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Functional Implications and Ubiquitin-Dependent Degradation of the
Peptide Transporter Ptr2 in Saccharomyces cerevisiae
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The peptide transporter Ptr2 plays a central role in di- or tripeptide import in Saccharomyces cerevisiae. Although PTR2
transcription has been extensively analyzed in terms of upregulation by the Ubr1-Cup9 circuit, the structural and functional
information for this transporter is limited. Here we identified 14 amino acid residues required for peptide import through Ptr2
based on the crystallographic information of Streptococcus thermophilus peptide transporter PepT,, and based on the conserva-
tion of primary sequences among the proton-dependent oligopeptide transporters (POTs). Expression of Ptr2 carrying one of
the 14 mutations of which the corresponding residues of PepT, are involved in peptide recognition, salt bridge interaction, or
peptide translocation failed to enable ptr2Atrp1 cell growth in alanyl-tryptophan (Ala-Trp) medium. We observed that Ptr2 un-
derwent rapid degradation after cycloheximide treatment (half-life, approximately 1 h), and this degradation depended on Rsp5
ubiquitin ligase. The ubiquitination of Ptr2 most likely occurs at the N-terminal lysines 16, 27, and 34. Simultaneous substitu-
tion of arginine for the three lysines fully prevented Ptr2 degradation. Ptr2 mutants of the presumed peptide-binding site (E92Q,
R93K, K205R, W362L, and E480D) exhibited severe defects in peptide import and were subjected to Rsp5-dependent degrada-
tion when cells were moved to Ala-Trp medium, whereas, similar to what occurs in the wild-type Ptr2, mutant proteins of the
intracellular gate were upregulated. These results suggest that Ptr2 undergoes quality control and the defects in peptide binding
and the concomitant conformational change render Ptr2 subject to efficient ubiquitination and subsequent degradation.

N itrogen is imported into the cell in the form of an ammonium
ion, amino acid, or peptide through transporter proteins in
the plasma membrane. Peptide transporters typically comprise 12
transmembrane domains (TMDs) that are highly conserved
among bacteria, animals, and plants. These transporters belong to
the proton-coupled oligopeptide transporter (POT) family, which
is also referred to as the peptide transporter (PTR) family (1-3).
The POT family belongs to the major facilitator superfamily
(MFS), members of which contain substrate/H* symporters that
are driven by electrochemical gradient across the plasma mem-
brane (4, 5). In addition to being a source of nitrogen, peptides
play beneficial roles in physiological activity. For example, soy
peptides, the proteolytic products of soy proteins, can reduce se-
rum lipid levels, scavenge free radicals, and reduce oxidative stress
in mammalian cells (6-8). In yeast, soy peptides improve toler-
ance to freeze-thaw stress, repress the formation of lipid bodies
(9), and accelerate ethanol fermentation (10, 11). hPepT1 and
hPepT2 are human peptide transporters expressed in the small
intestine and the kidney, respectively (12). hPepT1 operates as a
high-capacity, low-affinity peptide transporter, whereas hPepT2
operates as a low-capacity, high-affinity transporter. In addition
to peptide uptake, these transporters mediate absorption of drugs
that have a steric resemblance to peptides, such as 3-lactam anti-
biotics, antihypertensive drugs, anticancer agents, and antivirals
(e.g., valacyclovir) (13-17). Hence, investigation of POT family
proteins should facilitate fermented food production and drug
discovery as well as contribute to our basic understanding of nu-
trient transport.

In the yeast Saccharomyces cerevisiae, the POT/PTR family pro-
tein Ptr2 is the major peptide transporter for importing di- and
tripeptides (1, 18, 19). External amino acids regulate PTR2 tran-
scription through the Ssyl-Ptr3-Ssy5 (SPS) signal transduction
pathway. In the SPS complex, Ssy1 is a plasma membrane protein
that senses external amino acids and induces transcription of
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PTR2 and several amino acid permease genes (20-23). Dipeptides
containing N-terminal basic (Arg, Lys, and His) or bulky hydro-
phobic (Phe, Leu, Tyr, Trp, and Ile) amino acids, the N-end rule
amino acids, also positively regulate PTR2 transcription (24, 25).
These dipeptides bind directly to Ubrl (also known as Ptrl),
which leads to Ubrl-dependent degradation of Cup9, a repressor
of PTR2 transcription, and consequently, PTR2 upregulation (24,
25). Although PTR?2 transcription has been extensively investi-
gated, the mechanism by which the Ptr2 protein recognizes and
imports peptides is still unclear. To the best of our knowledge, the
only relevant study is a mutational analysis on TMD5 of Ptr2 (26).
The FVxxINxG sequence in TMD5 is highly conserved among the
POT/PTR family proteins, from yeast to humans. Although re-
placement of F244, F247,Y248,1251, or G254 by alanine abolished
the uptake of Leu-Leu and Met-Met-Met, N252A substitution ex-
hibited differential substrate preference for Met-Met-Met over
Leu-Leu (26). Thus, at least TMDS5 plays a role in Ptr2 substrate
recognition.

Recently, the crystal structures of bacterial homologs for mam-
malian peptide transporters were solved in PepT,, from She-
wanella oneidensis (27), PepT,, from Streptococcus thermophilus
(28), and GKPOT from Geobacillus kaustophilus (29). These crys-
tal structures share a fold in the MFS proteins consisting of two
6-transmembrane bundles facing each other in the membrane
with a central cavity between the two bundles. The PepT,, struc-
ture formed a substrate-bound occluded state (27), whereas the
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PepT,, structure formed an inward-open conformation (28). The
GkPOT structures had both an inward-open H"-bound and an
inward-open substrate/H" -bound conformation (29). These
structures revealed the key mechanistic and functional roles for
conserved glutamate (or aspartate) and arginine residues in the
peptide-binding site, as well as a number of amino acid residues
involved in peptide recognition. Interestingly, both glutamate and
arginine residues are not conserved in fungal Ptr2, including S.
cerevisiae and Candida albicans, in which glycine and serine resi-
dues are positioned, respectively. This suggests an unidentified
mechanism of recognition or translocation of substrates in fungal
Ptr2 proteins, which might account for the unsolved effects of soy
peptides in yeast physiology.

Homology modeling that uses the crystal structure of a
closely related protein as a template allows us to determine the
functional roles of corresponding amino acid residues in struc-
turally unknown proteins. In this study, we introduced muta-
tions into Ptr2 to verify the significance of 19 amino acid resi-
dues based on the structural information of the POT family
proteins. Yeast genetics has an advantage in that a functional
analysis of a transporter protein can be performed in vivo in
combination with an analysis of the expression and subcellular
localization of the protein. We also show that Ptr2 undergoes
an Rsp5-dependent ubiquitination that likely occurs at N-ter-
minal lysine positions 16, 27, and 34.

MATERIALS AND METHODS

Yeast strains and culture conditions. The wild-type strain YPH499
(MATa his3-A200 leu2-Al lys2-801 trp1-A1 ade2-101 ura3-52), the ptr2A
mutant (ptr2A:KanMX in YPH499 [see below]), and the ptr2ATRPI mu-
tant (ptr2A:KanMX TRPI in YPH499 [see below]) were used in this
study. Unless otherwise specified, ptr2A denotes the ptr2A (trp1) mutant.
Cells were grown in synthetic dextrose (SD) medium or L-alanyl-L-tryp-
tophan (Ala-Trp) medium at 25°C with shaking. Ala-Trp medium was
supplemented with Ala-Trp to complement tryptophan auxotrophy
(trpI) instead of L-tryptophan in SD medium and was used for functional
analysis of ptr2 mutants. Ala-Trp medium was composed of a yeast nitro-
gen base without amino acids (6.7 g - liter '), p-glucose (20 g - liter '),
adenine (20 wg - ml™ '), histidine (20 pg - ml™ 1), lysine (30 g - ml™ '),
leucine (90 wg - ml '), and Ala-Trp (20 pg - ml~!). In addition, L-leucyl-
L-tryptophan (Leu-Trp) was used to complement tryptophan auxotro-
phy. Ala-Trp, Leu-Trp, L-alanyl-1-leucine (Ala-Leu), and r-alanyl-r-ala-
nine (Ala-Ala) were purchased from Kokusan Chemical Co. Ltd. (Tokyo,
Japan).

Construction of the ptr2A mutant and plasmids. PCR-based gene
disruption was employed in YPH499 to create the ptr2A::KanMX mutant
using the genome DNA from the p#r2A mutant (p#r2A:KanMX in
BY4742) as a template, and the primers 5'-GGTTTGTAAAATATATAA
GTGATGTACA-3" and 5'-CATTTGAGATAATGGTATGCAAATACG
C-3'. The transformant was selected on YPD agar plates containing 200
pg - ml~! Geneticin. pJJ280 (TRPI) (30) was digested with EcoRI to
obtain a TRPI DNA fragment, which was subsequently introduced into
the ptr2A mutant to generate the ptr2A TRP1 mutant.

The plasmids used in this study are listed in Table 1. pUA35 (TDH3
promoter [pTDH3]-3HA [hemagglutinin]-TDH3 terminator [tTDH3],
URA3 CEN4) was used to generate a PTR2-3HA plasmid driven by its own
promoter. pUA35 was digested with Xhol and Smal to remove pTDH3. The
PTR2 open reading frame (ORF), with its own promoter region (800 bp
upstream of the ORF), was amplified by PCR using the genomic DNA
from strain YPH499 as a template and 5'-CGGGCCCCCCCTCGAGGA
AGGCAGCGGCGAACTGACTT-3" and 5'-ACTCATGGTTCCCCCGG
GATATTTGGTGGTGGATCTTAGACTTTCCATTG-3' as the primers.
The digested plasmid YCplac33 (URA3 CEN4) (31) and the PCR product
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were fused by the In-Fusion HD cloning kit (TaKaRa Bio Inc., Otsu, Shiga,
Japan) to yield pPTR2-3HA (URA3 CEN4). PCR-based site-directed mu-
tagenesis was performed to create each of the 19 amino acid substitutions
in Ptr2 TMDs or at least one lysine-to-arginine (K-to-R) substitution in
the Ptr2 N-terminal domain using pPTR2-3HA as a template with the
corresponding mutant primers. To generate a PTR2-GFP (where GFP is
green fluorescent protein) plasmid, pPTR2-3HA was digested with Xhol
and Smal to obtain a DNA fragment containing the PTR2 ORF with its
own promoter region. The resulting fragment was cloned into pKK1 (GFP
URA3 CEN4) to yield pPTR2-GFP.

Functional analysis of Ptr2 mutants. The wild-type or ptr2 mutant
cells were grown in SD medium at an optical density at 600 nm (ODgy,)
value of up to ~1.0 (1.65 X 107 cells - ml™"). The cells were collected by
centrifugation, washed twice with distilled water, and resuspended in SD
or Ala-Trp medium to obtain cultures at an OD, value of 0.04. The
0Dy, values of cultures were measured after incubation for 20 h at 25°C.

Western blot analysis. Whole-cell extracts were prepared as previ-
ously described (32). In brief, 10® cells were collected by centrifuga-
tion, washed once with 10 mM NaN,—10 mM NaF, and washed once in
lysis buffer A (50 mM Tris-HCl, 5 mM EDTA, 10 mM NaN;, 1 mM
phenylmethylsulfonyl fluoride, and one tablet of EDTA-free Complete
[Roche, Mannheim, Germany] for 50 ml [pH 7.5]). The cells were
broken with glass beads. Unbroken cells and debris were removed by
centrifugation at 900 X g for 5 min, and the cleared lysates were treated
with 5% SDS and 5% 2-mercaptoethanol at 37°C for 10 min to dena-
ture proteins. Western blot analysis was performed as previously de-
scribed (32) using antibodies for HA (16B12; BabCO, Richmond, CA,
USA), GFP (anti-chicken IgY; Aves Labs, Inc., Tigard, OR, USA), and
Adh1 (Rockland antibodies and assays, Gilbersville, PA, USA). Adh1
was used as a loading control for the whole-cell extracts. An image
analyzer (LAS4000 mini; GE Healthcare Life Sciences, Piscataway, NJ,
US) was used for signal detection.

Fluorescence microscopy. Living cells expressing GFP-tagged Ptr2
proteins were placed on a glass slide and were imaged using a fluorescence
microscope model IX70 with magnification of X100 of the objective lens
(Olympus, Co. Ltd., Tokyo, Japan).

Peptide import assay. Peptide import was analyzed using the proce-
dure for tryptophan import by Tat2, but with modifications (33). A com-
mercially available radiolabeled peptide, [*H]L-alanyl-L-alanine (Ala-Ala,
MT-945, 14.8 GBq - mmol " !; Moravek Biochemicals, Inc., Brea, CA,
USA), was used for the peptide import assay. Cells were grown in SD
medium at a cell density of up to 1.5 X 107 cells - mI™". The cells were
collected by centrifugation, washed twice, and resuspended in SD me-
dium at a cell density of about 5.0 X 107 cells - ml~'. The import assay was
performed in the presence of 11.6 ug - ml~ ' of nonlabeled Ala-Ala with a
1/2,000 volume of the *H-labeled Ala-Ala. The molar concentration of
nonlabeled Ala-Ala (72.6 uM) was equal to that for the 20-p.g - ml ™’
Ala-Trp used in the functional analysis. After incubation, the cells were
trapped with a vacuum aspirator on GF/C glass filters that were stacked in
pairs. The filters were washed with 10 ml cold distilled water. The quantity
of imported peptides was measured using a liquid scintillation counter.
Under our experimental conditions, 1 dpm of [*H]Ala-Ala can be con-
verted to 42.4 fmol Ala-Ala. Data were expressed as mean values of Ala-
Ala incorporated (pmol - 107 cells ! - min~ ') with standard deviations
obtained from three independent experiments.

Structural modeling. The ESyPred3D web server 1.0 software (http:
/Iwww.fundp.ac.be/sciences/biologie/urbm/bioinfo/esypred/), an auto-
mated homology modeling program with an increased alignment perfor-
mance that is based on the modeling package Modeller (34, 35), was used
for modeling. The profile query for Ptr2 yielded the S. thermophilus PepT,,
(PDB 4APS) as a structural template (28). An alignment was created for
the template, and the Ptr2 model was constructed using the PyMOL mo-
lecular graphics system, version 1.5.0.4 schrodinger, LLC (http://www
.pymol.org/) (36).
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TABLE 1 Plasmids used in this study

Source or

Plasmid Description reference
pJJ280 TRPI1 30
YCplac33 URA3 CEN4 31

pUA35 pTDH3-3HA-tTDH3, URA3 CEN4 This study
pKK1 GFP URA3 CEN4 This study
pPTR2-3HA PTR2-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-E92Q-3HA PTR2-E92Q-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-R93K-3HA PTR2-R93K-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-Y96A-3HA PTR2-Y96A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-Y138A-3HA PTR2-Y138A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-D149E-3HA PTR2-D149E-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-G168A-3HA PTR2-G168A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-L196A-3HA PTR2-L196A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K205R-3HA PTR2-K205R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-S209A-3HA PTR2-S209A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-F244L-3HA PTR2-F244L-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-F247L-3HA PTR2-F247L-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-W362L-3HA PTR2-W362L-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-E480D-3HA PTR2-E480D-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-G487A-3HA PTR2-G487A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-L488A-3HA PTR2-L488A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-M504L-3HA PTR2-M504L-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-F507W-3HA PTR2-F507W-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-T510V-3HA PTR2-T510V-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-G514A-3HA PTR2-G514A-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K16R-3HA PTR2-K16R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K27R-3HA PTR2-K27R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K34R-3HA PTR2-K34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K77R-3HA PTR2-K77R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-3K>R-3HA" PTR2-K16,27,34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-4K>R-3HA PTR2-K16,27,34,77R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-E92Q-3K>R-3HA PTR2-E92Q-K16,27,34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-R93K-3K>R-3HA PTR2-R93K-K16,27,34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K205R-3K>R-3HA PTR2-K205R-K16,27,34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-W362L-3K>R-3HA PTR2-W362L-K16,27,34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-E480D-3K>R-3HA PTR2-E480D-K16,27,34R-3HA driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-GFP PTR2-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-E92Q-GFP PTR2-E92Q-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-R93K-GFP PTR2-R93K-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-Y96A-GFP PTR2-Y96A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-Y138A-GFP PTR2-Y138A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-D149E-GFP PTR2-D149E-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-G168A-GFP PTR2-G168A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-L196A-GFP PTR2-L196A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-K205R-GFP PTR2-K205R-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-S209A-GFP PTR2-S209A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-F244L-GFP PTR2-F244L-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-F247L-GFP PTR2-F247L-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-W362L-GFP PTR2-W362L-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-E480D-GFP PTR2-E480D-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-G487A-GFP PTR2-G487A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-L488A-GFP PTR2-1488A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-M504L-GFP PTR2-M504L-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-F507W-GFP PTR2-F507W-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-T510V-GFP PTR2-T510V-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-G514A-GFP PTR2-G514A-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-3K>R-GFP PTR2-K16,27,34R-GFP driven by PTR2 promoter, URA3 CEN4 This study
pPTR2-4K>R-GFP PTR2-K16,27,34,77R-GFP driven by PTR2 promoter, URA3 CEN4 This study

4 K>R, K-to-R substitution.

1382 ec.asm.org Eukaryotic Cell


http://ec.asm.org

ScPtr2 78
CaPtr2 93
hPepT1 12
hPepT2 42
PepTso 10
PepTst 11
GkPOT 21

m
UEHEEHEHHHY»Q

ScPtr2 123
CaPtr2 138
hPepT1 49
hPepT2 79
PepTso 53
PepTst 53
GkKPOT 63

O H H By

ScPtr2 154
CaPtr2 169
hPepT1 80
hPepT2 110
PepTso 84
PepTst 84
GKPOT 94

IABIFILFT 174
IVEILILFV 189
TIBOAVTSV 100
VIKSL 130
CV@HAFL 104
MLEHIVL 104
MABHIAL 114
56845665

O HHK K KKK
<
(5]

ScPtr2 187
CaPtr2 202
hPepT1 122
hPepT2 143
PepTso 109
PepTst 108
GKPOT 118

Function and Ubiquitin-Dependent Degradation of Ptr2

ScPtr2 236
CaPtr2 251
hPepT1 155
hPepT2 176
PepTso 142
PepTst 140
GkPOT 150

ScPtr2 350
CaPtr2 365
hPepT1 282
hPepT2 301
PepTso 300
PepTst 284
GKPOT 294

i
5
L
L
F
F
F
6
L]
aac
¥AC ¥
L
l:.
b
lz
5

ScPtr2 466
CaPtr2 481
hPepT1 581
hPepT2 608
PepTso 405
PepTst 386
GKPOT 399

ScPtr2 503
CaPtr2 518
hPepT1 618
hPepT2 645
PepTso 442
PepTst 423
GKPOT 436

527
542
642
669
479
447
460

OHREXHEEHH

Unconserved [l83456788 Conserved

FIG 1 Multiple-sequence alignments of TMDs for some peptide transporters. The alignments were constructed for ScPtr2 (S. cerevisiae), CaPtr2 (C.
albicans), hPepT1 and hPepT2 (H. sapiens), PepT,, (S. oneidensis), Pep T, (S. thermophilus), and GKPOT (G. kaustophilus) using the Praline multiple-sequence
alignment program (54). TMD a-helices were assigned based on the crystallographic structure of PepT,, (PDB 4APS) (28). Amino acid residues that mutated in
this study are marked with an asterisk (*) above the residue, and those that reside in the extracellular gate in bacterial peptide transporters are marked with

a dot (@).

RESULTS

Rationale for mutation design and homology modeling of Ptr2.
Figure 1 shows a multiple-sequence alignment of TMDs in some
peptide transporters. The ExxERFxYY motif in TMD1 is highly
conserved across the POT family proteins and contributes to
forming the central cavity within the molecule (3). In PepT,, E25
and R26 (E92 and R93 in Ptr2, respectively) interact through a salt
bridge, which is positioned close to E22 in TMD1 (E89 in Ptr2).
E22Q, E25Q, and R26K mutations completely inactivate proton-
driven peptide uptake but allow the retention of some activity of
counterflow in PepT,, (28). Y29 (TMD1) and Y68 (TMD2) (Y96
and Y138 in Ptr2, respectively) are thought to help determine
peptide specificity. K126 in TMD4 (K205 in Ptr2) is conserved
throughout the POT family proteins and is positioned close to the
ExxERFxYY motif. K126 and E400 (TMD10) are positioned to
form the peptide-binding site. The K126A mutation abolishes
only proton-driven peptide import and retains counterflow activ-
ity, whereas the E400D mutation abolishes both functions (28). In
human hPepT1, the equivalent glutamate (E595) is assumed to
bind the N terminus of peptides. W294 in hPepT1 (W362 in Ptr2)
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plays a role in peptide import (37). Hence, we created E92Q,
RI3K, Y96A, Y138A, K205R, W362L, and E480D mutations
in Ptr2. S130 (TMD4), F148 (TMD5), G407 (TMD10), L408
(TMD10), M424 (TMD11), and W427 (TMD11) in PepT,, (5209,
F244, G487,1488, M504, and F507 in Ptr2, respectively) are posi-
tioned at the intracellular gate, which shows hingelike movement.
Hence, we created S209A, F244L, G487A, L488A, M504L, and
F507W mutations in Ptr2. In addition to the potentially important
13 amino acid residues, we mutated the following 6 sites according
to the pronounced conservation: DI49E (TMD2), G168A
(TMD3), L196A (TMD4), F247L (TMD5), T510V (TMD11), and
G514A (TMD11). R33 and E300 in PepT,, are highly conserved
across the POT family, and the salt bridge between R33 and E300
is assumed to facilitate close packing in the extracellular gate be-
tween TMD1 and -2 and TMD?7 and -8 (28). In total, 19 Ptr2
mutants were subjected to the subsequent functional analysis.
For the structural modeling of Ptr2, the ESyPred3D web server 1.0
software proposed an inward-open crystal structure of PepT,, (PDB
4APS) as the closest template (28). In the overall modeled structure,
the N- and C-terminal 6-helix bundles TMD1 and -6 and TMD7 and
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FIG 2 Structural model of Ptr2. The structure of Ptr2 was based on the crystal structure of PepT,, inward-open conformation (PDB 4APS) as a template (28).

Amino acid residues that were mutated in this study are indicated.

-12 face each other to form a pseudo-2-fold-symmetry structure (Fig.
2). There seems to be a putative trajectory for a substrate peptide in
the top view of the modeled Ptr2. The 19 amino acid residues mu-
tated in this study are mapped in the structure (Fig. 2).

Functional analysis of Ptr2 mutant proteins. To evaluate the
activity of Ptr2 mutant proteins in vivo, we performed a growth
assay using nutrient auxotrophy for tryptophan and leucine. First,
we examined whether Ala-Trp or Ala-Leu supported growth of
the wild-type or ptr2A mutant in the absence of tryptophan or
leucine, respectively, in SD medium. We confirmed that the wild-
type strain grew on 20 g - ml~" Ala-Trp and 40 wg - ml™" tryp-
tophan with equal efficiency, but pfr2A mutant growth was defec-
tive in 20 wg - ml~" Ala-Trp (Fig. 3A). Ala-Leu did not support
wild-type growth, even at the very high concentration of 100 j.g -
ml™ ', suggesting that the peptide form of leucine cannot meet its
high demand in protein synthesis (data not shown). Therefore,
Ala-Trp was used for further experiments. Here, the wild-type
strain denotes the p#r2A cell harboring pPTR2-3HA, and the
ptr2A mutant denotes the cell harboring an empty vector alone.

A sD B

Cells were grown in SD medium and diluted with Ala-Trp
medium to obtain cultures with an ODg, of 0.04. After incuba-
tion for 20 h at 25°C, the ODy, values were measured to quantify
Ptr2 mutant growth. The 19 Ptr2 mutant cells exhibited growth in
the SD medium that was equal to that of the wild-type cells,
whereas the mutants showed various degrees of deficient growth
in Ala-Trp medium (Fig. 3B). E92Q, R93K, Y138A, K205R, F244L,
W362L, E480D, M504L, F507W, and T510V mutants showed se-
vere growth defects. Y96A, F247L, G487A, and L488A mutants
showed moderate growth defects, which were partially repressed
by a higher concentration of Ala-Trp (100 g - ml™"). In contrast,
D149E, G168A, L196A, S209A, and G514A mutations conferred
no obvious growth defect in Ala-Trp (20 pg- ml~') medium (Fig.
3B). A similar result was obtained with a medium containing an
N-end rule dipeptide Leu-Trp (23 pg- ml™"), which was preferred
by Ptr2 (25), except for the marked growth defect in the G514A
mutant (Fig. 3C).

Expression and localization of Ptr2 mutant proteins. Next,
we examined whether the mutations affected Ptr2 expression.

Ala-Trp C Leu-Trp
3 3 3
e M 20 ug-mL M 23 pg-mL'
i ' M 100 pg-mL-"
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FIG 3 Effects of Ptr2 mutations on cell growth. 3HA-tagged wild-type or Ptr2 mutant proteins were expressed in ptr2A cells. The cells were incubated at 25°C
for 20 hin SD (40 pg - ml ™" tryptophan) (A), Ala-Trp medium containing 20 or 100 g - ml ™' Ala-Trp in the absence of free tryptophan (B), or Leu-Trp medium
containing 23 pg - ml~' Leu-Trp in the absence of free tryptophan (C). The starting ODy,, value was 0.04.
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FIG 4 Expression of Ptr2 mutant proteins. 3HA-tagged wild-type or Ptr2 mutant proteins were expressed in ptr2A trp1 cells (A), PTR2 trpI cells (B), or ptr2A
TRP]I cells (C). Exponentially growing cells in SD medium were moved to Ala-Trp (AW) medium (20 g - ml ') and incubated for an additional 5 h. Whole-cell
extracts were subjected to Western blot analysis to detect Ptr2-3HA and Adh1 using specific antibodies. Adh1 was used as a loading control.

Cells were grown in SD medium and then moved to Ala-Trp (20
pg - ml~') medium to continue incubating for 5 h. Whole-cell
lysates were prepared for Western blot analysis to detect Ptr2-3HA
proteins. Consistent with previous reports (25), Ptr2 was upregu-
lated after cells were moved to Ala-Trp medium (Fig. 4A). The
Ptr2 mutant proteins were also expressed in SD medium, though
the expression levels varied among the strains. We found that Ptr2
carrying the E92Q, R93K, K205R, W362L, or E480D mutation was
markedly downregulated after moving the cells to Ala-Trp me-
dium. In contrast, the remaining Ptr2 mutant proteins were up-
regulated, as they were in the wild-type Ptr2 (Fig. 4A). It should be
noted that E92, R93, K205, W362, and E480 are assumed to form
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the substrate-binding pocket in the Ptr2 structural model (Table 2
and Fig. 2), thereby raising the possibility that the 5 substrate-free
forms of Ptr2 may have been efficiently degraded when cells were
cultured in Ala-Trp medium. When Ptr2 proteins were expressed
in the wild-type PTR2 trp1 strain, the 5 Ptr2 mutant proteins were
upregulated when moved to Ala-Trp medium, similar to what was
observed in the wild-type Ptr2 (Fig. 4B). Therefore, intracellular
Ala-Trp may have prevented the 5 Ptr2 mutant proteins from
degradation in the wild-type cells. Further, we examined whether
conferring tryptophan prototrophy in the ptr2A strain, which en-
abled growth in Ala-Trp medium, affected the degradation of the
5 Ptr2 mutant proteins. We found that the 5 Ptr2 mutant proteins
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TABLE 2 Mutated amino acid residues in Ptr2 and corresponding
PepT,, residues

Ptr2 Ptr2 Corresponding

mutation TMD? function’ PepT,, residue  Description

None ++

E92Q 1 - E25 ExxERFxYY motif

RI93K 1 - R26 ExxERFxYY motif

Y96A 1 + Y29 ExxERFxYY motif

Y138A 2 +/— Y68 Recognition of C
terminus of substrates

DI149E 2 ++ D79 Highly conserved residue

G168A 3 ++ G98 Highly conserved residue

L196A 4 ++ L117 Highly conserved residue

K205R 4 - K124 Interaction with the
ExxERFxYY motif

S209A 4 ++ S130 Intracellular gate

F244L 5 - F148 Highly conserved residue

F247L 5 +/— F151 Intracellular gate

W362L 7 - W296 Highly conserved residue

E480D 10 - E400 Recognition of N
terminus of substrates

G487A 10 +/— G407 Intracellular gate

L488A 10 +/— 1408 Intracellular gate

M504L 11 - M424 Intracellular gate

F507W 11 - w427 Intracellular gate

T510V 11 - $430 Interaction with W362

G514A 11 ++ G434 Highly conserved residue

“TMDs were assigned based on the crystallographic structure of PepT,, (PDB 4APS).

b Ptr2 function was evaluated by the complementation test for growth of ptr2A cells in
Ala-Trp medium. Symbols: —, no growth or impaired growth in 20 pg - ml™' Ala-Trp
medium (<10% of the ODy, value with respect to the wild-type cells); +/—, impaired
growth in 20 pg - ml ! Ala-Trp medium (10 to 50% of the ODg, value with respect to
the wild-type cells) or growth defect is partially rescued in 100 pg - ml~* Ala-Trp
medium; +, moderately impaired growth in 20 g - ml~! Ala-Trp medium (50 to 70%
of the ODy, value with respect to the wild-type cells); ++, growth similar to that of
the wild-type cells in 20 g - ml ™! Ala-Trp medium (>70% of the ODy, value with
respect to the wild-type cells).

were degraded when the ptr2A TRP]I cells were moved to Ala-Trp
medium; however, the degradation of Ptr2 was delayed (Fig. 4C).
These results suggest that the substrate-binding defect of Ptr2 and
the shortage of intracellular tryptophan promoted Ptr2 degrada-
tion (see Discussion).

GFP-tagged mutant proteins were expressed in ptr2A cells to
determine the extent to which the mutations affected Ptr2 local-
ization. The wild-type Ptr2-GFP was localized to the plasma mem-
brane when cells were incubated in both SD and Ala-Trp medium
(Fig. 5A, arrowheads). Intensive GFP fluorescence in the vacuole
suggests that Ptr2 is subjected to degradation through the endo-
cytic pathway. We confirmed that all mutant Ptr2-GFP proteins
were localized to the plasma membrane in cells grown in SD me-
dium, and the vacuoles were intensively stained with GFP (Fig. 5A,
lower panels in R93K and W362L). In fact, partially digested prod-
ucts of Ptr2-GFP, which were attributed to the vacuolar signal,
were observed in Western blotting using an anti-GFP antibody
(Fig. 5B). Therefore, the mutant Ptr2 proteins can be delivered to
the cell surface as efficiently as the wild-type protein and are de-
livered to the vacuole for degradation. Consistent with the West-
ern blotting results in Fig. 4, Ptr2-GFP protein carrying the E92Q,
K205R, or E480D mutation was absent from the plasma mem-
brane when moved to Ala-Trp medium (Fig. 5A). Ptr2-GFP pro-
teins carrying the R93K or W362L mutation were predominantly
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localized in the vacuole when moved to Ala-Trp medium, al-
though these remained in the plasma membrane in some of the
cells (~25%) (Fig. 5A). In addition, Ptr2R9**_GFP and Ptr2"V?¢*"-
GFP were not efficiently degraded when moved to Ala-Trp me-
dium (Fig. 5B); however, Ptr2****-3HA and Ptr2"?**"-3HA were
rapidly degraded (Fig. 4A). These findings suggest that the C-ter-
minal fused GFP partially stabilizes Ptr2****-GFP and Ptr2"?*"-
GFP in the plasma membrane. In addition, we expressed GFP-
tagged mutant Ptr2 in the wild-type PTR2 cells and observed that
they were localized to the plasma membrane, similar to the wild-
type Ptr2 protein (data not shown). For the subsequent peptide
import assay to be valid, we used SD medium rather than Ala-Trp
medium for cell culture to ensure plasma membrane localization
of Ptr2.

Peptide uptake by Ptr2 mutant proteins. To evaluate the ef-
fect of Ptr2 mutations quantitatively, we employed peptide import
assay using a commercially available [*H]Ala-Ala. First, we per-
formed a competitive assay to examine whether the use of Ala-Ala
was valid and consistent with the functional analysis with Ala-Trp.
Exponentially growing cells in SD medium were collected,
washed, and transferred to [’H]Ala-Ala medium containing 11.6
wg - ml~ ! nonlabeled Ala-Ala with a molar concentration that was
equal to that for 20 wg - ml™"' Ala-Trp (72.6 pM). The assay was
performed in the presence or absence of nonlabeled Ala-Ala or
Ala-Trp in various concentrations as competitive substrates. We
found that [*H]Ala-Ala uptake decreased when nonlabeled Ala-
Ala increased but was more effective with nonlabeled Ala-Trp
(Fig. 6A). This finding suggests that both peptides can be trans-
ported by Ptr2 but Ala-Trp is preferred over Ala-Ala. Such a pref-
erence is consistent with a recent report of a systematic competi-
tive assay that used the fluorescence tracer substrate (3-Ala-Lys
(AMCA) (38).

Eight Ptr2 mutants, E92Q, R93K, Y138A, K205R, W362L,
E480D, F507W, and T510V, were selected for peptide import as-
says, according to the extent of their growth defects. Peptide up-
take by the wild-type cells was time dependent and exhibited a
linear dependence on incubation time up to 5 min (Fig. 6B, inset).
Due to the technical difficulties involved in analyzing 10 samples
simultaneously, subsequent measurements were performed at 7.5
min. The wild-type cells imported Ala-Ala at 61 pmol - 107 cells ™" -
min~', whereas the ptr2A cells did not import it, confirming the
primary role of Ptr2 in peptide import (Fig. 6B). Although the
experimental conditions differed, the degree of Ptr2-mediated
Ala-Ala uptake was 20-fold greater than Tatl-mediated tyrosine
uptake and 40-fold greater than Tat2-mediated tryptophan up-
take, the import assays being performed with 19.6 pM tyrosine
and tryptophan, respectively (33). At 15-min incubation, a trace
amount of Ala-Ala uptake (0.5 pmol - 107 cells™' - min~") was
observed in the p#r2A mutant. This could be mediated by another
peptide transporter, which is likely to be the allantoin transporter
Dal5 because Optl and Opt2 cannot import di- or tripeptides
(39). We found that all 8 Ptr2 mutants showed defective peptide
uptake, with rates of up to 4.2 pmol - 10” cells ™' - min ™" (Fig. 6B).
Accordingly, the 8 amino acid residues are important for peptide
recognition and translocation through the Ptr2 molecule.

Ptr2 undergoes ubiquitin-dependent degradation. To the
best of our knowledge, Ptr2 has not been examined for ubiquitin-
dependent degradation. Therefore, we examined whether degra-
dation of Ptr2 and its mutant forms were dependent on Rsp5
ubiquitin ligase. We found that the wild-type Ptr2 was degraded
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FIG 5 Localization of Ptr2 mutant proteins in ptr2A cells. (A) GFP-tagged wild-type or Ptr2 mutant proteins were expressed in ptr2A cells. Exponentially
growing cells in SD medium were moved to Ala-Trp (AW) medium (20 g - ml~') and incubated for an additional 5 h. The cells were imaged via a fluorescence
microscope. Ptr2 in the plasma membrane is shown by arrowheads. Ptr2"*?*-GFP and Ptr2"?**"-GFP were predominantly localized in the vacuole, although
they remained in the plasma membrane in some of the cells (~25%, lower panels in R93K and W362L). DIC, differential interference contrast. (B) Whole-cell
extracts were subjected to Western blot analysis to detect Ptr2-GFP and Adh1 using specific antibodies. Adh1 was used as a loading control.

rapidly in cells cultured in both SD and Ala-Trp media with the
addition of cycloheximide (half-life, approximately 1 h), suggest-
ing a high basal turnover for Ptr2 (Fig. 7A). The HPG1-1 mutant is
defective in Rsp5 ubiquitin ligase activity due to an amino acid
substitution (P514T) in the catalytic HECT domain of Rsp5 (32).
Double deletion of genes encoding Rsp5-binding proteins Bull
and Bul2 also compromises Rsp5 activity upon ubiquitination
(32). We found that degradation of Ptr2 was significantly delayed
in the HPGI-1 and the bullAbul2A mutants compared with that
in the wild-type strain, suggesting that Ptr2 undergoes Rsp5-me-
diated ubiquitination (Fig. 7B). Covalent binding of ubiquitin to
lysine residues likely occurs in the cytoplasmic N-terminal do-
main in amino acid permeases, including Gapl (40), Tatl (41),
Tat2 (42), and Bap2 (43). Based on homology modeling by PepT,,
(PDB entry 4APS) as a structural template (Fig. 2) (28), the TMD1
of Ptr2 starts with isoleucine at position 78, and therefore the
cytoplasmic N-terminal domain is likely composed of 77 amino
acids in which 4 lysine residues are located. We first created single
K-to-R substitutions in the N-terminal domain to determine
whether lysine is required for Ptr2 degradation. Whole-cell ex-
tracts were prepared from ptr2A cells expressing 3HA-tagged Ptr2
variant proteins in SD medium. We found that K34R mutation
resulted in retarded Ptr2 degradation after 2 h of cycloheximide
treatment (Fig. 8A). This stabilizing effect by the K34R mutation
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was more prominent after 1 h of cycloheximide treatment with
respect to degradation of the wild-type Ptr2 (Fig. 8A). These re-
sults suggest that K34 is primarily ubiquitinated by Rsp5 for deg-
radation. Similar results were obtained with cell culture in Ala-Trp
medium (data not shown). The 4 single K-to-R substitutions con-
ferred normal growth on ptr2A cells in Ala-Trp medium, which
suggests that the K-to-R variants are functional (Fig. 8B). To ex-
amine whether the remaining lysines are required for Ptr2 degra-
dation at its maximum rate, we created multiple K-to-R substitu-
tions in combination with K34R. Compared with the single K34R
mutation, double mutations K16R-K34R and K27R-K34R further
stabilized Ptr2, which was more pronounced in triple (K16R-
K27R-K34R [3K-to-R]) and quadruple (K16R-K27R-K34R-
K77R [4K-to-R]) mutations (Fig. 8A). This result suggests that
multiple N-terminal lysines are potential targets for Rsp5-medi-
ated ubiquitination. As observed in the ubiquitination-deficient
plasma membrane proteins, Ptr2**”*-GFP and Ptr2**“*-GFP
were predominantly localized to the plasma membrane in cells in
both SD and Ala-Trp media in the absence of vacuolar GFP signals
(Fig. 8C). Interestingly, ptr2A cells expressing the 3K-to-R or 4K-
to-R mutant Ptr2 grew in Ala-Trp medium less efficiently than
cells expressing the wild-type Ptr2 or double K-to-R mutants (Fig.
8B). We speculate that the cells consumed Ala-Trp in excess as a
result of Ptr2**~® or Ptr2***® accumulation, and hence, Ala-Trp
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deviations obtained from three independent experiments. Inset, time dependence of Ala-Ala uptake in the wild-type cells.

became insufficient for supporting full growth of the Trp ™~ strain.
Otherwise, excess cytoplasmic Ala-Trp might abrogate amino acid
homeostasis in the cell.

Next, we examined whether peptide-induced degradation of
the 5 dysfunctional Ptr2 mutants E92Q, R93K, K205R, W362L,
and E480D (Fig. 4A) was also ubiquitin dependent. Initially, there
was no measurable difference in steady-state turnover between the
wild-type Ptr2 and the dysfunctional Ptr2 mutants on treatment
with cycloheximide (Fig. 9A). The HPGI-1I cells expressing Ptr2
with each mutation were grown in SD medium and then moved to
Ala-Trp medium to culture for 5 h. We found that the 5 Ptr2
mutant proteins were markedly stabilized in the PTR2 HPGI-1
mutant and the ptr2A HPGI-1 mutant in Ala-Trp medium, sug-
gesting that Rsp5 mediates degradation of dysfunctional Ptr2 (Fig.
9B and C). In support of this finding, the introduction of the

A PTR2 (WT) cells
SD Ala-Trp
CHX(h) 0 1 2 o0 1 2
Ptr2-3HA | il — D —
AdNT | —— ——— a—
B RSP5(WT)  HPG1-1  bul1Abul2A
CHX(h) 0 1 2 o0 1 2 0 1 2

Ptr2-3HA
Adh1

FIG 7 Ubiquitin-dependent degradation of Ptr2 proteins. (A) Rapid degra-
dation of Ptr2 in the wild-type cells. (B) Stabilization of Ptr2 in the HPGI-1
(Rsp5°°1T) and the bull Abul2A mutants cultured in SD medium. Whole-cell
extracts were prepared after adding cycloheximide (CHX). Western blot anal-
ysis was performed to detect Ptr2-3HA and Adhl using specific antibodies.
Adh1 was used as a loading control.
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3K-to-R mutation to the 5 Ptr2 mutants markedly stabilized the
proteins (Fig. 9D). We assume that Ptr2 is subjected to Rsp5-
dependent quality control when the peptide import activity is se-
verely impaired. Because the 5 amino acid residues are assumed to
reside in the peptide-binding pocket, these Ptr2 mutants might
fail to bind peptides, thus preventing concomitant conforma-
tional change. Therefore, a peptide-free outward-facing confor-
mation of Ptr2 might be the substrate for Rsp5 ubiquitin ligase.

DISCUSSION

Structural and functional implications of Ptr2. In this study, we
identified amino acid residues required for Ptr2-mediated peptide
import using site-directed mutagenesis with the crystal structure
of the S. thermophilus PepT,. The growth assay of Ptr2 mutants
with 20 wg - ml™" Ala-Trp as a tryptophan source allowed us to
determine dysfunctional Ptr2 mutations when combined with the
ptr2A trpl genetic background. Of the 19 amino acid residues
tested, 14 contributed to peptide import to various degrees; how-
ever, the remaining 5 residues did not, although they are highly
conserved across the POT family proteins. The 14 mutations are
likely to cause defects in peptide recognition or translocation
through the Ptr2 molecule but not defects in structural stability or
delivery to the plasma membrane of this protein. Inevitably,
amino acid residues assumed to participate in proton-driven pep-
tide uptake (E92 and R93), determination of peptide specificity
(Y96 and Y138), peptide binding (K205, E480, and W362), and
hingelike movement at the intracellular gate (F244, G487, L4388,
M504, and F507) play important roles in Ptr2 function. This sug-
gests that the mechanisms for peptide recognition and transloca-
tion are similar for Ptr2 and other POT family proteins. However,
Ptr2 and PepT,, showed different salt bridge interactions at the
extracellular gate. In Pep T, two salt bridge interactions facilitated
close packing of the extracellular gate helices, which were R53 with
E312 and R33 with E300 (28). These amino acid residues are not
conserved in fungal peptide transporters (S123 with M378 and
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FIG 8 Determination of lysine residues required for ubiquitin-dependent Ptr2 degradation. (A) Whole-cell extracts were prepared from ptr2A cells expressing
Ptr2-3HA with single (top) or multiple (bottom) K-to-R (K>R) substitutions. SD medium was used for culture. Western blot analysis was performed to detect
Ptr2-3HA and Adh1 using specific antibodies. Adh1 was used as a loading control. (B) The ODy, values were measured after individual strains were grown in
Ala-Trp medium (20 pg - ml™') at 25°C for 20 h. The starting ODy,, value was 0.04. (C) GFP-tagged Ptr2 proteins with multiple K-to-R substitutions were
expressed in ptr2A cells. Exponentially growing cells in SD medium were moved to Ala-Trp medium (20 g - ml™ ') and incubated for an additional 5 h. The cells
were imaged using a fluorescence microscope. DIC, differential interference contrast.

S100 with G366, respectively). Mutational analysis in PepT,,
showed that the R53-E312 salt bridge plays a supportive role
whereas the R33-E300 salt bridge is essential during peptide
transport. E300A mutation abolishes transport in both proton-
driven and peptide-driven counterflow assay of PepT,,
whereas R33A mutation abolishes transport only in proton-
driven assays (28). These interactions are considered impor-
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tant for orchestrating alternating access with the POT family
proteins. Therefore, salt bridges other than those correspond-
ing to PepT,, R33-E300 might play a role at the putative extra-
cellular gate in Ptr2. Otherwise, the extracellular gate might be
unnecessary in fungal peptide transporters. Currently, Ptr2 has
not been sufficiently studied for proton/peptide coupling
transport and counterflow activity. Such an analysis in combi-
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FIG 9 Ubiquitin-dependent degradation of dysfunctional Ptr2 proteins. (A) 3HA-tagged wild-type or Ptr2 mutant proteins were expressed in ptr2A cells.
Cycloheximide was added to the cells in SD medium for 2 h. (B and C) 3HA-tagged wild-type or Ptr2 mutant proteins were expressed in PTR2 or PTR2 HPG1-1
cells (B) and PTR2 or ptr2A HPGI-1 cells (C). (D) 3HA-tagged wild-type or Ptr2 mutant proteins combined with the 3K-to-R (3K>R) substitution were
expressed in ptr2A cells. Exponentially growing cells in SD medium were moved to Ala-Trp (AW) medium (20 pg - ml~') and incubated for an additional 5 h.
Whole-cell extracts were subjected to Western blot analysis to detect Ptr2-3HA and Adh1 using specific antibodies. Adh1 was used as a loading control.
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nation with mutational mapping is crucial for describing the
undefined features of Ptr2 in peptide import.

One of the central issues to be solved through peptide trans-
porter research is how a single transporter can recognize many
di-/tripeptides for transport. The sequence FYxxINxG in TMD?5 is
highly conserved in the POT family proteins. Alanine-scanning
mutagenesis performed on the 22 amino acid residues in TMD5
revealed that the FYxxINxG sequence plays a role in substrate
preference: the wild-type Ptr2 prefers Leu-Leu to Met-Met-Met
for uptake at a ratio of 0.6. Five mutations, T239A, Q241A,
N242A, M245A, and A260G, resulted in an increased preference
for Leu-Leu over Met-Met-Met relative to the wild-type prefer-
ence, whereas 4 mutations, L240A, M250A, N252A, and L258A,
conferred a preference for Met-Met-Met rather than Leu-Leu,
particularly N252A and L258A (19). It is rationalized in the mod-
eled structure of Ptr2 that most of the 9 residues are facing toward
the putative peptide-binding site. The substrate multispecificity of
Ptr2 was examined recently using a dipeptide library in which
dipeptides composed of hydrophobic or bulky amino acids (Trp,
Phe, His, Tyr, Met, or Leu) were preferred by Ptr2, whereas neg-
atively charged and/or small amino acids (Asp, Glu, Gly, or Pro)
were not (38). Ala-Trp was categorized into the high-affinity pref-
erable substrate. Transcription of PTR2 is regulated by the N-end
rule pathway, through which dipeptide binding with a certain N
terminus to Ubrl promotes degradation of Cup9, a repressor of
PTR2 (24, 25). Consistently, the N terminus of peptides with a
high-affinity for Ptr2 mostly comprises the N-end rule amino ac-
ids (Trp, Phe, His, Tyr, Leu, Ile, and Lys) (38). In a Ptr2 structural
model based on the crystal structure of S. oneidensis PepT,, (PDB
2XUT), a dipeptide is situated in a peptide-binding pocket that is
surrounded by multiple amino acid residues, including R93,
Y138, K205, and E480. Most recently, there was one substantive
publication on structural issues with the substrate multispecificity
of PepT,, (44). The study presented crystal structures of di- and
tripeptide-bound complexes of PepT,,, which revealed that Ala-
Phe was oriented laterally in the binding site, whereas Ala-Ala-Ala
showed an alternative vertical binding mode. Furthermore, the
peptide-biding site can co-opt the same or similar pockets to ac-
commodate the side chains of different ligands, linking their for-
mation and dissolution with the different states in the transport
cycle to facilitate peptide recognition and release.

Ubiquitin-dependent degradation of Ptr2. PTR2 has been an-
alyzed extensively with respect to transcriptional regulation in S.
cerevisiae (45—47) and Schizosaccharomyces pombe (48). Peptide
import is upregulated by growth media containing poor nitrogen
sources such as allantoin, isoleucine, or proline due to upregula-
tion of PTR2 transcription (49). In media containing rich nitrogen
sources such as ammonium, PTR2 expression is downregulated
via catabolite repression (50). Addition of leucine and tryptophan
promotes expression of PTR2. Thus, in the present study, Ptr2
proteins were substantially expressed in SD medium that con-
tained 90 wg - ml~' leucine and 40 pg - ml™" tryptophan, even
though the medium contained rich nitrogen sources. Induction of
PTR2 by extracellular amino acids requires the SPS (Ssyl-Ptr3-
Ssy5) sensor signal transduction system (21). PTR2 transcription
is also induced by dipeptides containing N-end rule amino acids
(24, 25). The dipeptides bind to Ubrl followed by degradation of
the Cup9 repressor. Despite a considerable amount of transcrip-
tional analyses, posttranslational regulation of Ptr2 has yet to be
characterized. We showed that Ptr2 underwent rapid degradation
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when cells were cultured in either SD or Ala-Trp medium, sug-
gesting that the steady-state turnover rate of Ptr2 is rapid but
unaffected by external nitrogen species. Rapid degradation of Ptr2
depends on Rsp5 ubiquitin ligase and its binding proteins Bull
and Bul2 in a manner similar to that of amino acid permeases
Gapl and Tat2 or uracil permease Fur4. This ubiquitination oc-
curs most probably at K16, K27, and K34 in the N-terminal cyto-
plasmic domain of Ptr2; however, whether ubiquitin covalently
binds to the lysines has not been tested. Ptr2 carrying the E92Q,
R93K, K205R, W362L, or E480D mutation was dysfunctional and
eventually was degraded through ubiquitination when cells were
cultured in Ala-Trp medium. There are at least two possibilities to
account for the peptide-induced degradation of dysfunctional
Ptr2. First, E92, R93, K205, W362, and E480 are thought to reside
in the substrate-binding pocket according to the Ptr2 structural
model. Therefore, the 5 mutations could abrogate Ptr2 to form a
substrate-binding occluded conformation, and hence, the 5 Ptr2
mutant proteins (here termed binding mutants) might remain in
the substrate-free outward-facing conformation. Eventually, Ptr2
in this conformation is regarded as a preferential target for Rsp5-
dependent ubiquitination. On the other hand, the remaining 9
Ptr2 mutant proteins, where most mutation sites are located
within the intracellular gate (here termed gate mutants), could
form the substrate-binding occluded conformation that may not
be a preferential target for ubiquitination. Second, the gate mu-
tants retain marginal peptide importing activity because addition
of 100 pg - ml~" Ala-Trp partially restored growth defects in ptr2A
cells, which was not the case in the binding mutants (Fig. 3B). In
the gate mutant cells, internal tryptophan might be sufficient to
continue protein synthesis and prevent efficient ubiquitination of
Ptr2. In contrast, the binding mutant cells are depleted for tryp-
tophan and eventually downregulate Ptr2 for efficient degrada-
tion. This is possible because degradation of the 5 binding mutants
was delayed in tryptophan prototrophic cells when moved to Ala-
Trp medium (Fig. 4C). Although these models do not explain why
Ptr2 is stably expressed in peptide-free SD medium, we speculate
that a certain mechanism maintains Ptr2 expression insomuch as
cell growth is supported by free amino acids.

Addition of uracil induces rapid downregulation of the trans-
porter Fur4 (51). The Fur4 structure was modeled by crystal struc-
tures of Mhpl, a bacterial homolog of Fur4. The N-terminal do-
main of Mhp1, which is composed of 20 amino acid residues, runs
parallel to the membrane along a groove between the cytoplasmic
loops. In the outward-facing or ground state of Mhp1, the N-ter-
minal domain is kept in position by hydrogen bond interactions
with the loops and the C-terminal domain; however, the interac-
tions are attenuated in the inward-facing state (51). A mechanism
that is based on a conformation-sensing domain, LID (loop inter-
action domain), which regulates substrate-induced downregula-
tion and quality control in Fur4, has been proposed. The LID is
located within the N-terminal cytoplasmic tail that interacts with
intermembrane loop regions, thereby stabilizing the outward fac-
ing or ground state of Fur4. In the proposed model, conforma-
tional change to the inward-facing state caused by substrate bind-
ing or increased import activity in Fur4 transmits to the LID,
which becomes accessible to Rsp5 ubiquitin ligase (51). Although
Ptr2 does not contain the LID consensus motif, it might have a
similar domain in the cytoplasmic tail that senses the conforma-
tional status of this transporter.

Gapl is the best-characterized amino acid permease for nitro-
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gen-induced degradation. When cells are grown on poor nitrogen
sources, such as urea or proline, GAPI transcription increases and
Gapl accumulates in the plasma membrane. Upon addition of
rich nitrogen sources, such as ammonium ions or glutamate,
Gapl is ubiquitinated by Rsp5 on the N-terminal K9 or K16,
which is followed by delivery to the multivesicular body and then
to the vacuole for degradation (40). As a new and distinct mech-
anism of amino acid-dependent downregulation of Gap1 activity,
Gapl itself is likely to be the sensor for high amino acid levels. It
was shown that an exogenously added rich mixture of amino acids
(0.25% Casamino Acids) inactivated amino acid import through
Gap ¥R KIR which resides at the plasma membrane (52). A mu-
tant Gap142°”Y imports glycine as efficiently as wild-type Gapl
does, butitis unable to import basic amino acids such as citrulline,
lysine, or arginine. Based on a competitive import assay, basic
amino acids appear to bind to the active site of Gap1***”" with the
same affinity as the wild-type Gapl, but after substrate binding,
Gap1*?”Y cannot undergo the conformational changes necessary
to complete the transport cycle (53). Although Casamino Acids
inactivate glycine import through Gapl®RKIRA27V " hasic
amino acids have no effect on glycine import through the mutant
protein (53). Therefore, the amino acid-dependent inactivation of
Gapl at the plasma membrane requires active transport of amino
acids through the permease. To validate the concept in Ptr2, we
will examine whether exogenously added peptides bind to the Ptr2
gate mutants but not to the binding mutants and whether the
presumed conformational changes upon peptide binding could
prevent Ptr2 ubiquitination. Peptides other than Ala-Trp and Ala-
Ala that can be imported through the Ptr2 binding mutants may
not induce ubiquitin-dependent degradation of the transporter
proteins.
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