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Acute ethanol stress induces sumoylation of 
conserved chromatin structural proteins in 
Saccharomyces cerevisiae

ABSTRACT Stress is ubiquitous to life and can irreparably damage essential biomolecules 
and organelles in cells. To survive, organisms must sense and adapt to stressful conditions. 
One highly conserved adaptive stress response is through the posttranslational modification 
of proteins by the small ubiquitin-like modifier (SUMO). Here, we examine the effects of acute 
ethanol stress on protein sumoylation in the budding yeast Saccharomyces cerevisiae. We 
found that cells exhibit a transient sumoylation response after acute exposure to ≤7.5% vol/
vol ethanol. By contrast, the sumoylation response becomes chronic at 10% ethanol expo-
sure. Mass spectrometry analyses identified 18 proteins that are sumoylated after acute eth-
anol exposure, with 15 known to associate with chromatin. Upon further analysis, we found 
that the chromatin structural proteins Smc5 and Smc6 undergo ethanol-induced sumoylation 
that depends on the activity of the E3 SUMO ligase Mms21. Using cell-cycle arrest assays, we 
observed that Smc5 and Smc6 ethanol-induced sumoylation occurs during G1 and G2/M 
phases but not S phase. Acute ethanol exposure also resulted in the formation of Rad52 foci 
at levels comparable to Rad52 foci formation after exposure to the DNA alkylating agent 
methyl methanesulfonate (MMS). MMS exposure is known to induce the intra-S-phase DNA 
damage checkpoint via Rad53 phosphorylation, but ethanol exposure did not induce Rad53 
phosphorylation. Ethanol abrogated the effect of MMS on Rad53 phosphorylation when 
added simultaneously. From these studies, we propose that acute ethanol exposure induc-
es a change in chromatin leading to sumoylation of specific chromatin structural proteins.

INTRODUCTION
Stress is an inevitable consequence of life. Every organism experi-
ences this unwelcome and detrimental phenomenon. At the cellular 
level, stress is often caused by alterations in intra- or extracellular 

environments. Prolonged exposure of cells to stress conditions 
such as oxidation, temperature shifts, hypoxia, osmolarity altera-
tions, genotoxic events, and a multitude of others can lead to dam-
age of DNA, RNA, proteins, and other macromolecules. Conse-
quently, the ability to sense and adapt to changing extracellular 
conditions is integral to cell survival. An effective response to exog-
enous stressors is elicited through activation of cellular stress re-
sponse pathways that alter gene expression and/or protein interac-
tions or activity in a coordinated effort to reestablish and maintain 
cellular homeostasis (Galluzzi et al., 2018). The inability to respond 
quickly and adapt to stress can lead to cell death, and failure to 
adapt to prolonged stress conditions underlies many human pa-
thologies such as heart disease, neurodegeneration, and cancer 
(Fulda et al., 2010).

Posttranslational modifications (PTMs) play a key role in aiding 
cell survival during stress conditions. One PTM found to increase 
during a number of stress conditions is the small ubiquitin-like 
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modifier (SUMO). Similar to protein ubiquitination, protein su-
moylation utilizes an enzymatic cascade that leads to attachment 
of SUMO molecules to target substrates (Johnson et al., 1997; 
Okuma et al., 1999). SUMO modifications can alter protein local-
ization, protein–protein interactions, and aid in protein stability 
and solubility (Geiss-Friedlander and Melchior, 2007). While global 
protein sumoylation is known to increase across a broad array of 
stresses, the majority of the target proteins and the kinetics by 
which they are sumoylated are distinct (Tempé et al., 2008; Guo 
and Henley, 2014; Lewicki et al., 2015). Although studies have re-
ported the involvement of protein sumoylation in cellular stress 
responses and various targets (Zhou et al., 2004; Miller et al., 2013; 
Oeser et al., 2016), the function and regulation of specific protein 
sumoylation events during distinct stresses still remains poorly 
understood.

To understand better the key targets and functions of protein 
sumoylation during stress conditions, we have been recently study-
ing the proteins that become sumoylated during acute ethanol ex-
posure in the budding yeast Saccharomyces cerevisiae. The utiliza-
tion of different yeasts for the purpose of ethanol production has 
been exploited for centuries (Mohd Azhar et al., 2017; Parapouli 
et al., 2020). Due to the industrial importance of ethanol production, 
a considerable amount of research has examined the differences in 
ethanol tolerance among laboratory and industrial yeast strains 
(Lewis et al., 2010; Steensels and Verstrepen, 2014). While yeast 
cells can tolerate relatively high concentrations of ethanol, this does 
not prevent them from experiencing cellular stress during acute and 
chronic exposure to ethanol. Chronic exposure to high concentra-
tions of ethanol has been shown to alter membrane fluidity and lipid 
composition, increase reactive oxygen species (ROS) production 
through decoupling oxidative phosphorylation in the mitochondria, 
and cause protein misfolding (Auesukaree, 2017). Despite these in-
vestigations, there is minimal understanding of the molecular deter-
minants and cellular processes that contribute to ethanol tolerance. 
In this study, we explore the effects of acute ethanol stress on pro-
tein sumoylation.

RESULTS
Global sumoylation kinetics in yeast depend on ethanol 
concentration
We previously examined global sumoylation response patterns over 
time in S. cerevisiae to various stressors that included ethanol (10% 
vol/vol; Oeser et al., 2016). In that study, acute exposure to high 
ethanol stress resulted in a steady accumulation of SUMO conju-
gates over a 60-min time course. While we were interested in su-
moylation induced by 10% vol/vol ethanol, we also wanted to deter-
mine whether the sumoylation patterns observed remained 
unchanged at ethanol concentrations lower than 10% (vol/vol), or 
whether the sumoylation effect was only observed at ethanol con-
centrations that limit yeast growth. Utilizing a yeast strain where the 
endogenous SUMO gene, SMT3, was tagged with a His6-FLAG se-
quence at its 5′ end (Figure 1A), we examined sumoylation during 
ethanol stress at the following concentrations (vol/vol): 1%, 2.5%, 
5%, 7.5%, and 10%. At concentrations lower than 10%, we found 
that the ethanol sumoylation response was transient with a pro-
nounced increase in SUMO conjugates at 15 min that returned to 
basal levels by 60 min (Figure 1B), indicating that at lower ethanol 
concentrations yeast can mount an adaptive response that mitigates 
the need for chronic sumoylation.

To determine what levels of ethanol affect yeast cell growth, we 
queried the effect of ethanol concentration on cell growth when 
cells were chronically exposed to each of these concentrations. To 
do this, we performed liquid culture growth assays over a period of 
24 h. Cells in 1% ethanol exhibited growth identical to cells with no 
ethanol treatment, while cells in 2.5% and 5% ethanol were delayed 
before entering into exponential growth. Cells in 7.5% and 10% 
ethanol, however, did not achieve exponential growth during the 
24-h period (Figure 1C). To be certain that acute exposure to etha-
nol did not impact overall cell growth, we performed spot dilution 
tests on media lacking ethanol after the cells were exposed to the 
same concentrations of ethanol as listed above for 1 h in liquid cul-
ture. We did not observe any growth deficiency between untreated 
and ethanol-treated cells (Figure 1D), indicating that acute ethanol 

FIGURE 1: Global sumoylation kinetics are dependent on ethanol concentration. (A) Schematic for His6-FLAG-SMT3 
located at the SMT3 locus and expressed from the endogenous SMT3 promoter. His6-FLAG sequence shown, 
sequences underlined. (B) Comparison of global sumoylation changes that occur during cellular exposure of ethanol 
(1%, 2.5%, 5%, 7.5%, and 10% vol/vol) over 60 min. Changes in sumoylation patterns were examined by Western 
analysis using an anti-FLAG antibody. (C) Quantitative measure of growth rates in liquid culture generated by Bioscreen 
C automated growth curve analysis. Cells were grown in triplicate at 30°C in rich media with 0%, 1%, 2.5%, 5%, 7.5%, or 
10% ethanol for 24 h with continuous shaking. Absorbance at 600 nm was measured every 30 min and average 
absorbance (at 600 nm) was plotted vs. time. Error bars show SD for triplicate samples. (D) His6-FLAG-SMT3 cells were 
grown to midlog phase in rich liquid media, then treated for 60 min in rich media with 0%, 1%, 2.5%, 5%, 7.5%, or 10% 
ethanol before being 10-fold serially diluted onto rich media plates lacking ethanol and incubated at 30°C for 3 d.
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exposure does not impact cell growth as observed with chronic ex-
posure (Figure 1C).

A chromatin structure maintenance complex is sumoylated 
during acute ethanol exposure
To identify proteins sumoylated during acute ethanol stress, we uti-
lized a label-free mass spectrometry (MS) approach as previously 
described (Oeser et al., 2016). Although we found that sumoylation 
is transient at lower ethanol concentrations, we chose to query su-
moylation at 10% ethanol to maximize the potential proteins that 
could be identified at early and late time points. Similar to our previ-
ous studies (Oeser et al., 2016), we used metal affinity chromatogra-
phy to enrich for sumoylated species from His6-FLAG-SMT3 cell ly-
sates derived from cultures before ethanol treatment and after 
ethanol treatment, in this case 5 and 60 min post ethanol exposure 
(Figure 2A). Sumoylated proteins were subsequently isolated by gel 
purification and subject to trypsin digestion before MS analysis. 
Total peptide counts were examined to determine which proteins 
showed increases at 5 min or 60 min of 10% ethanol exposure.

Proteins were classified as being sumoylated in response to eth-
anol stress if the summed peptide counts from the 5-min and 60-
min replicates exceeded the 0-min peptide counts by threefold or 
greater and were statistically significant (p ≤ 0.1) in their changes 
(Oeser et al., 2016; Supplemental Table 1). From the MS analysis, we 
found 18 proteins that appear to be sumoylated during acute 
ethanol exposure (Table 1), with 15 out of 18 identified as chroma-
tin-binding and 7 out of 18 identified as chromatin-binding 

transcription factors by a gene ontology (GO) analysis (Table 2: 
Gcr1, Tec1, Hap1, Ste12, Cst6, Met4, and Upc2). Of the 18 proteins 
identified, the top three proteins were the chromatin structural pro-
teins Top2, Smc5, and Smc6 (Figure 2B). We were most intrigued by 
Smc5 and Smc6 because they form a highly conserved complex 
with a known role in DNA replication and repair (Gill, 2004; Tsuyama 
et al., 2006; Duan et al., 2009b; Irmisch et al., 2009; Gallego-Paez 
et al., 2014; Menolfi et al., 2015).

We confirmed Smc5, Smc6, and Top2 were sumoylated during 
ethanol stress by enriching for sumoylated proteins from His6-FLAG-
SMT3 cell lysates. To do this, we created C-terminally 3xHSV tagged 
versions of Smc5, Smc6, and Top2 that were expressed from their 
endogenous promoters. By Western analysis, each protein demon-
strated multiple higher molecular weight SUMO conjugates after 
10% (vol/vol) ethanol stress over a 2-h period (Figure 2C). We chose 
to verify Smc5, Smc6, and Top2 sumoylation over a 2-h time course 
to confirm that sumoylation remained stable in 10% ethanol. We next 
quantified the ethanol-induced sumoylation of Smc5, Smc6, and 
Top2 by measuring the intensity of the entire sumoylation ladder for 
each protein at each time point of ethanol exposure. Although this 
does not provide absolute numbers as it would for single bands, it is 
useful for a comparison of ethanol treatment with no treatment. Using 
this method, we found the ethanol-induced increase in sumoylation 
was statistically significant in all cases relative to no treatment (Figure 
2D). Even though we confirmed that ethanol stress induced su-
moylation of our top three hits (Smc5, Smc6, and Top2), we specifi-
cally chose to pursue Smc5 and Smc6 ethanol-induced sumoylation 

FIGURE 2: The Smc5-Smc6 chromatin complex is sumoylated during acute ethanol exposure. (A) Mass spectrometry 
strategy to identify proteins sumoylated during acute ethanol exposure. (B) Total peptide counts identified for the top 
three proteins (Top2, Smc5, and Smc6) at 0, 5, and 60 min of 10% ethanol stress. (C) Cells expressing His6-FLAG-SMT3 
and either C-terminally 3xHSV epitope tagged Smc5, Smc6, or Top2 from their endogenous promoters were subject to 
acute ethanol (10% vol/vol) over a 120-min time course. Cell lysates (input) and purified sumoylated proteins (SUMO 
conjugates) were examined via Western analysis using an anti-HSV antibody to detect Smc5, Smc6, and Top2. (D) Fold 
change sumoylation of Smc5, Smc6, and Top2 in 10% ethanol. Each value represents the mean, and SEM values are 
indicated as bars (n = 3), two-way ANOVA with Bonferroni post hoc test was used to compare untreated zero time point 
vs. subsequent time points in the presence of ethanol; significant differences (p < 0.0001) are indicated (***).
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for these studies because their sumoylation during acute ethanol 
stress has not yet been reported.

As an additional analysis, we expressed 3xHSV-Smc5 in a yeast 
strain in which all lysine residues of the SMT3 gene itself have been 
mutated to arginine residues (Esteras et al., 2017), thus allowing us 
to determine whether the ethanol-induced sumoylation of Smc5 is 
due to multiple monosumoylation events or a chain of poly-
sumoylation. In the case of Smc5, there was a predominant single 
sumoylation band pattern when expressed in the mutated SMT3 
strain (Supplemental Figure 1). However, we did observe a slightly 
higher molecular weight sumoylated species that indicates there 
might be additional monosumoylation sites if SUMO chain forma-
tion is eliminated. While identification of all Smc5 and Smc6 su-
moylation sites is of interest for future studies, here we chose to 
examine the broader features of ethanol-induced Smc5 and Smc6 
sumoylation.

The E3 SUMO ligase Mms21 is necessary for the 
sumoylation of Smc5 and Smc6 during acute ethanol stress
After identifying Smc5 and Smc6 as sumoylation targets during 
acute ethanol stress, we wanted to determine the enzymes required 

for their ethanol-induced sumoylation. Unlike the ubiquitination sys-
tem, which has more than 100 E3 ubiquitin ligases in yeast (De Bie 
and Ciechanover, 2011), the sumoylation system only has four 
known E3 SUMO ligases: Siz1, Siz2, Cst9, and Mms21 (Hay, 2001; 
Gill, 2004). It has been previously reported that the E3 for Smc5/6 is 
Mms21 during DNA damage (Duan et al., 2009a; Bermúdez-López 
et al., 2015; Liang et al., 2018), but it was unclear if this was the case 
during acute ethanol exposure. SIZ1, SIZ2, and CST9 are not essen-
tial genes and can be deleted. MMS21 is essential and we therefore 
used an auxin-inducible degron (AID) depletion strategy (Nishimura 
et al., 2009; Havens et al., 2012), wherein Mms21 was fused to an 
auxin degron and its depletion was induced by addition of auxin to 
the media. We found that, after Mms21 depletion by addition of 
auxin for 90 min, Smc5 and Smc6 sumoylation induced by acute 
ethanol exposure decreased approximately 75% during the 60-min 
time course (Figure 3A), consistent with the similar reduction in 
Mms21 levels. We also investigated whether the nonessential E3’s 
were involved in sumoylation induced by acute ethanol exposure. 
We found that complete loss of Siz1, Siz2, or Cst9 did not signifi-
cantly reduce Smc5 and Smc6 sumoylation during acute ethanol 
stress (Figure 3B). Although we conclude that Mms21 is the likely E3 

GO terms from the molecular function ontology

GO term (GO ID) Genes annotated GO term usage Genome frequency

DNA binding (GO:0003677) TEC1, UPC2, ENV11, STE12, CST6, 
STH1, SRS2, DEF1, HAP1, SMC6, 
MET4, TOP2, SMC5, HIR2, GCR1

15 of 18 genes, 83.33% 602 of 6411 annotated 
genes, 9.39%

DNA-binding transcription 
factor activity (GO:0003700)

TEC1, UPC2, STE12, CST6, HAP1, 
MET4, GCR1

7 of 18 genes, 38.89% 180 of 6411 annotated 
genes, 2.81%

TABLE 2: Gene ontology analysis.

Accession Gene

Total Peptides

Description0 min 5 min 60 min

YNL088W TOP2 24 109 104 Topoisomerase II

YOL034W SMC5 6 36 40 Role in DNA replication and repair; in complex with Smc6

YLR383W SMC6 1 12 25 Role in DNA replication and repair; in complex with Smc6

YPL075W GCR1 0 9 16 Transcription activator

YOR038C HIR2 1 3 13 Regulation of histone gene transcription

YBR083W TEC1 0 3 10 Transcription factor, filamentation genes

YGR071C ENV11 1 2 9 Vacuolar function

YBL097W BRN1 2 3 9 Subunit of condensin complex

YLR256W HAP1 1 21 9 Zinc finger transcription factor

YDR485C VPS72 1 6 8 Htz1p-binding component of the SWR1 complex

YIL126W STH1 1 4 8 ATPase component of RSC chromatin remodeling complex

YHR084W STE12 0 3 6 Transcription factor activated by MAPK

YBR081C SPT7 2 2 6 Subunit of SAGA complex

YIL036W CST6 0 17 4 Basic leucine-zipper (bZIP) transcription factor

YJL092W SRS2 0 4 1 DNA helicase and DNA-dependent ATPase

YKL054C DEF1 0 4 1 RNAPII degradation factor

YNL103W MET4 0 10 0 Leucine-zipper transcriptional activator

YDR213W UPC2 0 7 0 Sterol regulatory element-binding protein

TABLE 1: Proteins sumoylated during acute ethanol exposure.
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SUMO ligase for ethanol-induced sumoylation of Smc5 and Smc6 
because it is a known interactor with the Smc5-Smc6 complex (Ber-
múdez-López et al., 2015; Horigome et al., 2016; Kim et al., 2016; 
Peng et al., 2018), there remains the possibility that the nonessential 
E3 SUMO ligases (Siz1, Siz2, and Cst9) share some redundancy such 
that individual deletions might not have a pronounced effect on 
Smc5 and Smc6 ethanol-induced sumoylation.

Ethanol-induced Smc5 and Smc6 sumoylation occurs in G1 
and G2/M phases but is reduced in S phase
Sumoylation of proteins is essential for progression through the cell 
cycle and SUMO conjugation to its targets dynamically changes 
during different cell-cycle stages under normal conditions (Talamillo 
et al., 2020). A common feature of yeast cells is that exposure to 
stress often affects progression through the cell cycle (Jorgensen 
and Tyers, 2004). For example, yeast cells have been shown to halt 
in G1 after exposure to stress (Qu et al., 2019). This pause is gener-
ally thought to allow cells the time to resolve or adapt to the stress 
before proceeding through the cell cycle (Qu et al., 2019).

Chromatin undergoes regulated changes during the cell cycle 
(Ma et al., 2015; Antonin and Neumann, 2016). Because the Smc5-
Smc6 complex is chromatin-associated and its chromatin localiza-
tion is altered specifically during S phase (Jeppsson et al., 2014), we 
were interested in determining the stages of the cell cycle where 
Smc5 and Smc6 undergo ethanol-dependent sumoylation. We ar-
rested cells in G1 using α-factor, early S phase using hydroxyurea 
(HU), and G2/M using nocodazole (ND). Cells arrested in G1 were 
generally observed to be either large and unbudded or with shmoo 
morphology (Supplemental Figure 2). Cells arrested in S phase were 
generally observed to be large with small buds. G2/M-arrested cells 
were generally observed as dumbbells. We next examined DNA 
content of cells in asynchronous culture after arrest at each stage in 
the cell cycle by staining cells with SYTOX green followed by exami-
nation using flow cytometry (Haase and Reed, 2002). Untreated cells 
exhibited 1C and 2C DNA content profiles consistent with asynchro-
nous growth (Figure 4A). Cells arrested in G1 with α-factor had a 1C 
DNA content with a slight shoulder indicating a small subset of cells 
in early S phase. Our strains contain an intact BAR1 gene, which 

FIGURE 3: The E3 SUMO ligase Mms21 promotes sumoylation of Smc5 and Smc6 during ethanol stress. (A) Cells 
expressing His6-FLAG-SMT3, MMS21-3HSV-AID, and C-terminally 3xHSV tagged Smc5 or Smc6 from their endogenous 
promoters were grown to early log phase, then treated with NT, vehicle, or auxin (IAA) for 90 min before exposure to 
acute ethanol for 60 min. Cell lysates (input) and purified sumoylated proteins (SUMO conjugates) were examined via 
Western analysis with an anti-HSV antibody to detect Mms21, Smc5, and Smc6. Inputs and Mms21 samples were run on 
the same gel and blot while SUMO conjugates were run separately on the same gel and blot. Blot images were cropped 
for optimal visualization. Fold changes in sumoylation were calculated utilizing values from Image Studio Lite software. 
Values were normalized to inputs and NT samples set to a value of 1.0. Error bars show SEM for triplicate samples. NT 
samples compared with IAA were significantly different in Smc5 and Smc6 with ***, p = <0.0001 and ***, p = 0.0003, 
respectively. (B) Wild-type (WT), siz1Δ, siz2Δ, or cst9Δ cells expressing His6-FLAG-SMT3 and either 3xHSV Smc5 or Smc6 
were subjected to 60-min of acute ethanol (10% vol/vol) exposure. Cell lysates (input) and metal affinity purified 
sumoylated proteins (SUMO conjugates) were examined by Western analysis with an anti-HSV antibody. As in A, inputs 
and SUMO conjugates were run separately, but each on the same gel and blot. Blot images were only cropped for 
optimal visualization.
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encodes a protease that cleaves and inactivates α-factor (Ciejek and 
Thorner, 1979), therefore some minor escape from G1 arrest was 
expected. Cells arrested in early S phase with HU had a 1C DNA 
content peak as has been previously described (Paillé et al., 2019). 
This peak is indicative of early S-phase arrest in asynchronous cul-
ture because hydroxyurea depletes dNTPs required for DNA syn-
thesis in early S phase. Cells arrested in G2/M with ND had a 2C 
DNA content peak as anticipated.

After confirming the appropriate arrest at each cell-cycle stage 
by microscopy (Supplemental Figure 2) and flow cytometry (Figure 
4A), we examined whether Smc5 and Smc6 were sumoylated during 
each stage. We found that arrest in G1 allowed the same ethanol-
induced sumoylation as asynchronous cells (Figure 4B). We also 
found that G2/M arrest allowed Smc5 and Smc6 ethanol-induced 
sumoylation similar to asynchronous cells (Figure 4C). By contrast, 
cells arrested in early S phase showed considerably reduced 

FIGURE 4: Ethanol exposure leads to Smc5 and Smc6 sumoylation in G1 and G2/M phases that is reduced in S phase. 
(A) Fluorescence histograms of asynchronous His6-FLAG-SMT3 cultures stained with SYTOX green: no treatment (NT), 
G1 arrest with α-factor, G2/M arrest with nocodazole (ND), and S arrest with hydroxyurea (HU). (B) Asynchronous cells 
expressing His6-FLAG-SMT3 and either C-terminally 3xHSV-tagged Smc5 or Smc6 from their endogenous promoters 
were arrested in G1 with α-factor for 90 min before treatment with 10% ethanol for 60 min. Cell lysates (input) and 
purified sumoylated proteins (SUMO conjugates) were examined by Western analysis with an anti-HSV antibody. 
(C, D) Similar experiments to B where asynchronous cells were arrested in G2/M with nocodazole and S phase with HU, 
respectively, for 90 min before exposure to 10% ethanol for a 60-min time course. (E) Asynchronous cells expressing 
His6-FLAG-SMT3 and 3xHSV Cyc8 from its endogenous promoter were arrested in S phase with HU for 90 min before 
60 min of hyperosmotic (1.2 M sorbitol) stress. Cell lysates (input) and purified sumoylated proteins (SUMO conjugates) 
were examined by Western analysis using an anti-HSV antibody. (F) Similar experiment to E where asynchronous cells 
were arrested in S phase with HU for 90 min before 60 min of 10% ethanol stress. Inputs were run on one gel and blot 
and SUMO conjugates were run on one gel and blot with the exception of B where inputs and SUMO conjugates were 
run on the same gel and blot. Images were cropped for optimal visualization.
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ethanol-induced sumoylation of Smc5 and Smc6 (Figure 4D). To de-
termine that HU addition did not inhibit global sumoylation in the 
cell, we also examined sumoylation of the transcriptional corepres-
sor Cyc8 during HU treatment and hyperosmotic stress (1.2 M sorbi-
tol), which is a condition we previously found Cyc8 to be sumoylated 
(Oeser et al., 2016). Hyperosmotic stress-induced Cyc8 sumoylation 
still occurred after early S-phase arrest (Figure 4E), thereby ruling 
out an inhibitory effect of HU addition on global sumoylation. While 
we previously showed that Cyc8 is not sumoylated during acute 
ethanol stress (Oeser et al., 2016), we wanted to be certain that this 
was also the case after early S-phase arrest. We found that Cyc8 is 
not sumoylated after acute ethanol exposure during early S-phase 
arrest (Figure 4F). Altogether, Smc5 and Smc6 undergo ethanol-in-
duced sumoylation during α-factor and ND arrests in G1 and G2/M 
phases, respectively, but do not during HU arrest in early S phase.

Smc5 and Smc6 sumoylation patterns during other stress 
conditions
We previously reported that global sumoylation patterns and kinet-
ics differ between distinct stress conditions (Oeser et al., 2016). To 
gain better insight into Smc5 and Smc6 sumoylation, we examined 
their sumoylation patterns during heat stress (42°C), hyperosmotic 
stress (1.2 M sorbitol), and DNA damage (exposure to methyl meth-
anesulfonate [MMS]). After exposing cells to 42°C heat shock over a 
time course of 60 min, we found that Smc5 and Smc6 SUMO conju-
gates accumulated at a slower rate compared with exposure to 
ethanol (Figure 5A), though the pattern of sumoylation banding was 
similar to ethanol. While we did not identify Smc5 or Smc6 in our 
prior analysis of hyperosmotic stress (Oeser et al., 2016), we also 
subjected cells to hyperosmotic stress (1.2 M sorbitol) over 60 min 
to be thorough. The results were more complicated than ethanol 
and heat stress. We found that there was a rapid decrease in Smc5 
and Smc6 sumoylation after 5 min before a rapid increase at 15 min 
that remained stable for the duration of the time course (Figure 5B). 

The decrease in Smc5 and Smc6 sumoylation is consistent with what 
we previously observed during hyperosmotic stress; proteins are de-
sumoylated to provide a free pool of SUMO that is readily available 
for Tup1 and Cyc8 sumoylation (Oeser et al., 2016). There was an 
increase in Smc5 and Smc6 sumoylation following the initial de-
crease during hyperosmotic stress; we think that might be a return 
to basal sumoylation seen before hyperosmotic stress as the cells 
adapt to the stress and Tup1-Cyc8 are desumoylated, thus increas-
ing the free SUMO pool (Oeser et al., 2016). However, it is possible 
that Smc5 and Smc6 are increasingly sumoylated during later time 
exposure of cells to hyperosmotic stress. We note it is difficult to 
assess what the indirect rebound effects on global sumoylation may 
be as cellular SUMO pools are restored during adaptation to hyper-
osmotic stress versus what the direct regulated events may be on 
protein sumoylation in later stages of adaption.

It has been reported that Smc5 and Smc6 are sumoylated after 
exposure to levels of MMS that induce DNA damage (Cremona 
et al., 2012; Chung and Zhao, 2015; Sarangi et al., 2015; Zapatka 
et al., 2019). We wanted to verify that Smc5 and Smc6 were su-
moylated during an acute time course of MMS exposure, and 
whether the addition of ethanol with MMS treatment had any in-
creased effect. We predicted that if both had the same effect, that 
addition of ethanol would not change Smc5 or Smc6 sumoylation 
beyond MMS treatment. We exposed cells to 0.033% MMS and 
found that Smc5 and Smc6 were sumoylated after addition of the 
DNA-damaging agent (Figure 5C). However, addition of ethanol 
with MMS increased Smc5 and Smc6 sumoylation when compared 
with MMS treatment alone but was generally equivalent to that of 
ethanol treatment alone (Figure 5C). We conclude that ethanol treat-
ment may have a stronger dominant effect on Smc5 and Smc6 su-
moylation in an asynchronous culture when compared with acute 
MMS treatment due to the stages of the cells in the cell cycle. We 
postulate the more pronounced effect of ethanol in an asynchronous 
culture might be due to the likelihood that maximal MMS-induced 

FIGURE 5: Smc5 and Smc6 sumoylation patterns during other stress conditions. (A, B) Cells expressing His6-FLAG-
SMT3 and C-terminally 3xHSV epitope tagged Smc5 or Smc6 from their endogenous promoters were exposed to either 
heat (42°C) or hyperosmotic (1.2 M sorbitol) stress over a 60-min time course. Cell lysates (input) and metal affinity 
purified sumoylated proteins (SUMO conjugates) were examined by Western analysis using an anti-HSV antibody. 
(C) Similar experiment to A but cells were subjected to either no treatment, 10% ethanol, 0.033% MMS, or 10% ethanol 
and 0.033% MMS over 60 min.
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sumoylation of Smc5 and Smc6 occurs during S phase. This would 
be analogous to the MMS-induced sumoylation of the RecQ heli-
case Sgs1, which is limited to S phase (Bermúdez-López et al., 2016). 
Ethanol-induced sumoylation of Smc5 and Smc6 occurs during G1 
and G2/M (Figure 4). G1 and G2/M are the predominant cell-cycle 
phases in an asynchronous culture (Figure 4A), so the results of the 
experiment in Figure 5C are consistent with a dominant effect of 
ethanol on Smc5 and Smc6 sumoylation during asynchronous 
growth when compared with MMS treatment alone

Acute ethanol stress induces Rad52 foci formation but not 
Rad53 phosphorylation
Chronic, long-term treatment of yeast cells with ethanol has been 
reported to increase DNA mutation rates through error-prone DNA 
polymerases being recruited to replication forks delayed in their 
progression (Voordeckers et al., 2020). Thus, we wanted to explore 
whether acute ethanol exposure led to any visible measures of chro-
matin structural alterations. It was not obvious how to measure in 
vivo global chromatin structural changes during an acute response 

FIGURE 6: Ethanol causes formation of Rad52 foci but not Rad53 phosphorylation. (A) H2B-mCherry cells were 
exposed to acute ethanol over a 60-min time course. Cells fixed at indicated time points and imaged by fluorescent 
microscopy. (B) Rad52-tdTomato cells were exposed to acute ethanol (10%), 0.033% MMS, or combined ethanol and 
MMS over a 60-min time course. Cells fixed at indicated time points and imaged by fluorescent microscopy. Five fields 
of cells for each condition with ≥40 cells/field were counted for the presence of nuclear foci (C). (D) Cells were exposed 
to acute ethanol (10%), 0.033% MMS, or combined ethanol and MMS over a 60-min time course. Rad53 phosphorylation 
was observed by Western analysis using an anti-Rad53 antibody.
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of 60 min or less. We looked for examples in the literature but could 
not find any publications to our knowledge that queried in vivo 
chromatin changes in yeast under acute conditions of stress. There-
fore, we decided to first examine in vivo global chromatin structure 
using chromatin staining and histone H2B localization by fluores-
cence microscopy (Figure 6A). We did not observe any obvious gen-
eral differences over the 60-min time course of acute ethanol 
treatment.

We next examined more specific measures of chromatin changes. 
In vivo ways to examine chromatin changes resulting from damag-
ing agents like MMS, which is an alkylating agent that methylates 
guanine and adenine moieties (Beranek, 1990), have been devel-
oped through observing foci formed by the homologous recombi-
nation protein Rad52 fused to tdTomato (Estrem and Moore, 2019), 
and phosphorylation of the intra-S-phase checkpoint kinase Rad53 
(Sanchez et al., 1996). Though many studies examining Rad52 foci 
are usually conducted after extensive DNA damage caused by irra-
diation (Smith et al., 2019) and/or during specific phases of the cell 
cycle (Barlow and Rothstein, 2009; Smith et al., 2019), we chose to 
remain with the acute ethanol exposure conditions in an asynchro-
nous culture that we used for the studies in the prior figures, espe-
cially because asynchronous cultures predominantly contain cells in 
G1 and G2/M phases where ethanol-induced sumoylation is most 
prominent (Figure 4).

For these studies, we examined cells that were either untreated, 
treated with 0.033% MMS or 10% ethanol alone, or 0.033% MMS 
plus 10% ethanol together. Compared to no treatment, 15-min 
treatment of cells with either 10% ethanol or 0.033% MMS caused 
the formation of Rad52 foci in about 1% of cells in an asynchronous 
cell culture (Figure 6, B and C), and this is consistent with that ob-

FIGURE 7: Model for cellular stress and Smc5/6 sumoylation.

served in prior studies examining MMS treat-
ment in asynchronous cultures (Barlow and Roth-
stein, 2009; Smith et al., 2019). There was no 
increase in Rad52 foci frequency in cells treated 
with both 10% ethanol and 0.033% MMS relative 
to cells treated with either stress individually 
(Figure 6, B and C). By this measure, ethanol and 
MMS have a similar effect on Rad52 foci forma-
tion. Interestingly, acute ethanol treatment did 
not induce phosphorylation of Rad53, whereas 
MMS did cause Rad53 phosphorylation (Figure 
6D), indicating that acute ethanol exposure does 
not trigger the intra-S-phase checkpoint like 
MMS exposure (Barlow and Rothstein, 2010). Im-
portantly, addition of ethanol and MMS together 
did not trigger Rad53 phosphorylation, suggest-
ing that ethanol exposure effects are epistatic to 
MMS exposure effects. Altogether, the collective 
data suggests that acute ethanol stress impacts 
chromatin, but the effects have some differences 
compared with the DNA-damaging agent MMS.

DISCUSSION
Adaptation to stress is essential for cellular sur-
vival, and the cell utilizes distinct multifaceted 
approaches to reestablish homeostasis during 
particular stress conditions. In the absence of 
stress adaptation, prolonged cellular stress can 
lead to the irreversible damage of cellular com-
ponents that can ultimately impact cell viability 
(Figure 7). In the case of ethanol, chronic expo-
sure to high concentrations of ethanol leads to 

alterations in membrane fluidity and lipid composition, increased 
production of ROS through altering oxidative phosphorylation in 
the mitochondria, and causes protein denaturing and misfolding 
(Kato et al., 2011, 2019; Auesukaree, 2017). In this study, we chose 
to examine proteins that become sumoylated during acute ethanol 
exposure. Of the 18 proteins we identified in a mass spectrometric 
analysis that become increasingly sumoylated during acute ethanol 
stress, we found that 15 of the 18 proteins are known to be chroma-
tin-associated proteins (Table 2). This is not unexpected as protein 
sumoylation is known to regulate multiple chromatin-associated 
processes including the DNA damage checkpoint (Wu et al., 2014; 
Munk et al., 2017), regulation of chromosome structure (Tanaka 
et al., 1999; Nacerddine et al., 2005), and chromosome movement 
(Seeber and Gasser, 2017; Zhao, 2018).

Although not the main focus of this study, we think it is important 
to comment on the scope of proteins identified in the MS analysis. 
Of the 18 proteins discovered, 7 are known to function as transcrip-
tion factors (Tables 1 and 2: Gcr1, Tec1, Hap1, Ste12, Cst6, Met4, 
and Upc2). The particular functions of these transcription factors re-
flect the ways in which ethanol alters cellular physiology. The cellular 
effects of ethanol exposure include alterations in membrane fluidity 
and lipid composition (Tóth et al., 2014), changes in glucose and 
amino acid uptake (Yang et al., 2012), a reduction in the activities of 
glycolytic enzymes (Tóth et al., 2014), and disruption of membrane 
integrity (Stanley et al., 2010). In terms of membrane fluidity, Upc2 is 
a transcription factor that undergoes regulated cleavage from the 
ER membrane to activate sterol biosynthesis genes (Joshua and 
Höfken, 2017), and it is known that ethanol exposure leads to the 
increased synthesis and presence of unsaturated fatty acids and er-
gosterol in the membrane (Henderson and Block, 2014). For 
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changes in glucose and amino acid uptake, Gcr1 regulates genes 
involved in glycolysis (Hossain et al., 2016), and Met4 regulates 
genes in the sulfur amino acid biosynthesis pathway (McIsaac et al., 
2012). Tec1 and Ste12 are involved in regulating filamentous and 
invasive growth pathways (Mayhew and Mitra, 2014). Cst6 is also 
known to regulate stress and carbon utilization pathways (Pohlers 
et al., 2017), and deletions are sensitive to ethanol stress (Liu et al., 
2016). Altogether, it is notable that the cellular processes affected 
by ethanol exposure are regulated by transcription factors that are 
sumoylated during acute ethanol stress. Alteration of transcription 
factor activity in these pathways is consistent with yeast cells mount-
ing an adaptative response to manage the cellular dysfunction that 
occurs with exposure to ethanol. Further studies are needed to 
verify the ethanol-induced sumoylation of these transcription factors 
and to understand the transcriptional responses that might occur 
through their ethanol-induced sumoylation and subsequent altera-
tion of their function.

In addition to transcription factors, major proteins that showed 
increased sumoylation upon ethanol exposure were Smc5, Smc6, 
and Top2, which are known to form a highly conserved chromatin 
structure complex (Aragón, 2018). The Smc5-Smc6 complex is one 
of four highly conserved structural maintenance of chromosomes 
complexes found in eukaryotes and is best known for its role in DNA 
repair and overall genome stability (Aragón, 2018). It has been de-
scribed that Smc5 and Smc6 sumoylation occurs as a regulatory 
consequence of stalled replication forks and has a functional role in 
modulating replication-associated repair and error-free DNA bypass 
via the Mph1 helicase (Zapatka et al., 2019). The Smc5-Smc6 com-
plex also has been shown to interact with the E3 SUMO ligase 
Mms21 to promote the sumoylation of the STR helicase complex 
that acts in the removal of recombination intermediates (Bonner 
et al., 2016); however, we did not find members of the complex 
Sgs1, Top3, or Rmi1 to undergo increased sumoylation in our MS 
analysis (Supplemental Table 1). We did find that Smc5 and Smc6 
are sumoylated during arrest of cells in the G1 and G2/M phases of 
the cell cycle after acute ethanol exposure (Figure 4), but we did not 
observe Smc5 and Smc6 sumoylation during early S-phase arrest 
induced by addition of HU. We believe this indicates that there are 
specific windows when ethanol-induced Smc5 and Smc6 su-
moylation occurs. Considering that Smc5 and Smc6 have nearly 
identical chromatin localizations during G1 and G2/M phases but 
different ones during S phase (Jeppsson et al., 2014), it may be that 
chromatin context is important for Smc5 and Smc6 sumoylation dur-
ing ethanol stress.

We also observed an increase in Smc5 and Smc6 sumoylation 
after exposure of cells to either ethanol or the DNA alkylating agent 
MMS (Figure 5C); however, ethanol-induced sumoylation had a pre-
dominant effect over MMS-induced sumoylation. It is possible that 
acute ethanol stress-induced Smc5-Smc6 sumoylation may operate 
through a different mechanism than MMS stress. We found that 
both ethanol and MMS exposure induced Rad52 foci to a similar 
extent (Figure 6, B and C), leading us to conclude that both might 
lead to Smc5 and Smc6 sumoylation through a chromatin structural 
change, though the nature of the change might be different. In fact, 
ethanol exposure did not trigger the intra-S-phase checkpoint as 
seen by the phosphorylation of Rad53, whereas MMS treatment did 
lead to Rad53 phosphorylation (Figure 6D). Currently, the function 
of ethanol-induced Smc5 and Smc6 sumoylation is not clear. Future 
experiments will be needed to determine whether Smc5 and Smc6 
sumoylation is due to DNA damage, altered chromatin structure, or 
a response to protein misfolding that could lead to both DNA dam-
age and/or chromatin structural loss. Consistent with this idea, we 

note that heat shock also induced Smc5 and Smc6 sumoylation, and 
heat shock can also lead to similar changes in protein/chromatin 
structure as well as DNA damage (Niskanen and Palvimo, 2017).

Overall, we conclude from the data presented here that there are 
two responses the cell elicits during acute ethanol exposure through 
sumoylation: one is to protect chromatin structure and the other is 
to mount an adaptive response through altered gene transcription. 
We previously found that sumoylation modulates a transient phase 
separation in the Tup1-Cyc8 transcriptional corepressor complex 
(Oeser et al., 2016), indicating a chromatin-modifying activity for su-
moylation during hyperosmotic stress. From a transcriptional per-
spective, we know from our previous work (Oeser et al., 2016; Nadel 
et al., 2019) and other studies (Zhou et al., 2004; Stielow et al., 2008; 
Zhao, 2018) that genes involved either directly in transcription or its 
modulation have been reported to be sumoylated. How stress-in-
duced sumoylation affects protein activity, localization, or stability 
remains an open question in the field, and it may be dictated by the 
magnitude and duration of the stress. Our studies indicate that su-
moylation targets chromatin-associated proteins during ethanol 
stress adaptation, and support the idea that transient sumoylation is 
a common regulatory phenomenon during stress conditions.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Yeast strains and plasmids
Yeast strains and plasmids used in this study are listed in Table 3. 
Standard yeast genetic methods were used for this study (Guthrie, 
1991). All gene deletions were verified by colony PCR and pheno-
typic analyses when available.

Growth and stress conditions
Cells were grown to a density of ∼1.5 × 107 cells/ml at 30°C in yeast 
extract peptone dextrose (YPD) media before stress induction. All 0 
time point samples were collected before stress induction. For etha-
nol stress, volume per volume amounts were added to cultures for a 
final concentration of 10% vol/vol ethanol. For hyperosmotic stress, 
equal volumes of culture and YPD + 2.4 M sorbitol were combined 
for a final concentration of 1.2 M sorbitol. For heat stress, cells were 
pelleted and resuspended in YPD media warmed to 42°C and 
placed in a shaking platform 42°C incubator.

Sumoylated protein purification
Aliquots (50 ml) of cells were collected at designated time points 
after stress and flash-frozen in liquid nitrogen. Harvested cells were 
lysed by vortexing with acid washed glass beads at 4°C in 1 ml de-
naturing lysis buffer (8 M urea, 50 mM Tris, pH 8.0, 0.05% SDS with 
2 mM phenylmethylsulfonyl fluoride and 20 mM NEM [N-ethylma-
leimide]). Aliquots representing 5% of the input were set aside. Cell 
lysates were incubated with TALON resin (Novagen) overnight at 
4°C. Resin was washed three times with wash buffer (8 M urea, 50 
mM Tris, pH 8.0, 200 mM NaCl, 0.05% SDS). Sumoylated proteins 
were eluted from beads with loading buffer (8 M urea, 10 mM 
MOPS, 10 mM EDTA, 1% SDS, 0.01% bromophenol blue, pH 6.8) 
and incubated at 65°C for 10 min.

Western analysis
Total cell lysates and purified sumoylated proteins were resolved by 
SDS–PAGE using 4–20% gradient gels (BioRad). Western analyses 
were performed with mouse anti-FLAG (1:2500; Sigma), mouse anti-
HSV (1:2500; Novagen), rabbit anti-HSV (1:2000; Abcam), and rab-
bit anti-Rad53 (1:2000; Abcam).

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-11-0715
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MS analyses
Sumoylated proteins from cells exposed to 0, 5, or 60 min of 10% (vol/
vol) ethanol stress were enriched by metal affinity chromatography as 
described above. Samples were run 1 cm into a 4–20% SDS–PAGE 
gel and bands were excised. Proteins in gel slices were digested with 
trypsin and digestion products desalted and dried by vacuum cen-
trifugation. Dried peptide mixtures were resuspended in 7 µl of 0.1% 
formic acid. Five microliters was analyzed using a LTQ OrbiTrap mass 
spectrometer (Thermo Scientific). Complete MS methods were per-
formed as previously described (Richardson et al., 2012).

The protein database search algorithm X!Tandem (Craig and 
Beavis, 2004) was used to identify peptides from the Saccharomyces 
Genome Database (http://www.yeastgenome.org). Peptide false 
discovery rates were measured using Peptide Prophet (Keller et al., 
2002). Identified peptides were filtered using Peptide Prophet 
scores of ≥0.55 (∼10% false discover rate). The entire dataset is in 
Supplemental Table S1. The significance of the changes in peptide 
counts between 0, 5, and 60 min of ethanol stress was determined 
by a two-tailed, homoscedastic Student’s t test. Data was filtered by 
a p ≤ 0.1 and a ± threefold change in summed peptide counts. Final 
filtered data is in Table 1.

Auxin-degron depletion experiments
Cells were grown to a density of ∼0.86 × 107 cells/ml at 30°C in yeast 
complete media before addition of either NT (no treatment), vehicle 
(1:1000, 95% EtOH), or 100 µM 3-indoleacetic acid (IAA; Sigma). 
Cells were then incubated for 90 min at 30°C and before stress in-
duction. Ethanol (10% [vol/vol]) was then added to cultures for an 
additional hour with 50 ml aliquots of cells collected at designated 
time points flash-frozen in liquid nitrogen before proceeding with 
sumoylated protein purification.

Cell-cycle analysis
Asynchronous cells were diluted back to a density of ∼0.39 × 107 
cells/ml in YPD or YPD+1% dimethyl sulfoxide (nocodazole) media 
before cell-cycle halt and stress induction. For G1 arrest, 50 µg/ml 
α-factor (Sigma) was added immediately to cultures and incubated 
at 30°C for 90 min. For G2/M arrest, cells were incubated at 30°C for 

2 h, then treated with 0.05 mg/ml nocodazole (Sigma) for an addi-
tional hour. For S arrest, 100 mM hydroxyurea (Sigma) was added 
immediately to cultures and incubated at 30°C for 90 min. All cell 
arrests were verified by pelleting a 200 µl aliquot of culture and ex-
amining under a phase contrast microscope (Nikon). Approximately 
75–90% of cells per field were observed to be arrested at a given 
phase (Supplemental Figure 2). For G1 arrest cells were observed to 
be either large and unbudded or with shmoo morphology. Cells ar-
rested in S phase were observed to be large with small buds. While 
G2/M-arrested cells were observed as dumbbells.

Flow cytometry analysis
Yeast cell-cycle analyses by flow cytometry were conducted similar 
to those previously described (Richardson et al., 2012). Cells were 
grown in 5-ml cultures to a density of ∼0.8 × 107 and exposed to the 
following conditions: no treatment, α-factor, nocodazole, or hy-
droxyurea and arrested as described above. After arrest, cells were 
harvested by centrifugation, fixed in 70% ethanol, washed with 50 
mM sodium citrate containing 0.25 mg/ml RNase A, incubated at 
95°C for 15 min, and then 37°C for 2 h. Fixed cells were resus-
pended in 50 mM sodium citrate, stained with 2µM SYTOX green 
(Invitrogen), and sonicated for 1 s at an amplitude of 10% immedi-
ately before analysis by flow cytometry. Cell-cycle analyses were 
performed with FlowJo software.

Fluorescence microscopy
Aliquots of cells at each time point after ethanol stress were re-
moved, fixed in 4% paraformaldehyde solution for 15 min at room 
temperature, then washed with 1X phosphate-buffered saline.

Cells were imaged on a Nikon Eclipse 90i with a 100× objective, 
filters for GFP (HC HiSN Zero Shift filter set with excitation wave-
length [450–490 nm], a dichroic mirror [495 nm], and emission filter 
[500–550 nm]), tdTomato (HC HiSN Zero Shift filter set with excita-
tion wavelength [530–560 nm], a dichroic mirror [570 nm], and emis-
sion filter [590–650 nm]), or DAPI (HC HiSN Zero Shift filter set with 
excitation wavelength [325–375 nm], a dichroic mirror [400 nm], and 
emission filter [435–485 nm]), and a Photometrics Cool Snap HQ2 
cooled CCD camera with NIS-Elements acquisition software.

Strain Genotype Reference

RGY 5266 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX Oeser et al., 2016

RGY 5824 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, cyc8Δ::NatMX, Cyc8-3HSV::LEU2 Oeser et al., 2016

RGY 6005 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, Smc6-3HSV::KanMX This study

RGY 6014 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, Smc5-3HSV::KanMX This study

RGY 6339 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, MMS21-3HSV-IAA1.T10::KanMX, 
AFB2::LEU2, Smc5-3HSV::URA3

This study

RGY 6340 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, MMS21-3HSV-IAA1.T10::KanMX, 
AFB2::LEU2, Smc6-3HSV::URA3

This study

RGY 6346 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, siz2Δ::KanMX, Smc5-3HSV::URA3 This study

RGY 6347 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, cst9Δ::KanMX, Smc6-3HSV::URA3 This study

RGY 6361 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, siz1Δ::KanMX, Smc5-3HSV::URA3 This study

RGY 6362 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, siz1Δ::KanMX, Smc6-3HSV::URA3 This study

RGY 6363 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, siz2Δ::KanMX, Smc6-3HSV::URA3 This study

RGY 6344 met15Δ0, his3Δ1, ura3Δ0, leu2Δ0, 6His-FLAG-SMT3::HIS3MX, cst9Δ::KanMX, Smc5-3HSV::URA3 This study

yJM2468 ura3-52, lys2-801, leu2-Δ1, his3-Δ200, trp1-Δ63, RAD52-tdTomato::HIS3MX Estrem and Moore, 
2019

TABLE 3: Yeast strains.
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Image processing
All blots were scanned using a Licor Odyssey CLx and ImageStudio 
Lite. All images were processed with a MacBook Pro or iMac com-
puter (Apple) using Photoshop (Adobe).

Rigor and reproducibility
All biochemical and microbiological assays were performed in tripli-
cate. For fluorescence microscopy, three separate researchers quan-
tified foci formation. Statistics used were paired Student’s t tests 
(Figures 3 and 6) and two-way ANOVA with Bonferroni post hoc test 
(Figure 2).
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