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ABSTRACT Numerous proteins are sumoylated in normally growing yeast and
SUMO conjugation levels rise upon exposure to several stress conditions. We observe
high levels of sumoylation also during early exponential growth and when nutrient-
rich medium is used. However, we find that reduced sumoylation (~75% less than
normal) is remarkably well-tolerated, with no apparent growth defects under non-
stress conditions or under osmotic, oxidative, or ethanol stresses. In contrast, strains
with reduced activity of Ubc9, the sole SUMO conjugase, are temperature-sensitive,
implicating sumoylation in the heat stress response, specifically. Aligned with this, a
mild heat shock triggers increased sumoylation which requires functional levels of
Ubc9, but likely also depends on decreased desumoylation, since heat shock reduces
protein levels of Ulp1, the major SUMO protease. Furthermore, we find that a ubc9
mutant strain with only ~5% of normal sumoylation levels shows a modest growth
defect, has abnormal genomic distribution of RNA polymerase Il (RNAPII), and dis-
plays a greatly expanded redistribution of RNAPII after heat shock. Together, our
data implies that SUMO conjugations are largely dispensable under normal condi-
tions, but a threshold level of Ubc9 activity is needed to maintain transcriptional
control and to modulate the redistribution of RNAPIl and promote survival when
temperatures rise.
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INTRODUCTION

early one tenth of all human and budding yeast proteins have been identified as

targets of SUMO posttranslational modification in nonstress growth conditions, a
large fraction of which are involved in gene expression and chromatin maintenance or
regulation.'™® The effects of protein sumoylation are largely target-specific, and include
altered localization, activity, stability, and association with other proteins and chroma-
tin.?°~® The context-specific nature of the consequences of sumoylation is exemplified
by its apparently contrasting roles in regulating transcription.”'° Whereas tethering
SUMO or Ubc9, the SUMO conjugating enzyme, to the promoters of reporter genes
dramatically reduced their expression, genome-wide chromatin immunoprecipitation
(ChIP) studies showed that sumoylated proteins are found predominantly at promoters
of transcriptionally active genes.®''™"® Furthermore, hundreds of sequence-specific
transcription factors (SSTFs) are known SUMO conjugates, and while their sumoylation
is frequently associated with reduced expression of target genes, efficient gene activa-
tion by some SSTFs has been shown to depend on their sumoylation.” Sumoylation,
therefore, does not appear to have general transcription-promoting or transcription-
repressing roles, but instead, it likely controls expression of numerous genes in differ-
ent ways.”>'718
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Sumoylation Facilitates Heat Tolerance in Yeast

SUMO conjugation involves the covalent attachment of a SUMO peptide to the side
chain of specific Lys residues, through isopeptide bonds, that often lie within the
SUMO consensus motif.*® It occurs through a cascade of enzymatic activities that is
analogous to ubiquitination: activation by an E1 class enzyme and target conjugation
by E2 enzymes, which can be facilitated by E3 SUMO ligases that enhance sumoylation
and target Lys specificity.®'9?° Although many proteins are sumoylated, typically only
a small fraction (< 5%) of polypeptides of each target protein is modified at any one
time, which is partly the result of the constitutive activity of SUMO proteases, including
the SENP family of isopeptidases in human cells.?! In yeast, there are two SUMO pro-
teases, Ulp1, which is essential for viability, and Ulp2, which prevents accumulation of
polysumoylate chains that form when conjugated SUMO peptides themselves become
sumoylated.?*™** In sharp contrast with ubiquitination, the number of SUMO conjuga-
tion and deconjugation enzymes is small, with both yeast and mammals harboring
only a single E2 conjugase, Ubc9. As such, eukaryotic cells can simultaneously control
the sumoylation level of hundreds of substrate proteins by regulating the activity of
just one SUMO conjugating or deconjugating enzyme at a time. For example, exposure
of yeast to ethanol triggers the nucleolar sequestration of Ulp1, which results in a glo-
bal increase in protein sumoylation within minutes.?

Such rapid increases in global levels of SUMO conjugation occur in response to a
variety of stress conditions, and are collectively referred to as the SUMO stress
response (SSR).'82572% Exposure of mammalian cells to heat, oxidative, osmotic, or
ethanol stress results in a spike in sumoylation levels caused by increased conjugation
of numerous proteins with SUMO isoforms SUMO2 and/or SUMO3, specifically.?®" As
with sequestration of Ulp1 in yeast upon exposure to ethanol, the SSR that occurs with
heat shock in human cells is at least partly caused by inactivation of multiple SENPs,
suggesting that constitutive desumoylation is required for maintaining steady state
levels of sumoylation.>? In addition to ethanol exposure, yeast also respond with dra-
matically elevated SUMO conjugation levels in response to oxidative and osmotic con-
ditions.>’** Inhibitors of transcription virtually eliminate the SSR in yeast, implying that
elevated sumoylation is largely a consequence of stress-induced transcriptional reprog-
ramming and is not necessarily linked to the stress itself.”” However, SUMO2/3 iso-
forms are required for human cells to survive heat shock, and elevated levels of
sumoylation appear to have a protective effect on neuronal tissue during exposure to
reduced oxygen and glucose.®*?373% This suggests that elevated sumoylation itself
can serve a role in the adaptation of cells to unfavorable conditions, but the physio-
logical effects of modulated cellular sumoylation levels are largely unknown.

To explore this, here we examined how reduced sumoylation affects cell fitness and
transcription patterns in yeast. Our data show that most SUMO modifications are not
needed for normal growth under nonstress and some stress conditions, but that active
SUMO conjugation by Ubc9 is critical when temperatures rise. Moreover, we find that a
mild heat shock triggers elevated sumoylation levels at least partly by reducing the
abundance of Ulp1. Mutant yeast with dramatically reduced sumoylation levels display
widespread changes to RNA polymerase Il (RNAPII) occupancy across protein-coding
genes in normal growth, and the heat-shock triggered redistribution of RNAPII is
greatly exacerbated in this strain. Taken together, our results suggest that, whereas
some level of constitutive sumoylation is required to maintain normal transcription
patterns, sumoylation and desumoylation systems play largely preemptive roles in pre-
paring yeast for potential exposure to elevated temperature.

RESULTS

Cellular sumoylation levels are modulated under different conditions. Proteomics
studies have identified nearly 600 SUMO conjugates in budding yeast,"** and many of
these can be detected by SUMO immunoblot analysis. For example, cell lysates from
normally growing, unstressed yeast of the common lab strain W303a were analyzed by
immunoblot with the y-84 SUMO antibody, which showed multiple bands as well as
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unconjugated (“free”) SUMO, as shown in Fig. 1A. The detection level of SUMO conju-
gation was reduced when the SUMO protease inhibitor N-ethylmaleimide (NEM) was
excluded from lysate preparations, and sumoylation patterns were shifted upward on
the immunoblot when a strain expressing SUMO with an 8xHIS N-terminal epitope tag
was used, confirming that the antibody recognizes SUMO and SUMO conjugates, spe-
cifically. Intriguingly, the antibody also strongly detected a sumoylated species
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FIG 1 Many proteins are dynamically sumoylated in nonstressed yeast. (A) W303a and 8HIS-Smt3 yeast strains were grown in SC medium at the standard
temperature (30°C) and cell lysates were prepared under nondenaturing conditions, in the presence of NEM, except where indicated. Lysates were
analyzed by SUMO, GAPDH, and Ubc9 immunoblots under conditions that facilitate detection of smaller proteins (see Experimental Procedures). The
positions of SUMO conjugates, Ubc9-SUMO (“Ubc9-S”), unconjugated SUMO (“Free SUMO”), and unmodified Ubc9 are indicated. (B) Lysates from W303a
and 8HIS-Smt3 strains were prepared in sample buffer containing the indicated concentrations of -mercaptoethanol (-me), then analyzed by PAGE and
SUMO and GAPDH immunoblots. (C) Aliquots of a W303a culture grown in SC medium at 30°C were collected at six intervals over 15h and protein
extracts, approximately normalized by cell numbers, were prepared and analyzed by immunoblot with antibodies for SUMO, GAPDH, ribosomal protein
RPL3, and RNAPII subunit Rpb3. The culture density (cells/mL) at each time point is indicated at top and depicted in the curve below. The inset at the right
of the SUMO immunoblot (lane 7; “1.0 norm.”) is from lysate of a culture grown to ~1.0 x 10” cells/mL in which the exposure (signal intensity) of the
SUMO immunoblot was adjusted to approximately match the signal level of the sample in lane 6. (D) The indicated common lab yeast strains, including
haploid and diploid W303 (“W303a” and “W303 dip.,” respectively), were grown in either SC or YPD medium to exponential phase, then protein extracts
were generated and analyzed by SUMO, Ubc9, and GAPDH immunoblots.
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migrating at ~30kDa, which most likely corresponds to Ubc9 modified by SUMO
(“Ubc9-S” in diagrams) since (i) it comigrates with Ubc9-SUMO as detected in a Ubc9
immunoblot (Fig. 1A, right), (ii) its migration in the 8HIS-Smt3 strain is retarded to a
similar degree in the SUMO and Ubc9 blots, and (iii) fusion of polypeptide sequences
to Ubc9 results in a corresponding upward shift in migration of this species (see
below). Specifically, this species likely derives from Ubc9 modified with SUMO through
a Lys-linked isopeptide bond, not through a thioester bond to Cys, since it is resistant
to highly reducing conditions (Fig. 1B). Altogether, this analysis confirms that we can
detect high levels of protein sumoylation in normally growing yeast in addition to
unconjugated SUMO and sumoylated Ubc9.

Next, we tested whether factors other than the previously reported stress condi-
tions can affect SUMO conjugation levels. The W303a strain was grown in liquid cul-
ture and protein extracts were generated from aliquots taken from the culture at
various time points and examined by SUMO immunoblot. Remarkably, the level of
sumoylation dropped dramatically as the culture density increased (Fig. 1C). This
suggests that the physiological changes that accompany the approach to culture
saturation as nutrients are depleted, like the diauxic shift, result in diminished
SUMO conjugation levels (Fig. 1C). As translation rates are reduced at high culture
densities (e.g., see Rpb3 in Fig. 1C),*” the effect may also be due to reduced synthe-
sis of some SUMO targets, like the ribosomal protein RPL3 (Fig. 1C).> We compared
the overall pattern of sumoylation in high and low culture densities by normalizing
the intensity of the SUMO immunoblot signal derived from a culture at 1.0 x 10’
cells/mL to that of a culture at 6.5 x 107 cells/mL (Fig 1C; compare lanes 6 and 7 on
SUMO immunoblot). The patterns are nearly identical implying that it is mostly the
same set of targets that are sumoylated at all densities, but that fewer polypeptides
of each target are modified at higher densities. Notably, this comparison also rules
out elevated polysumoylation as the major source of increased SUMO signals at low
culture densities, since this would appear as an upward shift compared to the signal
at the higher density.??> Although levels of sumoylation in dense cultures are
reduced, they are not abolished, suggesting that any SUMO conjugation events that
are essential for maintaining viability persist as cultures approach saturation. Finally,
we compared sumoylation levels in different common lab strains of yeast grown in
either synthetic (SC) or nutrient-rich (YPD) media. Minor differences were seen
between the YPH499, BY4741, and W303a haploid yeast strains, but significantly less
sumoylation was detected in a diploid yeast strain (W303 diploid), and approxi-
mately two times more sumoylation was detected when strains were grown in YPD
versus SC medium (Fig. 1D). Together, our results indicate that yeast cells modulate
cellular sumoylation levels in response to culture density, nutrient availability (i.e.,
medium “richness”), ploidy, and to a lesser extent, strain genetic background.

Yeast tolerate dramatically reduced sumoylation levels with no apparent growth
defect. To explore the physiological consequences of reduced global sumoylation, we
applied the anchor away methodology to Ubc9.%® By this system, Ubc9 is fused with
the FRB domain of human mTOR (“Ubc9-AA") in a yeast strain that also expresses the
ribosomal protein Rpl13A fused to human FKBP12, which binds FRB in the presence of
rapamycin. Exposing the Ubc9-AA strain to rapamycin causes nuclear Ubc9-AA to bind
Rpl13A-FKB12, which is then rapidly translocated to the cytoplasm, effectively deplet-
ing the nucleus of Ubc9 and de novo sumoylation. As most sumoylated proteins are
nuclear and associated with chromatin,'’ this is expected to cause a significant reduc-
tion in overall cellular sumoylation levels. The anchor away parent strain, Parent-AA,
harbors a mutation in the TOR1 gene such that exposure to rapamycin has no effect on
growth or sumoylation levels (see Fig. 2A, E, and F). We compared sumoylation levels
in the Parent-AA and Ubc9-AA strains, which are isogenic except for the C-terminal
FRB fusion on Ubc9 in the latter. Notably, even in the absence of rapamycin, about
75% less sumoylation was detected in the Ubc9-AA strain, indicating that the FRB
fusion itself hampers Ubc9 activity (Fig. 2A). This might reflect a lower abundance of
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FIG 2 Yeast display very high tolerance for reduced sumoylation levels in nonstress growth conditions. (A) Cultures of the Ubc9 anchor away strain, Ubc9-
AA, and its parent, Parent-AA, were left untreated or treated with rapamycin (“+Rap.”) for 30 min, then extracts were prepared and analyzed by SUMO and
GAPDH immunoblots. SUMO conjugation levels were quantified by densitometry and the average and standard deviations (error bars) from three
experiments are plotted at right. (B) Lysates were prepared from cultures of W303a, Parent-AA, Ubc9-AA, or from an unrelated control anchor away strain,
Rpb1-AA, and analyzed by immunoblots with antibodies that recognize Ubc9 or a subunit of RNA Polymerase Il, Rpb3, which serves as a loading control.
(C) Chromatin fractionation was performed with the Ubc9-AA strain, and whole cell extract (WCE), soluble (i.e.,, nonchromatin), and chromatin fractions
(Chrom.) were analyzed by immunoblots with antibodies for SUMO, GAPDH, which is predominantly cytoplasmic, and H3, which is chromatin-bound. (D)
The Ubc9-AA strain was grown in the indicated conditions (see Experimental Procedures for details), then lysates were prepared and analyzed by SUMO
and GAPDH immunoblot. | A spot assay was performed with the Ubc9-AA and Parent-AA strains, on either SC medium, or SC supplemented with
rapamycin. Plates were imaged after 2 days of growth. (F) Cultures of the Ubc9-AA and Parent-AA strains were prepared in SC medium, with or without
rapamycin, at an absorbance (595nm) of ~0.2, then grown for 20 h while absorbance (culture density) measurements were made every 15min. The two
Parent-AA curves are virtually indistinguishable and are therefore marked with “overlap.” Triplicate cultures were grown for each sample, and the average
values were plotted to create the growth curves shown. Values for average absorbance measurements and standard deviations for each triplicate set are
listed in Table S5.

Ubc9-AA compared to normal Ubc9, as detected in a Ubc9 immunoblot (Fig. 2B), but
we cannot rule out that the fusion inhibits binding of the Ubc9 antibody, which recog-
nizes the C-terminus of Ubc9. Many chromatin-associated proteins are sumoylated in
the Ubc9-AA strain (Fig. 2C'"), and it responds normally to ethanol, oxidative, and
osmotic stress with increased SUMO conjugation (Fig. 2D?73), implying that Ubc9-AA
maintains many of its normal nuclear functions, but at reduced levels. Addition of rapa-
mycin for 30 min during growth caused a further dramatic reduction in overall sumoy-
lation levels (to ~3% of parental levels) in the Ubc9-AA strain, which is consistent with
the exclusion of Ubc9-AA from the nucleus or further inhibition of Ubc9-AA activity
because of its interaction with rapamycin and Rpl13A (Fig. 2A). The Ubc9-AA system,
therefore, allows us to examine the effects of constitutively low SUMO conjugation lev-
els which can be further reduced by exposure to rapamycin.
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We then compared growth rates of the Parent-AA and Ubc9-AA strains in the pres-
ence or absence of rapamycin. Strikingly, despite the ~75% reduction in sumoylation
levels in Ubc9-AA, the strains grew equally well in untreated SC medium, indicating
that normal levels of SUMO conjugation are not needed for growth in standard condi-
tions on solid medium (Fig. 2E) or during exponential growth in liquid culture (Fig. 2F).
Further reducing sumoylation levels by the addition of rapamycin, however, was lethal
to the Ubc9-AA strain, as indicated by spot assay (Fig. 2E). This effect is supported by
the liquid growth assay that showed significantly slowed escape from lag phase and
attenuated exponential growth for Ubc9-AA in the presence of rapamycin, which had
no effect on the Parent-AA strain (Fig. 2F). As also shown in experiments described
below, we note that small differences in our growth curves, specifically at the level of
cell saturation, generally relate to much more dramatic growth defects in spot assays.
In any case, our data indicate that yeast growth is surprisingly unaffected by a dramatic
reduction in cellular sumoylation levels, although levels of ~3% are lethal.

Yeast with constitutively low Ubc9 activity show high temperature sensitivity. To
determine whether the high tolerance for reduced sumoylation can be observed in
other contexts, we examined the ubc9-6 and ubc9-1 mutant strains and their respective
isogenic parental strains (Fig. STA'">°) The ubc9-6 and ubc9-1 strains harbor a point
mutation that partly inactivates Ubc9, and like Ubc9-AA, they show constitutively low
levels of sumoylation, with ubc9-6 showing the most dramatic reduction (~5%) com-
pared to its parent, W303a (Fig. 3A). Consistent with this, spot assays and liquid growth
curves showed that only ubc9-6 shows a growth defect, albeit modest, in standard
growth conditions, which supports the idea that only a very low threshold level of
sumoylation is needed for normal growth (Fig. 3B and C).
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FIG 3 Yeast strains with constitutively low levels of Ubc9 activity cannot survive elevated temperatures. (A) Protein extracts were prepared from cultures of
the indicated strains grown in untreated SC medium and analyzed by SUMO and GAPDH immunoblots. (B) Spot assays were performed with the indicated
strains, onto either SC medium, or SC supplemented with the indicated stressors (see Experimental Procedures) and incubated at the standard growth
temperature of 30°C, or at the elevated temperature of 37°C. Lower panel shows spot assay for a series of mutant strains, grouped with their respective
wild-type parent strains, as positive controls for the various stress conditions. (C) Growth curves were generated, as in Fig. 2F, for the indicated strains and
conditions. Curves that overlap significantly and are indistinguishable are marked with “overlap.” Individual graphs include two curves except for the
Parent-AA and Ubc9-AA set at 37 °C, which includes untreated and rapamycin-treated samples for both strains. Graph data are in Table S5.
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Why do cells maintain levels of sumoylation that are significantly higher than
needed for normal growth? Considering that sumoylation levels increase in response
to oxidative, osmotic, ethanol, and temperature stresses,?® 2233 we wished to deter-
mine whether normal sumoylation levels might play a role in preparing cells for pos-
sible exposure to these conditions. Surprisingly, the Ubc9-AA, ubc9-6, and ubc9-1
strains grew as well on medium containing H,0,, KCl, or ethanol as they did on stand-
ard medium, relative to their parental strains (Fig. 3B). This was also observed in liquid
growth assays in media containing KCl or ethanol (Fig. 3C), and it indicates that normal
levels of sumoylation are not required for survival, or even optimal growth, through
these stress conditions. In sharp contrast, all three mutant strains showed a strong
growth defect when grown at the elevated temperature of 37°C on solid medium
(Fig. 3B), and significantly impaired growth in the liquid culture assay, with ubc9-6
showing the most severe defect (Fig. 3C). The ubc9-6 and ubc9-1 strains were previ-
ously characterized as temperature-sensitive,'*° and it was suggested that this sensi-
tivity is due to instability of mutant Ubc9 at elevated temperature (see below).
However, also considering the temperature-sensitivity of the Ubc9-AA strain, one intri-
guing possibility is that these strains are unable to grow well at 37 °C because sumoy-
lation is required to survive when temperatures increase.

Yeast with induced loss of Ubc9 also grow normally except at high temperatures.
To examine the effects of reduced cellular sumoylation levels using an additional
approach, we employed the Ubc9-TO (“Tet-Off") strain, in which the UBC9 gene is
under the control of a tetracycline repressible promoter.*® The strain was grown for
several hours in medium containing varying concentrations of the tetracycline analog
doxycycline, then lysates were prepared and analyzed by SUMO and Ubc9 immuno-
blots. Even at a low concentration of doxycycline (0.5 ug/mL), both Ubc9 and SUMO
conjugation showed a dramatic reduction to less than 5% of their normal levels
(Fig. 4A). We then examined how well the Ubc9-TO strain tolerates low sumoylation
levels, and whether reduced sumoylation also confers temperature sensitivity in this
strain. Despite the dramatic reduction in sumoylation levels, treatment with doxycyc-
line had no effect on exponential growth of the Ubc9-TO strain at 30 °C, which is again
consistent with our finding that yeast cells show high tolerance for low levels of
sumoylation when grown at optimal temperatures (Fig. 4B). When the analysis was
performed at elevated temperatures, however, Ubc9-TO cells treated with doxycycline
displayed a growth defect which was more pronounced at 39.5°C than at 37°C,
whereas the drug had no effect on the isogenic Parent-TO strain at any temperature
(Fig. 4B). Using this different, inducible system, these observations support our finding
that many SUMO conjugation events are dispensable under optimal growth conditions
but are needed to prepare cells for elevated temperatures.

We also examined how reduced sumoylation affects growth of the Ubc9-TO strain
on solid medium using spot assays. Parent-TO and Ubc9-TO strains were grown in cul-
ture for several hours, either untreated or in the presence of doxycycline, then spotted
onto the same medium in solid form. Compared to the Parent-TO strain, a modest
growth defect was observed in the Ubc9-TO strain when grown in the presence of
doxycycline at 30 °C, suggesting that the dramatic reduction in sumoylation has some
impact on growth on solid medium (Fig. 4C). The growth defect was more apparent
when samples were incubated at 38.5 °C, which was the highest temperature at which
either strain could grow on doxycycline-containing solid medium (Fig. 4C). As the
Ubc9-TO and Parent-TO strains derive from a different background yeast strain
(BY4741) than the Ubc9-AA and Parent-AA strains (W303a), we explored whether yeast
strains of different origins show differential sensitivity to high temperatures. Indeed, as
shown in Fig. 4D, BY4741, and its derived strain Parent-TO, show strikingly higher ther-
motolerance than W303a-derived strains, including the Parent-AA strain and the paren-
tal strain for ubc9-1, UBCY. Although this inherent high tolerance for elevated
temperatures may obscure temperature sensitivity to reduced sumoylation levels in
the Ubc9-TO strain when spot assays are performed, the liquid growth assays shown in
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FIG 4 Induced reduction of Ubc9 levels also sensitizes yeast to high temperatures. (A) Cultures of a strain expressing the UBC9 gene from a tetracycline-
repressible promoter, Ubc9-TO, and its isogenic parent strain, Parent-TO, were exposed to the indicated concentrations of the tetracycline analog
doxycycline for several hours, then lysates were prepared and examined by SUMO, Ubc9, and H3 immunoblots. (B) Growth curves were generated, as in
Fig. 2F, for the Ubc9-TO and Parent-TO strains grown in the absence or presence of doxycycline at the indicated temperatures. (C) Spot assays were
performed with the Ubc9-TO and Parent-TO strains, onto either SC medium, or SC supplemented with doxycycline. Plates were incubated at the indicated
temperatures and were imaged after 2 days of growth. As none of the strains grow in the presence of doxycycline at 39.5°C on solid medium, a
temperature of 38.5°C was used as the highest temperature for this experiment. (D) A spot assay was performed comparing growth of the indicated
background and parental yeast strains at 30°C, 37 °C, or 39.5°C, for the indicated number of days.

Fig. 4B support our finding that yeast cells with reduced SUMO conjugation levels
show growth defects at high temperatures. These data also imply, however, that
W303a-derived strains are more dependent on sumoylation than BY4741-derived
strains for growth at high temperatures.

Mild heat shock elevates global sumoylation levels and reduces Ulp1 protein
abundance. Previous studies showed that sumoylation levels increase in response to
heat shock in human cells and to a high-temperature heat shock (42 °C) in yeast.?32%32
To examine this in further detail, wild-type W303a yeast cultures were exposed to a
mild heat shock (37 °C) for increasing durations, lysates were prepared, then examined
by SUMO immunoblot. Indeed, high molecular-weight SUMO conjugation levels
increased through the time-course and peaked at 30 min with about 50% more sumoy-
lation (Fig. 5A). In contrast, no increase in sumoylation was observed in the Ubc9-AA,
ubc9-6, or ubc9-1 strains after a 30-min heat shock at 37°C (Fig. 5B). Potentially
explaining this, Ubc9 protein levels decreased in the ubc9-6 and ubc9-1 strains during
the heat shock, and Ubc9 levels in the Ubc9-AA strain are constitutively very low
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independent analyses was performed, with average sumoylation levels graphed and standard deviations shown. Student’s t test analysis indicated that the
30- and 60-min time-point samples are significantly elevated compared to the 0-min control (P < 0.05; asterisks). (B) Cultures of the Ubc9-AA, ubc9-6, and
ubc9-1 strains, and their respective parental strains, were heat-shocked at 37°C for 30 min (+) or untreated (—). Lysates were prepared and analyzed by
SUMO, Ubc9, and GAPDH immunoblots. (C) Spot assays were performed with the ULPT and ulp1-mt strains on SC medium at 30°C or 37°C, or under the
indicate stress conditions, and imaged after 4 days of growth. (D) Cultures of the ulp7-mt strain, its isogenic parental strain (ULP1), and the wild-type lab
strain BY4741 were heat-shocked or untreated, then analyzed by SUMO and GAPDH immunoblots. The analysis was also performed using MG132-treated
ulp1-mt cultures (inset; see Experimental Procedures). Quantification is shown at right with average relative sumoylation levels graphed with standard
deviations. Student’s t test analysis indicates significantly elevated sumoylation levels in the wild-type strains after heat shock, and a significant but modest
reduction in the ulp7-mt strain (asterisks). (E) Cultures of strains expressing HA-tagged versions of Ulp1 or Ulp2, or their parental untagged strain, YPH499,
were heat-shocked or untreated. A strain expressing an HA-tagged version of an unrelated protein, Sko1, was used as a control. Lysates were analyzed by
HA and GAPDH immunoblots. Quantification of HA-tagged protein levels is shown at right. Student’s t tests support that heat shock significantly reduces
Ulp1-HA levels (asterisk) but does not affect Ulp2-HA or Sko1-HA levels. (F) HA and GAPDH immunoblots of extracts prepared using denaturing conditions
(TCA precipitation; see Experimental Procedures) from the Ulp1-HA-expressing strain. (G) Cultures of the Ulp1-HA strain were treated with MG132 (+) or
DMSO (—), as indicated in Experimental Procedures, then heat-shocked or left at 30°C. Lysates were prepared and analyzed by HA and GAPDH
immunoblots. (H) Cultures of the ULP1 or ulp1-mt strains were grown and aliquots were collected at the indicated culture densities. Lysates were prepared
and analyzed by SUMO and GAPDH immunoblots. (I) Aliquots of a Ulp1-HA culture were collected at the indicated culture densities, then lysates were
prepared and analyzed by HA and GAPDH immunoblots.
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(Fig. 2B and Fig. 5B). Although the further reduction in Ubc9 levels in the ubc9-6 and
ubc9-1 strains during heat shock may contribute to the temperature-sensitivity of these
strains, very low Ubc9 abundance on its own is not sufficient to trigger growth defects,
as we observed with the Ubc9-TO strain treated with doxycycline in which Ubc9 levels
are nearly undetectable (Fig. 4). In any case, these data demonstrate that even a mild
heat shock triggers elevated sumoylation in yeast, and suggest that active sumoylation,
from functional levels of Ubc9, is needed for the increase in SUMO conjugation levels.

Ethanol stress triggers a marked increase in SUMO conjugation levels through
nucleolar sequestration of the primary yeast SUMO protease, Ulp1.2> To explore
whether reduced desumoylation may also contribute to the increase in sumoylation
levels during heat shock, we examined whether impairment of Ulp1 activity affects the
heat shock-mediated increase in SUMO conjugation. The ulp7-mt strain harbors a point
mutation (I615N) that reduces the function of Ulp1 and renders the strain tempera-
ture-sensitive.*' Through spot assays, we confirmed that ulp7-mt does not grow at
37°C and found that it is somewhat sensitive to ethanol, but not osmotic or oxidative
conditions, which is consistent with a role for Ulp1 in the temperature and alcohol
stress responses, specifically (Fig. 5C). Cultures of ulp1-mt, its isogenic parent strain
(ULP1), and the wild-type lab strain BY4741 were heat shocked, then lysates were pre-
pared and analyzed by SUMO immunoblot (Fig. 5D). As expected, the ulp1-mt strain
showed higher sumoylation levels than its parent at the normal temperature. Whereas
both wild-type strains showed the expected increase in sumoylation levels after heat
shock, the ulp7-mt strain instead showed a modest decrease in SUMO conjugation lev-
els. This slight reduction in sumoylation was not observed in yeast treated with the
26S proteasomal inhibitor MG132, indicating that it is likely due to degradation of
sumoylated proteins as viability decreases in the heat-shocked ulp1-mt strain (Fig. 5D).
In any case, the absence of increased sumoylation in ulp7-mt at 37 °C might reflect the
already-elevated constitutive levels of SUMO conjugation in that strain. Our data,
therefore, suggest that functional levels of both Ulp1 and Ubc9 are needed for the
heat shock-triggered increase in SUMO conjugation levels as well as for viability at ele-
vated temperatures.

Protein levels and activities of human SUMO proteases (SENPs) were previously
found to be reduced by heat shock.3®> We therefore examined whether Ulp1 protein
levels are also affected by elevated temperature. Cultures of strains expressing C-ter-
minally 6xHA tagged Ulp1, its untagged parental strain (YPH499), and control strains
expressing 6xHA-tagged Ulp2 or the unrelated transcription factor Sko1, were grown
and heat shocked at 37°C for 30 min. Lysates were prepared and examined by HA
immunoblot which showed that the elevated temperature did not affect Ulp2-HA or
Sko1-HA abundance but, remarkably, it caused a marked reduction in Ulp1-HA levels
(Fig. 5E). The drop in Ulp1 levels is not likely caused by reduced ULPT transcription
since heat shock does not significantly affect its mRNA levels, as determined by a previ-
ous RNA-seq study,*” or the level of RNAPII associated with the ULP1 gene, as deter-
mined by our ChIP-seq analysis described below (see Table S1). The heat shock-
induced reduction in Ulp1-HA levels was also detected when extracts were prepared
using denaturing conditions (trichloroacetic acid; see Experimental Procedures), indi-
cating that the loss of Ulp1-HA signal is not due to reduced solubility of the protein at
elevated temperatures (Fig. 5F). Notably, however, treatment of cultures with MG132
effectively diminished the reduction of Ulp1-HA at 37°C, indicating that the loss of
Ulp1 at high temperature is due largely to proteolysis (Fig. 5G). In addition, we exam-
ined whether the reduction in overall sumoylation levels observed at high culture den-
sities (see Fig. 1C) could be the result of elevated Ulp1 activity, but the effect was still
observed in the ulp1-mt strain, and Ulp1-HA levels actually diminished at high cell
density, ruling out the possibility that Ulp1-mediated desumoylation is responsible for
reduced SUMO conjugation as cultures approach saturation (Fig. 5H and I). Together,
these data indicate that increased temperature causes elevated SUMO conjugation
through active sumoylation, which requires a threshold level of functional Ubc9, and
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by reduced desumoylation through reduced abundance/stability of Ulp1. If Ulp1 func-
tion is already impaired, as in the ulp1-mt strain, the increase in sumoylation during
heat shock is not observed.

Yeast with constitutively low sumoylation levels display altered transcription and
gene expression patterns. Proteins involved in transcription, and more generally in
gene expression, are among the most frequently identified SUMO conjugates across
species.'*™° To explore whether constitutively reduced levels of sumoylation affect
transcription and gene expression, we carried out RNA polymerase Il (RNAPII) ChIP-seq
and RNA-seq analyses in the ubc9-6 strain. Since promoter-proximal pausing is rare in
yeast, the level of RNAPII occupancy on gene bodies can be a reasonable measure of
transcriptional activity.** We analyzed data from our previously reported RNAPII ChlP-
seq study in which independent duplicate experiments were performed in the ubc9-6
and W303a parental (WT) strains at the normal growth temperature, and after a 12-min
heat shock at 37°C (Fig. S1B; Table S1)."" Comparison of RNAPII occupancy levels
across all protein-coding genes revealed that, at the normal growth temperature, 736
genes showed significantly increased RNAPII occupancy whereas 846 genes had
reduced RNAPII occupancy in ubc9-6 compared to its parent (Fig. 6A; Table S1). Sample
gene alignments and ChIP-gPCR validations of five genes are shown in Fig. S1C and D,
respectively. Gene ontology (GO) term analysis showed that some biological processes
are enriched in the subsets of genes that have elevated or reduced RNAPII occupancy
in the ubc9-6 strain (Fig. 6B; Table S2). For example, as we further discuss below, many
genes involved in protein synthesis, including most ribosomal protein genes (RPGs),
show significantly elevated RNAPIl occupancy when sumoylation levels are low
(Fig. 6B; Fig. S1C; Table S1; see below).

To determine whether changes to genome-wide transcription in the ubc9-6 strain
result in corresponding altered steady-state mRNA levels, independent duplicate RNA-
seq analyses were performed (Fig. S2A; Table 2 and Table S3). Differential expression
analysis revealed that many genes showed a small, significant difference in mRNA lev-
els in ubc9-6 and wild-type yeast, with 700 genes upregulated and 517 genes downre-
gulated in ubc9-6 (Fig. 6C; Table S3). GO term analysis identified certain biological
processes that are enriched among these groups (Fig. S2B; Table S2). We compared
our data with a previously reported RNA-seq analysis, which was performed with the
ubc9-1 strain and its parent grown in rich medium (YPD; whereas our experiments
used synthetic medium, SC).** As shown in Fig. S2C, even though different mutant
strains and growth conditions were used, there is substantial overlap in the datasets,
supporting the idea that expression of many genes is controlled by cellular sumoyla-
tion levels (Table S3). Sample gene alignments from our RNA-seq analysis and RT-qPCR
validation of a subset of six genes are shown in Figs. S2D and S2E, respectively.

Although approximately one-fifth of all protein-coding genes showed altered
expression in ubc9-6 in our RNA-seq analysis, the majority displayed only a minor
change (< 2-fold; Fig. 6C). This suggests that the many changes to transcription that
occur when sumoylation levels are constitutively low do not necessarily translate to
corresponding changes in steady-state mRNA levels. To explore this more directly, we
compared our RNAPII ChIP-seq and RNA-seq data, examining genes that are signifi-
cantly altered in both datasets (referred to as “sumoylation-regulated genes”;
Table S4). As shown in Fig. 6D, no clear positive correlation was observed, suggesting
that sumoylation can regulate transcription and steady-state mRNA levels independ-
ently of each other. We examined the genes that lie within each of the four quadrants
shown in Fig. 6D, representing subsets of sumoylation-regulated genes that are corre-
lated or anticorrelated in the ChIP- and RNA-seq datasets, and GO term analysis identi-
fied biological processes enriched in each subset except Qd1 (Fig. S3A; Table S2).
Intriguingly, most sumoylation-regulated genes showed anticorrelated effects in the
two studies (i.e., genes with elevated RNAPII occupancy showed reduced mRNA, and
vice versa). This suggests that a mechanism might be in place for compensating
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abnormal transcription of many genes with a reciprocal change in the stability of their
MRNAs to maintain homeostasis of protein expression.

Genes expressing translation-related proteins, including most RPGs, showed the
most significant increase in RNAPII occupancy in the ubc9-6 strain, but RPG mRNA lev-
els were unaffected or modestly reduced in ubc9-6 (Figs. S3A and S3B), similar to what
was previously reported for RPG mRNAs in the ubc9-1 strain.** Consistent with minimal
changes to mRNA levels, we found that levels of proteins expressed by two RPGs, RPL5
and RPL20, are unaffected in the ubc9-6 strain (Fig. S3C). To explore why increased
transcription of RPGs does not lead to increased RPG mRNA levels, we first examined
whether high rates of transcription of RPGs are countered with elevated degradation
of RPG mRNAs. However, after blocking transcription with the inhibitor thiolutin, RNA
levels of RPL5 and RPS20 did not show elevated rates of decay in the ubc9-6 strain
(Fig. S3D). We then considered the possibility that the increased transcription of RPGs
in the ubc9-6 strain is not productive, generating many transcripts that fail to be proc-
essed into mRNAs. To address this possibility, we examined two intron-containing
RPGs, RPL25 and RPS27B, both of which showed highly elevated RNAPII occupancy in
ubc9-6 (Fig. S3E; top). Processed (polyA-containing) mRNA levels for the two genes
were approximately equal in the WT and ubc9-6 strains, as determined by our RNA-seq
analysis (Fig. S3E; bottom). However, when we examined the level of precursor mRNAs
from the two genes, by gRT-PCR with primers specific for intron-containing transcripts,
we observed significantly higher levels in the ubc9-6 strain (Fig. S3E; middle). Together,
these data indicate that, when sumoylation levels are reduced, RPG transcription
increases, but many of the excess transcripts that are produced fail to be processed
into functional mRNAs.

The heat shock-induced genomic redistribution of RNAPII is greatly expanded
when sumoylation levels are low. Heat shock in yeast is accompanied by rapid
changes to gene expression patterns.***>~*” Considering that increased temperature
also triggers elevated sumoylation, we examined whether constitutively low sumoyla-
tion levels affect the transcriptional response to heat shock. Occupancy levels of
RNAPII across protein-coding gene bodies were compared in wild-type and ubc9-6
strains after a 12-min heat shock at 37 °C. In the wild-type strain, a small number of
genes (~6%) showed significantly increased or decreased RNAPII occupancy after the
heat shock (Fig. 6E and F; Table S1). This is less than the reported ~10-15% of genes
that show altered mRNA levels after heat shock,*” which might reflect that the expres-
sion of many heat shock-regulated mRNAs can occur posttranscriptionally (e.g., by reg-
ulating their stability), or that our differential binding analysis comparing the
untreated and heat shocked RNAPII ChIP-seq datasets was highly stringent. Strikingly,
however, under the same growth and analysis conditions as for the wild-type strain,
the ubc9-6 strain displayed a far more dramatic change to RNAPII occupancy levels
across gene bodies (Fig. 6E and F; Fig. S3F; Table S1). Indeed, ~30% of all protein cod-
ing genes showed elevated or decreased RNAPII levels after heat shock in ubc9-6. This
includes most of the genes that show heat shock-altered RNAPII levels in the wild-type
strain plus a large number of additional genes (Fig. 6G). This analysis strongly suggests
that normal levels of Ubc9 activity and/or sumoylation are important for restraining
the redistribution of RNAPII that occurs in response to elevated temperatures.

DISCUSSION

A variety of environmental stressors have been shown to trigger rapid increases in
SUMO conjugation levels in yeast, plants, and mammalian systems, leading to the con-
cept of the SSR.2**8? |n yeast, these include exposure to oxidative, osmotic, and etha-
nol stresses, high-temperature heat shock, nitrogen starvation, and DNA damaging
agents.?>27?833 We have now identified nonstress conditions that result in dramatic-
ally modulated sumoylation levels. Specifically, we found that diploid yeast harbors
less sumoylation than their haploid counterparts, and that nutrient availability, or the
enhancement in growth that it enables, has a positive effect on levels of SUMO
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conjugation. This was apparent by comparing SUMO conjugation levels in yeast grown
in rich versus synthetic medium, and by monitoring sumoylation during growth in
liquid culture. Sumoylation levels were greatest during early exponential growth, but
dropped dramatically with the diauxic shift, which occurs as glucose becomes
depleted. Many proteins that become differentially sumoylated during the SSR have
been identified, leading to speculation that certain processes, in particular transcrip-
tion by RNAPII or RNAPII, are influenced by altered sumoylation levels during
stress.?”-2833 However, Lewicki et al. found that impairing transcription prior to expos-
ing yeast to osmotic stress prevented a surge in SUMO conjugation levels, leading the
investigators to speculate that the SSR is a consequence of altered transcription pro-
grams that occur during stress exposure and are not directly part of the stress response
itself.?” Likewise, the elevated sumoylation that we detected in yeast during nutrient-
rich and exponential growth conditions may simply be a consequence of increased
rates of certain physiological processes that involve sumoylated proteins. At the same
time, elevated sumoylation itself might facilitate these processes and/or high rates of
growth.

Arguing against a role for high levels of sumoylation in facilitating growth, however,
is our finding that yeast with dramatically reduced sumoylation levels shows no appar-
ent growth defect, implying that cellular processes that are normally affected by
sumoylation remain functional. Remarkably, on both solid media and in liquid culture,
strains with low Ubc9 activity, either through mutation (ubc9-7) or reduced Ubc9
expression (Ubc9-AA, Ubc9-TO in presence of doxycycline), have normal growth rates,
even when sumoylation levels are ~75% lower than in wild-type counterparts. This
strongly implies that most SUMO conjugation events are dispensable under normal
growth conditions, even during exponential growth where sumoylation levels normally
rise. Consistent with the finding that multiple components of the sumoylation pathway
are essential, including Ubc9 and Ulp1, we found that a low threshold level of sumoyla-
tion, of greater than ~3% of wild-type levels, is needed for normal growth, how-
ever.??*® Indeed, the ubc9-6 strain, which shows a more dramatic reduction in
sumoylation than the ubc9-1 or untreated Ubc9-AA strains, has a modest growth
defect, and the Ubc9-AA strain treated with rapamycin, which nearly abolishes sumoy-
lation, cannot grow. This might reflect that there are essential roles for the modifica-
tion in some processes, such as progress thorough mitosis and the cell-cycle.3>%*'
The bulk of sumoylation, however, is not needed and might be a consequence of
physiological processes that involve sumoylation but do not require much sumoyla-
tion. Alternatively, as we propose below, constitutive Ubc9 activity might be required
preemptively for protecting yeast from some, but not all, anticipated stress conditions.

Our examination of the effects of reduced sumoylation on transcription showed
that about a quarter of all protein-coding genes showed significantly elevated or
reduced RNAPII occupancy levels in the ubc9-6 strain compared to its wild-type parent.
This indicates that reduced sumoylation has a widespread effect on transcription by
RNAPII and implies that normal levels of sumoylation are needed to maintain global
transcriptional patterns. Transcriptome analyses in human cells in which SUMO1 or
Ubc9 expression levels were reduced by RNA interference showed that steady-state
mMRNA levels of a variety of gene classes were upregulated or downregulated when
sumoylation levels dropped.’*'> Our RNA-seq analysis in the ubc9-6 strain, however,
showed only modest changes to the mRNA levels of a number of genes compared to
wild-type, which is consistent with a previous study using the ubc9-1 mutant which
found that the transcriptome was barely affected by the mutation.** In yeast with con-
stitutively low sumoylation, then, it is possible that an adaptive mechanism is in place
to buffer changes in transcription, perhaps by controlling RNA degradation rates cor-
respondingly, such that the transcriptome is mostly unaffected. Supporting this, we
find that most of the small but significant changes to mRNA levels in ubc9-6 anticorre-
late with changes to RNAPII occupancy on the corresponding genes, as though cells
are working to elevate mRNA stability for genes with abnormally reduced transcription
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levels, and reduce stability for mRNAs of genes with abnormally elevated transcription.
Indeed, systems for buffering changes in mRNA synthesis, due to perturbation of tran-
scription, with reciprocal changes to mRNA degradation have been described.>>3 In
contrast, as we showed for RPGs, for genes that show elevated RNAPII occupancy but
little or no change to MRNA levels in the ubc9-6 strain, it is possible that the excess
transcripts that are produced are not efficiently processed (i.e., spliced and polyadeny-
lated) into functional mRNAs that can be detected by RNA-seq that is specific to
polyA + mRNAs. Supporting this idea, sumoylation has been previously implicated in
the efficient splicing of pre-mRNAs.>*

The rise in SUMO conjugation that occurs as part of the SSR after exposure to a var-
iety of stress conditions suggests that sumoylation plays a protective role or facilitates
the stress response.'®?® It is surprising then, that we observed no growth defect in
yeast with low Ubc9 activity and reduced sumoylation levels that were exposed to oxi-
dative, osmotic, or ethanol stress. Our observations align with the proposal that the
SSR is primarily a consequence of altered transcription genome-wide, which involves a
wave of transcription-mediated SUMO conjugation, and suggest that high levels of
overall sumoylation do not play a protective role during these particular stresses.'””?’
In contrast, all tested strains with reduced Ubc9 activity, and consequently low sumoy-
lation levels, showed growth defects when incubated at elevated temperatures, with
most showing severe growth impairment. This is consistent with the finding that
sumoylation facilitates heat tolerance in human cells and plants.?**>° For example,
siRNA-mediated depletion of SUMO1 and SUMO?2 levels resulted in a 7-fold reduction
in survival after heat shock in human U20S cells.?® Heat shock in human cells leads to
increased polysumoylation of proteins involved in multiple processes, including tran-
scription, and it triggers altered sumoylation of promoter- and enhancer-bound pro-
teins, specifically.'®?® These findings suggest that the elevated sumoylation that
occurs with high temperature can function, at least in part, to adjust transcriptional
programs as needed for surviving heat stress.

We explored this by examining how reduced constitutive sumoylation levels affect
the transcriptional response to heat shock. In yeast, 10-15% of genes show upregu-
lated or downregulated mRNA levels in response to heat shock.**™*’ Although heat
shock can change steady-state mRNA levels through regulation of mRNA stabilities,
much of the heat shock-altered transcriptome is likely due to changes at the transcrip-
tional level.>” Indeed, significant reorganization of multiple transcription-related factors
on chromatin has been observed in quick response to elevated temperature.*” In our
analysis, ~6% of protein-coding genes showed altered RNAPII occupancy levels in
wild-type cells after heat shock, but this number increased dramatically to ~30% in the
ubc9-6 strain. This strongly implicates Ubc9 and sumoylation in controlling or restrain-
ing the transcriptional response to elevated temperatures. More specifically, we believe
that a rise in SUMO conjugation levels, as opposed to merely a threshold constitutive
level of sumoylation, is needed to endure high temperatures, at least partly by regulat-
ing transcription. Supporting this, we observed that active sumoylation (i.e., functional
levels of Ubc9) is required, but also that Ulp1 protein levels drop significantly after
heat shock, implying that reduced desumoylation plays a major, evolutionarily con-
served role in elevating sumoylation levels when temperature rises.>? Taken together,
our results demonstrate that SUMO conjugations, although plentiful, are largely dis-
pensable for normal growth in many stress and nonstress conditions. However, we
find that active sumoylation and desumoylation systems are critical for enduring ele-
vated temperatures where they function, at least in part, to temper the transcriptional
response to heat shock. Further study in this area will be invaluable for uncovering the
molecular mechanisms by which sumoylation facilitates heat tolerance in eukaryotes.

EXPERIMENTAL PROCEDURES
Yeast media and growth. Yeast strains used in this study are listed in Table 1.
Previously unreported strains were generated by transformation with PCR-amplified
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TABLE 1 Yeast strains used in this study

Name Code Background Genotype Source

W303a MAT a ura3-52 trp1A2 leu2-3_112 his3-11 ade2-1 Dharmacon
canl-100

8HIS-Smt3 EJ337 Mat a HIS8-SMT3:TRP1 38

YPH499 Mat a ura3-52 lys2-801 “™°¢" ade2-101 " trp1- Open Biosystems
A63 his3-A200 leu2-A1

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Open Biosystems

W303 dip. MATa/MATo. {leu2-3,112 trp1-1 can1-100 ura3-1 Dharmacon
ade2-1 his3-11,15} [phi+]

Parent-AA HHY221 W303a MATa tor1-1 fpri:loxP-LEU2-loxP RPL13A-2 Euroscarf
x FKBP12::loxP

Ubc9-AA YJBa0O01A W303a UBC9-FRB::kanMX tor1-1 fpr1::loxP-LEU2-loxP This study
RPL13A-2 x FKBP12::loxP

Rbp1-AA JGY2000 W3030 RPB1-FRB::kanMX tor1-1 fpr1:NAT RPL13A- 59
2XFKBP12:TRP1

Parent-TO yTHC/R1158 BY4741 URA3::CMV-tTA MATa his3-1 leu2-0 met15-0 Dharmacon

Ubc9-TO TH_2872 BY4741 pUBCY::kanR-tet07-TATA URA3:CMV-tTA MATa Dharmacon
his3-1 leu2-0 met15-0

ubc9-6 D370 W303a ubc9-1:Tadh1:TRP1:ubc9-1 "

UBC9 YWOT1 DF5 Mat o his3-A200 leu2-3,2-112 lys2-801 trp1-1(am) 50
ura3-52

ubc9-1 YWO102 alpha DF5 Mat o ubc9A:TRP1 leu2::ubc9Pro-Ser:LEU2 his3- 30
A200 leu2-3,2-112 lys2-801 trp1-1(am) ura3-52

hogTA YVSO015a W303a hog1A:kanMX Mata leu2-3,112 trp1-1 can1-100 This study
ura3-1 ade2-1 his3-11,15 [phi+]

ctk1A ERYMO021 BY4742 ctk1A-kanMX MATo his3AT1 leu2A0 lys2A0 ura3A0 This study

yap1A BY4741 yap1A-kanMX Horizon Discovery

rpb1-1 DBY120 W303a MAT a ura3-52 rpb1-1 trp1:hisG 60

ULP1 MH1006 leu2-3,112 ura3-52 trp1-289 ade2A ade3A e
lys1::kanMX4

ulp1-mt MH1018 MH1006 ulp1-1615N 41

Ulp1-HA ERYM480 YPH499 ulp1-6HA:KI TRP1 This study

Ulp2-HA ERYM513 YPH499 ulp2-6HA::KI TRP1 This study

Sko1-HA YVS003a W303a skoT-6HA:KI TRP1 o4

RPL5-HA YMMO26A W303a rpl5-3HA::kanMX This study

RPL5-HA ubc9-6 YMMO028A W303a rpl5-3HA::kanMX ubc9-1:Tadh1:TRP1:ubc9-1 This study

RPS20-HA YMMO19A W303a rps20-3HA::kanMX This study

RPS20-HA ubc9-6 YMMO029A W303a rps20-3HA:kanMX ubc9-1:Tadh 1:TRP1:ubc9-1 This study

DNA fragments that were incorporated at specific genomic loci through homologous
recombination.®’ Unless otherwise noted, yeast were grown at 30°C in synthetic com-
plete (SC) medium. Overnight cultures were diluted to an absorbance (595 nm) of ~0.2
in a volume of 10-50 mL, then grown to exponential phase (absorbance <1.0) unless
otherwise noted, treated as indicated below if appropriate, then harvested by centrifu-
gation at 3000g for 5min. Where appropriate, the following were added to media
(final concentrations indicated): 0.6 M KCI for 5 min for liquid cultures, 1 M KCl on solid
media; 1 M NaCl; 100 mM H,0, for 5 min for liquid cultures, 1 mM H,O, for solid media;
10% ethanol for 60 min for liquid cultures, 10% ethanol for solid media; 1 ug/mL rapa-
mycin for 30 min, or as indicated; doxycycline, 10 pg/mL, or as indicated, for duration
of culture growth. For inhibition of the 26S proteasome, 75 pM of MG132 was added to
cultures for 1 h prior to further treatment or harvesting. To increase permeability of the
drug, the method of Liu et al. was used.’? Where rapamycin or MG132 were added, the
control or “untreated” sample was supplemented with the same volume of their solv-
ent, DMSO. Chromatin fractionation was performed as previously described.®?

Protein lysates and extracts. Protein samples were generated under nondenaturing
conditions (“lysates”) or through precipitation with trichloroacetic acid (TCA;
“protein extracts”). For lysate preparation, pellets were washed with ice-chilled IP
buffer (50 mM Tris-HCI, pH8; 150 mM NaCl; 0.1% Nonidet P-40 (NP40); supple-
mented with a protease inhibitor cocktail, 1 mM phenylmethylsulphonyl fluoride
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(PMSF), and 2.5 mg/mL N-ethylmaleimide (NEM)) at a volume equal to the culture
volume, then resuspended in 500 pL of IP buffer. Acid-washed glass beads (0.25 g)
were then added, and samples were vortexed at 4°C for 30 min, with a 5-min ice
incubation after the first 15 min. Lysates were transferred to fresh microfuge tubes
and clarified by two rounds of 5-min 4°C centrifugation at maximum microfuge
speed. Prior to analysis by immunoblot, an equal volume of 2X sample buffer
(140 mM Tris-HCI, pH 6.8; 4% SDS; 20% glycerol; 0.02% bromophenol blue; supple-
mented with 10% 2-mercaptoethanol prior to use) was added, and samples were
boiled for 4 min.

For protein extract preparation through TCA precipitation, volumes equal to 2.5
absorbance units (595 nm) of the exponentially growing yeast cultures, treated if
necessary, were centrifuged at 3000 g, then resuspended in 1 mL of ice-cold water.
150 pL of freshly prepared extraction buffer (1.85 NaOH; 7.5% 2-mercaptoethanol)
was added, and the mixed samples were incubated on ice for 10 min. Then, 150 pL
of cold 50% TCA was added, samples were mixed, then incubated again on ice for
10min before they were centrifuged at 4°C at maximum microfuge speed.
Supernatants were removed and the protein pellets were resuspended in 100 pL of
2X sample buffer, with 5-10 uL of Tris-HCI, pH 8 added if the sample was yellow in
color, to raise the pH and restore the blue color. Samples were boiled for 4 min, cen-
trifuged for 3 min at maximum microfuge speed to separate debris, then used for
immunoblot analysis.

Immunoblots and quantifications. Protein samples were analyzed by standard
polyacrylamide gel electrophoresis (PAGE) techniques. For preferential detection of
high-molecular weight SUMO conjugates, PAGE was performed with lysates fol-
lowed by wet transfer (100V for 1 h) in a buffer consisting of 0.1% SDS, 10% metha-
nol, 50 mM Tris-HCI, and 380 mM glycine. For preferential detection of free SUMO
and lower molecular-weight SUMO conjugates, TCA extracts were analyzed by
PAGE, followed by semi-dry transfer using a Power Blotter system (Thermo Fisher).
Chemiluminescence-based imaging was performed using the MicroChemi imager
(DNR). For quantification of signals, TIFF-format images were analyzed using
Imagel) software (version 1.52a; NIH). Specifically for determining sumoylation lev-
els, all SUMO signals (above the Ubc9-SUMO band, if it was present) were consid-
ered SUMO conjugates, and normalization was made to the corresponding signal
from GAPDH immunoblots. Antibodies used for immunoblot analyses were: 1:500-
1:1000 SUMO/Smt3 (y-84; Santa Cruz, sc-28649); 1:3000 GAPDH (Sigma, G9545);
1:500 Ubc9 (Santa Cruz, sc-6721); 1:3000 histone H3 (Abcam, ab1791); 1:1000 Myc
epitope tag (Sigma, 05-724); 1:1000 Rpb3 (Abcam, ab202893); 1:5000 HA (12CA5;
Sigma, 11583816001). The RPL3 antibody, which we used at a dilution of 1:200, was
deposited to the DSHB by Warner, J. R. (DSHB Hybridoma Product ScRPL3
supernatant).

Spot assays and liquid growth assays. Yeast strain fitness was examined by spot
assays, as previously described,®* or liquid growth analysis. To generate liquid growth
curves, growing cultures were diluted to an absorbance of 0.2-0.5 in appropriate
medium and treated if needed. Each sample was transferred, in triplicate, to wells in a
96-well microtiter dish, and inserted into an accuSkan™ absorbance microplate reader
(Fisherbrand™, Thermo Fisher), which shook and incubated samples at the appropriate
temperature while taking absorbance measurements (595 nm) at 15-min intervals over
a course of 20 h. Background absorbance readings were made from wells containing
uninoculated medium, and the background-subtracted average absorbance readings,
and standard deviations, are listed in Table S5. Curves shown in figures were generated
using average values without standard deviations indicated since they are minimal
and would otherwise obscure curves on the diagrams. Because the light path distance
in the accuSkan™ is less than 1cm, absorbance readings are indicated as arbitrary
units (a.u.) and are not directly comparable to values obtained through a standard
spectrophotometer.
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TABLE 2 Analysis details for RNA-seq in ubc9-6 vs WT

RNA-seq in ubc9-6 and WT strains

Samples and conditions

Library synthesis
Sequencing
Quality control
Genome alignment

Transcript counting

Differential expression analysis

Data availability

Two independent replicates were prepared from cultures grown in SC medium at 30 °C.
1—W303a (“WT")
2—ubc9-6

NEB Ultra Il directional mRNA library prep (PolyA enrichment)

Ilumina HiSeq 2500; Paired-end reads; 2 x 126 nt; 30 million reads/sample

FastQC (0.11.9)

HISAT2 (2.1.0)

Parameters: Default options; UCSC annotation file: sacCer3.ncbiRefSeq.gtf

Transcripts counted using featureCounts from Subread (2.0.0)

Parameters: Default options; -p (paired)

edgeR (3.32.1)

Parameters: Library sizes were normalized using calcNormFactors; dispersions were estimated
with estimateDisp with robust argument; likelihood ratio tests for differential expression were
performed with glmFit and gImLRT.

NCBI GEO database accession: GSE167427

TABLE 3 Sequences of oligonucleotides used in this study

Gene

Oligonucleotide sequence(s)

Primers for qPCR analysis of ChIP samples

HIS4

MET6 promoter
RPS20 promoter
RPS27B promoter
YEF3

ChrV (untranscribed)

Primers for qPCR analysis of RT samples

HSP26

HSP12

MET6

IMD2

ADH1

RPS20

RPL5

RPL25 (intron)
RPS27B (intron)

25S rRNA

Forward: 5'-ACGTTTCACTTGTTGGTCAGG-3'
Reverse: 5'-CCACTTGGCAAGGACAAAGC-3’
Forward: 5'-GCATCTAAGAGCATTGACAACA-3'
Reverse: 5-TGGACCGATTCTTGGGAACC-3’
Forward: 5'-CGCGACTAGCCTCAGAGATT-3’
Reverse: 5'-GCTGAGCTTGAATGAAATAACCC-3/
Forward: 5-AATTCCCCTCTGCTTCCCG-3/
Reverse: 5'-ACAGCACACATGAAAGATGAGA-3’
Forward: 5-ACGTTGGTGAAGACGATGCT-3'
Reverse: 5'-CAATGGCGGCAATGTACTCG-3/
Forward: 5'-CATTATCCGTAACGCCACTTT-3’
Reverse: 5'-CGATCTTAGTTCCAATGGTGAAA-3'

Forward: 5'-CAACGAAGTTGATGCCTTTAACAG-3’
Reverse: 5'-CAACTTCCTTGCCAGTAGAATCC-3'
Forward: 5'-CTGAAGCTTTGAAGCCAGACTC-3’
Reverse: 5'-GGTTGAACCTTACCAGCGACC-3/
Forward: 5'- GGACTTGCCTGCCAAC-3’
Reverse: 5'-CAACTGGCAAGCCCTTGATG-3’
Forward: 5'-GTCAAGACATCGGCTGTAGGTCG-3’
Reverse: 5'- CGTAAGAATGTAAATTATGAACG-3/
Forward: 5'-CACCGTTTTGGTCGGTATGC-3’
Reverse: 5'-GACCAAACCTCTGGCGAAGA-3’
Forward: 5'- AGGGTCCAGTCAGACTACCA-3’
Reverse: 5'- CAGGAGCTTCCAAGTCGATGT-3’
Forward: 5’- CTGCTGCTTACGCTACTGGT-3'
Reverse :5'-ACCTTGAATGGACGTGGACC-3/
Forward: 5'-TTAACGACAGCTTTCTTAGCG-3/
Reverse: 5'-ACCAACAGCCATTAACAAATCC-3’
Forward: 5'-CTGGGTAATGATTTATCCTTC-3/
Reverse :5'-TGGGTGCAACAAATCTTGAAC-3’
Forward: 5'-TCTAGCATTCAAGGTCCCATTC-3’
Reverse : 5'-CCCTTAGGACATCTGCGTTATC-3’

RNA-seq and RNAPII ChIP-seq analysis. RNA preparation and ChIP were performed
as previously described.!" Details of the ubc9-6 RNA-seq experiment are presented in
Table 2. RNAPII ChIP-seq analysis was previously reported,’” with the heat shock-treated
samples (37°C for 12min) analyzed in the same manner. Bioinformatics analysis of the
previously published ubc9-1 RNA-seq dataset*® was also performed as indicated in
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Table 2. Read counts and differential expression analysis results for the RNA-seq analyses
are in Table S3, and RNAPII ChIP-seq analysis results are in Table S1. GO term analysis
and visualization were performed as previously described®® with data shown in Table S2.
Validation qRT-PCRs, and the analyses in Fig. S3D and S3E, were performed as previously
described using primers indicated in Table 3."
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