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Abstract

Stress is a ubiquitous part of life that disrupts cellular function and, if unresolved, can
irreparably damage essential biomolecules and organelles. All organisms can experience
stress in the form of unfavorable environmental conditions including exposure to extreme
temperatures, hypoxia, reactive oxygen species, alcohol, or shifts in osmolarity. To survive,
organisms must sense these changes then react and adapt. One highly conserved adaptive
response to stress is through protein sumoylation, which is a post-translational modification by
the small ubiquitin-like modifier (SUMO) protein. In this study, we examine the effects of acute
ethanol stress on protein sumoylation in the budding yeast Saccharomyces cerevisiae.
Although ethanol induces protein sumoylation, the targets and roles of sumoylation are largely
unknown. Here, we found that cells exhibit a transient sumoylation response after exposure of
cells to < 7.5% volume/volume ethanol. The response peaks at 15 minutes and resolves by 60
minutes, indicating that cells have an adaptive response to low concentrations of ethanol. By
contrast, the sumoylation response becomes chronic at 10% ethanol stress with no resolution
by 60 minutes. To identify key targets of ethanol-induced sumoylation, we performed mass
spectrometry analyses and identified 18 proteins with increased sumoylation after acute
ethanol exposure, with 15 identified as known chromatin-associated proteins. Two of these
proteins are the chromatin structural proteins Smc5 and Smc6, which are sumoylated by the
activity of the SUMO ligase Mms21. Ethanol-induced Smc5/6 sumoylation occurs during G1
and G2M phases of the cell cycle but is abrogated during S phase despite the fact that other
proteins are sumoylated during this phase. Acute ethanol exposure leads to formation of
Rad52 foci indicating DNA damage similar to that observed with the addition of methyl
methanesulfonate (MMS), which is an alkylating agent that damages DNA. Whereas MMS
exposure induces the intra-S phase DNA damage checkpoint as observed by Rad53
phosphorylation, ethanol exposure does not induce the intra-S phase checkpoint and prevents
Rad53 phosphorylation when added with MMS. From these results, we propose that ethanol
induces a structural change in chromatin, possibly through DNA damage, and this causes
sumoylation of conserved chromatin-associated proteins, including Smc5 and Smc6.
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Introduction

Stress is an inevitable consequence of life. Every organism experiences this unwelcome and
detrimental phenomenon. At the cellular level, stress is often caused by alterations in intra- or
extra-cellular environments. Prolonged exposure of cells to stress conditions such as
oxidation, temperature shifts, hypoxia, osmolarity alterations, genotoxic events, and a
multitude of others can lead to damage of DNA, RNA, proteins, and other macromolecules.
Consequently, the ability to sense and adapt to changing extracellular conditions is integral to
cell survival. An effective response to exogenous stressors is elicited through activation of
cellular stress response pathways that alter gene expression and/or protein interactions or
activity in a coordinated effort to re-establish and maintain 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 pathologies such as heart disease,
neurodegeneration, and cancer (Fulda et al., 2010).

Post-translational 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 modifier (SUMO). Similar to protein ubiquitination, protein sumoylation 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 localization, protein-
protein interactions, aid in protein stability and solubility (Geiss-Friedlander and Melchior,
2007). While protein sumoylation is known to be increased across a broad array of stresses,
the majority of the target proteins and the kinetics by which they are sumoylated are distinct
(Guo and Henley, 2014; Lewicki et al., 2015; Tempé et al., 2008). Although studies have
reported the involvement of protein sumoylation in cellular stress responses and various
targets (Miller et al., 2013; Oeser et al., 2016; Zhou et al., 2004), the function of specific protein
sumoylation events during distinct stresses still remains poorly understood.

To better understand the key targets and functions of protein sumoylation during stress
conditions, we have been recently studying the proteins that become sumoylated during acute
ethanol exposure in the budding yeast Saccharomyces cerevisiae. The utilization 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 concentrations 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). In this
study, we explore the effects of acute ethanol stress on protein sumoylation. From a mass
spectrometry analysis, we found 18 proteins that appear be sumoylated upon ethanol acute
exposure, 7 of which are transcription factors. We also found that the members of the
chromatin structural Smc5/Smc6 complex are sumoylated upon acute exposure to ethanol.
Overall, the major targets for ethanol-induced sumoylation are chromatin-associated proteins
involved in transcriptional regulation or chromatin structure.
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Results

Global sumoylation kinetics in yeast dependent on ethanol concentration

We previously examined global sumoylation response patterns over time in S. cerevisiae to
various stressors that included ethanol (10% v/v) (Oeser et al., 2016). In that study, acute
exposure to high ethanol stress resulted in a steady accumulation of SUMO conjugates over a
60-minute time course. While we were interested in sumoylation induced by 10% v/v ethanol,
we also wanted to determine if the sumoylation patterns observed remained unchanged at
ethanol concentrations lower that 10% (v/v), or if the sumoylation effect was only observed at
ethanol concentrations that limit yeast growth. Utilizing a yeast strain where the endogenous
SUMO gene, SMT3, was tagged with a Hise-FLAG sequence at its 5" end (Fig 1A), we
examined sumoylation during ethanol stress at the following concentrations (v/v): 1%, 2.5%,
5%, 7.5%, and 10%. At concentrations lower than 10%, we found that the ethanol sumoylation
response becomes transient with a pronounced increase in SUMO conjugates at 15 minutes
that returned to basal levels by 60 minutes (Fig 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 are chronically exposed to each of these
concentrations. To do this, we performed liquid culture growth assays over a period of 24
hours. 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-hour period
(Fig 1C). To be certain that acute exposure to ethanol did not impact cell viability, 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 hour in liquid culture. We did not observe
any growth deficiency between untreated and ethanol-treated cells (Fig 1D), indicating that
acute ethanol exposure does not alter cell viability as observed with chronic exposure (Fig 1C).

A chromatin structure complex is sumoylated during acute ethanol exposure

To identify proteins sumoylated during acute ethanol stress, we utilized 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 sumoylation at
10% ethanol to maximize the potential proteins that could be identified at early and late time
points. Similar to our previous studies (Oeser et al., 2016), we enriched for sumoylated species
from Hise-FLAG-SMT3 cell lysates derived from cultures prior to ethanol treatment and after
ethanol treatment, in this case 5 and 60 minutes post-ethanol exposure (Fig 2A). Sumoylated
proteins were isolated by gel purification and subject to trypsin digestion prior to MS analysis.
All peptide counts were examined to determine which proteins showed increases at 5 minutes
or 60 minutes of 10% ethanol exposure.

Proteins were classified as being sumoylated in response to ethanol stress if the summed
peptide counts from the 5-minute and 60-minute replicates exceeded the 0-minute peptide
counts by 3-fold or greater and were statistically significant (p>0.050) in their changes ((Oeser
et al., 2016) and Supplemental Table 1)). After the MS analysis, we found 18 proteins that
appear to be significantly sumoylated during acute ethanol exposure (Table 1), with 83.33% of
the proteins (15 out of 18) identified as chromatin-binding and 38.89% (7 out of 18) of proteins
identified as chromatin-binding transcription factors by a Gene Ontology (GO) analysis (Table
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2: Ger1, Tec1, Hap1, Ste12, Cst6, Met4, and Upc2). Of the 18 proteins identified, the top three
proteins were the chromatin structural proteins Top2, Smc5, and Smc6 (Fig 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 (Duan et al., 2009b; Gallego-Paez et al., 2014; Gill,
2004; Irmisch et al., 2009; Menolfi et al., 2015; Tsuyama et al., 2006).

We confirmed Smc5/6 were sumoylated during ethanol stress by enriching for sumoylated
proteins from Hise-FLAG-SMT3 cell lysates. To do this, we created 3xHSV tagged versions of
Smc5 and Smcb6 that were expressed from their endogenous promoters. By Western analysis,
each protein demonstrated multiple higher molecular weight SUMO conjugates after 10% (v/v)
ethanol stress over a 2-hour period (Fig 2C). We chose to verify Smc5/6 sumoylation over a 2-
hour time course to confirm that sumoylation remained stable in 10% ethanol. We next
quantified sumoylation of Smc5 and Smc6 over the same 2-hour period and found that Smc5
had a greater fold change increase in sumoylation over time compared to Smc6 (Fig 2D). Even
though we confirmed that ethanol stress induced sumoylation of our top 3 hits (Smc5 and
Smc6; Top2, data not shown), we specifically chose to pursue Smc5 and Smc6 ethanol-
induced sumoylation 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 if the ethanol-induced sumoylation of Smc5 is due to
multiple mono-sumoylation events or is a chain of poly-sumoylation. In the case of Smc5, there
was a predominantly single sumoylation pattern when expressed in the mutated SMT3 strain
(Supplemental Fig 1). However, we did observe slightly higher sumoylated species that
indicates there might be additional mono-sumoylation sites if SUMO chain formation is
eliminated. While identification of all Smc5 and 6 sumoylation sites is of interest for future
studies, here we chose to examine the broader features of ethanol-induced Smc5/6
sumoylation.

The E3 SUMO ligase Mms21 promotes the sumoylation of Smc5/6 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 system, which has over 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 (Gill, 2004; Hay, 2001). It has been previously reported that the E3 for
Smc5/6 is Mms21 during DNA damage (Bermudez-Lopez et al., 2015; Duan et al., 2009a;
Liang et al., 2018), but it was unclear if this was the case during acute ethanol exposure. SIZ1,
S1Z2, and CST9 are not essential genes and can be deleted. MMS21 is essential and we
therefore used an auxin-inducible degron (AID) depletion strategy (Havens et al., 2012;
Nishimura et al., 2009), wherein Mms21 was fused to an auxin degron and its depletion is
induced by addition of auxin to the media. We found that, after Mms21 depletion by addition of
auxin for 90 minutes, Smc5/6 sumoylation decreased approximately 75% during the 60-minute
time course of acute ethanol stress (Fig 3A), consistent with the similar reduction in Mms21
levels. We also investigated if the non-essential E3s were involved in sumoylation induced by
acute ethanol exposure. We found that complete loss of Siz1, Siz2, or Cst9 did not significantly
reduce Smc5/6 sumoylation during acute ethanol stress (Fig 3B).


https://doi.org/10.1101/2020.11.09.375147

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.09.375147; this version posted November 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Ethanol exposure leads to Smc5/6 sumoylation in G1 and G2 phases that is reduced in
S phase

Sumoylation of proteins is essential for progression through the cell cycle and SUMO
conjugation to its targets dynamically change during different 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 the G1 phase of the cell cycle after exposure to stress (Qu et al., 2019).
This pause is generally 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 (Antonin and Neumann, 2016;
Ma et al., 2015). Since the Smc5/6 complex is chromatin-associated and its chromatin
localization is altered specifically during S phase (Jeppsson et al., 2014), we were interested in
determining the stages of the cell cycle where Smc5/6 undergoes ethanol-dependent
sumoylation. We first examined if Smc5/6 could be sumoylated during G1-phase arrest
induced by addition of alpha factor. We found that, when compared to controls, arrest in G1
allowed the same sumoylation as unarrested cells after acute ethanol exposure (Fig 4B). We
next examined Smc5/6 sumoylation in cells arrested in G2 phase by addition of nocodazole
(ND). Again, we found that G2 arrest also allowed Smc5/6 sumoylation similar to unarrested
cells (Fig 4C). Finally, we arrested cells in S phase using hydroxyurea (HU). In this case,
ethanol-induced Smc5/6 sumoylation was considerably reduced (Fig 4D). To determine that
HU addition did not block global sumoylation in the cell, we also examined sumoylation of the
transcriptional co-repressor Cyc8 during HU treatment and hyperosmotic stress (1.2M
sorbitol), which is a condition we previously found Cyc8 to be sumoylated (Oeser et al., 2016).
We found that hyperosmotic-stress induced Cyc8 sumoylation still occurred after S-phase
arrest (Fig 4E), thereby ruling out an inhibitory effect of HU addition on global sumoylation.
Altogether, Smc5/6 are sumoylated during alpha factor and nocodazole arrests in G1 and
G2/M phases respectively but are not sumoylated during HU-arrest in S phase.

Smc5/6 are sumoylated during heat stress and DNA damage, but not hyperosmotic
stress

We previously reported that global sumoylation patterns and kinetics differ between distinct
stress conditions (Oeser et al., 2016). To gain better insight into the functional purpose of
Smc5 and Smc6 sumoylation, we examined their sumoylation patterns during heat stress
(42°C), hyperosmotic stress (1.2M sorbitol), and DNA damage (exposure to methyl
methanesulfonate (MMS)). After exposing cells to 42°C heat shock over a time course of 60
minutes, we found that Smc5 and Smc6 SUMO conjugates accumulated at a slower rate
compared to exposure to acute ethanol (Fig 5A), though the pattern of sumoylation banding
was similar. We also subjected cells to hyperosmotic stress (1.2M sorbitol) over 60 minutes
and found that there was a rapid decrease in sumoylation after 5 minutes before an equally
rapid increase at 15 minutes that remained stable for the duration of the time course (Fig 5B).
The rapid decrease in Smc5/6 sumoylation is consistent with what we previously observed
during hyperosmotic stress; proteins are desumoylated to provide a free pool of SUMO that is
readily available for Tup1 and Cyc8 sumoylation (Oeser et al., 2016). There is an increase in
Smc5/6 sumoylation following the initial decrease during hyperosmotic stress; however, we do
not think Smc5/6 are sumoylated in response to hyperosmotic stress. Instead, we think that we
are likely observing the return to basal sumoylation prior to hyperosmotic stress as the cells
adapt to hyperosmotic stress and Tup1/Cyc8 are desumoylated (Oeser et al., 2016).
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It has been reported that Smc5 and Smc6 are sumoylated after exposure to levels of methyl
methanesulfonate (MMS) that induce DNA damage (Zapatka et al., 2019) . We wanted to
verify that Smc5 and Smc6 were sumoylated during a time course of MMS exposure, and if the
addition of ethanol with MMS treatment caused no effect or was additive. 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 the
sumoylation of Smc5 and Smcb6 increased over time with acute MMS exposure (Fig 5C, left
panels). However, addition of ethanol with MMS caused significantly more Smc5/6 sumoylation
than MMS treatment alone (Fig 5C, right panels). Thus, it appears that MMS and ethanol might
have different physiological effects that lead to additive Smc5/6 sumoylation.

Acute ethanol stress causes DNA damage

Treatment of yeast cells with MMS causes DNA damage through alkylation of guanine and
adenine moieties (Beranek, 1990). Chronic, long-term treatment of yeast cells with ethanol has
recently been reported to increase DNA mutation rates through error-prone DNA polymerases
being recruited to the replication fork (Voordeckers et al., 2020). Thus, we wanted to explore if
acute ethanol exposure led to DNA damage. /n vivo ways to examine DNA damage have been
developed through observing foci formed by the homologous recombination protein Rad52
fused to tdTomato (Estrem and Moore, 2019), and phosphorylation of the intra-S phase
checkpoint kinase Rad53 (Sanchez et al., 1996). 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 minute 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 6A-B), and this is consistent with that observed in prior studies examining MMS
treatment (Estrem and Moore, 2019). There was no increase in Rad52 foci frequency in cells
treated with both 10% ethanol and 0.033% MMS (Figure 6A-B). By this measure, ethanol and
MMS have a similar effect with inducing Rad52 foci. Interestingly, acute ethanol treatment did
not induce phosphorylation of Rad53 whereas MMS did cause Rad53 phosphorylation (Fig
6C), indicating that acute ethanol exposure does not trigger the intra-S phase checkpoint like
MMS exposure (Barlow and Rothstein, 2010). Importantly, addition of ethanol and MMS
together did not trigger Rad53 phosphorylation, suggesting that ethanol exposure causes
effects that are epistatic to MMS exposure. Altogether, we conclude that acute ethanol
exposure does lead to DNA damage, but it did not appear to additionally increase DNA
damage when cells were treated together with ethanol and MMS.
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Discussion

Adaptation to stress is essential for cellular survival, and the cell utilizes distinct multifaceted
approaches to re-establish homeostasis during particular stress conditions. Without
undergoing stress adaptation, prolonged cellular stress can lead to the irreversible damage of
cellular components that can ultimately impact cell viability (Figure 7). In the case of ethanol,
chronic exposure to high concentrations of ethanol leads to alterations in membrane fluidity
and lipid composition, increased production of reactive oxygen species (ROS) through altering
oxidative phosphorylation in the mitochondria, and cause protein denaturing and misfolding
(Auesukaree, 2017; Kato et al., 2011, 2019). 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 chromatin-associated proteins (Table 2). This
is not unexpected as protein sumoylation is known to regulate multiple chromatin-associated
processes including the DNA damage checkpoint (Munk et al., 2017; Wu et al., 2014),
regulation of chromosome structure (Nacerddine et al., 2005; Tanaka et al., 1999), 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 transcription factors (Table 1 and 2: Ger1, Tec1, Hap1, Ste12, Cst6, Met4, and Upc2). The
particular functions of these transcription factors reflect the ways in which ethanol alters
cellular physiology. The cellular effects of ethanol exposure include alterations in membrane
fluidity and lipid composition (T6th et al., 2014), changes in glucose and amino acid uptake
(Yang et al., 2012), a reduction in the activities of glycolytic enzymes (Téth 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 Hofken, 2017), and it is known that ethanol exposure
leads to the increased synthesis and presence of unsaturated fatty acids and ergosterol in the
membrane (Henderson and Block, 2014). For 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 (Mclsaac 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). We have confirmed Cst6 is
sumoylated under acute ethanol stress (unpublished data). The remaining transcription factors
have yet to be verified for ethanol-induced sumoylation by our group, but Tec1, Hap1, Met4,
and Upc2 have been identified in a general screen for sumoylated proteins (Esteras et al.,
2017). 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 mounting an
adaptative response to manage the cellular dysfunction that occurs with exposure to ethanol.
Further studies are needed to understand the transcriptional responses that might occur
through ethanol-induced sumoylation of transcription factors and how sumoylation alters 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 (Aragon, 2018). The Smc5/6 complex is one of four highly
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conserved structural maintenance of chromosomes (SMC) complexes found in eukaryotes and
is best known for its role in DNA repair and overall genome stability (Aragon, 2018). It has
been described that Smc5/6 sumoylation occurs as a regulatory consequence of collapsed
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 Smc5/6 complex 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 Smc5/6 are
sumoylated during arrest of cells in the G1 and G2/M phases of the cell cycle after acute
ethanol exposure (Fig 4), but we did not observe Smc5/6 sumoylation during S phase arrest
induced by addition of HU. We think this indicates that there are specific windows when
ethanol-induced Smc5/6 sumoylation occurs. Considering that Smc5/6 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 Smc5/6 sumoylation
during ethanol stress.

We also observed an increase in Smc5/6 sumoylation after exposure of cells to both ethanol
and the DNA alkylating agent MMS (Fig 5C), indicating that acute ethanol stress induced
Smc5/6 sumoylation may operate through a different mechanism than MMS stress alone. We
found that both ethanol and MMS exposure induced Rad52 foci to similar extent (Fig 6A-B),
leading us to conclude that both might lead to Smc5/6 sumoylation through a DNA damage
response, though the nature of the damage 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 6C). Currently, the function of ethanol-
induced Smc5/6 sumoylation is not clear. Future experiments will be needed to determine if
Smc5/6 sumoylation is due to increased DNA damage, altered chromatin structure, or a
response to protein misfolding that could lead to both DNA damage and/or chromatin structural
loss. Consistent with this idea, we note that heat shock also induced Smc5/6 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 co-repressor complex (Oeser et al., 2016), indicating a chromatin-modifying
activity for sumoylation during hyperosmotic stress. From a transcriptional perspective, we
know from our previous work (Nadel et al., 2019; Oeser et al., 2016) and other studies (Stielow
et al., 2008; Zhao, 2018; Zhou et al., 2004) that genes involved either directly in transcription
or its modulation have been reported to be sumoylated. How stress-induced 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 transient
sumoylation targets chromatin-associated proteins during stress adaptation, and support that
idea that transient sumoylation is a common regulatory phenomenon during stress conditions.
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Materials and Methods

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 C, 1991). All gene deletions were verified by colony
PCR and phenotypic analyses when available.

Growth and stress conditions

Cells were grown to a density of ~1.5x107 cells/ml at 30°C in yeast extract peptone dextrose
(YPD) media prior to stress induction. All O time point samples were collected before stress
induction. For ethanol stress, volume per volume amounts were added to cultures for a final
concentration of 10% v/v ethanol. For hyperosmotic stress, equal volumes of culture and
YPD+2.4M sorbitol were combined for a final concentration of 1.2M 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

50ml aliquots 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
1ml denaturing lysis buffer (8M urea, 50mM Tris pH 8.0, 0.05% SDS with 2mM PMSF and
20mM NEM). Aliquots representing 5% of the input were set aside. Cell lysates were incubated
with TALON resin (Novagen) overnight at 4°C. Resin was washed 3x with wash buffer (8M
urea, 50mM Tris pH 8.0, 200mM NaCl, 0.05% SDS). Sumoylated proteins were eluted from
beads with loading buffer (8M urea, 10mM MOPS, 10mM EDTA, 1% SDS, 0.01%
bromophenol blue, pH 6.8) and incubated at 65°C for 10 minutes.

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 rabbit anti-
Rad53 (1:2000, Abcam).

Mass spectrometry analyses

Sumoylated proteins from cells exposed to 0, 5, or 60 minutes of 10% (v/v) 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 centrifugation. Dried peptide
mixtures were resuspended in 7ul of 0.1% formic acid. 5uL was analyzed using a LTQ
OrbiTrap mass spectrometer (Thermo Scientific). Complete MS methods were performed 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.orq).
Peptide false discovery rates were measured using Peptide Prophet (Keller et al., 2002).
Identified peptides were filtered using Peptide Prophet scores of 20.55 (~10% false discover
rate). The entire dataset is in Table S1). The significance of the changes in peptide counts
between 0, 5, 60 minutes of ethanol stress was determined by a two-tailed, homoscedastic
student’s t-test. Data was filtered by a p<0.01 and a +/-3-fold change in summed peptide
counts. Final filtered data is in Table 1.
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Cell cycle analysis

Asynchronous cells were diluted back to a density of ~0.385x107 cells/ml in YPD or YPD+1%
DMSO (nocodazole) media prior to cell cycle halt and stress induction. For G1 arrest, 50ug/ml
alpha-factor (Sigma) was added immediately to cultures and incubated at 30°C for 90 minutes.
For G2/M arrest, cells were incubated at 30°C for 2 hours then treated with 0.05 mg/ml
nocodazole (Sigma) for an additional hour. For S arrest, 100mM hydroxyurea (Sigma) was
added immediately to cultures and incubated at 30°C for 90 minutes. All cell arrests were
verified by pelleting a 200ul aliquot of culture and examining under a phase contrast
microscope (Nikon). ~75-90% of cells per field were observed to be arrested at a given phase.
For G1 arrest cells were observed to be either large and unbudded or with shmoo morphology.
Cells arrested in S-phase were observed to be large with small buds. While G2/M arrested
cells were observed as dumbbells.

Auxin-degron depletion experiments

Cells were grown to a density of ~0.86x107 cells/ml at 30°C in Yeast Complete (YC) media
prior to addition of either NT, vehicle (1:1000, 95% EtOH), or 100uM 3-Indoleacetic acid (I1AA,
Sigma). Cells were then incubated for 90 minutes at 30°C and prior to stress induction. 10%
(v/v) ethanol was then added to cultures for an additional hour with 50ml aliquots of cells
collected at designated timepoints flash frozen in liquid nitrogen before proceeding with
sumoylated protein purification.

Fluorescence microscopy

Aliquots of cells at each time point after ethanol stress were removed, fixed in 4%
paraformaldehyde solution for 15 minutes at room temperature then washed with 1X PBS.
Cells were imaged on a Nikon Eclipse 90i with a 100x objective, filters for GFP [HC HiSN Zero
Shift filter set with excitation wavelength (450—-490 nm), a dichroic mirror (495 nm) and
emission filter (500-550 nm)], tdTomato [HC HiSN Zero Shift filter set with excitation
wavelength (530-560 nm), a dichroic mirror (670 nm) and emission 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 (435485 nm)], and a Photometrics Cool Snap HQZ2 cooled CCD
camera with NIS-Elements acquisition software.

Image processing
All blots were scanned using a Licor Odyssey CLx and ImageStudio Lite. All images were
processed with a MacBook Pro or iMac computer (Apple) using Photoshop (Adobe).

Rigor and reproducibility

All biochemical and microbiological assays were performed in triplicate. For fluorescence
microscopy, three separate researchers quantified loci formation. Statistics used were, paired
students t-tests (Figure 3 and 6) and one-way ANOVA with Bonferroni post hoc test (Figure 2).
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Figure 1. Global sumoylation kinetics are dependent on ethanol concentration

(A) Schematic for Hise.FLAG-SMT3 located at the SMT3 locus and expressed from the
endogenous SMT3 promoter. Hise-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% v/v) over 60 minutes. 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 hours with continuous shaking. Absorbance at 600nm was measured every 30 minutes and
average absorbance (at 600nm) was plotted versus time. Error bars show SD for triplicate
samples. (D) Growth in ethanol does not affect viability. Hise-FLAG-SMT3 cells were grown to
mid-log phase in rich liquid media then treated for 60 minutes in rich media with 0%, 1%, 2.5%,
5%, 7.5%, or 10% ethanol before being 10-fold serially diluted onto rich media plates and
incubated at 30°C for 3 days.
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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 3 proteins (Top2, Smc5, and Smc6) at 0, 5 and
60 minutes of 10% ethanol stress. (C) Cells expressing Hiss-FLAG-SMT3 and either 3xHSV
epitope tagged Smc5 or Smc6 from their endogenous promoters were subject to acute ethanol
(10% v/v) over 120-minute time course. Cell lysates (input) and purified sumoylated proteins
(SUMO conjugates) were examined via Western analysis using an anti-HSV antibody to detect
Smcb and Smc6. (D) Fold change sumoylation of Smc5 and Smc6 in 10% ethanol. Each value
represents the mean and SEM values are indicated as bars (n = 3), one-way ANOVA with
Bonferroni post hoc test was used to compare mutants vs. control, significant differences
(P<0.05) are indicated (**).
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Figure 3. The E3 SUMO ligase Mms21 promotes sumoylation of Smc5/6 during ethanol
stress

(A) Cells expressing Hise-FLAG-SMT3, MMS21-3HSV-AID and 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 minutes before exposure to acute ethanol for 60 minutes. 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. 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 to IAA were significantly different in Smc5 and Smc6 with
***p=<0.0001 and ***p=0.0003 respectively. (B) Wild-type (WT), siz1A, siz2A, or cst9A cells
expressing Hiss-FLAG-SMT3 and either 3xHSV Smc5 or Smc6 were subjected to 60-minutes
of acute ethanol (10% v/v) exposure. Cell lysates (input) and metal affinity purified sumoylated
proteins (SUMO conjugates) were examined by Western analysis with an anti-HSV antibody.
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Figure 4. Ethanol exposure leads to Smc5/6 sumoylation in G1 and G2 phases that is
reduced in S phase

(A) Schematic of cell cycle with cell morphology for each phase. (B) Asynchronous cells
expressing Hiss-FLAG-SMT3 and either 3xHSV-tagged Smc5 or Smc6 from their endogenous
promoters were arrested in G1 with a-factor for 90-minutes prior to treatment with 10% ethanol
for 60-minutes. Cell lysates (input) and purified sumoylated proteins (SUMO conjugates) were
examined by Western analysis with an anti-HSV antibody. (C and D) Similar experiments to
(B) where asynchronous cells were arrested in G2/M with nocodazole and S-phase with HU
respectively for 90-minutes prior to exposure to 10% ethanol for a 60-minute time course. (E)
Asynchronous cells expressing Hise.FLAG-SMT3 and 3xHSV Cyc8 from its endogenous
promoter were arrested in S-phase with HU for 90-minutes prior to 60-minutes of hyperosmotic
(1.2M sorbitol) stress. Cell lysates (input) and purified sumoylated proteins (SUMO conjugates)
were examined by Western analysis using an anti-HSV antibody.
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Figure 5. Smc5/6 are sumoylated during heat shock and MMS stress, but not
hyperosmotic

(A-B) Cells expressing Hise-FLAG-SMT3 and 3xHSV epitope tagged Smc5 or Smc6 from their
endogenous promoters were exposed to either heat (42°C) or hyperosmotic (1.2M sorbitol)
stress over a 60-minute 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 0.033% MMS over 60 minutes with or
without 10% ethanol.
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Figure 6. Ethanol causes formation of Rad52 foci but not Rad53 phosphorylation

(A) Rad52-tdTomato cells were exposed to acute ethanol (10%), 0.033% MMS, or combined
ethanol and MMS over a 60-minute time course. Cells fixed at indicated timepoints and imaged
by fluorescent microscopy. Five fields of cells for each condition with >40 cells/field were
counted for the presence of nuclear foci (B). (C) Cells were exposed to acute ethanol (10%),
0.033% MMS, or combined ethanol and MMS over a 60-minute time course. Rad53
phosphorylation was observed by Western analysis using and anti-Rad53 antibody.
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Figure 7. Model for cellular stress and Smc5/6 sumoylation
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Supplemental Figure 1. Ethanol-induced Smcb appears to be primarily a poly-
sumoylation chain

(A-B) Cells with 3xHSV-Smc5 expressed from its endogenous promoter and expressing either
Hise-SMT3 that contains all lysine residues (SMT3-wt) or all lysine residues converted to
arginine residues (SMT3-all R) were exposed to 10% ethanol over a 60-minute time course.
Cell lysates (bottom panels) and metal affinity purified sumoylated proteins (top panels) were
examined by Western analysis using an anti-HSV antibody.
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Tables

Table 1. Proteins sumoylated during acute ethanol exposure

Description

109 | 104 Topoisomerase |l

Accession Gene Total Peptides
0 5 60
min  min min
YNLO88W TOP2 24
YOL034W SMC5 6 36 | 40
YLR383W SMC6 1 12 | 25
YPLO75W GCR1 0 9 16
YOR038C HIR2 1 3 13
YBR083W  TEC1 0 3 10
YGR071C ENV11 1 2 9
YBLO97W  BRN1 2 3 9
YLR256W  HAP1 1 21 9
YDR485C VPS72 1 6 8
YIL126W  STH1 1 4 8
YHRO084W STE12 0 3 6
YBR081C  SPT7 2 2 6
YILO36W  CST6 0 17 4
YJLO92W  SRS2 0 4 1
YKL0O54C DEF1 0 4 1
YNL103W  MET4 0 10 0
YDR213W UPC2 0 7 0

Table 2. Gene Ontology Analysis

Role in DNA replication and repair; in complex with Smc6
Role in DNA replication and repair; in complex with Smc6
Transcription activator

Regulation of histone gene transcription

Transcription factor, filamentation genes

Vacuolar function

Subunit of condensin complex

Zinc finger transcription factor

Htz1p-binding component of the SWR1 complex

ATPase component of RSC chromatin remodeling complex
Transcription factor activated by MAPK

Subunit of SAGA complex

Basic leucine zipper (bZIP) transcription factor

DNA helicase and DNA-dependent ATPase

RNAPII degradation factor

Leucine-zipper transcriptional activator

Sterol regulatory element binding protein

GO Terms from the molecular function Ontology

GO Term (GO ID)

Genes Annotated GO Term Usage Genome Frequency

DNA binding (G0:0003677)

YBRO083W, YDR213W, YGRO071C,
YHRO084W, YILO36W, YIL126W,

YJLO92W, YKL054C, YLR256W, 15 of 18 genes, 83.33% | 602 of 6411 annotated
YLR383W, YNLO27W, YNLO88W, genes, 9.39%

YOL034W, YORO038C, YPLO75W

DNA-binding transcription
factor activity
(G0O:0003700)

YBRO083W, YDR213W, YHR084W, | 7 of 18 genes, 38.89% | 180 of 6411 annotated
YILO36W, YLR256W, YNL103W, genes, 2.81%

YPLO75W
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Table 3: yeast strains

Strain Genotype Reference
RGY 5266 met15A40, his341, ura340, leu2A40, 6His-FLAG-SMT3::HIS3MX Oeser et
al., 2016

RGY 6005 | met1540, his341, ura340, leu2A0, 6His-FLAG-SMT3::HIS3MX, | this study
Smc6-3HSV::KanMX

RGY 6014 | met1540, his3A1, ura340, leu240, 6His-FLAG-SMT3::HIS3MX, | this study
Smc5-3HSV::KanMX

RGY 6339 | met1540, his3A1, ura340, leu240, 6His-FLAG-SMT3::HIS3MX, | this study
MMS21-3HSV-IAA1.T10::KanMX, AFB2::LEU2, Smc5-
3HSV::URAS3

RGY 6340 | met1540, his341, ura340, leu2A0, 6His-FLAG-SMT3::HIS3MX, | this study
MMS21-3HSV-IAA1.T10::KanMX, AFB2::LEUZ2, Smc6-
3HSV::URAS3

RGY 6346 | met1540, his341, ura340, leu2A0, 6His-FLAG-SMT3::HIS3MX, | this study
siz2A::KanMX, Smc5-3HSV::URA3

RGY 6347 | met1540, his341, ura340, leu2A0, 6His-FLAG-SMT3::HIS3MX, | this study
cst9A::KanMX, Smc6-3HSV::URAS3

RGY 6361 met1540, his341, ura340, leu240, 6His-FLAG-SMT3::HIS3MX, | this study
siz1A::KanMX, Smc5-3HSV::URA3

RGY 6362 | met1540, his341, ura340, leu2A0, 6His-FLAG-SMT3::HIS3MX, | this study
siz1A::KanMX, Smc6-3HSV::URA3

RGY 6363 | met1540, his3A1, ura340, leu240, 6His-FLAG-SMT3::HIS3MX, | this study
siz2A::KanMX, Smc6-3HSV::URA3

RGY 6344 | met1540, his341, ura340, leu2A0, 6His-FLAG-SMT3::HIS3MX, | this study
cst9A::KanMX, Smc5-3HSV::URAS3

yJM2468 ura3-52, lys2-801, leu2-A1, his3-4200, trp1-463, RAD52- Estrem
tdTomato::HIS3MX iﬂnodore

2019
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