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The small ubiquitin-related modifiers (SUMOs) are evolutionarily conserved polypeptides that are co-
valently conjugated to protein targets to modulate their subcellular localization, half-life, or activity. Steady-
state SUMO conjugation levels increase in response to many different types of environmental stresses, but how
the SUMO system is regulated in response to these insults is not well understood. Here, we characterize a novel
mode of SUMO system control: in response to elevated alcohol levels, the Saccharomyces cerevisiae SUMO
protease Ulpl1 is disengaged from its usual location at the nuclear pore complex (NPC) and sequestered in the
nucleolus. We further show that the Ulpl region previously demonstrated to interact with the karyopherins
Kap95 and Kap60 (amino acids 150 to 340) is necessary and sufficient for nucleolar targeting and that enforced
sequestration of Ulpl in the nucleolus significantly increases steady-state SUMO conjugate levels, even in the
absence of alcohol. We have thus characterized a novel mechanism of SUMO system control in which the
balance between SUMO-conjugating and -deconjugating activities at the NPC is altered in response to stress

via relocalization of a SUMO-deconjugating enzyme

The small ubiquitin-related modifiers (SUMOs) are a family
of evolutionarily conserved polypeptides that are conjugated to
protein targets via the concerted action of SUMO-specific E1
(activation), E2 (conjugation), and E3 (ligase) enzymes to ef-
fect changes in subcellular localization, half-life, or target ac-
tivity. A family of SUMO-specific proteases act to remove the
modifier from conjugates (8, 20). The SUMO system has been
implicated in a variety of critical cellular functions, such as
DNA repair and replication, RNA metabolism, and stress re-
sponses (8, 16, 20). Importantly, the SUMO system is highly
dynamic and the SUMO pathway enzymes appear to work
together to precisely control SUMO conjugate levels in the cell
(8, 16, 20). However, how the SUMO system itself is regulated
is poorly understood.

Localization of the SUMO pathway enzymes may play an
important role in SUMO system function (21). For example,
the budding yeast SUMO protease Ulpl is tethered to the
nuclear face of the nuclear pore complex (NPC) via an uncon-
ventional interaction with the karyopherin Kapl21 and the
heterodimeric Kap95/Kap60 complex (12, 13, 23). However,
this SUMO protease is not maintained exclusively at the NPC
but appears to be mobile, effecting desumoylation at diverse
subcellular locations: e.g., during mitosis, Saccharomyces cer-
evisiae Ulpl is recruited to the septin ring to desumoylate
septins (15), Schizosaccharomyces pombe Ulp1 localization is
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regulated throughout the cell cycle (31), and a mammalian
Ulpl homolog, SENP2, is shuttled between the nucleus and
the cytoplasm (7). Consistent with these observations, SUMO
conjugate levels are significantly altered in yeast strains ex-
pressing mislocalized Ulp1 (13, 37).

Dramatic changes in SUMO conjugate populations have
been noted in response to many different types of stresses in
yeasts, mammals, and plants (9, 17, 27, 32, 38). For example, in
S. cerevisiae, significantly increased steady-state SUMO conju-
gate levels are observed in response to elevated concentrations
of ethanol (38). To better understand how the SUMO system
is regulated in response to stress, we utilized alcohol as a
model of a physiologically relevant stressor in yeast. Here, we
demonstrate that alcohol stress results in a rapid, reversible
nucleolar sequestration of Ulpl and that enforced localization
of Ulp1 in the nucleolus leads to a dramatic increase in steady-
state SUMO conjugate levels. This is the first demonstration of
regulated modulation of the intracellular localization of a
SUMO enzyme in response to stress and thus represents a
novel mechanism for SUMO system control.

MATERIALS AND METHODS

Yeast strains and microbiological techniques. The S. cerevisiae strains used in
this study were derivatives of BY4741 or DF5 haploid cells, unless otherwise
specified, and are listed in Table 1. All yeast genetic manipulations were per-
formed according to established procedures. Unless otherwise noted, yeast
strains were grown at 30°C to mid-logarithmic phase in YPD or selective minimal
(SM) medium supplemented with appropriate nutrients and 2% glucose. Tem-
perature-sensitive mutants were grown at a permissive temperature of 24°C to
mid-logarithmic phase in SM medium supplemented with appropriate nutrients
and 2% glucose. Yeast cells were pelleted and transferred to prewarmed medium
at 37°C for 3 h prior to treatment with alcohols. Transformations were performed
as described previously (2).
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TABLE 1. Yeast strains used in this study

Strain Genotype Parent strain Source or reference
BY4741 MATa his3A1 leu2A0 metl15A0 ura3A0 3
Ulpl-TAP MATa ulpl::ULPI-TAP (His3MXO6) BY4741 15
Aosl-TAP MATa Aos1-TAP (His3MX06) BY4741 5
Uba2-TAP MATa Uba2-TAP (His3MX06) BY4741 5
Ubc9-TAP MATa Ubc9-TAP (His3MX6) BY4741 5
Ulpl-HA MATa pULPI-HA BY4741 This study
Ulp2-HA MATa pULP2-HA BY4741 This study
Aos1-GFP MATa Aos1-GFP (His3MX6) BY4741 6
Uba2-GFP MATa Uba2-GFP (His3MXO0) BY4741 6
Ubc9-GFP MATa Ubc9-GFP (His3MXO0) BY4741 6
Ulp2-RFP MATa pUlp2-RFP BY4741 This study
cNLS-RFP MATa pcNLS-RFP BY4741 This study
Nup59-GFP MATa Nup59-GFP (His3MX6) pULPI-RFP BY4741* This study
Nup100-GFP MATa Nupl00-GFP (His3MX6) pULPI-RFP BY4741* This study
Nop2-GFP MATa Nop2-GFP (His3MX6) pULPI-RFP BY4741* This study
Noc3-GFP MATa Noc3-GFP (His3MX6) pULPI-RFP BY4741% This study
Nop56-GFP MATa Nop56-GFP (His3MX6) pULPI-RFP BY4741* This study
Noc2-GFP MATa Noc2-GFP (His3MX6) pULPI-RFP BY4741* This study
Nop4-GFP MATa Nop4-GFP (His3MX6) pULPI-RFP BY4741% This study
Nop6-GFP MATa Nop6-GFP (His3MX6) pULPI-RFP BY4741* This study
Nop58-GFP MATa Nop58-GFP (His3MX6) pULPI-RFP BY4741* This study
Nab2-GFP MATa Nab2-GFP (His3MX6) pULPI-RFP BY4741* This study
Tom1-GFP MATa TomI-GFP (His3MX6) pULPI-RFP BY4741* This study
Hrb1-GFP MATa HrbI-GFP (His3MX6) pULPI-RFP BY4741* This study
Dbp5-GFP MATa Dbp5-GFP (His3MX6) pULPI-RFP BY4741% This study
Mtr10-GFP MATa Mtrl0-GFP (His3MX6) pULPI-RFP BY4741* This study
Hrpl-GFP MATa Hrpl-GFP (His3MX6) pULPI-RFP BY4741* This study
Gbp2-GFP MATa Gbp2-GFP (His3MX6) pULPI-RFP BY4741% This study
Sub2-GFP MATa Sub2-GFP (His3MX6) pULPI-RFP BY4741* This study
Yral-GFP MATa Yral-GFP (His3MX6) pULPI-RFP BY4741* This study
Thpl-GFP MATa Thpl-GFP (His3MX6) pULPI-RFP BY4741% This study
Sac3-GFP MATa Sac3-GFP (His3MX6) pULPI-RFP BY4741* This study
Mex67-GFP MATa Mex67-GFP (His3MX6) pULPI-RFP BY4741* This study
Mtr2-GFP MATa Mtr2-GFP (His3MX6) pULPI-RFP BY4741% This study
Npl3-GFP MATa NpI3-GFP (His3MX6) pULPI-RFP BY4741* This study
Kap95-GFP MATa Kap95-GFP (His3MX6) pNop56-Dsred BY4741* This study
Kap60-GFP MATa Kap60-GFP (His3MX6) pNop56-Dsred BY4741% This study
Kap121-GFP MATa Kap121-GFP (His3MX6) pNop6-Dsred BY47414 This study
DF5 MATa ura3-52 his3-A200 trpl1-1 leu2-3,112 lys2-801 4
Ulp1-GFP MATa ulpl A::KanMX4 CDC3-HA::HIS5 pULPI-GFP DF5 15
pULP1'°0-%2L.GFP MATa ulplA::KanMX4 CDC3-HA::HIS5 pULP1'**?'-GFP DF5 15
pULP14150-340.GFp MATa ulplA:KanMX4 CDC3-HA::HIS5 pULP1A%-3%.GFP DF5 15
pULP1!-°.GFP MATa pULPI*"*°-GFP BY4741 This study
pULP1!°0-34.GFP MATa pULP1"3%-GFP BY4741 This study
Nup60-GFP MATa Nup60-GFP (His3MX6) pULPI1-RFP BY4741* This study
Mlp1-GFP MATa MipIl-GFP (His3MX6) pULPI-RFP BY4741% This study
MIp2-GFP MATa Mip2-GFP (His3MX6) pULPI-RFP BY4741* This study
Escl-GFP MATa Escl-GFP (His3MX6) pULPI-RFP BY4741* This study
Nup2A pULP1-GFP MATa nup2A::KanMX4 pULPI-GFP BY4741° This study
Nup42A pULP1-GFP MATa nup42A::KanMX4 pULP1-GFP BY4741° This study
Nup53A pULP1-GFP MATa nup53A::KanMX4 pULPI-GFP BY4741° This study
Nup59A pULP1-GFP MATa nup59A::KanMX4 pULP1-GFP BY4741° This study
Nup60A pULP1-GFP MATa nup60A::KanMX4 pULPI-GFP BY4741° This study
Nup100A pULP1-GFP MATa nupl00A::KanMX4 pULPI-GFP BY4741° This study
Nup133A pULP1-GFP MATa nup133A::KanMX4 pULPI-GFP BY4741° This study
Nup170A pULP1-GFP MATa nupl70A::KanMX4 pULPI1-GFP BY4741° This study
Nup188A pULP1-GFP MATa nupl188A::KanMX4 pULPI-GFP BY4741° This study
EsclA pULP1-GFP MATa esclA::KanMX4 pULPI-GFP BY4741° This study
Asrl1A pULP1-GFP MATa asrl A::KanMX4 pULPI-GFP BY4741° This study
Mip1/2A pULP1-GFP MATa mipl A:KanMX4 mip2::natMX4 pULPI-GFP BY4741° This study
Nup59A pULP1'5*-621.GFP MATa nup59A::KanMX4 pULP1'>*%2\.GFP BY4741° This study
Nup100A pULP1'30-%21.GFP MATa nupl00A::KanMX4 pULP1'>"-°>'-GFP BY4741° This study
Nup2A pULP1%-¢2L.GFP MATa nup2A:KanMX4 pULP1**%*'.GFP BY4741° This study
Nup60A pULP1'5%-621.GFP MATa nup60A::KanMX4 pULP1'>"-%?\.GFP BY4741° This study
Escl1A pULP1'3%-°2.GFP MATa escl1A:KanMX4 pULP1""-%2.GFP BY4741° This study
Mip1/2A pULP1>%-¢2L.GFP MATa miplA:KanMX4 mip2A::natMX4 pULP1'%-%'.GFP BY47417 This study
ulp2A MATa ulp2A::KanMX4 BY4741° 34
ubc9-2 MATo ubc9-2::NATR canlA::STE2pr-Sp_his5 lypl A TSQUERY370 16
kap121-34 MATa kapl21:ura3::HIS3 pkapl21-34 DF5 10
kap95-14 MATa kap95::HISS5 pkap95-14 DF5 1
kap95-14 MATo kap95::HISS pkap95-14 DF5 1
kap95-14 ULP11>0-¢2.GFP MAT« kap95::HISS pkap95-14 ulp1A::KanMX4 CDC3-HA::HIS5 pULP1>%-%?.GFP DF5 This study
kap95-14 ULP1'50-%2I.GFP MATa kap95::HISS5 pkap95-14 ulplA::KanMX4 CDC3-HA::HIS5 pULP1'°%-%2!.GFP DF5 This study
kap95-14 ¢cNLS-RFP MATa pcNLS-RFP DF5'0 This study
kap121-34 pULP1150-340.GFP MATa pULP1-GFP pNOP2-RFP DF5’ This study
kap95-14 pULP1'30-340_GFP MATa pULPI-GFP pNOP2-RFP DF5'¢ This study
ulp1-33359¢ MATo ulp1-333:NATR smt3AC::LEU2 canlA::STE2pr-Sp_his5 lypl A TSQUERY961 16
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WCL preparation, affinity purification, SDS-PAGE, and Western blotting.
Whole-cell lysates (WCL) were prepared by alkaline lysis and trichloroacetic acid
protein precipitation of cell pellets derived from 10-ml cultures. Protein pellets
were resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer, sonicated for 10 s, and incubated at 90°C for 5 min.
Affinity purification of tandem affinity purification (TAP)- or hemagglutinin
(HA)-tagged proteins was performed essentially as described previously (26),
except that cells were lysed by bead beating with 0.5-mm glass beads (BioSpec
Products, Inc.) in 10% glycerol-50 mM HEPES (pH 8.0)-100 mM KCI-2 mM
EDTA-0.1% Nonidet P-40. Lysates were cleared by centrifugation at 16,000 X
g and incubated overnight with Dynabeads Pan Mouse IgG (Invitrogen). Beads
were washed three times with phosphate-buffered saline. Proteins were eluted in
Laemmli buffer and resolved on 10% or 4 to 12% SDS-polyacrylamide gels and
transferred to 0.45-um-pore-size nitrocellulose membrane (Pall Corp.) using
standard methods. Specific rabbit polyclonal antibodies were used to detect yeast
SUMO (Smt3p) and Swi6p (both from Rockland Immunochemicals, Inc.). Rab-
bit serum was used to detect the Staphylococcus aureus protein A moiety in the
TAP and HA tags. A mouse monoclonal antibody was used for detection of
beta-actin (EMD Chemicals, Inc.). Binding of primary antibodies was detected
using horseradish peroxidase (HRP)-conjugated donkey anti-rabbit secondary
antibodies (Bio-Rad Laboratories) or HRP-conjugated goat anti-mouse IgM
(EMD Chemicals, Inc.) and visualized using ECL (Bio-Rad Laboratories) or
ECL-plus (Millipore Corporation).

The alcohols used were methanol (99.8%; EMD Chemicals, Inc.), ethanol
(95%; Commercial Alcohols, Brampton, Ontario, Canada), isopropanol (99.5%;
BioShop Canada), butanol (99.8%; BioShop Canada), pentanol, and hexanol
(98%; Fluka Chemie).

Live-cell confocal microscopy. Mid-log-phase cells were collected from 1-ml
cultures, washed briefly in H,O containing 2% glucose, and mounted on a glass
slide. Cells were imaged with a 60X, 1.42 numerical aperture PlanApo objective
on an Olympus IX80 inverted microscope (Olympus Canada) fitted with a
Yokogawa CSU10 spinning-disk confocal scanner unit (Quorum Technologies
Inc., Guelph, Ontario, Canada) and a 512-by-512-pixel electron multiplier
charge-coupled device (CCD) camera (Hamamatsu, Japan). The system was
controlled with Volocity 4.3.2 software (Improvision Ltd.). The CCD camera was
operated at maximum resolution; the gain was set to 1, binning to X1, and
sensitivity to 100 (except for pUlp1-RFP, for which it was set to 130). Exposure
times varied by strain, ranging from 0.2 to 10 s. Settings were maintained for all
subsequent images of the same strain. Further processing of images was per-
formed using Volocity and Adobe Photoshop CS2 (Adobe Systems Inc.).

RESULTS

Soluble Ulpl levels are inversely correlated with steady-
state sumoylation levels. To better understand how alcohol
stress modulates steady-state sumoylation levels, we character-
ized the effects of ethanol exposure on the proteins responsible
for SUMO conjugation and deconjugation. Yeast strains ex-
pressing epitope-tagged SUMO pathway proteins were ex-
posed to 10% ethanol for 60 min, and WCL (prepared by
standard alkaline lysis and trichloroacetic acid protein precip-
itation) were analyzed via Western blotting. In WCL, no ap-
parent changes in expression level or electrophoretic mobility
were observed for any of the SUMO pathway proteins (Fig.
1A). Interestingly, however, isolation of the same proteins
from cell lysates via immunoprecipitation (affinity purification
[AP] via IgG-Sepharose; see Materials and Methods) revealed
a striking, rapid decrease in immunoprecipitable Ulp1 levels in
response to alcohol stress (Fig. 1A). A smaller decrease was
observed for Ulp2 (Fig. 1A). This effect did not appear to be
related to a particular epitope tag, as the Ulpl-HA and Ulp1-
TAP proteins behaved identically (compare Fig. 1A and B).

The loss of Ulp1 from immunoprecipitates was ethanol dose
dependent (Fig. 1B). While only a minor effect was noted
within 60 min for 5% ethanol, 7.5% ethanol elicited Ulpl
disappearance within 60 min and higher concentrations led to
a more rapid loss. To determine whether this effect was specific

MoL. CELL. BIOL.

to ethanol, we tested a number of other simple alcohols. Ex-
posure to methanol, isopropanol, butanol (Fig. 1C), pentanol,
or hexanol (data not shown) also led to a loss of Ulpl from
immunoprecipitates. A loss of the apparent solubility of Ulpl
is therefore not limited to a specific alcohol but appears to be
a general response to alcohol exposure.

Interestingly, steady-state SUMO conjugate levels were in-
versely correlated with soluble Ulp1 levels (Fig. 1D). The loss
of Ulpl from immunoprecipitates was also reversible: removal
of alcohol from the culture medium was followed by a gradual
increase in soluble Ulpl, accompanied by a concomitant de-
crease in SUMO conjugates (Fig. 1D, middle). As observed
above, total Ulpl levels measured in WCL were unchanged in
response to alcohol exposure (Fig. 1D, bottom; Swi6 was used
as a loading control). The increase in SUMO conjugates in
alcohol-treated cells did not appear to be due to an effect on
SUMO protein levels, as unconjugated (free) SUMO protein
decreased in concert with increasing SUMO conjugates (Fig.
1E). Thus, while total Ulpl protein levels are not affected by
alcohol, the availability of Ulpl for immunoprecipitation is
dramatically decreased by alcohol stress and inversely corre-
lated with steady-state SUMO conjugate levels.

Ulp2 is not required for the SUMO alcohol response. While
alcohol exposure had a rapid and dramatic effect on the ap-
parent solubility of Ulpl, we also observed a smaller decrease
in Ulp2 levels in immunoprecipitates in response to ethanol
stress (Fig. 1A). However, ethanol-stimulated SUMO conju-
gate formation appeared to be unaffected in a ulp2A mutant
strain (Fig. 1F). Similarly, cells overexpressing Ulp2 from a
galactose-inducible promoter (data not shown) displayed no
detectable change in ethanol-stimulated SUMO conjugate for-
mation. Ulp2 thus does not appear to play a critical role in the
alcohol-mediated increase in SUMO conjugate formation.

Ulpl1 is recruited to the nucleolus in response to alcohol
stress. The fact that the apparent solubility of Ulpl was af-
fected by alcohol exposure (while total Ulpl protein levels
were not) suggested that it could be recruited to an intracel-
lular compartment or structure that is insoluble under our
standard lysis conditions. To explore this possibility, we char-
acterized the localization of the SUMO conjugation and de-
conjugation enzymes in cells subjected to alcohol stress. No
changes in intracellular localization were observed for Aosl-
GFP, Uba2-GFP, Ubc9-GFP, or Ulp2-RFP in response to
ethanol treatment (10% ethanol for 60 min; Fig. 2A). How-
ever, Ulp1 localization was dramatically altered within minutes
of alcohol exposure. As previously reported (13, 23), in un-
treated cells, Ulpl-GFP displays nuclear rim localization.
However, following ethanol exposure, Ulpl was also found in
large nuclear foci (Fig. 2A). This effect was not restricted to
ethanol; identical results were obtained with isopropanol, bu-
tanol, pentanol, and hexanol (data not shown).

To better define the location and composition of the Ulp1-
containing foci, Ulpl-RFP was coexpressed with a series of
green fluorescent protein (GFP)-tagged intracellular markers.
As previously reported (13, 23), Ulpl-red fluorescent protein
(RFP) colocalized with NPC components in untreated cells
(e.g., Nup59-GFP and Nup100-GFP; Fig. 2B). Following alco-
hol treatment, Ulpl-RFP instead colocalized with Noc3,
Nop62 (Fig. 2B), and several other nucleolar markers (data not
shown). No colocalization of Ulpl with these proteins was
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FIG. 1. Ulpl solubility is inversely correlated with steady-state SUMO conjugate levels. (A) Yeast strains expressing epitope-tagged versions
of SUMO system proteins were grown in liquid culture and treated with 10% ethanol, and aliquots were removed at the indicated times. WCL
were prepared, or AP was conducted for each protein, as described in Materials and Methods. Western blotting was conducted to monitor protein
levels. Swi6 was used as a loading control. (B) Ulp1-TAP was affinity purified from cells treated with various concentrations of ethanol, as indicated.
Purified material was subjected to SDS-PAGE and Western analysis. (C) The Ulpl-TAP strain was treated with 10% methanol, ethanol,
isopropanol, or butanol, and apparent Ulp1 solubility was monitored by AP and Western analysis as described above. (D) A Ulp1-TAP culture
was treated with 10% ethanol for 60 min, pelleted, washed, resuspended, and maintained in fresh culture medium for an additional 180 min.
Aliquots were removed at the time points indicated. WCL and affinity-purified Ulp1-TAP were subjected to SDS-PAGE and Western analysis as
indicated. Swi6 was used as a loading control. (E) A wild-type S. cerevisiae strain (BY4741) was exposed to 10% ethanol, aliquots were taken at
the time points indicated, and WCL were subjected to SDS-PAGE and Western analysis. Steady-state SUMO conjugate levels (top, short
exposure) and unconjugated (Free) SUMO protein levels (bottom, longer exposure) are shown. (F) A ulp2A mutant strain was subjected to 10%
ethanol treatment as described above. Aliquots were removed at the time points indicated, and WCL were subjected to SDS-PAGE and Western
analysis. WCL from an untreated wild-type (WT) strain is included for comparison.

observed in untreated cells (Fig. 2B). Ulpl is therefore re-
cruited to the nucleolus in response to alcohol stress.

Many types of environmental stresses have been demon-
strated to increase SUMO conjugate formation in yeasts,
plants, and mammalian cells in culture (9, 17, 27, 32, 38). We
therefore wished to determine if these other types of stress also
effect Ulpl nucleolar recruitment. Heat shock (42°C for 3 h),
cold shock (16°C for 3 h), osmotic shock (1 M NaCl or 1 M
sorbitol for 1 h), protein folding stress (5 pg/ml tunicamycin or

30 mM 2-mercaptoethanol for 1 h), and hydrogen peroxide (1,
10, or 100 mM for 1 h) did not affect Ulp1 localization (data
not shown). Ulp1 nucleolar sequestration thus does not appear
to be a general response to all stresses but may be a specific
response to alcohol exposure.

A Ulpl region required for nucleolar recruitment. To better
understand the structural requirements for Ulp1 nucleolar re-
cruitment, we characterized the localization of a set of previ-
ously described Ulp1-GFP deletion mutant proteins (15) in the
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FIG. 2. Ulpl is recruited to the nucleolus in response to alcohol stress. (A) Confocal microscopy of untreated and ethanol-treated (10% for
60 min) yeast strains expressing GFP-tagged Aos1, Uba2, UbcY, or Ulpl or RFP-tagged Ulp2. (B) Cells coexpressing Ulp1-RFP and a GFP-tagged
nucleoporin (Nup59-GFP or Nup100-GFP) or GFP-tagged nucleolar protein (Nop62-GFP or Noc3-GFP) were imaged before and after treatment

with 10% ethanol (60 min). Scale bars, 5 wm.

presence and absence of alcohol. Earlier studies demonstrated
that Ulpl1 is localized to the NPC via unconventional interac-
tions with the karyopherin Kapl21 and the heterodimer
Kap95/Kap60 (12, 13, 23). The Kapl21 binding region was
localized to amino acids (aa) 1 to 150, and the Kap95/Kap60
binding site (along with a bipartite nuclear localization se-
quence) was demonstrated to reside within aa 150 to 340. Aa
340 to 403 comprise a coiled-coil motif of unknown function,
and the catalytic region (aa 403 to 621) is located at the C
terminus of the molecule (Fig. 3A) (12, 13, 23).

Consistent with earlier reports (15), a Ulp1'"'*°-GFP fusion
protein displayed both cytoplasmic and nuclear localization in
untreated cells (Fig. 3B). Ethanol treatment had no effect on

its subcellular distribution (Fig. 3B). Also as previously ob-
served (15), the N-terminal deletion mutant protein
Ulp1'5%-°2L.GFP is partially mislocalized in untreated cells
(presumably due to the absence of the Kap121 binding site),
displaying both nuclear rim and cytoplasmic localization (Fig.
3B). However, like the full-length protein, this N-terminal de-
letion mutant was efficiently recruited to the nucleolus in re-
sponse to ethanol treatment (Fig. 3B). A Ulp1'>****-GFP pro-
tein (lacking the C-terminal coiled-coil and catalytic regions)
displayed the same properties (Fig. 3B), indicating that the
coiled-coil and catalytic segments are not required for nucle-
olar localization. Finally, a Ulp1 mutant protein lacking only aa
150 to 340 (Ulp14'39-34°_GFP) displayed both cytoplasmic and
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FIG. 3. The region encompassing Ulp1 aa 150 to 340 is necessary and sufficient for alcohol-mediated nucleolar localization. (A) Schematic
representation of the Ulpl deletion mutant proteins used in this study. Previously defined protein domains and motifs are indicated, along with
the alcohol-induced nucleolar localization (this study) and NPC localization (previously demonstrated) properties of each deletion mutant (right).
(B) Cells expressing GFP-tagged Ulp1 truncation mutants (as indicated) were imaged before and after treatment with 10% ethanol for 60 min.

nuclear rim signals in untreated cells, and ethanol had no effect
on its localization (Fig. 3B). The region encompassing aa 150
to 340 (containing a nuclear localization signal and the Kap95/
Kap60 binding region) is therefore necessary and sufficient for
Ulpl nucleolar recruitment and sequestration in response to
alcohol stress.

NPC-associated proteins do not appear to be involved in
Ulp1 recruitment to the nucleolus. Several NPC-associated
proteins (Escl, Mlp1, Mlp2, and Nup60) have been implicated
in Ulpl localization at the NPC (11, 22, 37). To determine
whether these proteins also play a role in Ulpl nucleolar re-
cruitment and localization, we examined Escl-GFP, Mlpl-
GFP, Mlp2-GFP, and Nup60-GFP localization before and af-
ter ethanol treatment (Fig. 4A). While Ulpl was efficiently
recruited to the nucleolus in all of these strains in response to
ethanol treatment, no change in localization was observed for
any of the NPC-associated proteins (Fig. 4A). We also exam-

ined Ulpl nucleolar recruitment in strains with the escl,
mipl and mlip2, or nup60 gene disrupted. Ulpl-GFP and
Ulp1"°%2L.GFP nucleolar targeting and sequestration were
unaffected in these strains (Fig. 4B).

To examine the role of NPC structural proteins in Ulpl
nucleolar recruitment, Ulpl-GFP was expressed in strains
lacking individual NPC components (nup59A, nupl00A,
nup42A, nup53A, nup170A, and nup188A). No defects in alco-
hol-mediated Ulp1 nucleolar targeting were observed in any of
these strains (Fig. 4B and data not shown). The mechanism of
recruitment of Ulpl to the nucleolus in response to alcohol
stress thus appears to differ dramatically from that of its tar-
geting to the NPC.

Kap121 and the Kap95/Kap60 heterodimer are also critical
for Ulpl localization at the NPC (12, 13, 23). To determine
whether these karyopherins play a direct role in Ulp1 nucleolar
targeting, we examined the intracellular localization of Kap95-
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FIG. 5. Enforced Ulpl nucleolar localization effects an increase in steady-state SUMO conjugates. (A) Ulp1C-GFP-Nup60 (in a ulpIA mutant
strain) was coexpressed with the nucleolar marker Nop2-RFP, and cells were imaged before and after treatment with 10% ethanol for 60 min.
(B) A ulplA mutant strain expressing either Ulp1-GFP or Ulp1C-GFP-Nup60 (as the only source of Ulp1 in these strains) was exposed to 10%
ethanol. Aliquots were taken at the time points indicated, and WCL were subjected to SDS-PAGE and Western analysis. Swi6 was used as a
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prepared from the strains indicated at the permissive (24°C) and restrictive temperatures (37°C for 3 h) and subjected to SDS-PAGE and
anti-SUMO Western analysis. Actin was used as a loading control. (D, bottom) Schematic representation of Ulp1 localization in each strain at the
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GFP, Kap60-GFP, and Kap121-GFP before and after ethanol
treatment. No changes in the localization of the GFP-tagged
protein populations were observed (Fig. 4C). Since these
karyopherins do not appear to be specifically enriched in the
nucleolus following alcohol exposure, the Kaps themselves are
most likely not involved in targeting Ulp1 to the nucleolus.

Enforced Ulpl nucleolar localization effects an alcohol-in-
dependent increase in steady-state SUMO conjugates. In an
attempt to disrupt Ulpl nucleolar recruitment, we utilized a
yeast strain that expressed a previously described fusion pro-
tein, Ulp1C-GFP-Nup60, as its only source of Ulpl (10). This
protein is composed of the catalytic region of Ulpl fused to
Nup60, a nucleoporin localized to the nucleoplasmic face of
the NPC. Surprisingly, we found that even this fusion protein
was recruited to the nucleolus in response to ethanol treatment
(Fig. 5A). Consistent with this observation, steady-state
SUMO conjugate formation, while somewhat blunted in this
strain compared to that in the wild type, was increased after
ethanol exposure (Fig. 5B).

Finally, we characterized Ulpl localization in kap95-14
and kap121-34 temperature-sensitive mutant yeast strains.
Transport of cargos recognized specifically by these karyo-
pherins is eliminated at the restrictive temperature in these
strains (10, 18). As expected, inactivation of Kap121 func-
tion had no effect on Ulpl nucleolar recruitment. The
Ulp1'°°3*4°_GFP protein (which lacks the Kap121 binding
region) displayed nuclear rim and cytoplasmic localization
in the kap121-34 strain at both the permissive and restrictive
temperatures, and ethanol treatment effected nucleolar se-
questration at both temperatures (Fig. 5C, left). Ulp1'2°-340-
GFP also displayed nuclear rim and cytoplasmic localization
in the kap95-14 strain at the permissive temperature. How-
ever, shifting this strain to the restrictive temperature re-
sulted in a constitutive, ethanol-independent localization of
Ulp1'°°**°_GFP to the nucleolus (Fig. 5C, right). Treat-
ment of these cells with ethanol caused no further change in
Ulpl localization (Fig. 5C, right). Identical results were
obtained with the Ulp1'°°-°>'.GFP fusion protein (data not
shown). Taken together, these data suggest that Ulpl nu-
cleolar localization is normally inhibited by a Kap95-depen-
dent interaction at the NPC and that the region encompass-
ing Ulp1 aa 150 to 340 contains a cryptic nucleolar targeting
signal.

To establish a direct link between Ulp1l nucleolar sequestra-
tion and the increase in SUMO conjugate formation following
alcohol exposure, Ulp1'*°%21.GFP was expressed (as the only
source of Ulpl protein) in a ulpl/A mutant strain, as well as in
a ulplA kap95-14 double-mutant strain (14, 15). As expected,
Ulp1'°%%>'_GFP was localized to the nuclear rim and cyto-
plasm at the permissive temperature (24°C) in both strains.
Shifting to the restrictive temperature (37°C for 3 h) effected a
constitutive, ethanol-independent localization of Ulp1'°°-62-
GFP to the nucleolus in the double-mutant strain (ulp/A
kap95-14; as in Fig. 5C). Importantly, shifting to the restrictive
temperature had no effect on SUMO conjugates in wild-type
cells or either of the ulpIA or kap95-14 single-mutant strains
(Fig. 5D). However, shifting the ulplA kap95-14 double-mu-
tant strain to the restrictive temperature to enforce nucleolar
Ulp1 relocalization elicited a dramatic increase in SUMO con-
jugate formation (Fig. 5D).
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FIG. 6. Model of the alcohol-mediated SUMO stress response. In
untreated cells (left panel), Ulp1 is localized primarily to the nuclear
face of the NPC in a Kap95-dependent manner. Steady-state SUMO
conjugate levels are maintained at a relatively low level in this state.
Following alcohol exposure (right panel), Ulpl is sequestered in the
nucleolus (presumably via a reversible interaction with an unknown
nucleolar component [X]), resulting in an increase in steady-state
SUMO conjugate levels.

Taken together, our data strongly suggest that decreasing
SUMO deconjugation at the NPC by sequestration of Ulp1 in
the nucleolus alters the balance of SUMO conjugation and
deconjugation in the cell and is responsible for the alcohol
stress-mediated increase in steady-state SUMO conjugate lev-
els (Fig. 6).

DISCUSSION

Ulpl1 is an essential SUMO protease localized primarily to
the NPC via an unconventional interaction with the karyo-
pherins Kap121 and Kap95/Kap60 (12, 13, 23). However, Ulpl
is not localized exclusively to this intracellular location. For
example, during mitosis, Ulpl is recruited to the septin ring to
desumoylate the septin proteins (15). In S. pombe, Ulpl1 local-
ization is regulated throughout the cell cycle (31), and a mam-
malian Ulpl homolog, SENP2, shuttles between the nucleus
and cytoplasm (7). Here, we report that in S. cerevisiae, Ulp1 is
sequestered in the nucleolus in response to alcohol stress. We
further demonstrate that the previously defined Ulpl Kap95/
Kap60 binding region (aa 150 to 340) is necessary and sufficient
for nucleolar localization and that enforced Ulpl nucleolar
localization (even in the absence of alcohol) results in a dra-
matic increase in steady-state SUMO conjugate levels.

The nucleolus and regulation of protein activity. The nucle-
olus is a multifunctional subcompartment (25). In addition to
its role in the assembly of ribosomal subunits, it plays impor-
tant roles in a number of other critical cellular processes, in
part via the sequestration of regulatory proteins. Compartmen-
talization provides a rapid and energy-efficient mechanism to
modulate protein activity. For example, in mammalian cells,
telomerase reverse transcriptase is sequestered in the nucleo-
lus until telomere replication (35), the von Hippel-Lindau pro-
tein is sequestered in the nucleolus in response to hypoxia (19),
and Mdm2, a ubiquitin E3 ligase involved in p53 degradation,
is sequestered in the nucleolus in response to DNA damage
(33). In S. cerevisiae, the cell cycle regulator Cdcl4 is seques-
tered in the nucleolus until mitosis, when it is liberated to effect
cell cycle progression (30). Our data suggest that the nucleolus
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can also play an important role in the regulation of the SUMO
system.

A model of alcohol stress and SUMO system control. We do
not yet understand how Ulp1 is recruited to and maintained in
the nucleolus. The process does appear to be ATP dependent,
but it does not require any of the proteins previously demon-
strated to be involved in Ulpl localization at the NPC, i.e.,
Nup60, Mlpl, Mlp2, or Escl (6, 17, 31; Y. Sydorskyy et al.,
unpublished data). We also expressed Ulpl-GFP in strains
lacking individual NPC components (nup42A, nup53A, nup59A,
nupl00A, nupl70A, and nupl88A mutants). No defects in
alcohol-mediated nucleolar targeting were observed in any
of these strains. Finally, we characterized Ulpl nucleolar tar-
geting in yeast strains lacking proteins previously reported to
be recruited to the nucleus in response to alcohol treatment,
i.e., Asrl (2), Nmd5, and Ssa4 (24). Ulpl was efficiently re-
cruited to the nucleolus in an alcohol-dependent manner in all
of these strains (Sydorskyy et al., unpublished). The mecha-
nism of recruitment of Ulpl to the nucleolus following alcohol
stress thus appears to differ dramatically from that of its tar-
geting to the NPC.

Our data suggest that, once released from the NPC in re-
sponse to alcohol stress, Ulp1 can diffuse into the nucleus, and
hence into the nucleolus, where it likely interacts with one or
more nucleolar components to anchor it in this subnuclear
space (Fig. 6). Removal of the SUMO-deconjugating enzyme
from the NPC shifts the balance of SUMO conjugation/decon-
jugation in the cell, resulting in a buildup of SUMO conju-
gates. Note that no change in the activity of the SUMO-acti-
vating (E1) or -conjugating (E2) enzymes is required in such a
model.

How might ethanol cause Ulpl nucleolar targeting? Alco-
hols have been demonstrated to increase NPC permeability,
most likely by interfering with hydrophobic interactions among
the FG (phenylalanine and glycine-rich) nucleoporins that line
the inner channel of the nuclear pore (28, 29). It is thus likely
that weakening of Kap-Nup interactions at the NPC by alco-
hols leads to a release of Ulpl from the nuclear pore. It is
tempting to speculate that the Ulpl-Kap-Nup interactions at
the NPC act as a sensor for environmental alcohol levels, such
that above a certain alcohol threshold, a SUMO stress re-
sponse is activated.

Importantly, however, NPC release alone cannot explain the
behavior of Ulpl in response to alcohol stress. A small but
significant proportion of the Ulp1'*°%*'-GFP and Ulp1'°°-34°-
GFP proteins is not localized to the NPC but is observed in the
cytoplasm, yet these mutant proteins are only found in the
nucleolus after alcohol exposure (Fig. 3B). Similarly, in yeast
mutants lacking proteins previously demonstrated to be re-
quired for proper NPC localization (nup60A, miplA/mip2A,
and escI A mutants), Ulp1'°°-*'-.GFP and Ulp1'*°*°-GFP are
almost completely mislocalized to the cytoplasm yet are re-
cruited to the nucleolus only after alcohol treatment (Fig. 4B).
Further study is therefore required to identify the cellular
factors required for Ulp1 nucleolar recruitment, to better char-
acterize the effects of alcohol on the Ulpl-NPC interaction,
and to identify the Ulpl nucleolar anchor(s).

The mammalian SUMO system is more complex than that in
S. cerevisiae, with six unique SUMO proteases (36). Two of
these proteases, SENP3 and SENPS, are localized to the nu-
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cleolus (36). It would be interesting to examine whether other
SENPs are recruited to the nucleolus, or perhaps whether
these SUMO proteases are released from the nucleolus, under
specific conditions. Additionally, while a steady-state increase
in yeast SUMO conjugates is clearly observed in alcohol-
treated cells, we cannot rule out a scenario in which Ulp1 also
effects the desumoylation of specific nucleolar targets in re-
sponse to alcohol stress.
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