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Yeast Ulpl, an Smt3-Specific Protease, Associates with Nucleoporins1
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Yeast Smt3 is a ubiquitin-like protein similar to the mammalian SUMO-1. Cdc3, a septin
component, is known to be modified by Smt3. The level of this modification was affected
by Smt3-specific protease mutation ulpl-ts or overexpression of ULPl. By two-hybrid
screening, we isolated 5 UIP (Ulpl interacting protein) genes. UIP1 was identical to
NUP42 encoding a component of the nuclear pore complex (NPC). Glel, another NPC-
associating component, also interacted with Ulpl in the two-hybrid system and co-
immunoprecipitation experiment. Thus Ulpl associates with nucleoporins and may
interact with septin rings in the telophase.
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SMT3 of Saccharomyces cerevisiae is an essential gene
encoding a ubiquitin-like protein, similar to the mamma-
lian protein SUMO-1 (1, 2). A heterodimer of Uba2 and
Aosl is required for activation of Smt3, and Ubc9 is an
Smt3-conjugating enzyme (1, 3). Both Uba2 and Ubc9 are
localized at the nucleus (4, 5). The only known substrate
proteins are septin components such as Cdc3, localized at
the mother-bud neck (6, 7). Recently Smt3-specific pro-
teases Ulpl and Smt4/Ulp2, which remove Smt3 from its
conjugates, have been discovered (8-10). Ulpl-mediated
Smt3-protein deconjugation is essential for the G2/M phase
transition of the cell cycle. Moreover, Ulpl is required for
processing the C-terminus of the Smt3 precursor to the
mature form (8). In contrast, SMT41ULP2 is not essential
for mitotic growth, but the smt4 disruptant is sensitive to
various stresses (9,10).

Since deconjugation of Smt3 from the septin components
may play a role in disassembly of the septin ring structure
during cytokinesis (6, 7), we investigated which Smt3-spe-
cific protease was involved in deconjugation from the Cdc3-
conjugate. First, we constructed a plasmid carrying the
same kind of HA-tagged CDC3 as used by Johnson and
Blobel (7). The epitope-tagged gene was chromosomally
integrated by replacing the wild-type CDC3 gene (Table I).
As shown in Fig. 1A, modified forms of Cdc3 were more
abundant in ulpl-ts mutant (T-10) than smt4 disruptant (T-
11) or wild-type (T-9) cells. Furthermore, when the wild-
type ULPl was overexpressed from a plasmid pT-13 (YEp-
ULP1), the modified forms of Cdc3 were reduced (Fig. IB).
In contrast, when a C-terminal truncated form of ulpl-
AC111 (pT-14) was overexpressed, the modification remain-
ed. This truncated form lacking the UD (Ulp-domain) re-
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gion lost its function, since it did not complement ulpl-ts
(Fig. 1C). These results suggest that ULPl is involved in
deconjugation of Smt3 from the Cdc3-conjugate.

Next, we examined subcellular localization of the tagged-
Ulpl by indirect-immunofluorescence microscopy. It was
detected as punctate staining on the nuclear periphery
(data not shown), which is consistent with others results (9,
10). We expected there might be some factors connecting
Ulpl on the nuclear periphery and Cdc3 localized at the
neck. Thus we screened Ulpl-interacting factors by the
two-hybrid system. First we constructed a plasmid pT-8
(pGBDU-[/LP2) and introduced it into the strain PJ69-4A
(11) with pGAD-bank. Ura+ Leu+ transformants were
checked for the His+ Ade+ phenotype at 26°C (Fig. 2). Five
positive clones were isolated, which also gave high (i-galac-
tosidase activity (data not shown). We designated these
genes UIP1-5 (Ulpl interacting protein). DNA sequence
analysis revealed that each Gal4 ^ra/is-activation domain
was fused in frame to Uipl/Nup42 (+N8 a.a.), Uip2/YAL-
014c (AN6 a.a.), Uip3/YAR027w (AN22 a.a.), Uip4/YPL186c
(AN89 a.a.), or Uip5/YKR044w (AN314 a.a.). UIP1 was
identical to NUP42, which encodes a protein containing
multiple FG amino acid repeats typical of NPC proteins
(12). The other UIP genes were novel. To determine the
subcellular localization of other Uip proteins, we con-
structed fusion genes with GFP at the 3' end of the UIP
genes. The Uip3-GFP fusion protein was localized at the
nuclear envelope region. Uip3 has strong similarity to sub-
telomerically-encoded proteins. Uip4-GFP was detected at
the nuclear envelope and endoplasmic reticulum regions.
Uip5-GFP was localized at the nuclear envelope region.
These results are summarized in Table II.

To confirm that Ulpl associates with NPCs, we tried co-
immunoprecipitation of Ulpl with Nup42, but it was un-
successful. Since Glel, another NPC-associated component
essential for RNA export, interacts with Nup42 on the cyto-
plasmic side of the NPCs (13,14), we tested whether Ulpl
interacted with Glel. As shown in Fig. 2, Ulpl (pT-8;
pGBDU-C/LPi) interacted with Glel (pT-11; pGAD-GLEl)
in the two-hybrid system. Next we constructed a plasmid
(pT-12) carrying a GLE1-GFP fusion gene and introduced it
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TABLE I. Yeast strains used in this study.
Strain Relevant genotype

GaWBD GaWAD

W303-1A MATa ade2 ura3 trpl Ieu2 his3
T-8 MATa ULP1::5XHA-LEU2
T-9 MATa CDC3::5XHA-TRP1
MHY1488 MATa LEU2::ulpl-ts ulpl::HIS3 (8)
T-10 MATa LEU2::ulpl-ts trpl Ieu2 ulpl::HIS3

CDC3::5XHATRP1
JM-1 MATa smt4::C.g.HIS3
T-ll MATa smt4::C.g.HIS3 CDC3::5XHA-TRP1
PJ69-4A MATa trpl-901 leu2-3, 112 ura3-52 his3-200 (11)

gal4 gal80 LYS2::GAL1-HIS3 GAL2-ADE
met::GAL7-lacZ

To construct T-8 (ULPlr.HA), plasmid pT-9 (Ylp-ULP1::HA) was
digested with Mspl and introduced into W303-1A. Deletion of
SMT4 was carried out by the PCR-based gene replacement meth-
od, where HIS3 of Candida glabrata was used as a selection mark-
er. A DNA fragment was amplified by PCR using primers and Can-
dida glabrata genomic DNA as a template. The PCR product was
directly used for transformation of W303-1A to generate JM-1. The
deletion was confirmed by PCR. To generate T-9 (CDC3::HA), T-10
(CDC3::HA ulpl-ts), or T-ll (CDC3::HAAsmt4), plasmid pT-7 (YIp-
CDC3::HA) was digested with Bglll and introduced into W303-1A
(wild type), MHY1488 (ulpl-ts), or JM-1 (Asmt4), respectively.

Ulp1
Ulp1
Ulp1
Ulp1
Ulp1
Ulp1
Ulp1

pGBDU-CI
pGBDU-CI
pGBDU-CI
pGBDU-CI
pGBDU-CI
pGBDU-CI
pGBDU-CI

pGAD-C1
Nup42 (+N8a.a)
YAL014C(AN6a.a
YAR027W(AN22a
YKR044W(AN314
YPL186C(AN89a.
Gle1 (full length)

pGAD-C1
Nup42 (+N8a.a)
YAL014C(AN6a.a
YAR027W (A N22<
YKR044W(AN31<
YPL186C(AN89a
Gle1 (full length)

Fig. 2. Ulpl interacts with Nup42, Glel, ai ^ ^ H proteins
in the two-hybrid system. The strain PJ69-4A was co-transform-
ed with plasmids expressing the indicated activation domain and
DNA-binding domain constructs. Growth produced by different plas-
mid combinations is shown on SD medium lacking Ura, Leu, His,
and Ade after incubation at 25°C for 4 days.

C wt ulpits &.smt4
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TABLE II. Localization of Uip-GFPs.

«„ I Cdc3-HA-Smt3

B
vector ULP1 utoi&C

Cdc3-HA-Smt3

Cdc3-HA

\Ep-ULP1

Vector YEp-ulp1 A C

Priavs
in ulpl and ulp2lsmt4 mutants. (Jell lysates of W303-1A (no tagged
gene), T-9 (CDC3-HA), T-10 (ulpl-ts, CDC3::HA), and T-ll (smt4::
C.gHIS3, CDC3::HA) were prepared, subjected to immunoblotting
and Cdc3 was detected with anti-HA (12CA5) antibody. B: Effect of
overproduction of Ulpl. The strain T-9 expressing the HA-tagged
Cdc3 was transformed with a control vector YEplacl95, pT-13 (YEp-
ULP1) or pT-14 (YEp-ulpl-AClll). The cell lysates were prepared
and subjected to immunoblotting, as in A. C: Yeast strain T-10 (ulpl-
ts) was transformed with a vector pTS901EU, pT-13 (YEp-ULPl) or
pT-14 (YEp-ulpl-dClll). Ura+ transformants were streaked on SD-
ura medium and incubated at 37°C for 2 days.

into the strain T-8 expressing the HA-tagged Ulpl or into
the wild type strain. Cell lysates were mixed with anti-HA

Gene name (ORF)

UIP1INUP42
UIP2 (YAL014c)

UIP3 (YAR027w)

UIP4 (YPL186c)

UIP5 (YKR044w)

UIP6/GLE1

Localization of Uip-GFPa

NPCs
ND»

Nuclear envelope,
(plasma membrane)"
Nuclear envelope,
ER
Nuclear envelope

NPCs

Deletion phenotype

Viable (12)
Viable'
NSP"1

NDb

Viable
NSPd

Viable
NSP"1

Inviable (23)
"GFP was fused to each 3' end of VIP which was expressed from
its own promoter. bNot determined. cData from SGD. dNo signifi-
cant phenotype. cWhen the gene was overexpressed.

(12CA5) antibody and the precipitates were subjected to
Western blotting. As shown in Fig. 3, Ulpl-HA co-immuno-
precipitated with Glel-GFP (lane 6). In contrast, little
Glel-GFP was precipitated from the lysate without Ulpl-
HA (lane 5). Glel appeared to be modified, but the upper
band did not correspond to its Smt3-conjugate (unpub-
lished results). These results lead us to conclude that at
least some fraction of Ulpl associates with NPCs.

Ulpl is the first known protein that associates with
nucleoporins in yeast ubiquitin and ubiquitin-like protein
conjugation systems. Among many interesting possibilities,
we consider the following hypotheses, (i) Ulpl processes the
carboxy-terminus of the Smt3 precursor at NPCs so that
only the mature form of Smt3 enters into the nucleus, (ii)
Ulpl may deconjugate Smt3 from modified proteins that
physically interact with NPCs. These proteins may be fac-
tors involved in nuclear transport. In mammalian cells,
SUMO-1 modification of RanGAPl targets the otherwise
cytosolic protein to NPCs, where it forms a stable complex
with RanBP2 (15,16).

In the present study we have demonstrated that Ulpl
regulates the level of the Smt3-modification of Cdc3. Be-
cause no nuclear envelope breakdown occurs in yeast, the
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anti-HA »

anti-GFP

Fig. 3. Glel is co-immunoprecipitated with Ulpl. The strain T-
8 (Ulpl-HA) or W303-1A was transformed with pT-12 (TEp-GLEl::
GFP). Transformants were grown in 5 ml of selective medium to
ODg,,,, of 1.0. Cell lysates were prepared as described previously (17),
except that the lysis buffer contained 0.5% Triton X-100. After cell
lysates were centrifuged for 5 min at 10,000 rpm, 200 |xl of the su-
pernatant was mixed with anti-HA (12CA5) for immunoprecipita-
tion. Samples were electrophoresed through a 10% polyacrylamide—
SDS gel and subjected to Western blotting, (lanes 1 and 4) total ly-
sate of T-8 (Ulpl-HA) containing Glel-GFP. (lanes 2 and 5) immuno-
precipitates from W303-1A containing Glel-GFP. (lanes 3 and 6)
immunoprecipitates from T-8 (Ulpl-HA) containing Glel-GFP. The
blotted membranes were treated with anti-HA (lanes 1,2, and 3) or
anti-GFP (lanes 4, 5, and 6) antibody.

cytoplasmic side of the nuclear envelope may come into
contact with the septin ring during the telophase of the cell
cycle. We speculate that Ulpl at NPCs on the cytoplasmic
side may interact physically with the Cdc3-Smt3 conjugate
and remove Smt3 from the conjugate, which may ensure
that the septin rings disassemble after the anaphase.

We thank to Drs. S. Craig for providing the yeast strain, plasmids,
M. Hochstrasser for strains, and T. Sasaki for plasmids.
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