly enriched biological pathways (>7-fold

enrichment).

(TIF)

S2 Fig. Reduced distribution of H2AS129ph around the DSB in Rad9-tagged strains.

ChIP-qPCR analysis revealed the distribution of H2AS129ph around the HO-induced double-

strand break (DSB). Rad9-tagged cells (WT or nat4-deleted) were grown to logarithmic phase

overnight, then treated with either raffinose (RAFF) as a control or galactose (GAL) to induce

the DSB for 3 hours before chromatin cross-linking. Primer pairs flanking the DSB at the

MAT locus were used at sites 3 kb, 7 kb, and 10 kb distances for qPCR. Anti-H4 signal was

used for histone occupancy normalization. The ratio of H2AS129ph to H4 at the MAT locus

was further normalized to the corresponding signal at the chromosome V intergenic control

region. Data represent the mean of two independent biological replicates, with error bars indi-

cating SEM from two independent experiments. *P< 0.05 **P < 0.01, ***P< 0.001,

****P< 0.0001; statistical significance calculated by two-way ANOVA, Tukey’s multiple com-

parisons test.

(TIF)

S3 Fig. Analysis of RAD53 mRNA levels after MMS-induced damage. Quantitative RT-PCR

analysis of RAD53 expression levels in A) wild-type and nat4-deleted cells, or B) H4-WT and

H4S1A mutant cells following MMS treatment for 1, 3, and 5 hours. Total RNA was extracted,

and RAD53 expression levels were normalized to ACT1. Data are presented as the

mean ± SEM from three independent experiments. Ns > 0.05; statistical significance calcu-

lated by two-way ANOVA, Tukey’s multiple comparisons test.

(TIF)

S4 Fig. Increased DNA end resection at the DSB in nat4-deleted, catalytically inactive and

H4S1A mutant cells. A) Quantification of the percentage (%) of DSB resected using qPCR

involved calculating ΔCt values and applying a formula detailed in the text to determine the

extent of resection. Cells arrested in G2/M with nocodazole were induced with galactose for

HO expression at the indicated time points, and remained arrested during collection of cells.

Genomic DNA was analyzed 0.15kb (upper panel) and 4.8kb (lower panel) from the HO cut-

site, accordingly. Values were normalized to PRE1 negative locus. Error bars indicate SEM of

two independent experiments. * P < 0.05, ** P < 0.01, **** P< 0.0001; calculated by two-way

ANOVA, Sidak’s multiple comparisons test. B) Same as in (A) for strains with HA-tagged

wild-type Nat4 (Nat4-HA) or catalytically inactive Nat4 (nat4(E186Q)-HA). * P< 0.05,

**P< 0.01, ***P< 0.001; calculated by two-way ANOVA, Sidak’s multiple comparisons test.

C) Same as in (A) for strains expressing an H4S1A mutant or isogenic wild-type (H4-WT)
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cells. Ns > 0.05; *P< 0.01, **P < 0.001, ***P< 0.001, ****P < 0.0001; calculated by two-way

ANOVA, Sidak’s multiple comparisons test.

(TIF)

S5 Fig. Kinetics of HO-break formation between strains. A) Wild-type (WT) and nat4Δ
yeast cells encompassing an HO cut-site at the MAT locus and expressing HO under the GAL1
promoter, were grown in YP-Raffinose (RAFF) for HO-induced conditions, synchronized and

kept in G2/M phases by nocodazole treatment. 2% galactose (YP-Galactose) was added for

HO-induced expression at the indicated time points. Genomic DNA was extracted and the

cleavage efficiency of the DSB at the MAT locus was analyzed by quantitative RT-PCR using a

primer pair that spans the HO cleavage site and, as control, primers that anneal to the uncut

control locus PRE1. The PCR signals were normalized to the corresponding signal at PRE1.

Error bars represent SEM of two independent experiments. Non-significant (ns) P> 0.05; cal-

culated by unpaired two-tailed Student’s t-test. B) Same as in (A) for strains with HA-tagged

wild-type Nat4 (Nat4-HA) or catalytically inactive Nat4 (nat4(E186Q)-HA). C) Same as in (A)

for strains expressing an H4S1A mutant or isogenic wild-type (H4-WT) cells.

(TIF)

S1 Data. Raw data file. Dataset including all individual values and replicates used to generate

the graphs presented in the manuscript. Values are presented as means ± standard deviations

(SD). Each point represents one biological replicate.

(XLSX)
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