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The Ubiquitin Ligase Ubrl1 Is Essential for Oligopeptide Utilization
in the Fission Yeast Schizosaccharomyces pombe
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Uptake of extracellular oligopeptides in yeast is mediated mainly by specific transporters of the peptide transporter (PTR) and
oligopeptide transporter (OPT) families. Here, we investigated the role of potential peptide transporters in the yeast Schizosac-
charomyces pombe. Utilization of naturally occurring dipeptides required only Ptr2/SPBC13A2.04c and none of the other 3 OPT
proteins (Isp4, Pgtl, and Opt3), whereas only Isp4 was indispensable for tetrapeptide utilization. Both Ptr2 and Isp4 localized to
the cell surface, but under rich nutrient conditions Isp4 localized in the Golgi apparatus through the function of the ubiquitin
ligase Publ. Furthermore, the ubiquitin ligase Ubr11 played a significant role in oligopeptide utilization. The mRNA levels of
both the ptr2 and isp4 genes were significantly reduced in ubr11A cells, and the dipeptide utilization defect in the ubrl1A mutant
was rescued by the forced expression of Ptr2. Consistent with its role in transcriptional regulation of peptide transporter genes,
the Ubrl11 protein was accumulated in the nucleus. Unlike the situation in Saccharomyces cerevisiae, the oligopeptide utilization
defect in the S. pombe ubr11A mutant was not rescued by inactivation of the Tup11/12 transcriptional corepressors, suggesting

that the requirement for the Ubr ubiquitin ligase in the upregulation of peptide transporter mRNA levels is conserved in both
yeasts; however, the actual mechanism underlying the control appears to be different. We also found that the peptidomimetic
proteasome inhibitor MG132 was still operative in a strain lacking all known PTR and OPT peptide transporters. Therefore, irre-
spective of its peptide-like structure, MG132 is carried into cells independently of the representative peptide transporters.

Most organisms utilize oligopeptides, which are hydrolyzed
and recycled as amino acids or used as a source of nitrogen
or carbon. Extracellular oligopeptides are imported into cells by
specific plasma membrane transporters, which are distinct from
amino acid transporters. Proteins of the highly conserved peptide
transporter (PTR) family or SLC15 family, which are found in
eukaryotes and some bacteria, import di- and tripeptides in a
proton-coupled manner (49). In the budding yeast Saccharomyces
cerevisiae, Ptr2 is a unique member of this PTR family and is re-
sponsible for the import of di- and tripeptides (23, 25, 44). Inter-
estingly, PepT1 and PepT2, mammalian representatives of the
SLC15 family, import a wide range of substrates from naturally
occurring small peptides to various peptidomimetics or even un-
related drugs (7, 14, 46). The fission yeast Schizosaccharomyces
pombe has a unique homolog of this family, SPBC13A2.04¢/Ptr2,
which was investigated in this study. In addition to these widely
conserved PTR proteins, fungi and plants express an oligopeptide
transporter (OPT) family of proteins (21, 29). In S. pombe, the
OPT family protein Isp4 is responsible for the uptake of tetra- and
pentapeptides (34). Two other genes encoding OPTs were identi-
fied in the S. pormbe genome: pgtl/opt] (glutathione transporter)
and the uncharacterized SPCC1840.12 (referred to as opt3 in this
study) (16, 52). The human opportunistic pathogen Candida al-
bicans has 8 OPT genes, and some of their encoded proteins can
transport longer peptides, up to at least 8 amino acids in length
(35, 45). Additionally, the allantoate/ureidosuccinate permease
Dal5 can transport several dipeptides in S. cerevisiae (9, 23).
Apart from the biochemical nature of these transporters, the
molecular mechanisms regulating their expression have been
characterized in detail, especially in S. cerevisiae. Transcription of
these transporter genes, and hence utilization of peptides, is re-
pressed in the presence of a preferable rich nitrogen source such as
ammonium but is induced by relatively poor nitrogen sources
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such as allantoin and urea (6, 20). In addition to nitrogen catab-
olite repression, extracellular dipeptides induce PTR2 expression
by accelerating the ubiquitin-dependent degradation of Cup9
protein (8, 53). Cup9 forms a corepressor complex with Tupl-
Ssn6 and inhibits the transcription of PTR2 (56). Ubiquitination
of Cup9 is mediated by the ubiquitin ligase Ubrl, which is in-
volved in the N-end rule protein degradation pathway (8, 15, 48,
54). The imported dipeptide directly binds and activates Ubrl by
relieving it from autoinhibition through a conformational change
and promotes the interaction between Cup9 and Ubrl (15, 57).
Thus, di/tripeptides effectively stimulate their own uptake by in-
creasing the protein levels of the corresponding transporter Ptr2.
Furthermore, the presence of amino acids influences peptide uti-
lization via upregulation of peptide transporter expression (5, 24,
44, 55, 56). This amino acid-induced stimulation requires the
Ssyl-Ptr3-Ssy5 (SPS) amino acid-sensing system and also de-
pends on the function of Ubrl (10, 12, 23, 33, 55, 56). Interest-
ingly, amino acids accelerate the Ubrl-mediated degradation of
Cup9 but do not stimulate the degradation of the N-end rule
substrates themselves.

The ubiquitin ligase Ubr is widely conserved in eukaryotes (48,
54), and a deficiency in the human UBRI gene leads to the hered-
itary disease Johanson-Blizzard syndrome (58). We have reported
the characterization of the Ubr ubiquitin ligases in S. pombe. Two
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TABLE 1 S. pombe strains used in this study

S. pombe Ubr11 Regulates Oligopeptide Utilization

Strain Genotype Source and/or reference
KSP2 h™ Our stock
KSP634 h* leul-32 Our stock
KSP635 h™ leul-32 Our stock
KSP1058 h™ ura4-D18 leul-32 Our stock
KSP1923 h™ ubrl:urad™ ura4-DI18 leul-32 27
KSP2222 h™ ubrll:ura4” ura4-D18 leul-32 27
KSP2263 B ubrl1:hphMXG6 leul-32 This study
KSP2321 h™ ubrll:ura4" ura4-D18 27
KSP2335a h* ubrl1:hphMX6 leul " -[pDUAL-HFG41]int his2 This study
KSP2335b h* ubrl1:hphMXG6 leul ™" -[Pnmt41-HFG-ptr2* ]int his2 this study
KSP2335¢ h* ubri1:hphMX6 leul * -[Pnmt41-*"“Ub-Flag-halo7-ubr1 * |int his2 This study; 28
KSpP2422 h* ptr2:urad™ ura4-C190T This study
KSP2472 h™ ubrll:hphMX6 This study
KSP2698 h* ptr2:urad™ urad-D18 his7-366 leul " -[pDUAL-HFG41]int This study
KSP2699 h* ptr2:urad~+ ura4-DI18 his7-366 leul ™ -[Pnmt41-HFG-ptr2™ lint This study
KSP2817 h™ ubrl1:hphMX6 ura4-D18 leul-32 [pDUAL(Pnmt41-°"=Ub-Flag-halo7-ubrl1™")-ura4™ Jmultico This study; 28
P p g 194 Y
KSP2863 h* leul™ -[Pnmt41-Ub""°V-GFPlint mei2* -3HA-kanMX6 ura4-D18 This study
KSP2874 B ubrl1:hphMX6 leul ™ -[ Pnmt41-*"=Ub-Flag-halo7-ubr11™ |int his2 This study; 28
KSP2882 h™ isp4::hphMX6 ura4-D18 leul-32 This study
KSP2884 h™ ptr2:urad™ ura4-DI18 leul-32 this study
KSP2886 h™ tupllzurad™ tupl2:urad™ ura4-C190T leul-32 This study; 37
KSP2887 h™ tupllzurad™ tupl2:urad™ ura4-C190T leul-32 This study; 37
KSP2888 h™ ubrl1:hphMXG6 tupll:urad™ tup12:urad™ urad-C190T leul-32 This study
KSP2889 h™ ubrl1:hphMX6 tupl1:urad™ tupl2:urad™ ura4-C190T leul-32 This study
KSP2920 h* ptr2:urad™ isp4:hphMXG6 pgtl::natMX6 opt3::pSVEM-bsd leul ™ -[Pnmt41-Ub%"®Y-GEP]int This study
mei2 " -3HA-kanMX6 ura4-D18
KSP2924 h™ opt3/SPCC1840.12::kanMX6 ura4-D18 leul-32 This study
KSP2925 h™ pgtl:natMX6 ura4-D18 leul-32 This study
KSP2934 h™ isp4::hphMX6 pgtl::natMX6 opt3:kanMX6 ura4-D18 leul-32 This study
KSP2971 h™ isp4:hphMX6 ura4-D18 leul *-[Pnmt41-HFG-isp4™ ]int This study
KSP2972 h™ isp4::hphMX6 ura4-D18 leul " -[Pnmt41-HFG-isp4 ™ |int p(gmsI-RFP; ura4™) This study
KSP2996 h™ publ:urad™ isp4:hphMXG6 leul * -[Pnmt41-HFG-isp4™ ]int ura4-D18 This study; YGRC*
KSP2999 h™ isp4::hphMX6 This study
591-1C h™" isp4::hphMXG6 lys1-131 ura4-D18 leul-32 This study
597-1C h* isp4::hphMX6 leul-32 This study
598-1A h* ptr2:urad™ dal5hl:hphMX6 dal5h2:natMX6 leul-32 This study
598-1C h™ isp4::kanMXG6 leul-32 This study
598-13CL h™ ptr2:urad™ ispd:kanMX6 dal5hl:hphMX6 dal5h2:natMX6 This study
2885L h™ isp4:hphMXG6 ptr2:urad™ ura4-D18 This study
2928L h™ ptr2:urad” isp4:hphMX6 pgtl:natMX6 opt3:kanMX6 ura4-D18 This study

“YGRC, Yeast Genetic Resource Center of Japan (YGRC/NBRP) (http://yeast.lab.nig.ac.jp/nig/).

distinct but homologous Ubr proteins, Ubrl and Ubr11, exist in
this yeast. Both Ubrl and Ubr11 are dispensable for growth, and
strains in which both genes are simultaneously deleted from the
genome are viable. The ubrl strain exhibits pleiotropic pheno-
types, including the accumulation of the Mei2 meiosis initiator
protein (27), an altered oxidative stress response and drug resis-
tance partly due to the inefficient degradation of the Pap1 tran-
scription factor (19, 28), a localization defect of the nuclear pro-
teasome (51), a defect in invasive growth (13), and a morphology
defect and aberrant meiosis (our unpublished results). Inactiva-
tion of Ubrl1 does not exacerbate the defects in the ubrl strain.
Furthermore, forced expression of Ubr11 from the heterologous
nmt promoter fails to rescue the defects, suggesting that Ubr1 and
Ubr11 perform unique, nonoverlapping functions. We found that
only Ubr11 is responsible for the N-end rule degradation pathway
in S. pombe (our unpublished results). Nonetheless, no apparent
phenotype has been identified so far in the u#brl1 mutant.

In this study, all the known possible peptide transporter pro-
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teins in S. pombe were examined for their involvement in oligo-
peptide utilization. We also investigated the role of Ubr ubiquitin
ligase in the regulation of oligopeptide transporters. Our data
showed that Ubrl1 is important for the expression of Ptr2 and
Isp4, which are responsible for transporting di- and tetrapeptides,
respectively. To the best of our knowledge, other than for S. cerevi-
siae, this is the first study to demonstrate the conserved require-
ment for the Ubr ubiquitin ligase in peptide utilization.

MATERIALS AND METHODS

Yeast strains, media, and culture conditions. The S. pombe strains used
in this study are listed in Table 1. Gene disruption was carried out using
the PCR products of the 5" and 3’ untranslated regions of the correspond-
ing gene with ura4™ or drug resistance genes as selection markers (4, 17,
30, 47). Detailed information on strain construction methods is in the
supplemental material. The complete medium YES and minimal medium
EMM were used for growth (40). In some experiments, the ammonium
chloride (nitrogen source) in EMM was replaced with 0.1 to 0.15% (wt/
vol) proline or was completely omitted for nitrogen-free medium. Expres-
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sion from the nmt promoter was repressed by the addition of 5 ng/ml
thiamine (+B;) (38). Oligopeptides were purchased from Bachem AG
(Bubendorf, Switzerland), Sigma-Aldrich (St. Louis, MO), Peptide Insti-
tute (Osaka, Japan), or Wako Pure Chemical Industries (Osaka, Japan).
Most oligopeptides were dissolved in water, sterilized by filtration, and
added to the autoclaved medium at 0.2 mM. Z-Ile-Leu (Sigma-Aldrich)
was dissolved in dimethyl sulfoxide (DMSO) and added at 0.4 mM. Soy
peptides (Hi-Nute AM; Fuji Oil, Osaka, Japan) were dissolved in medium
at 0.1% (wt/vol) and autoclaved. S. pombe cells were grown at 28°C in
liquid medium or at 31°C on agar solid medium. To inactivate the
temperature-sensitive proteasome activity in the mts2 strain, cells were
cultured at 36°C for 3.5 h.

Plasmid construction. All pDUAL vector-derived plasmids were di-
gested with NotI and integrated into the lex1-32 loci of the host strains or
used as an episomal multicopy plasmid (ura4 " selection) ifindicated (36).
These are distinguished by the suffix int or multicopy in the genotypes in
Table 1. To express the N-terminally green fluorescent protein (GFP)-
tagged Ptr2 protein, the coding region of ptr2 was amplified by PCR using
oligonucleotides ptr2N and ptr2C (see Table S2 in the supplemental ma-
terial for the nucleotide sequence) and inserted into the BglII site of the
pDUAL-HFG41 vector using the “in fusion” reaction (Clontech, CA).
The GFP-Isp4-expressing plasmid was made in similar way using oligo-
nucleotides isp4N and isp4C. For plasmids expressing Dal5-like genes,
coding regions of each gene were amplified with dal5h1N and dal5h1C for
dal5h1/SPCC417.10 and with dal5h2N and dalsh2C for dal5h2/
SPBC1773.15 and then inserted between the Ndel and BglII sites in the
pDUAL-HFG41 vector.

To construct a plasmid encoding a proteasome activity reporter sub-
strate, the ubiquitin®”*Y-GFP fusion gene (including the stop codon) was
excised from the Ub-G67V-GFP plasmid (plasmid 11941, obtained from
Addgene) (11, 36) by digestion with Nhel and Xbal and inserted into the
Nhel site of the pPDUAL-HFF41 vector to yield pDUAL(nmt41-Ub%7¢V-
GFP). Due to the mutation of the last (76th) amino acid from glycine to
valine in the ubiquitin moiety, the peptide bond between ubiquitin®"®V
and GFP is resistant to cleavage by deubiquitinase. As a result, Ub%7¢V-
GFP is expressed as a fusion protein, ubiquitinated by the ubiquitin ligase
Ufd4, and degraded by the proteasome (UFD degradation pathway)
(22, 26).

Plasmids expressing Gms1-red fluorescent protein (RFP) and Halo7-
tagged Ubr proteins have been described previously (28, 42). Plasmids
harboring the genomic ubr11, ptr2, or isp4 gene in the episomal multicopy
vector pAL-SK were obtained from the Yeast Genetic Resource Center of
Japan (YGRC/NBRP) (http://yeast.lab.nig.ac.jp/nig/).

RT-PCR. To monitor the mRNA levels of the ubrl1 gene or peptide
transporter genes ptr2 and isp4, total RNA was extracted and analyzed by
reverse transcription-PCR (RT-PCR), as described previously (28). The
cde2 and nda3 (B-tubulin) genes were also analyzed as a control for RNA
input levels.

Ub®7V_-GFP fusion protein expression, flow cytometry, and West-
ern blotting. Cells were treated with the proteasomal inhibitor MG132
(50 uM; Peptide Institute, Osaka, Japan) or its solvent DMSO (1%, vol/
vol) for 3.5 h where indicated. To monitor the intensity of Ub%”*V-GFP
fluorescence, live cells were directly analyzed with a FACSCalibur (Becton
Dickinson, NJ). UbS7®V-GFP protein levels were also examined by West-
ern blotting using anti-GFP antibody GF200 (Nakalai Tesque, Kyoto, Ja-
pan) and anti-Cdc2 antibody sc-53 (Santa Cruz Biotechnology, Santa
Cruz, CA), as described previously (28).

Fluorescence microscopy. Expression of GFP-Ptr2, GFP-Isp4, and
Flag-Halo7-Ubr11 proteins from the nmt41 promoter was induced in the
absence of thiamine (—B, ). The Flag-Halo7-Ubr11 protein (Halo-Ubr11)
was labeled with the red fluorescent TMR ligand (Promega, Madison,
WI), as described previously (28). The nuclear chromatin region was
stained with Hoechst 33342 at 1 ug/ml. Cells were observed under a flu-
orescence microscope (model TE2U; Nikon, Tokyo, Japan), and fluores-
cent signals were captured by a charge-coupled-device (CCD) camera
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A + Leu-Ser-Lys-Leu (Pro)  + Leu-Ser-Lys-Leu (NHg™")

ptr2A
wit isp4A
tHA isp4A
Py pgt1A
opt34 opt34
+ Leu-Ala (NH4™)
B (soy peptides) (NHg)

wt

ptr2A

isp4A

ptr2A isp4A

ptr2A isp4A dal5h1A dal5h2A

ptr2A isp4A pgt1A opt3A

FIG 1 Ptr2 and Isp4 are major transporters for oligopeptide utilization. (A)
Leucine-auxotrophic leuI strains lacking the possible peptide transporter(s)
were grown in minimal medium containing the indicated di- or tetrapeptides
as a source of leucine. The nitrogen source in each medium is shown in paren-
theses: Pro, proline; NH, ", ammonium chloride. Strains: wild type (wt),
KSP1058; ptr2A, KSP2884; isp4A, KSP2882; pgt1 A, KSP2925; opt3A, KSP2924;
isp4A pgtl1A opt3A, KSP2934. (B) Utilization of soy peptides by transporter
mutants. Prototrophic strains lacking the indicated gene(s) were serially di-
luted and spotted to medium containing soy peptides or NH, * as a sole nitro-
gen source. Strains: wt, KSP2; ptr2A, KSP2422; isp4A, KSP2999; ptr2A isp4A,
2885L; ptr2A isp4A pgtl1A opt3A, 2928L; ptr2A isp4A dal5hiA dal5h2A, 598-
13CL.

(ORCA-ER) with AQUA-Lite software (Hamamatsu Photonics, Shi-
zuoka, Japan).

RESULTS

Roles of the PTR and OPT family transporters in oligopeptide
utilization in S. pombe. First, we investigated the roles of PTR and
OPT proteins in oligopeptide utilization. S. pombe has a single
PTR-type transporter gene, SPBC13A2.04c (referred to as ptr2
based on its homology to PTR2 in S. cerevisiae), that has not yet
been characterized. Strains carrying individual deletions of the
entire pfr2 gene or one of the three OPT family genes (isp4, pgt1,
and opt3/SPCC1840.12) were prepared. To monitor oligopeptide
utilization in the above-described transporter mutants, di- and
tetrapeptides containing leucine were used to determine if they
could support the growth of peptide transporter mutants harbor-
ing the leucine-auxotrophic leu! mutation (Fig. 1A). As previ-
ously reported (34), strains lacking the isp4 gene failed to grow in
minimal medium containing tetrapeptide (Leu-Ser-Lys-Leu) as a
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source of leucine. Other strains grew well under the same condi-
tion. For dipeptide utilization, only the ptr2A strain failed to grow
in the dipeptide (Leu-Ala) minimal medium. Therefore, Ptr2 has
an essential role in dipeptide- but not tetrapeptide-dependent
growth. None of the 3 OPT transporters has a role in dipeptide
(Leu-Ala) utilization, because even the triple OPT mutant isp4A
pgt1A opt3A strain grew as efficiently as the control wild-type
strain. Neither the pgtIA nor the opt3A mutation affected growth
in di- or tetrapeptide medium. Given that peptide utilization is
under the control of nitrogen catabolite repression, we examined
the effects of different nitrogen sources. Although dipeptide utili-
zation was observed even in nitrogen-rich (ammonium [NH,*])
medium, tetrapeptides was imported only when a poor nitrogen
source (proline) was used (Fig. 1A; see Fig. 3B). We also examined
the roles of these transporters by monitoring the utilization of soy
peptides, a mixture of various oligopeptides derived from soy-
beans. When soy peptides were used as a sole nitrogen source, cells
lacking either ptr2 or isp4 could grow well, but simultaneous in-
activation of both p#r2 and isp4 significantly slowed the growth
under this condition (Fig. 1B). By Blast search using the S. cerevi-
siae Dal5 protein as a query, we found two Dal5-like proteins from
the S. pombe genome database (referred to as Dal5h1/SPCC417.10
and Dal5h2/SPBC1773.15). The retarded growth in the ptr2A
isp4A strain in soy peptide medium was not further exacer-
bated by additionally deleting both DAL5-like genes (dal5h1 and
dal5h2) or by deleting the remaining two OPT genes (pgtl and
opt3) (Fig. 1B), indicating that Ptr2 and Isp4 are major peptide
transporters in S. pombe within the peptide substrates tested in
this study.

The Opt2 protein in S. cerevisiae is essential for the detoxifica-
tion of certain drugs (2). In the presence of ZnSO, (0.75 to 6 mM)
or spermine (0.25 to 2 mM), which are reported to retard the
growth of the S. cerevisiae opt2 strain, growth-inhibitory profiles
of the two drugs were indistinguishable in the wild type and each
of the opt mutant strains (data not shown). Therefore, it is unclear
whether the OPT family proteins have a similar role in drug resis-
tance in S. pombe.

Cellular localization of Ptr2 and Isp4. Cellular localization of
Ptr2 and Isp4 proteins was monitored by fusing GFP to the N
terminus of the corresponding transporters. Functionality of
these GFP-fused transporters was confirmed by their rescue of the
corresponding mutants (Fig. 2B; see Fig. 4B). GFP-Ptr2 was local-
ized at the plasma membrane, particularly at both ends of the cell
and also at the center in dividing cells (Fig. 2A). In contrast, GFP-
Isp4 signals were observed as cytoplasmic punctate dots which
largely overlapped with those of Gmsl, a UDP-galactose trans-
porter protein localized in the Golgi apparatus (42), in growing
cells when NH, * was used as a nitrogen source (Fig. 2C; see Fig. S1
in the supplemental material). This localization is consistent with
the fact that utilization of tetrapeptide via Isp4 was not operative
in the NH," medium (Fig. 1A). Upon nitrogen starvation, how-
ever, GFP-Isp4 moved to the plasma membrane (Fig. 2D, left
panel). Interestingly, GFP-Isp4 localized at the plasma membrane
even under a rich nitrogen condition in the pubIlA ubiquitin ligase
mutant (Fig. 2D, right panel). These localization behaviors of Isp4
are quite similar to those of permeases Aatl and Catl (3, 43).
Localization of both Ptr2 and Isp4 on the cell surface is consistent
with their role in the uptake of extracellular oligopeptides.

Ubrl1 is essential for oligopeptide utilization. Next we exam-
ined whether the Ubr ubiquitin ligases had a role in peptide utili-
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>

OFF (+B1)

GFP-Ptr2

vector

host:
isp4A lys1

+ Leu-Ser-Lys-Leu

FIG 2 Cell surface localization of Ptr2 and Isp4. (A) GFP-Ptr2 localizes to the
cell surface at both ends and also to the central region of dividing cells. Left
panels, expression of GFP-Ptr2 was induced in the absence of thiamine (ON,
—B,), and the GFP signals were observed. Right panels, GFP and bright-field
(BF) images of the same cells in the uninduced condition (OFF, +B,). Strain,
KSP2699. For the functionality of the GFP-Ptr2, see Fig. 4B. (B) The
N-terminally GFP-tagged Isp4 is functional. A lysine-auxotrophic isp4A strain
(591-1C) was transformed with a control GFP vector or the GFP-Isp4-
expressing plasmid. Utilization of the Leu-Ser-Lys-Leu tetrapeptide as lysine
via the GFP-Isp4 was monitored. (C) Isp4 localizes in the Golgi apparatus
under rich nitrogen (NH, ") conditions. Localization of the functional GFP-
Isp4 overlapped with that of the Golgi-localized Gms1-RFP protein. Strain,
KSP2972. (D) Membrane localization of GFP-Isp4 is regulated by nutrients
through the function of the ubiquitin ligase Pub1. (Left panel) GFP-Isp4 was
localized at the plasma membrane after 1 h in nitrogen-free medium (—N).
Strain, KSP2971. (Right panel) In the pubIA strain (KSP2996), GFP-Isp4
membrane localization was detected even in the presence of the rich nitrogen
source NH, ™.

zation in S. pombe, as reported for S. cerevisiae (1, 8). Leucine-
auxotrophic leul strains were tested for their ability to grow in
medium containing the dipeptide Leu-Ala as a source of leucine.
Only the ubr11A mutant, and not the wild-type and ubrIA strains,
failed to grow in the Leu-Ala dipeptide medium (Fig. 3A). The
same ubrlIA strain grew well in the presence of monomeric leu-
cine. We also tested the other leucine-containing dipeptides, Ala-
Leu, His-Leu, Lys-Leu, and Tyr-Leu, and obtained similar results
(Fig. 3B and data not shown). Furthermore, both the Ala-Leu and
Leu-Ala dipeptides did not inhibit the growth of the prototrophic
ubrl1A strain (Fig. 3B and data not shown), indicating that the
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+ Leu-Ala

ubriiA

(Leu+)
wt ubriid

(Pro)
+ Leu-Ser-Lys-Leu

&)

soy peptides (NH4*

ubri1d
MZA

/,,,_/' + L
Ala-GIn (-N) Gin (-N)

FIG 3 Ubrl1 is essential for oligopeptide utilization. (A) Wild-type (KSP634),
ubr11A (KSP2222), and ubr1A (KSP1923) strains, which are auxotrophic for
leucine, were grown in minimal medium containing Leu-Ala dipeptide (left)
or leucine (right). Colonies of the ubrlIA strain in the Leu-Ala dipeptide
medium are spontaneous suppressor mutants. (B) The same wild-type or
ubrl1A strains used for panel A were grown in the presence of Ala-Leu dipep-
tide or Leu-Ser-Lys-Leu tetrapeptide. The nitrogen source used in each plate is
indicated in parentheses. To obtain prototrophic (Leu™) cells, the same
ubrl1A strain (KSP2222) was transformed with a vector that rescued the auxo-
trophy for leucine. (C) The indicated strains were grown in minimal medium
containing soy peptides as a source of leucine. The optAAA strain lacks all the
genes of the OPT family (isp4A pgt1A opt3A). Strains: wt (KSP1058), ptr2A
(KSP2884), ubr11A (KSP2263), optAAA (KSP2934). Only Ptr2, and none of
the OPTs, is responsible for the uptake of soy peptides containing leucine
under this condition. (D) The indicated prototrophic strains were grown in a
medium containing the Ala-Gln dipeptide (left) or monomeric glutamine
(right) as the sole nitrogen source. Strains; wt, KSP2; ubrl 1A, KSP2472; ptr2A,
KSP2422. The ubr11A and ptr2A strains failed to grow in the Ala-Gln dipeptide
medium, but their growth was not affected if glutamine was used instead of the
dipeptide.

ubrl1A strain was unable to utilize leucine-containing dipeptides.
Similarly, the ubr11A leul cells also failed to grow in the Leu-Ser-
Lys-Leu tetrapeptide medium (Fig. 3B). We also tested the effect
of soy peptides and found that soy peptides supported the growth
of leucine-auxotrophic (but otherwise wild-type) strains. In con-
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trast, the ubrlIA leul mutant failed to grow in the same medium
(Fig. 3C), indicating that the soy peptides did not contain enough
monomeric leucine as amino acid to support the growth of the
ubrlIA leul mutant and, more importantly, that Ubrl1 was es-
sential to utilize soy peptides in which various different kinds of
leucine-containing oligopeptides should exist. Similar to that of
the ubr1IA strain, growth of the ptr2A leul mutant, but not that
of the isp4A pgt1A opt3A leul mutant, was severely retarded in the
soy peptide medium (Fig. 3C), indicating that under this condi-
tion Ptr2, but not the OPT proteins, plays a major role.

We confirmed the defects in a different way by examining
whether cells were competent to utilize dipeptides as a nitrogen
source. For this purpose, growth of prototrophic strains was mon-
itored in minimal medium containing dipeptides (Ala-Gln) as the
sole nitrogen source. A wild-type strain was able to grow in this
dipeptide medium (Fig. 3D). In marked contrast, the p#r2A pep-
tide transporter and, importantly, the ubrl1A mutant failed to
grow in the same medium. All the strains grew well when the
amino acid glutamine, one of the constituents of the Ala-Gln di-
peptide, was used as a nitrogen source. Collectively, Ubr11 is in-
dispensable for the utilization of both di- and tetrapeptides.

Ubr11 regulates the mRNA levels of ptr2 and isp4. As de-
scribed above, peptide utilization depends on specific transport-
ers, Ptr2 and Isp4. It is likely that the expression or function of
these peptide transporters is affected in the ubrl 1A strain. Indeed,
RT-PCR analyses clearly revealed that the mRNA levels of ptr2 and
isp4 were significantly reduced in ubr11A cells (Fig. 4A). In con-
trast to the case for these two transporters, expression of the pgtl
and opt3 genes was not affected by the lack of the ubr11 gene (data
not shown).

We found that forced expression of the ptr2 gene from the
heterologous nmt promoter suppressed the dipeptide utilization
defect in ubrlIA cells (Fig. 4B), supporting the notion that the
ubrlIA mutant was defective for the expression of peptide trans-
porters mostly at the transcriptional level. This indicates that in-
sufficient expression of these peptide transporters leads to the
peptide utilization defect in the ubr11A mutant.

Considering the observation that Ubrl1 regulates the tran-
scription of ptr2 and isp4, we hypothesized that Ubr11 may be a
nuclear protein. We monitored the cellular localization of Ubr11
that was functionally marked by a Halo7 tag at the N terminus
(28). Labeling of the Halo-Ubr11 fusion protein by the fluorescent
ligand confirmed that Ubr11 was enriched in the nucleus, espe-
cially in the Hoechst-stained chromatin region (Fig. 4C).

Tup11/12 corepressors are required for efficient peptide uti-
lization. In S. cerevisiae, the Tup1-Ssn6 corepressor system com-
plexed with Cup9 inhibits PTR2 gene expression, and the peptide
uptake defect in the ubrI strain is rescued by inactivating Tup1 or
Ssné6 (56). S. pombe has two TUPI-like genes, tupll and tupl2
(41). We examined whether the phenotype of the ubr11A cells was
also suppressed by inactivation of both the tup genes, as in S.
cerevisiae. For reasons that are unclear, inactivation of both tup11
and fupl2 resulted in an inability of the cells to use the Leu-Ala
dipeptide (Fig. 5A). This growth defect was not observed when soy
peptides were used as a source of leucine (Fig. 5B). In contrast to
the parental strain, the ubr1 1A tup11A tup12A triple mutant failed
to grow in soy peptide medium containing ammonium (Fig. 5B)
or proline (data not shown) as a nitrogen source, suggesting that
inactivation of the Tup11/12 complex does not suppress the de-
fects in the ubrl1A strain. Because of the inviability of ssn6A cells
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FIG 4 Ubrll is required for the expression of ptr2 and isp4. (A) The mRNA
levels of the peptide transporter genes in each strain were compared by RT-
PCR. Cells were cultured in EMM-N (proline) medium. The cdc2 gene was
used as an internal control for the input RNA levels. Lane 1, the same total
RNA used in lane 2 was similarly processed but without reverse transcription,
asa control. Lane 2, wild-type cells (KSP2); lane 3, ubr11A cells (KSP2321). (B)
Ectopic expression of the dipeptide transporter Ptr2 rescues the peptide utili-
zation defect in the ubr11A strain. The ptr2A and ubr11A strains, both auxo-
trophic for histidine, were transformed with the indicated plasmids or a con-
trol vector. Growth of each strain in minimal medium containing the His-Leu
dipeptide as a source of histidine was examined. The GFP-tagged Ptr2 was
functional because it could rescue the peptide uptake defect in a p#r2A strain
(KSP2698 or KSP2699). Only the ubrlIA mutant expressing ectopic Halo-
tagged Ubr11 (KSP2874) or GFP-Ptr2 (KSP2335b), but not control GFP only
(KSP2335a) or Halo-Ubr1 (KSP2335¢), grew under this condition. (C) Ubr11
accumulates in the nuclear chromatin region. The Halo-Ubrl11 protein was
induced in a ubrl1A strain (KSP2817) and labeled with a fluorescent TMR
ligand for the halo tag (ON, +TMR). Fluorescence specificity was verified by
observing induced cells without labeling (ON, —TMR) or uninduced cells
(OFF, +TMR). Residual weak expression from the nmt promoter occurred
even under the uninduced condition; therefore, the Halo-Ubrl1 signal was
detected after a longer exposure time.

of S. pombe (18), we did not test the effect of Ssn6 inactivation on
the suppression of defects in the ubr1IA strain.

A prototrophic tupI1A tup12A strain grew very weakly in me-
dium containing the dipeptide Ala-Gln as the sole nitrogen
source. Interestingly, this slow growth was significantly improved
by increasing the expression of Ubrl1 from a multicopy plasmid
(Fig. 5C). Although the endogenous ubrII mRNA levels were
slightly decreased in the tupIIA tupI2A strain (0.6- to 0.7-fold
compared to those in the wild-type strain), sufficient levels of
mRNA could be still detected (Fig. 5D).

MG132isimported independently of PTR and OPT proteins.
Since the human peptide transporters have broad substrate spec-
ificity, we examined the effect of nonnative oligopeptides in S.
pombe and found that extracellular Ile-Leu dipeptide that is ben-
zyloxycarbonylated at the N terminus (Z-Ile-Leu) could support
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FIG 5 The Tup corepressor proteins are required for efficient peptide utiliza-
tion. (A and B) The indicated leucine-auxotrophic strains were grown in min-
imal medium containing Leu-Ala dipeptide (A) or soy peptides (B) as a source
of leucine. tupAA, tupl1A tupl2A double disruptant. Strains: wt, KSP635;
tupAA, KSP2886 and -2887; tupAA ubr11A, KSP2888 and -2889. (C) Bypass of
Tup protein function by increasing Ubrll protein expression. The same
strains used for panels A and B (KSP635 and KSP2886) were transformed with
a plasmid harboring the genomic ubrl1™" gene or a control vector, and grown
in medium containing Ala-Gln dipeptide as the sole source of nitrogen. (D)
ubrl1 mRNA levels in the wild-type (KSP635, lane 1) and the tuplIA tup12A
(KSP2886, lane 2) strains. The nda3 (B-tubulin) gene was used as an internal
control. Expression levels of the fbpI gene, whose transcription is derepressed
in the tup11A tup12A strain, are also provided.

fop1

the growth of leucine-auxotrophic strain only if the Isp4 was func-
tional (Fig. 6A). The peptide aldehyde MGI132 [(benzyloxy-
carbonyl)leucyl-leucyl-leucine aldehyde], which is widely used as
a proteasome inhibitor (31), has the same chemical modification
with Z-Ile-Leu at its N terminus. Given their structural similarities
and the role of Isp4 in the utilization of Z-Ile-Leu, we examined
whether the peptidomimetic MG132 was also carried into cells via
peptide transporters. Ub”®V-GFP was used as a reporter substrate
for monitoring proteasomal activity (11). We confirmed that
UbS7¢V-GFP was stabilized in the mts2 proteasome mutant (see
Fig. S2A in the supplemental material). The fluorescence intensity
of UbS7®V-GFP determined by flow cytometry correlated well
with its protein levels detected by Western blotting (see Fig. S2C in
the supplemental material). As expected, instability of this moni-
toring substrate depended on the ubiquitin ligase Ufd4, one of the
central players in the UFD degradation pathway (see Fig. S2B in
the supplemental material) (22, 26).
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FIG 6 MG132 is imported independently of the PTR and OPT proteins. (A)
Isp4-dependent utilization of the N-terminally modified nonnative dipeptide
Z-lle-Leu [(benzyloxycarbonyl)isoleucyl-leucine]. Z-Ile-Leu could support
the growth of the leucine-auxotrophic strain and thus was used as a source of
leucine only if the Isp4 was functional. Consistent with the use of Isp4, Z-Ile-
Leu could support growth under the poor (proline) but not rich (NH,")
nitrogen condition (data not shown). The prototrophic (Leu™) isp4A strain
could grow under this condition, suggesting that Z-Ile-Leu did not inhibit the
growth of the isp4A mutant. Strains: wt, KSP635; ptr2A, KSP2884; prr2A
dal5h1A dal5h2A, 598-1A), isp4A Leu™, KSP2999; isp4A, 597-1C and 598-1C.
(B) MG132 is operative in the peptide transporter-deficient strain. Ub%7¢V-
GFP was induced in the wild-type strain (KSP2863) and a quadruple trans-
porter mutant (AAAA, ptr2A isp4A pgtIA opt3A) (KSP2920) under rich
(NH,™) or poor (proline) nitrogen conditions. Cells were treated with MG132
(lanes 2, 4, 6, and 8) or DMSO (lanes 1, 3, 5, and 7) during the last 3.5 h before
the extracts were prepared. Ub“’V-GFP protein levels were analyzed by im-
munoblotting with the anti-GFP antibody.

In the wild-type strain, MG132 prevented the degradation of
Ub“7*V-GFP (Fig. 6B; see Fig. S2A and C in the supplemental
material). We tested the effect of MG132 in a strain lacking all the
known PTR and OPT proteins (AAAA [ptr2A isp4A pgtIA
opt3A]). Interestingly, a similar degree of inhibition by MG132
was also observed in this quadruple transporter mutant strain
(Fig. 6B). The effect of MG132 was observed under both rich
(NH,™) and poor (proline) nitrogen conditions, suggesting that
PTR and OPTs are not required for the import of MG132. We also
examined the effect of MG132 in a quadruple mutant simultane-
ously lacking Ptr2, Isp4, and two Dal5-like proteins (Dal5h1 and
Dal5h2). However, MG132 still effectively inhibited the degrada-
tion of Ub“’®Y-GFP in this mutant (see Fig. S2D in the supple-
mental material).

DISCUSSION

The fission yeast S. pombe has 1 PTR and 3 OPT peptide trans-
porter family genes. In this study, we investigated the necessity of
these transporters and confirmed that Ptr2 (PTR family) and Isp4
(OPT family) are essential for dipeptide and tetrapeptide (Leu-
Ser-Lys-Leu) utilization, respectively (Fig. 1A). For Dal5-related
transporters (Dal5h1 and Dal5h2), we have no evidence that ei-
ther protein has a role in peptide utilization in S. pombe. First,
inactivation of Ptr2 completely abrogated, but simultaneous inac-
tivation of both Dal5h1 and Dal5h2 did not affect, the utilization
of three dipeptides (see Fig S3A and B in the supplemental mate-
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rial). Second, forced expression of Dal5h1 or Dal5h2 in the ptr2A
strain did not suppress the utilization defect of Ala-Gln dipeptide,
a preferred substrate of Dal5 in S. cerevisiae (see Fig. S3C in the
supplemental material). Although only a limited number of de-
fined oligopeptides were used in this study, we also examined the
utilization of soy peptides, a mixture of various peptides (see Fig.
S4 in the supplemental material). When soy peptides were used as
a sole nitrogen source, growth of the ptr2A isp4A double mutant
was significantly retarded, though each parental single mutant
grew normally (Fig. 1B). Besides, slow growth in the p#r2A isp4A
strain was not further aggravated by additional inactivation of
other possible transporters. Collectively, these data indicate that
Ptr2 and Isp4 play a major role in general peptide transport in S.
pombe, at least with the peptide substrates used in this study.
Other transporters may be specialized for specific peptides such as
glutathione (Pgtl) (16, 52) or may have a role in different envi-
ronmental situations not examined in this study. Since the ptr2A
isp4A strain still grows in the soy peptide medium (Fig. 1B), one
attractive idea is that an uncharacterized transporter is involved in
the peptide uptake under this condition. Alternatively, this resid-
ual growth may rely on the utilization of amino acids that could be
included in the soy peptides used in this study. However, the
amount of free amino acids in the soy peptides seems to be small,
since they are insufficient to support the growth of prr2A and
ubrl1A strains that are auxotrophic for several different amino
acids (Fig. 2A; see Fig. S4 in the supplemental material).

The most important finding in this study is that the ubiquitin
ligase Ubrl1 is required for the expression of Ptr2 and Isp4 in S.
pombe (Fig. 4A). The defect in peptide utilization is the first ap-
parent phenotype of the ubr1 1A mutant. Involvement of the Ubr
protein in peptide utilization was first described for S. cerevisiae,
and our finding in S. pombe is the second example of such a role.
We found that Ubrl1, but not Ubrl, is the ubiquitin ligase (N-
recognin) in the N-end rule pathway in S. pombe (our unpub-
lished data), strongly suggesting that peptide utilization is an
N-recognin-specific function. Regardless of the conservation of
Ubr proteins in eukaryotes, studies on their physiological roles are
still limited. The ubr mutants exhibit various phenotypes in both
S. cerevisiae and S. pombe, but curiously, only the peptide utiliza-
tion defect is common to both yeasts. It will be interesting to see if
Ubr proteins also play a role in peptide utilization in other organ-
isms. Prior to utilization, oligopeptides are digested to amino acid
monomers by an intracellular peptidase(s) (6, 39); this process
may be defective in the ubrlIA mutant. However, the mRNA lev-
els of the ptr2 and isp4 transporter genes are apparently reduced in
the ubrl1A mutant (Fig. 4A), and peptide utilization was rescued
by the ectopic expression of Ptr2 from the heterologous nmt pro-
moter (Fig. 4B). Although we have not directly measured peptide
uptake in the ubrl1A strain, it is likely that the peptide utilization
defect in the ubrl 1A mutant is caused by the deficiency of peptide
import due to inefficient expression of the transporters and that
the action of peptidases is irrelevant.

Consistent with the fact that Ubrl1 regulates peptide trans-
porter gene expression, the Ubrl1 protein is enriched in the nu-
cleus, especially in the chromatin region (Fig. 4C). In S. cerevisiae,
Ubrl facilitates peptide uptake by ubiquitination, thereby pro-
moting the proteasome-dependent degradation of Cup9, a tran-
scriptional repressor of the PTR2 gene (8, 53). The Tupl-Ssn6
corepressor complex, together with Cup9, represses transcription
ofthe PTR2 gene (56). In S. pombe, the peptide uptake defect is not
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rescued by the inactivation of the Tup11/12 complex (Fig. 5B),
unlike in S. cerevisiae. Furthermore, there is no apparent Cup9
homolog in the S. pombe genome. Therefore, although the re-
quirement for the Ubr ubiquitin ligase in peptide utilization is
conserved between the two evolutionarily distant yeast species, the
target substrate for the Ubr protein and the actual mechanism of
transporter gene derepression are different. We identified a sup-
pressor mutation that completely restored ptr2 and isp4 mRNA
levels, and consequently peptide utilization, in the S. pombe
ubrlIA mutant (our unpublished results). Our attempts to clone
the suppressor gene have been unsuccessful so far. Although the
identity of this suppressor gene remains unknown, it is expected
to play a very important role in peptide transporter gene expres-
sion that is antagonistic to that of Ubr11. Unexpectedly, the tup
mutant of S. pombe was inefficient in peptide utilization. Interest-
ingly, increasing the expression of Ubr11 substantially cured the
peptide utilization defect in the fuplIA tupI2A strain. The fact
that the requirement for the Tup11/12 corepressor complex in
peptide utilization can be bypassed by a high dosage of Ubrl1
reinforces the importance of Ubr11’s role in peptide utilization.

Finally, we addressed the question of whether import of the
peptide-like proteasome inhibitor MG132 required peptide trans-
porters. Despite the utilization of (benzyloxycarbonyl)isoleucyl-
leucine (Z-Ile-Leu) via Isp4 and its structural resemblance to
MG132, none of the possible peptide transporters tested in this
study was involved; MG132 inhibited proteasome activity even in
the strain that lacked all the PTR and OPT transporters (Fig. 6B)
and also in a quadruple mutant lacking two dal5-like genes to-
gether with being ptr2A and isp4A (see Fig. S2D in the supplemen-
tal material). Since MG132 is a modified trileucine, its amino acid
length or aldehyde modification of the third leucine may interfere
with its recognition by PTR or OPT transporters. MG132 is gen-
erally ineffective in wild-type cells of S. cerevisiae, but it is active if
arich nitrogen source, such asammonium, in the growth medium
is replaced by proline together with the addition of a small amount
of sodium dodecyl sulfate (32). Given that the nature of the nitro-
gen source greatly affects the expression profiles of many genes,
this presumably implies that MG132 is actively imported by a
specific carrier that is expressed only under the proline condition
and not by simple passive diffusion. Most of the proteasomal sub-
unit genes are essential for growth. Unlike the proteasome muta-
tions, MG132 treatment does not cause cell cycle arrest in S. pombe
(50). Unraveling the MG132 transport system is an important
challenge to more effectively block proteasome activity without
using special membrane ergosterol synthesis or efflux pump mu-
tants, which may greatly affect the cellular physiology.
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