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ABSTRACT

Small peptides of two to six residues serve as important sources of amino acids and nitrogen required
for growth by a variety of organisms. In the yeast Saccharomyces cerevisiae, the membrane transport protein
Ptr2p, encoded by PTR2, mediates the uptake of di/tripeptides. To identify genes involved in regulation
of dipeptide utilization, we performed a systematic, functional examination of this process in a haploid,
nonessential, single-gene deletion mutant library. We have identified 103 candidate genes: 57 genes whose
deletion decreased dipeptide utilization and 46 genes whose deletion enhanced dipeptide utilization. On
the basis of Ptr2p-GFP expression studies, together with PTR2 expression analysis and dipeptide uptake
assays, 42 genes were ascribed to the regulation of PTR2 expression, 37 genes were involved in Pu2p lo-
calization, and 24 genes did not apparently affect Ptr2p-GFP expression or localization. The 103 genes
regulating dipeptide utilization were distributed among most of the Gene Ontology functional categories,
indicating a very wide regulatory network involved in transport and utilization of dipeptides in yeast. It is
anticipated that further characterization of how these genes affect peptide utilization should add new
insights into the global mechanisms of regulation of transport systems in general and peptide utilization

in particular.

EPTIDES can serve as a major nutritional source
of amino acids and nitrogen for microbial cell
growth and for human nutrition as well (PRITCHARD and
COOLBEAR 1993; DANIEL 2004). Peptides are generated
by the action of proteases and peptidases in environ-
ments where microbes reside (GONzZALES and ROBERT-
Baupouy 1996; DanieL 2004). All cellular organisms
from bacteria to fungi, plants, and mammals are capa-
ble of taking up small peptides (two to six amino acids)
through a system mediated by cytoplasmic membrane
transporters specific for peptides (HAUSER et al. 2001).
In mammalian systems, two major peptide transporters,
PepT1 and PepT2, have been found in the intestine
and kidney, respectively (FE1 et al. 1994; L1u et al. 1995).
The PepTl1 transporter provides the means for absorp-
tion of nutritional peptides and peptidomimetic drugs,
such as B-lactam antibiotics, angiotensin-converting
enzyme inhibitors, renin inhibitors, and antivirals. The
substrate specificity of these transporters has provided
an impetus to many pharmaceutical companies to de-
velop peptide transporters as drug delivery systems (LEE
2000; HERRERA-RUIZ and Kn1pP 2003).
Two peptide transport systems have been character-
ized in the model eukaryote Saccharomyces cerevisiae: the
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peptide transport (PTR) system transports di/tripep-
tides (STEINER ef al. 1995) and the oligopeptide trans-
port (OPT) system highly favors transport of peptides
of four to five amino acid residues and glutathione
(LUBKOWITZ et al. 1997; M1YAKE et al. 2002). While PTR
family members are present in all cells studied to date
and are in the same family as the mammalian trans-
porters PepT1 and PepT2, OPT family members have
been found only in plants and fungi (HAUSER el al.
2001). Both the PTR and OPT transport systems are
dependent on the proton-motive force, are predicted
to have 12 transmembrane domains, and have specific
signature sequences distinguishing them from one
another and from all other proteins in the database
(HAUSER et al. 2001). Yet the amino acid sequence of
the PTR and OPT members places them in different,
unrelated families of transport proteins with presum-
ably totally separate evolutionary origins. The only S.
cerevisiae member of the PTR system is Ptr2p, encoded
by the PTR2 gene. Di/Tripeptide utilization is regulated
by a number of means including PTR2 transcriptional
regulation.

In early studies predating the cloning of PTR2, pep-
tide utilization was shown to be upregulated by growing
cells on organic nitrogen sources such as allantoin, iso-
leucine, or proline, defined as poor nitrogen sources in
comparison to the rich nitrogen source ammonium
sulfate (IsLAND et al. 1991). Peptide utilization was also
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stimulated markedly by addition of micromolar amounts
of certain amino acids, most notably leucine and
tryptophan, to the growth medium (ISLAND et al. 1987;
BAETZ et al. 2004). These environmental conditions
were later shown to upregulate the expression of PTR2
(PERRY et al. 1994). Although nitrogen source appar-
ently regulates PTR2 expression via nitrogen catabolite
repression (MARZLUF 1997), amino acids regulate PTR2
expression via the Ssylp-Ptr3p-Ssybp (SPS) signal trans-
duction pathway (BARNES et al. 1998; FORSBERG and
LjunGDAHL 2001b; FORSBERG et al. 2001a,b).

In the SPS complex, Ssylp is a transmembrane re-
ceptor that senses extracellular amino acids. Ptr3p and
Ssybp interact with the cytoplasmically located N termi-
nus of Ssylp (FORSBERG and LjuNGDAHL 2001a; POULSEN
et al. 2005). Two related transcription factors, Stplp and
Stp2p, are downstream of the SPS complex and regulate
the expression of PTR2and branched-chain amino acid
permeases (DE BOER et al. 2000). Stplp and Stp2p are
synthesized in an inactive form, and the activation of
Stplp and Stp2p depends on the endoproteolytic pro-
cessing of their N-terminal domain mediated by Ptr3p
and Ssybp. The truncated forms of Stp1lp and Stp2p are
translocated into the nucleus to upregulate expression
of downstream genes including PTR2 (ANDREASSON
and LjuncepanL 2002, 2004).

In addition to the SPS complex regulation, PTR2
expression is positively regulated by the import of di/
tripeptides with basic (Arg, His, or Lys) and bulky (Ile,
Leu, Phe, Trp, or Tyr) N-terminal residues that bind to
Ubrlp to allosterically activate Ubrlp-mediated degra-
dation of the PTR2 repressor Cup9p (BYRD el al. 1998;
TURNER et al. 2000; Du et al. 2002). Relief of Cup9p
repression of PTR2 results in enhanced PTR2 expres-
sion. In a cup9null mutant strain, PTR2is overexpressed,
resulting in a marked increase in dipeptide uptake
(BYRD et al. 1998). Cup9p is degraded by Ptrlp through
the ubiquitinylation pathway. In this pathway, Ptrlp
acts as a scaffolding protein or ubiquitin ligase (E3) for
two other proteins, Ubc2p and Ubc4p, which serve as
ubiquitin-conjugating (E2) enzymes in the Cup9p deg-
radation process (X1t and VARSHAVSKY 1999). Deletion
of PTRI results in the stabilization of Cup9p, lack of
expression of PTR2, and a null peptide-uptake pheno-
type (ISLAND et al. 1991; TURNER et al. 2000; Du et al.
2002). Other transcription factors, such as Dal81p/
Uga35bp, have also been reported to be involved in PTR2
expression, in ways apparently different from their in-
volvement in the SPS or Cup9p pathways (IRAQUI et al.
1999). Obviously, the systems regulating PTR2 expres-
sion are numerous and complex, and there has not been
a systematic study to uncover other proteins involved in
the regulation of peptide utilization.

Systematic screening of yeast deletion mutant collec-
tions has been successfully applied in identifying genes
related to drug resistance (PAGE et al. 2003; AouIpa et al.
2004; BAETZ et al. 2004), human disease (STEINMETZ

et al. 2002), telomere function (ASKREE et al. 2004),
centromeric cohesion (MARSTON et al. 2004), vacuolar
protein sorting (BONANGELINO et al. 2002), and other
biological processes (SCHERENS and GOrreau 2004). To
identify other gene products involved in the regulation
of peptide utilization in yeast, we conducted a genome-
wide screen using the haploid, nonessential, single-gene
deletion strain library. We have identified a total of 103
open reading frames (ORFs), accounting for ~2% of
the nonessential deletion mutants as being involved in
causing increased or decreased utilization of peptides
for growth. We monitored Ptr2p-GFP expression in the
identified 103 deletion mutant strains, and genes in-
volved in multiple cellular functions including tran-
scriptional regulation and membrane trafficking were
revealed as being involved in dipeptide utilization. The
data generated provide a global view of molecular com-
ponents regulating dipeptide utilization by S. cerevisiae.

MATERIALS AND METHODS

Strains, media, and mutant library growth assay screen: A
yeast haploid, nonessential, single-gene deletion mutant strain
library was purchased from Open Biosystems (Huntsville, AL),
containing 4827 deletion strains, 4750 in the BY4742 (MATw
his3A1 leu2A0 lys2A0 ura3A0) background and 77 strains in
the BY4739 (MATo leu2A0 lys2A0 ura3A0) strain background.
The list of strains contained in the library is available at the
company’s website (http:/ openbiosystems.com/yeast_knock_
outs.php). The deletion mutants were arrayed in 96-well
microtiter plates kept at —80° in YPD broth containing G418
and glycerol (1% yeast extract, 2% peptone, 2% dextrose, 200
png/ml G418, and 15% glycerol). After thawing, the deletion
mutants were inoculated into minimal medium supplemented
with amino acids to satisfy the auxotrophic requirements,
using a 96-well plate replicator. The minimal medium used in
this study is referred to as MM + HLKU and contained (per
liter) 20 g dextrose, 1.7 g yeast nitrogen base (Difco, Detroit)
without (NH4) 2SO, and amino acids, 1 g allantoin as nitrogen
source, supplemented with 20 pg/ml His (H), 30 pg/ml Leu
(L), 30 pg/ml Lys (K), and 20 pg/ml Ura (U). The plates were
incubated at 30° for 2 days, and then the liquid medium
growth assay was performed as follows. Five microliters from
each well were inoculated into 200 wl of three different liquid
media: (1) MM + HLKU medium as described above, (2) MM +
His-Leu (H-L)HKU medium, or (3) MM + (H-L)HKU + Trp
medium. The MM + (H-L)HKU and MM + (H-L)HKU +
Trp media contained 80 um His-Leu dipeptide in place of
leucine with all other components identical to the MM +
HLKU medium, except that tryptophan (30 wg/ml) was
added to the MM + (H-L)HKU + Trp medium. The purpose
of the tryptophan addition was to induce PTR2 expression as
shown in previous studies (ISLAND et al. 1987). The efficiency
of the utilization of His—Leu was reflected in cell growth. The
minicultures in the microtiter plates were grown at 30° with
shaking at 200 rpm. The ODgyp was measured at incubation
times of 0, 12, 24, 48, and 72 hr with a 96-well plate reader
(Multiskan MCC/340; Labsystems, Helsinki). In some circum-
stances, growth at incubation times of 36, 60, 84, and 96 hr was
also recorded. The ptr2 deletion mutant was not able to grow
in the His—Leu-supplemented medium, although its growth in
the medium MM + HKLU was excellent. Strains either de-
fective in peptide utilization (ptrl deletion) or overexpressing
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PTR2 (cup9 deletion) were inoculated into wells of each plate
as controls showing defective or enhanced dipeptide utiliza-
tion, respectively. In this manner, deletion strains were iden-
tified that grew more, or less, efficiently than wild type in
MM + (H-L)HKU or MM + (H-L)HKU + Trp medium.

Solid medium growth assay: Using the same principle as
that employed in the liquid medium growth assay, a solid
medium growth assay was used to determine whether the can-
didate gene deletion strains obtained from the liquid medium
growth screen could utilize dipeptide on solid medium as their
substrate to satisfy auxotrophic requirements. The deletion
mutant candidates from the screen, wild-type BY4742, cup9,
and pirl deletion mutants were grown overnight in MM +
HLKU liquid medium at 30° while shaking at 200 rpm. Cells
were harvested by centrifugation and washed three times with
sterile, distilled water. Cells were then counted by hemacy-
tometer and adjusted to the cell number of 5 X 10°/ml. Five
microliters of a suspension containing 2.5 X 10" and 2.5 X 10°
yeast cells were spotted onto agar plates containing one of three
different media: (1) MM + HLKU, (2) MM + (H-L)HKU, or
(3) MM + (H-L)HKU + Tirp. The plates were incubated at 30°,
and growth was recorded after 2 days. A score was given to the
growth of each strain compared to the growth of wild-type,
cup9, and ptrl deletion mutant strains.

Toxic halo assays and osmotic sensitivity assay: For the
toxic dipeptide halo assay, the sensitivity of deletion mutants to
the toxic dipeptide Ala-Ethionine (Eth) was measured as
previously described (ISLAND et al. 1987). Eth is an analog of
methionine, and utilization of Eth causes cell death. This assay
is more sensitive than the previously described dipeptide
growth assays. Yeast cells having a functional dipeptide trans-
port system will take up the toxic dipeptide and die (indicated
by a clear halo of growth inhibition on plates spotted with
ethioninyl-containing peptides). Cells with a defective dipep-
tide uptake system will not take up the dipeptide efficiently
and will survive (as indicated by a small halo or no halo). Cells
were grown overnight in MM + HLKU medium and then
harvested and washed three times with sterile, distilled water.
Yeast cells were counted and adjusted to the cell number of 5 X
10°/ml. One milliliter of the cell suspension was added to
0.8% noble agar (3 ml) and plated onto solid MM + HLKU
medium. Two 6-mm sterile paper disks containing either 0.2 or
0.1 wmol of Ala—Eth were placed on the lawn of cells. The halo
size was measured after 2 days of incubation at 30°. The halo
size formed by each deletion mutant was compared to the
halo size of the wild-type strain by dividing the halo size of the
mutant by the halo size of the wild-type strain and multiplied
by 100 to get a percentage. A strain that gave a >100% value
was considered to be deleted for a gene that was involved in
downregulation of peptide utilization, whereas a strain de-
leted for a gene involved in upregulation would give a <100%
value in this test.

For the canavanine toxicity assay, the procedure was the same
as that for the toxic dipeptide halo assay. Two 6-mm sterile
paper disks containing 1 pg of canavanine were placed on the
lawn of cells. The size of halo was measured and the image was
taken after 2 days incubation at 30°.

For the osmotic sensitivity assay, the wild-type and deletion
mutant strains were grown overnight in MM + HLKU medium
and then harvested and washed three times with sterile,
distilled water. Yeast cells were counted and adjusted to the
cell number of 5 X 10°/ml, and then cells were further diluted
to5 X 10°/ml, 5 X 10*/ml, and 5 X 10®/ml. Ten microliters of
each cell suspension were spotted into MM + HLKU media
containing 0 M, 0.4 M, and 1.0 m NaCl.

Uptake assays: The strains were grown overnight in MM +
HLKU and then subcultured into a fresh medium. Cells were
harvested in log phase, washed with 2% glucose, and adjusted

to a final concentration to 2 X 10 cells/ml. The uptake assay
was initiated by combining equal volumes of prewarmed (30°)
cells and uptake assay mixture [2% glucose, 20 mm sodium
citrate/potassium phosphate, pH 5.5, 320 um Leu-Leu (Sigma,
St. Louis), and 2 nCi/ml [*H]Leu-Leu (ISLAND et al. 1987)].
After 10 min, portions (100 wl) were removed onto a
membrane filter and washed four times by vacuum filtration
with 1 mlice-cold water. The radioactivity retained on the filter
was determined by liquid scintillation spectrometry, and results
were reported as nmol Leu-Leu uptake/1 X 10? cells/10 min.
The accumulation of [*H]Leu-Leu in the ptr2 strain was
subtracted from that of the tested strains, and the percentage
of the accumulation of [*H]Leu—Leu in each deletion mutant
vs. that in the wild type was calculated.

Reporter gene assay: The centromeric plasmid pRDI,
which contained a selectable URA3 marker and the lacZ gene
under the control of the PTR2 promoter, was transformed into
the tested deletion mutant strains. The reporter gene assay was
performed using a protocol adapted from Hoffman (HorrMaN
et al. 2002). The strains were grown overnight in MM + HLK
and subcultured into a fresh medium. Cells were harvested in
log phase, washed with sterile water, and adjusted to a final
concentration to 1 X 10® cells/ml. Cell suspension (100 l) was
added to awell of a 96-well plate, and then 20 pl fluorescein di-
-p-galactopyranoside (FDG) solution was added. The FDG
solution was prepared by mixing solution 1 (0.1 mm FDG
diluted in 25 mm PIPES, pH 7.2) and solution 2 (5% Triton
X-100 diluted in 250 mm PIPES, pH 7.2) in equal amounts just
prior to use. The plate was incubated at 37° for 1.5 hr and then
read with a fluorescence multiwell plate reader (Wallac Victor2,
1420 multilabel counter; Perkin-Elmer Life and Analytical
Sciences, Wellesley, MA), using 485 and 530 nm as excitation
and emission wavelengths, respectively.

Classification of the obtained genes: The classification of
the 103 genes identified through this screen was based on the
Gene Ontology (GO) annotation found in the Saccharomy-
ces Genome Database (SGD) (http:/db.yeastgenome.org/
cgi-bin/GO/goTermMapper) (CHRISTIE et al. 2004), where 34
functional categories of biological process were given. Among
the 103 genes, some genes fell into several categories due to
their multiple known functions. The detailed gene function
could also be referenced from the Yeast Proteome Database
(YPD) (https:/proteome.incyte.com/control/tools/proteome)
(HoDGES et al. 1999).

Northern analysis of PTR2 mRNA in deletion mutant
strains: Approximately 3 X 10° cells of select candidate de-
letion mutant strains were harvested after overnight growth
in MM + HLKU medium. Yeast total RNA was isolated using
an extraction kit (RiboPure-Yeast; Ambion, Austin, TX). Total
RNA was quantified by monitoring absorbance at 260 nm, and
20 pg was loaded per lane into a formaldehyde-reducing gel.
Gels were run in buffer containing MOPS (pH 7.0) for 5 hr at
75 V and then transferred by capillary action onto a nylon
hybridization membrane in 20X SSC. Total RNA was UV
crosslinked to the membrane with a Stratalinker UV source.
The blot was prehybridized at 65° in Church buffer (7% SDS,
1% BSA, 1 mMm EDTA, and 250 mm NagHPO4, pH 7.2) for 2 hr
and hybridized overnight in the same buffer containing
radioactive probes at 65°. Radioactive probes were prepared
as follows. A 1.7-kb fragment of PTR2 was obtained by
PCR amplification using the primers PTR2-F (Northern) and
PTR2-R (Northern), and a 0.92-kb fragment of ACTI was
obtained by PCR amplification using the primers ACTI1-F
(Northern) and ACT1-R (Northern) (primer sequences are
represented in supplemental Table S1 at http:/www.genetics.
org/supplemental/). DNA fragments were labeled with [o-**P]
dATP by random-primed probe synthesis. Blots were rinsed
with posthybridization buffer (0.1X SSC, 0.1% SDS) at 65°,
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and the RNA images were developed with a Storm 840
phosphoimager (Molecular Dynamics, Sunnyvale, CA). The
expression of PTR2in each mutant was analyzed at least twice
in separate experiments, with similar expression found in each
experiment. The quantification of PTR2and ACTI mRNA was
performed using the software ImageQuant 5.0 (GE Health-
care Technologies, Waukesha, WI).

Real-time RT-PCR: Approximately 3 X 10° cells of the
tested deletion mutant strains were harvested after overnight
growth in MM + HLKU medium. Yeast total RNA was isolated
using the RiboPure-Yeast extraction kit (Ambion) and then
treated with the TURBO DNA-free kit (Ambion) to eliminate
the genomic DNA contamination. The amount of total RNA
was quantified by monitoring absorbance at 260 nm. To check
that the genomic DNA had been eliminated, the obtained
total RNA was used for the template to PCR amplify the target
genes, and no PCR product was obtained. cDNA was syn-
thesized using M-MLV RT (400 units reverse transcriptase;
Invitrogen, San Diego) in a reaction mixture containing 1 pg
Oligo(dT), 1 mm deooxynucleoside triphosphates, 14 units
anti-RNase, and 1 ug of total RNA at 42° for 45 min, and the
reaction was stopped after 5 min by incubation at 72°.

Real-time PCR analysis was performed in the DNA Engine
Opticon (M] Research, Boston, MA). The QuantiTect SYBR
Green PCR kit (QIAGEN, Valencia, CA) and the primers (the
sequences are presented in supplemental Table S1 at http:/
www.genetics.org/supplemental/) resulting in ~100 bp am-
plicon were applied in the PCR reaction. The reaction
contained 12.5 pl of 2X qPCR reaction mix and 15 pmol of
primers and was run with a cycle of 50° for 2 min, 95° for 15
min, followed by 40 cycles of 95° for 15 sec, 54° for 30 sec, and
72° for 15 sec. A standard curve for each primer set was
performed with 1, 1:10, 1:100, 1:1000, 1:10,000, and 1:100,000
dilutions of the wild-type cDNA. The Cy-value, the cycle when
sample fluorescence exceeds a chosen threshold above back-
ground fluorescence, was determined using the software
program. The copy number of PTR2, PMAI, and ACT1I genes
in each deletion mutant strain was calculated on the basis of
the standard curve. The ratio of the fold change of target
genes (PTR2 and PMAI) vs. the fold change of the internal
control gene (ACTI) in the tested mutant strains was calcu-
lated to show upregulation or downregulation. The ratio of
the fold change in the wild type was standardized as 1.0.

Ptr2p localization in deletion mutant strains: To trace the
localization of Ptr2p, a Ptr2p-GFP construct was created as
follows. The primers PTR2-FLAG-GFP-F and PTR2-Flag-GFP-R
(see supplemental Table S1 at http:/www.genetics.org/
supplemental/ for the sequence) were used to PCR amplify
two tandem copies of the GFP gene using pKW430 [a gift of
Mary Miller, Rhodes College, Memphis, TN (STADE et al.
1997)] as the template. The amplified PCR product (1.5 kb)
had two copies of GFP sequence with 40 bp of flanking
sequence homologous to pMS2, which contained PTR2 with
its endogenous promoter and terminator sequences and both
FLAG and His tags located at the C terminus. The plasmid was
linearized with Agel ata unique restriction site located between
the FLAG and His tags. The centromeric plasmid pMS$S4,
containing Ptr2p-FLAG-GFPo-His6 and the selectable marker
URA3, was created by homologous recombination.

To test the localization of Ptr2p-GFP in different yeast strains,
the pMS4 construct was transformed into each deletion
mutant of interest and transformants were selected by growth
in the absence of uracil. Yeast strains carrying pMS4 were
pregrown in MM + HLK overnight and then inoculated into
fresh MM + HLK at an initial cell concentration of 2 X 10°
cells/ml. Cells were concentrated by centrifugation and ob-
served at 10 hr after inoculation by fluorescence microscopy
using a 470- to 490-nm excitation wavelength and 515-nm

emission filter fitted to an Olympus (Lake Success, NY)
microscope. Images were taken with a MicroFire camera
(model S99809; Olympus). All mutants were in the log phase
at the 10-hr time point as ascertained by the high proportion
of cells with buds and the low density of cells under the
experimental conditions used. To visualize the amount of GFP
expression, each image was captured with the same exposure
time. Significantly higher and lower GFP signals could be
distinguished from the captured images. For those images
with higher GFP signal, the images were taken with a de-
creased exposure time to be visualized clearly.

RESULTS

Primary screening of deletion mutants to identify
strains demonstrating increased or decreased dipep-
tide utilization: To identify genes involved in dipeptide
utilization, we screened a library of 4826 haploid, single-
gene deletion strains for mutants with an altered di-
peptide utilization profile. The leucine auxotrophic
marker in the BY4742 strain background (MATo his3A 1
leu2A0 lys2A0 ura3A0) was used to monitor how well
each strain was able to utilize the dipeptide His-Leu.
Under the conditions of the screen, cells could grow
only if they were able to take up the dipeptide His-Leu
from the medium and release leucine from the peptide
intracellularly. Numerous previous studies have shown
that there is no extracellular peptidase or protease in S.
cerevisiae able to catalyze the hydrolysis of dipeptides
under the growth conditions used. In this screening, any
mutant strain demonstrating either enhanced or de-
creased growth was considered to have a deletion in a
gene involved in dipeptide utilization. Since Ptr2p is the
only dipeptide transporter expressed in this yeast under
the conditions used for the screen, we expected that
genes related to the regulation of PTR2 expression or
Ptr2p function would comprise the list of candidates.
The yeast deletion mutant library was generated by the
Saccharomyces Genome Deletion Project, which in-
volved several laboratories (WINZELER e/ al. 1999). Only
nonessential genes are represented in this deletion mu-
tant collection.

In the primary screening, yeast deletion mutants were
grown in a poor nitrogen medium with allantoin as the
nitrogen source. These conditions are known to par-
tially upregulate PTR2 expression (ISLAND ef al. 1991).
All deletion mutant strains not capable of growing in
allantoin as the sole nitrogen source were necessarily
excluded from this study. One hundred nine strains of
the haploid collection were identified in this category.
For a full list of the 109 strains see supplemental Table
S2 at http://www.genetics.org/supplemental/. The rest
of the deletion series, including strains known to be
deficient (ptrl) and hyperactive (cup9) for dipeptide
utilization, grew similarly in the MM + HLKU medium.

A screen was performed of the mutant collection in
medium [MM + (H-L)HKU + Trp] containing His—
Leu as the only leucine source. Tryptophan upregulates
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F1GURE 1.—Growth patterns of various selected strains that
demonstrate increased or decreased dipeptide utilization. (A)
The growth pattern of wild type (BY4742), ptrl, cup9, and
eight other deletion mutant strains in MM + H(H-L)KU +
Trp medium. (B) The growth pattern of wild type
(BY4742), pirl, cup9, and nine other deletion mutant strains
in MM + H(H-L)KU + Trp medium.

PTR2 expression via the SPS system over the enhance-
ment induced by growth on MM alone, thus providing
the maximal dipeptide utilization phenotype (ISLAND
et al. 1987; FOrRSBERG and LjuncepaHL 2001b). The
screen was also performed without tryptophan addition
with identical results observed (data not shown). Two
hundred seventy-eight deletion mutants were obtained
from the primary screening that showed either enhanced
dipeptide utilization (the deleted genes are “negative
regulator genes”) or decreased dipeptide utilization (the
deleted genes are “positive regulator genes”). As con-
trols for comparison of strains that show increased or
decreased dipeptide utilization, cup9 and ptrl mutants
were used. Cup9p is a repressor of PTR2 transcriptional
expression; the cup9deletion mutant strain has a higher
expression level of PTR2 in comparison to that of the
wild type (BYRD et al. 1998); therefore the hyperactive
strain (cup9) grew better than wild type on dipeptide
(Figure 1A). Ptrlp is required for degradation of
Cup9p; in the pirl deletion mutant strain Cup9p is

stabilized (ISLAND et al. 1991; DU et al. 2002), and there is
an undetectable level of PTR2 expression preventing
this strain from growing on dipeptide (Figure 1A). For
clarity of presentation and to present data representa-
tive of the phenotypes among the mutants identified, we
highlight in the RESULTS section 18 deletion mutant
strains (bud32, cup9, dal81, gcv3, hal9, keml, lpdl, nprl,
ptrl, regl, rpnd, ssn3, srn2, ubc2, ubpl4, ubr2, vpsS, and
yotl).

Growth patterns of deletion mutant strains hal9, kem1,
nprl, srn2, ssn3, ubr2, vps§, and ybtl were similar to that
of the cup9deletion mutantin that they had ashorter lag
phase and a higher growth rate compared to the wild
type (Figure 1A). Therefore, these deletion strains were
considered to carry a deletion in a gene involved in de-
creasing dipeptide utilization. Deletion mutants bud32,
dal81, gev3, lpdl, regl, rpn, ubc2, and ubpl4had a similar
growth pattern to that of the pirl deletion strain, which
did not grow in MM + (H-L)HKU + Trp medium
(Figure 1B). These deletion mutants were considered to
carry a deletion in a gene involved in increasing dipep-
tide utilization.

Verification of candidate genes—solid media growth
assay and toxic dipeptide halo assay: The candidate
mutants were further tested in a solid medium growth
assay and a toxic dipeptide halo assay. The deletion
mutant strains were grown on solid medium plates
containing MM + HLKU, MM + (H-L)HKU, or MM +
(H-L)HKU + Trp. Eighteen representative deletion
mutant strains with enhanced or decreased dipeptide
utilization are shown in Figure 2. All the tested deletion
mutant strains grew to a similar extent as compared to
that of the wild type in MM + HLKU. The deletion
mutants hal9, keml, nprl, srn2, ssn3, ubr2, vpsS, and ybtl
had a similar growth pattern to that of the cup9 dele-
tion mutant strain, which grew better than wild type in
both MM + (H-L)HKU + Trp (Figure 2) and MM +
(H-L)HKU (data not shown). In contrast, the deletion
mutants bud32, dal8l1, gcv3, lpdl, regl, rpn4, ubc2, and
ubpl4 had a similar growth pattern to that of the pirl
deletion mutant strain, which could not grow in MM +
(H-L)HKU + Trp medium (Figure 2) or in MM + (H-
L)HKU (datanotshown). The growth phenotype found
in the liquid growth screening of these chosen candi-
date mutants with respect to the regulation of dipeptide
utilization was therefore confirmed in this solid medium
test.

The mutants identified in the initial screen were also
subjected to a toxic dipeptide assay for further verifica-
tion of the peptide transport phenotype. In this assay,
cells were grown on MM + HLKU and tested for their
sensitivity to Ala—Eth. The halo size of each deletion
mutant strain was measured and compared to that of
wild type. A larger halo indicated that the deletion mu-
tant strain was more sensitive to Ala—Eth toxic dipeptide
than the wild type, while a smaller halo indicated less
sensitivity. As expected, cup9 developed a larger halo
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Medium

MM+HLKU MM+H-L)HKU+Trp

MM+HLKU

H. Cai et al.

MM-+(H-L)HKU+Trp

Cell number

3x10* 3x10°  3x10% 3x10°

3x10* 3x10°

3x10* 3x10°

Wild-type

than that of wild type and piérl was not sensitive to the
toxic dipeptide. Similar to cup9, deletion strains hal9,
keml, nprl, srn2, ssn3, ubr2, vps8, and ybtl developed a
larger halo than that of wild type (Table 1), indicating
that the deleted genes negatively regulated dipeptide

cup9

ptrl

hal9

keml

nprl

srn2

ssn3

ubr2

vps§

ybtl

bud32

dal81

gcv3

Ipdl

regl

rpnd

ubc2

ubpl4

tide utilization.

TABLE 1

FiGUurE 2.—Growth of selected
strains on solid medium. Two cell
dilutions, 3 X10* cells/ml and
3 X 10° cells/ml, were tested
on MM + HLKU and MM +
(H-L)HKU + Trp media.

utilization. Conversely, similar to pirl, deletion strains
bud32, dal81, gcv3, lpdl, regl, rpn4, ubc2, and ubpl4
were not sensitive to toxic dipeptide (Table 2), indi-
cating that the deleted genes positively regulated dipep-

The response of deletion mutants with increased dipeptide utilization to Ala-Eth, NaCl, and canavanine

Gene name

Description of gene product

Toxicity of Ala-Eth
(% of wild type)*

NaCl
Sensitivity’

Canavanine toxicity

(% of the wild type)*

Wild type
cuP9

HAL9

KEM1
NPRI
SRN2
SSN3
UBR2
VPS8
YBT1

Specific RNA polymerase II transcription
factor activity

Specific RNA polymerase II transcription
factor activity

5'-3" exoribonuclease activity

Serine/threonine protein kinase

Class E vacuolar sorting protein

Cyclin-dependent protein kinase activity

Ubiquitin-protein ligase activity

Vacuolar sorting

Bile acid transporter activity

100
120

131

135
129
109
114
129
121
156

Less sensitive
Less sensitive
More sensitive

More sensitive

More sensitive

More sensitive More sensitive

Data are also presented in supplemental Table S3 and Figures S4, and S5 at http:/www.genetics.org/supplemental/.
“The halo size formed by each deletion mutant was compared to the halo size of the wild-type strain by dividing the halo size of
the mutant by the halo size of the wild-type strain and multiplied by 100 to get a percentage.

b«

—” indicates that the deletion strain had no difference in its sensitivity to NaCl compared to that of the wild type. A strain

that was more sensitive exhibited greater growth inhibition to 1.0 M NaCl in comparison to that shown by the wild type.

c«

—” indicates that the deletion strain had no difference in sensitivity to canavanine compared to that of the wild type.
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TABLE 2

The response of deletion mutants with decreased dipeptide utilization to Ala-Eth, NaCl, and canavanine

Gene name Description of gene product

Wild type

PTRI Ubiquitin—protein ligase activity

BUD32 Protein serine/threonine kinase activity

DALS1 Specific RNA polymerase II transcription
factor activity

GCV3 Glycine dehydrogenase (decarboxylating) activity

LPDI Dihydrolipoyl dehydrogenase activity

REGI Protein phosphatase type 1 activity

RPN+4 Transcriptional activator activity

UBC2 Ubiquitin-conjugating enzyme activity

UBPI14 Ubiquitin-specific protease activity

Toxicity of Ala-Eth NaCl Canavanine toxicity
(% of wild type)“ sensitivity’ (% of the wild type)
100
0 — —
0 (fuzzy halo) More sensitive Less sensitive
0 — More sensitive
0 — More sensitive
0 — More sensitive
0 (fuzzy halo) — More sensitive
0 — —
0 — —
73 — —

These data are also presented in supplemental Table S3 and supplemental Figures S4 and S5 at http:/www.genetics.org/

supplemental/.

“The halo size formed by each deletion mutant was compared to the halo size of the wild-type strain by dividing the halo size of
the mutant by the halo size of the wild-type strain and multiplied by 100 to get a percentage.

b«

” indicates that the deletion strain had no difference in its sensitivity to NaCl compared to that of the wild type. A strain that

was more sensitive exhibited greater growth inhibition to 1.0 m NaCl in comparison to that shown by the wild type.

c«

Of the 278 strains identified in the initial liquid growth
screen, 103 strains showed increased or decreased
peptide utilization in all three assays: liquid and solid
media growth and the toxic dipeptide halo assay
[supplemental Tables S3 and S4 (http://www.genetics.
org/supplemental/) listed in order of biological pro-
cess according to Gene Ontology annotation]. These
103 genes were considered to be the set of genes in-
volved as either negative or positive regulators of peptide
utilization as determined by the three experimental
tests. As expected, 5 genes (PTRI1, CUPY, UBC2, DALS81/
UGA35, and STP2) previously known to be involved in
dipeptide utilization were identified among the 103 genes,
which validated the utility of the screening method.
Three other genes (SSY1, PTR3, and SSY5), known to
affect dipeptide utilization via the regulation of PTR2
mRNA expression, were not found in the screen since
they are not included in the deletion mutant library.
The number of deletion mutant strains found by our
methods to modulate dipeptide utilization accounted
for ~2% of the entire collection. Of the 46 genes whose
deletion mutant strains enhanced dipeptide utilization
(supplemental Table S3), 20 encoded proteins with
more than a 30% protein sequence identity to a human
protein (supplemental Table S3, footnote @). Addition-
ally, of the 57 genes whose deletion mutant strain de-
creased dipeptide utilization (supplemental Table S4),
33 encoded proteins with more than a 30% sequence
identity to a human protein (supplemental Table S4,
footnote @). According to GO annotation in the SGD,
the 103 genes covered 29 of the 34 given Biological
Processes GO categories. The categories of each gene
are indicated in supplemental Tables S3 and S4.

—” indicates that the deletion strain had no difference in sensitivity to canavanine compared to that of the wild type.

Ptr2p-GFP expression and localization in the iden-
tified deletion strains: To further explore the impact of
the identified 103 genes on dipeptide utilization, we mea-
sured Ptr2p expression and localization using a Ptr2p-
GFP chimera. This construct (pMS4), which encoded
Ptr2p-GFP under the control of its native promoter, was
transformed into the 103 deletion strains, and Ptr2p-
GFP in log phase cells was observed by fluorescence
microscopy. The addition of the GFP tag did not affect
the function of Ptr2p as demonstrated by halo and
uptake assays (data notshown). Ptr2p-GFP was primarily
localized to the plasma membrane in wild-type log-phase
cells (Figure 3). The amount of the Ptr2p-GFP expres-
sion signal and its localization in the 103 deletion mu-
tant strains revealed seven phenotypic patterns (Table 3).

Ptr2p-GFP expression and localization in deletion
strains with increased dipeptide utilization: The Ptr2p-
GFP expression signal and localization in 46 deletion
strains with increased dipeptide utilization are shown
in supplemental Figure SI at http:/www.genetics.org/
supplemental/ (9 deletion strains and wild type are
shown in Figure 3 as representative of the full set).

Strains with enhanced Pir2p-GIP expression signal: A
higher level of Ptr2p-GFP expression signal in the plasma
membrane was observed in the cup9 deletion strain as
compared to the wild type (Figure 3, Table 3). The en-
hanced Ptr2p-GFP expression level corresponded with
the phenotype of increased dipeptide utilization as
reflected in growth on dipeptide in liquid and solid
medium and toxicity to Ala-Eth (Figures 1 and 2, and
Table 1). In addition, Ptr2p-GFP was also observed in
the vacuole, possibly due to the overexpressed PTR2 in
the cup9strain. Similar to the cup9strain, the deletion of
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hal9 keml

srn2

HAL9, KEM1I, SSN3, and UBR2 showed an increased
Ptr2p-GFP expression signal in both the plasma mem-
brane and the vacuole. Enhanced Ptr2p-GFP expression
signal was also observed in 18 other deletion strains
including four unknown gene deletion mutants, yfrO44c,
ylrl14¢, ynll 23w, and yor322¢ (Table 3 and supplemental
Figure SI at http:/www.genetics.org/supplemental/).
Consistently, the increased Ptr2p-GFP expression agreed
with increased sensitivity to toxic dipeptide and better
growth on dipeptide substrate (supplemental Table S3
at http:/www.genetics.org/supplemental/).

Strains with altered Ptr2p-GIFP localization: Fourteen
deletion strains with increased dipeptide utilization
showed altered localization of Ptr2p-GFP (Table 3 and
supplemental Figure S1 at http:/www.genetics.org/
supplemental/). An example of three deletion mutants,

°O

F1GURE 3.—Ptr2p-GFP expression and localiza-
tion in the wild type (WT) and nine deletion
strains that demonstrated increased dipeptide
utilization. The righthand side of each strain
shows phase microscopy of the same field as
the lefthand side, which shows the fluorescently
labeled Ptr2p-GFP. Deletion strain ssn3 showed a
very high amount of GFP signal under the same
exposure time as that of the wild type.

nprl, srn2, and vps8 is shown in Figure 3. These gene
products had GO annotations of transport, vesicle-
mediated transport, cytokinesis, or related to protein
modification. Ptr2p-GFP signal in the sm2 and vps8
deletion mutants was localized mainly to the plasma
membrane and the endosome. In addition, Ptr2p-GFP
remained in the endosome in stationary phase cells and
targeting of Ptr2p-GFP to the vacuole was defective (data
not shown). Similar to srn2 and vps8 strains, the dele-
tion strains eaf7, sac6, snf7, vps36, and ypl073¢ exhibited
Ptr2p-GFP localization to the plasma membrane and
to the endosome (supplemental Figure S1 at http:/
www.genetics.org/supplemental/), suggesting that these
gene products are involved in a similar cellular process
regulating dipeptide utilization. Snf7p, Srn2p, and Vps36p
are three key proteins involved in ESCRT (endosomal
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TABLE 3

Ptr2p-GFP expression and localization in 103 identified strains with decreased or increased dipeptide utilization

Increased dipeptide
utilization (46 strains)

Phenotypic category

Decreased dipeptide
utilization (57 strains)

Strains with enhanced
Ptr2p-GFP expression

arp5, arp8, cup9, csml, dbrl, eaf3, hal9, ieso,
keml, mrps9, patl, sfpl, srb8, ssdl, ssn2, ssn3,

asm4, ydr015c¢, ydr290w

ssn8, tom72, ubr2, yor322c, ynll23w,

yfrO44c, ylrl14c
Strains with altered
Ptr2p-GFP localization

Strains with no apparent
effect on Ptr2p-GFP
localization or expression

Strains with decreased
Ptr2p-GFP expression

tif3, ybil, ydr417c

No mutant strains were found
in this category.

bnil, defl, eaf7, Ist4, nprl, sac6, snf7, srn2,
tpml, vaml0, vpsS, vps36, yplO73c, ynl295w

cikl, ktil2, mihl, mrpl7, pho2, riml01,

bem4, bud32, csfl, etrl, gev2, gcv3, hfml, ilml,
isal, isa2, mckl, mrell, npl3, shpl, regl,
rmdl12, vps9b, tsal, vbml, ydrd33w, yjlO46w,
ydrl5 7w, yjll75w

bud28, byel, elfl, hfal, ira2, latl, lpdl, mctl,
oarl, pdbl, pdxl, prdl, rad23, spo21, yplO98c

dal81, hofl, ipkl, nful, pho85, ptrl, rpl21a,
rpnd, shm2, stp2, tafl4, thpl, uba3,
ubpl4, ubc2, yprl74c

Ptr2p-GFP expression and localization in the underlined strains are shown in Figures 3 and 4. The underlined strains were the
representatives chosen to highlight in the RESULTS section. Ptr2p-GFP expression and localization of all the listed strains are shown
in supplemental Figures S1 and S3 at http: /www.genetics.org/supplemental/. The strains in boldface type (cup9, dal81, ptrl, stp2,
and ubc2) contain the deleted genes previously identified as being involved in regulation of PTR2 transcription.

sorting complex required for transport) protein com-
plexes required for endocytotic degradation of mem-
brane proteins (BOwERs et al. 2004).

To further characterize the ESCRT protein complexes
involved in Ptr2p endocytotic degradation, deletion mu-
tant strains of other components of the ESCRT protein
complexes (vps2, ups20, vps22, vps23, vps24, vps25, and
ups28) were also transformed with the pMS4 construct.
The localization of Ptr2p-GFP in these strains was similar
to that in snf7, srn2, and vps36 strains (supplemental
Figure S2 at http:/www.genetics.org/supplemental/).
Additionally, vps2, vps20, vps22, vps23, vps24, vps25, and
ups28 strains were more sensitive to toxic dipeptide as
compared to the wild type (supplemental Table S5 at
http://www.genetics.org/supplemental/), confirming the
role of the ESCRT protein complex in dipeptide utilization.

The deletion strain nprl showed an accumulation of
Ptr2p-GFP signal in both endosomal vesicles and the
vacuole in addition to the plasma membrane localiza-
tion (Figure 3). The Ptr2p sorting process is likely
regulated by Nprlp, a protein kinase involved in the
regulation of vesicle transport systems (supplemental
Table S3 at http:/www.genetics.org/supplemental/).
Similar to Ptr2p-GFP localization in the nprl strain,
deletion strains bnil, defl, Ist4, and tpml showed Ptr2p-
GFP localization to the plasma membrane and the vac-
uole (supplemental Figure S1 at http:/www.genetics.
org/supplemental/), implicating them as well as being
involved in the protein trafficking of Ptr2p.

Strains with no apparent effect on Ptr2p-GFP expression or
localization: The deletion strain ybt! showed no appar-
ent difference in the expression level of Ptr2p-GFP sig-
nal in the cytoplasmic membrane (Figure 3), although
there was an increase in the Ptr2p-GFP signal in the

vacuole. In this strain dipeptide utilization was increased
(Figures 1 and 2 and Table 1). In addition, seven other
deletion strains, cikl, ktil2, mihi, mrpl7, pho2, rim101,
tif3, and ydr417¢ demonstrated increased dipeptide
utilization with no apparent effect on Ptr2p-GFP ex-
pression in the cytoplasmic membrane (Table 3 and
supplemental Figure S1 at http:/www.genetics.org/
supplemental/). These gene products might impact
dipeptide utilization independently of Ptr2p function.
For example, Ybtlp, known as an ABC transporter and
localized on the vacuolar membrane, may be involved in
the uptake of dipeptides into the vacuole. The deletion
of this gene resulted in increased growth response and
dipeptide toxicity.

Ptr2p-GFP expression and localization in deletion
strains with decreased dipeptide utilization: The ex-
pression level of Ptr2p-GFP signal and localization of
9 representative strains are shown in Figure 4, and all
57 deletion strains listed in Table 3 with decreased di-
peptide utilization are shown in supplemental Figure S3
at http:/www.genetics.org/supplemental/.

Gene deletion enhanced the expression level of Ptr2p-GIFP
signal: The deletion strains asm4, ydrO15¢, and ydr290w
showed an enhanced expression level of Ptr2p-GFP at
the cytoplasmic membrane and the vacuole (supplemen-
tal Figure S4 at http:/www.genetics.org/supplemental/).
These strains showed a decreased sensitivity to toxic
dipeptide, however, with no growth change on dipep-
tide (supplemental Table S4 at http:/www.genetics.
org/supplemental/). In the asm4 strain, a fuzzy halo
was observed in the toxic dipeptide halo assay, indicat-
ing a transient growth inhibition. ASM4 encodes a com-
ponent of the karyopherin docking complex of the
nuclear pore (MARELLI ¢t al. 1998), indicating that some
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FiGure 4.—Ptr2p-GFP expression and localization in nine selected deletion strains that demonstrated decreased dipeptide

utilization. The right-hand side of each strain shows phase microscopy of the same field as the left-hand side, which shows
the fluorescently labeled Ptr2p-GFP.

cellular protein involved in ethionine toxicity requires higher expression level of Ptr2p-GFP signal at the
Asmd4p for its full expression. vacuole and less expression in the plasma membrane
Strains with altered Ptr2p-GFP localization: Compared to (regl) or novisible plasma membrane expression (bud32)

the wild type, deletion strains bud32 and regl showed (Figure 4). In addition, deletion strain gcv3 showed
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Ptr2p-GFP localization both at the vacuole and at the
plasma membrane (Figure 4). Similar to the Ptr2p-GFP
localization at the vacuole in bud32, regl, or gcv3 strains,
the deletion strains bem, csfl, etrl, gcv2, hfml, ilml, isal,
isa2, mckl, mrel 1, npl3, rps9b, rmd12, shpl, tsal, vbml and
four unknown gene deletion strains (ydrl57w, ydr433uw,
yjl046w, and yjl1 75w) resulted in Ptr2p-GFP localization
both at the vacuole and at the plasma membrane (sup-
plemental Table S4 and supplemental Figure S3 at
http:/www.genetics.org/supplemental/).

Strains with no apparent effect on the expression or local-
ization of Pir2p-GFP: No apparent change in the expres-
sion or localization of Ptr2p-GFP was observed in the
lpdl deletion strain (Figure 4). Similarly, Ptr2p-GFP
localization and expression level was not different in the
deletion strains byel, bud28, elfl, hfal, ira2, latl, mctl,
oarl, pdbl, pdx1, rad23, and ypl098c as compared to that
in the wild type (supplemental Table S4 and supplemental
Figure S3 at http://www.genetics.org/supplemental/).

Strains with decreased expression of Ptr2p-GFP: The
expression level of Ptr2p-GFP signal was lower in the
ptrl, dal81, rpn4, ubc2, and ubpl4 deletion strain as
compared to that in the wild type (Figure 4). A de-
creased Ptr2p-GFP expression signal was also observed
in the deletion strains hofl, ipkl, nful, pho85, rpl2la,
shm2, stp2, tafl4, thpl, uba3, and yprl74c (supplemental
Table S4 and supplemental Figure S3 at http:/www.
genetics.org/supplemental/). The decreased Ptr2p-GFP
expression signal in these strains was consistent with a
decrease of dipeptide utilization that was previously
documented (supplemental Table S4) and is consistent
with the observation that Ptrlp, Stp2p, Ubc2p, and
Dal81p positively regulate PTR2 transcription (BERNARD
and ANDRE 2001; ANDREASSON and LjuNGDpAHL 2002;
Du et al. 2002).

Transcriptional regulation of PTR2: To explore
whether strains with enhanced or reduced expression
level of Ptr2p-GFP showed a change in the transcrip-
tional regulation of PTR2, the fold change of PTR2
mRNA compared to that of the wild type was measured
by real-time reverse transcription PCR in the 18 repre-
sentative deletion strains. In control experiments, PTR2
mRNA expression level in the cup9 strain was upregu-
lated more than nine times that of the wild type (Table
4). This result also agreed with the increased PTR2
mRNA level in Northern analysis and lacZ activity
as compared to the wild type (data not shown). The
increase in PTR2 mRNA expression in the cup9 strain
is consistent with the increased expression level of
Ptr2p-GFP signal (Figure 3). Similar to that of the cup9
strain, PTR2 mRNA expression level was highly upregu-
lated in ssn3 and keml. PTR2 mRNA expression was
upregulated in ubr2, hal9, ybt1, vpcS, and gev3 less than
twofold. In contrast to the cup9, hal9, keml, ssn3, ubr2,
vps8, and ybtI strains, which showed increased dipeptide
utilization, the gcv3 strain exhibited a decrease in
peptide utilization (supplemental Table S4 at http:/

TABLE 4

The expression of PTR2 and PMAI in various strains

Strains PTR2 expression” PMA1I expression”
ubc2 0.06 0.94
pirl 0.07 1.08
ubpl4 0.08 1.09
rpnd 0.21 1.23
nprl 0.48 1.33
dal81 0.79 1.70
regl 0.88 1.03
lpdl1 0.82 2.30
srn2 0.92 0.87
bud32 0.94 1.44
ubr2 1.23 2.95
hal9 1.37 1.93
ybt1 1.51 2.37
ups8 1.66 2.09
gev3 1.93 1.22
ssn3 5.00 2.41
cup9 9.36 0.98
kem1 12.12 3.06

“Expression level measured by real-time RT-PCR analysis is
shown as a ratio calculated by the fold change of the target
gene (PTR2 or PMAI) in the mutant compared to that of
the wild type divided by the fold change of ACTI in the mu-
tant compared to that of the wild type.

www.genetics.org/supplemental/). The apparent dis-
crepancy between decrease in utilization and robust
expression in the gcu3 strain could result from a post-
translational alteration of Ptr2p function or the alteration
of the metabolic pathway(s) of dipeptide utilization.

PTR2 mRNA expression level in the ptrl strain was
only 7% that of the wild type (Table 4) in accordance
with the known requirement of Pirlp for PTR2 tran-
scription (BYRD et al. 1998; TURNER et al. 2000). This
result also agreed with the decreased PTR2 mRNA level
in Northern analysis and lacZ activity as compared to
that in the wild type (data not shown). The decrease in
PTR2 mRNA expression in the pirl strain is consistent
with the decreased expression level of Ptr2p-GFP signal
(Figure 4). Similar to thatin the ptrl strain, PTR2mRNA
was highly downregulated in wbc2, ubpl4, and rpn4
strains. The expression of PTR2 mRNA in nprl, dal81,
regl, lpdl, srn2, and bud32 strains was not more than
twofold less than that of the wild type.

Dipeptide uptake capability: To explore whether
altered dipeptide utilization was correlated directly to
flux of dipeptide, the accumulation of [*H]Leu-Leu
dipeptide was measured in the 18 representative strains
(Figure 5). In a control experiment, the accumulation
of [*'H]Leu-Leu increased remarkably in the cup9strain
as compared to that in the wild type (Figure 5). Similar
to that in the cup9strain, the accumulation of [*H]Leu-
Leu was higher in the hal9, keml, nprl, srn2, ssn3, ubr2,
ups8, and ybtl strains as compared to that in the wild
type. The increased uptake in these strains was reflected
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FiGURE 5.—The uptake of [*H]Leu-Leu dipeptide in log
phase cells of the wild type, cup9, and pirl and the 16 deletion
strains bud32, dal81, gcv3, hal9, keml, lpdl, nprl, regl, rpn4,
srn2, ssn3, ubc2, ubr2, ubpl4, vps8, and ybtl. The percentage
of the accumulation of [*H]Leu—Leu for each deletion mu-
tant was calculated as [(the accumulation of [*H]Leu-Leu
in each mutant strain)/(the accumulation of [*H]Leu-Leu
in the wild type) X 100].

in their increased ability to utilize dipeptide. In contrast
to the increased accumulation of dipeptide in hal9, kemI,
nprl, srn2, ssn3, ubr2, vpsS, and ybtl strains, the accumu-
lation of [*H]Leu-Leu in gcv3 was not significantly dif-
ferent as compared to that in the wild type, suggesting
that deletion of this gene did not impact the import
of dipeptide even though dipeptide utilization was
decreased.

The accumulation of [*H]Leu-Leu in the p#rl strain
was lower than that in the wild type. The reduced accu-
mulation of dipeptide was consistent with the decreased
expression level of PTR2 mRNA and Ptr2p-GFP in the
ptrl strain. Similar to that in the p#rl strain, the accu-
mulation of [PH]Leu-Leu was lower in the bud32, dal§1,
lpdl1, regl, rpnd, ubc2, and ubp14 strains as compared to
thatin the wild type (Figure 5). The decreased uptake in
these strains was reflected in their decreased expression
of PTR2in dal81, rpn4, ubc2, and ubpl4strains (Table 4),
decreased amount of Ptr2p-GFP in the cytoplasmic mem-
brane (Figure 4), and the alteration localization of Ptr2p
in bud32and regl strains (Figure 4). In contrast, although
the transport of dipeptide was reduced in the /pd 1 strain,
the expression level of Ptr2p-GFP remained similar to
that in the wild type (Figure 4).

Effects of gene deletions on osmotic and canavanine
sensitivity and PMAI expression: To determine whether
gene deletions also affected general membrane prop-
erties, additional assays were performed. Osmotic sen-
sitivity, toxicity of canavanine, and the expression level
of PMA1I encoding a proton transporter localized in the
cytoplasmic membrane were examined. NaCl at 1.0 m
inhibits the growth of wild-type S. cerevisiae by causing
osmotic destabilization of the cell membrane (HoHMANN
2002). NaCl at 1.0 msignificantly inhibited the growth of

all strains on MM + HLKU plates. Fourteen deletion
mutant strains, cup9, dal81, gcv3, hal9, lpdl, nprl, pirl,
regl, rpnd, ssn3, ubc2, ubpl4, ubr2, and ybtl, showed
similar effects to NaCl as the wild type (Tables 1 and 2
and supplemental Figure S4 at http:/www.genetics.
org/supplemental/), suggesting that the deletion of
those genes did not change the osmotic sensitivity of
the deletion mutantstrains. In contrast, four deletion mu-
tant strains, bud32, keml, srn2, and vpsS, showed greater
sensitivity to 1.0 m NaCl than the wild type (Tables 1
and 2 and supplemental Figure S4).

Canavanine is transported by the arginine permease
and changes in canavanine toxicity have been corre-
lated directly to arginine permease function (HAMPSEY
1997). In the canavanine toxicity assay, nine deletion
mutant strains, cup9, hal9, ptrl, rpnd, ssn3, ubc2, ubpl4,
ubr2, and ybt1, did not show significant alteration in the
canavanine sensitivity as compared with that of the wild
type. In contrast, six deletion mutants, dal81, gcv3, lpdl,
regl, srn2, and ups8, were more sensitive to canavanine,
and three deletion mutant strains, bud32, keml, and
nprl, were less sensitive than the wild type (Tables 1 and
2 and supplemental Figure S5 at http:/www.genetics.
org/supplemental/).

To examine whether the gene representative deletion
mutants were also affected in the expression of other
transport proteins, the expression level of PMAI encod-
ing a proton transporter was measured. PMAI mRNA
expression level in cup9 and ptrl strains was similar to
that of the wild type (Table 4). In contrast, PMAI mRNA
level was upregulated more than twofold in keml, lpdl,
ssn3, ubr2, vps8, and ybtl strains and less than twofold
in bud32, dal81, gcv3, hal9, nprl, regl, rpnd, srn2, ubc2,
and ubpl4 strains (Table 4). Overall, these changes in
expression levels of PMAI in the various mutant strains
did not correlate with the changes in expression in
PTR2 except for upregulation of both genes in the ssn3
and keml strains.

DISCUSSION

We have systematically screened a haploid, single-
gene, deletion mutant library and identified 103 genes
involved in dipeptide utilization. To our knowledge, this
is the first such screen for a membrane transport system.
PTR2 expression is known to be regulated by amino
acids via the SPS protein complex and by dipeptides
themselves (Figure 6). Import of di/tripeptides con-
taining basic or bulky hydrophobic N-terminal residues
(N-end rule peptides) induces PTR2 by reducing cellular
levels of the PTR2 repressor Cup9p (BYRD el al. 1998;
TURNER et al. 2000; Du et al. 2002). In the SPS complex
regulatory pathway a few downstream proteins, such as
STP2 and components of the SCF®" ubiquitin ligase
complex (Skplp, Hrtlp, Cdc34p, and Cdcb3p), are
involved in the Ssyl p-induced signal transduction path-
way via proteolytic processing of Stp2p (BERNARD and
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L’ Stp2p* Active

N-end rule
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FIGURE 6.—A hypothetical model for the regulation of dipeptide utilization in S. cerevisiae. The proteins with clear background
represent those that have been reported previously to be involved in PTR2 regulation. The shaded background represents those
proteins that have been determined in this study. The SPS protein complex (Ssylp-Ptr3p-Ssybp) is an amino acid sensor, which
leads to a cleavage of the N-terminal of Stp2p. The activated form of Stp2p is localized to the nucleus and regulates PTR2 expres-
sion. In addition, Dal81p synergistically regulates PTR2 expression together with Stp2p. Other proteins, Rpn4p, a positive reg-
ulator, and Cup9p, a negative regulator, bind at the PTR2 promoter region and are also involved in PTR2 transcription. The
stability of Rpn4p is modulated by Ubr2p and Ubc2p and the stability of Cup9p by Ptrlp, Ubc2p, and Ubc4p via the ubiquitination
pathway. Binding of N-end rule dipeptides to Ptrlp/Ubrlp results in ubiquitin-mediated degradation of Cup9p. Ubr2p competes
with Ptrlp for the degradation of Cup9p. Arp5p, Arp8p, Ies6p, and Tafl4p (components of the INO80 complex) together with
Eaf3p possibly negatively regulate PTR2 transcription via repressing the acetylation of histones in the PTR2 coding region. The
transcription of PTRZ2 is negatively regulated by a RNA polymerase mediator protein complex, which includes Ssn2p, Ssn3p,
Ssn8p, and Srb8p. Thplp might be involved in the translocation of PTR2 mRNA from the nucleus to the cytosol. The interaction
between Kemlp and Patlp is potentially involved in the degradation of PTR2 mRNA. Dipeptide utilization is also modulated by
the Ptr2p trafficking system; Srn2p, Vps36p, and Snf7p represent components of ESCRT-L, -II, and -III, together with Vps8p and
Eaf7p, which appear to regulate Ptr2p internalization from the endosome to the vacuole. In addition, Nprl and Lst4p are also
involved in Ptr2p trafficking and affect the retention of Ptr2p in the plasma membrane.

ANDRE 2001; ANDREASSON and LjunGpAHL 2002). Due
to the complex nature of signal transduction pathways,
such as the well-studied pheromone-mediated mitogen-
activated protein (MAP) kinase pathway in yeast (GUSTIN
et al. 1998), we expected that other regulatory proteins
would be identified in this screen.

The 103 genes identified in the screen cover a
number of different biological processes based on the
Gene Ontology annotation. It is clear from the broad
range of mutants identified that genes involved in both
direct and indirect regulation of peptide utilization
were discovered. Such a global array of genes supports
the interconnectivity of networks involved in regulating
biological processes (LEE et al. 2002; CHEN et al. 2003),

but such a heterogeneous collection of interacting
genes has not been identified previously as specifically
regulating membrane transport systems.

Genes that regulate PTR2 transcription: In this study
we have considerably expanded the identification of
genes involved in PTR2 transcriptional regulation. The
deletion of these genes results in the alteration of di-
peptide utilization.

First, we have shown that dipeptide utilization can be
affected by gene products involved in the modification
of the nucleosome, namely Arp5p, Arp8p, Ies6p, and
Taf14p. These proteins belong to the components of the
chromatin remodeling INO80 protein complex that
carries ATPase activity, DNA binding, and nucleosome
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mobilization (SANDERS et al. 2002) and that preferen-
tially interacts with histones H3 and H4 (SHEN et al.
2003). Another histone- modification-related gene prod-
uct, Eaf3p, was also identified in our screen. Eaf3p is a
component of the NuA4 histone acetyltransferase com-
plex that maintains the acetylation of histones H3 and
H4 (REID et al. 2004). It is possible that these chromatin
remodeling proteins negatively regulate PTR2 transcrip-
tion via the modification of histones. A model represent-
ing the potential involvement of these proteins and
others is shown (Figure 6).

Second, four gene products with transcription factor
activity, Cup9p, Dal81p, Stp2p, and Rpn4p were shown
to regulate PTR2 expression and affected dipeptide
utilization. Cup9p binds the region between —488 and
—897 upstream of the PTR2 start codon (BYRD el al.
1998), while Rpn4p may bind between —610 and —603
due to the existence of the Rpn4p binding consensus
sequence (5'-GGTGGAAA-3") present at this location
(MANNHAUPT et al. 1999). Cup9p is a repressor of PTR2,
whereas Rpn4p is a “positive regulator” as reflected in
the observation that the cup9 deletion strain showed
an increase in peptide utilization and the rpn4 strain
has decreased peptide utilization. Subsequent to amino
acid induction via the SPS system and its conversion
into the active form after proteolytically processing
and translocation into the nucleus (ANDREASSON and
LjunepaHL 2002, 2004), the active form of Stp2p
(truncated at the N terminus) binds to the upstream
activation sequence (UAS) of the promoter region of
BAP2 and BAP3 (DE BOER et al. 2000; NIELSEN et al.
2001). Because BAP2, BAP3, and PTR2 are simulta-
neously regulated in response to amino acid induction
via the SPS-Stp2p system, the active form of Stp2p likely
also binds to the PTR2 promoter region and regulates
its transcription. Dal81p is a transcriptional activator
essential for PTR2 expression under the induction by the
SPS signal pathway as well (BERNARD and ANDRE 2001).
Dal81p acts synergisticallywith Stp1p to regulate the tran-
scription of AGPI in response to the amino acid induc-
tion, and the sequence 5-CGGC-3’ of a UAS element is
important for AGPI transcriptional regulation (ABDEL-
SATER et al. 2004). Since the PTR2 promoter region has
this consensus sequence and because Dal81p was iden-
tified as important for PTR2 transcription and dipeptide
utilization in our screening, we speculate that Dal81p
and Stp2p act synergistically in PTR2 transcription in a
similar manner.

Third, other gene products identified in this screen
such as Ubr2p, Ptrlp, and Ubc2p regulate PTR2 ex-
pression by modulating the stability of Rpn4p and
Cup9p (Figure 6). Cup9p stability is regulated by Ptrlp,
Ubc2p, and Ubc4p (Du et al. 2002). Ubr2p is associated
with Rpn4p to regulate proteasome gene expression
through the ubiquitination pathway (WANG et al. 2004).
In addition, Ubr2p has high amino acid sequence sim-
ilarity to Ptrlp, presumably allowing a competition

with Ptrlp for the stabilization of Cup9p (BARTEL et al.
1990). Therefore, Ubr2p probably regulates PTR2 tran-
scription by impacting the stability of both Rpn4p and
Cup9p (Figure 6).

Fourth, we identified one other gene product (SSN3)
involved in PTR2 transcription that is known to be gen-
eral transcription factor, which also affected PMAI ex-
pression. Ssn3p/Srb10p, Ssn8p/Srbl1p, Ssn2p/Srb9p,
and Srb8p have been identified as a cyclin-dependent
serine/threonine protein kinase complex that functions
as a mediator of RNA polymerase (KORNBERG 2005).
This complex is also involved in the glucose signaling
pathway (BaLcrunas and RoNNE 1995; KucHIN et al.
1995). Deletion of these genes leads to derepression of
a wide variety of downstream genes, including GAL
and SUC, which are important for galactose and raffi-
nose metabolism, respectively (MYER and YOUNG 1998;
KucHIN et al. 2000). The deletion of SSN3 resulted in a
change of PMAI and PTR2 expression level.

Finally, we identified gene products involved in PTR2
transcription by means that are not clear. For example,
UBP14 was important for PTR2 expression since de-
letion of these genes significantly decreased PTR2mRNA
level (Table 4), and the strain carrying deletion of this
gene exhibited decreased peptide utilization. Ubpl4p
has ubiquitin-specific protease activity (supplemental
Table S4 at http: /www.genetics.org/supplemental /). It
is probably modulating PTR2 transcription via the ubiq-
uitination pathway. In addition, the deletion of UBPI4
had no effect on the expression of PMAI or on sensi-
tivity to NaCl and canavanine. Further experiments
are needed to provide some insight into whether the
gene product acts directly or indirectly to control PTR2
expression.

Genes involved in PTR2 mRNA maturation: Gene
products (Kemlp, Patlp, and Thplp) involved in post-
transcriptional regulation impacting the stability and
transport of PTR2 mRNA also affected dipeptide utili-
zation (Figure 6). Both Kem1p and Patlp belong to an
mRNA decay protein complex (BONNEROT et al. 2000;
BOUVERET et al. 2000). PTR2 mRNA was highly upregu-
lated in the kem1 strain (Table 4). It is likely that PTR2
mRNA was more stable in kemI and patl strains, which
resulted in more Ptr2p being synthesized, leading to
enhanced Ptr2p-GFP expression (Figure 3) and in-
creased dipeptide utilization (Table 1 and Figures 1
and 2). The deletion of KEMI resulted in also an
increased expression level of PMAI and changes in sen-
sitivity to NaCl and canavanine (Table 1). It is not sur-
prising that the deletion of this gene affected several
phenotypes related to membrane function, since a
deletion in this gene would impact gene expression of
many different genes. Another gene shown to impact di-
peptide utilization was Thplp, which is involved in mRNA
export from the nucleus to the cytoplasm (FISCHER e/ al.
2002). The thpl strain probably has a defect in trans-
porting PTR2 mRNA into the cytoplasm for protein
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synthesis. Therefore this mutant demonstrated a decrease
in peptide utilization.

Genes that regulate Ptr2p trafficking: This screen
revealed that dipeptide utilization is regulated by the
trafficking system. Deletion of components of ESCRT-I,
ESCRT-I, and ESCRT-II protein complexes showed a
defect in Ptr2p-GFP trafficking from the endosome to
the vacuole (Figure 6 and supplemental Figure S2 at
http:/www.genetics.org/supplemental/). These pro-
tein complexes are essential for sorting ubiquitinylated
membrane proteins from the plasma membrane to the
multivesicular body and to the vacuole for further deg-
radation (RAIBORG et al. 2003). Ptr2p has been shown
to be ubiquitinylated (HrrcHcock et al. 2003). Strains
srn2, vps36, and snf7 demonstrated increased dipeptide
utilization perhaps due to an increased residence time
of Ptr2p at the cytoplasmic membrane. In addition, the
eaf7and vps8strains showed Ptr2p localization similar to
that of the ESCRT protein mutants. Surprisingly, Eaf7p
isannotated as a component of the NuA4 HAT complex,
which is an essential histone acetyltransferase complex
that acetylates the N-terminal tails of histones H4 and
H2A (KROGAN et al. 2004). It is possible that Eaf7p has
dual functions or indirectly affects Ptr2p localization
through other proteins. Both srn2 and wvps§ strains
showed an altered sensitivity to NaCl and canavanine.
It has been reported that the osmotic sensitivity changes
if vacuolar development is affected (Hampsey 1997).
Thus a disruption of the protein-sorting process that
affects the vacuole could lead to alteration of osmotic
sensitivity.

Deletion mutants (nprl, Ist4) with increased dipeptide
utilization and mutants (bud32, regl) with decreased
utilization showed an accumulation of Ptr2p-GFP in
vesicles. NPRI encodes a Ser/Thr protein kinase, in-
volved in post-translational control of Gaplp. Nprlp is
required for Gaplp to be targeted to the plasma mem-
brane, and an nprl deletion mutant loses Gaplp func-
tion by sorting Gaplp from the Golgi into the vacuole,
bypassing the plasma membrane (DE CRAENE et al.
2001). Similarly, mutations in LS7T% reduced the func-
tion of Galplp and other amino acid permeases by
the interruption of sorting of these transporters to the
cell surface (ROBERG et al. 1997). Our observations in-
dicated that NPRI and LST4 regulate Ptr2p differently
from the way they regulate Gaplp. It is not clear how
Lst4p and Nprlp regulate Ptr2p in a manner opposite to
that of their regulation of Gaplp. Bud32p is a Ser/Thr
protein kinase involved in polar bud site selection and
changing the vacuolar morphology (BONANGELINO ¢t al.
2002). Reglp is a regulatory subunit for protein phos-
phatase Glc7p involved in the repression of many glucose-
regulated genes and vesicular trafficking (Cut et al. 2004).
The involvement of Bud32p and Reglp in dipeptide
utilization reflects their roles in Ptr2p trafficking.

Genes that regulate dipeptide utilization indepen-
dent of Ptr2p: The alteration of dipeptide utilization

also results from Ptr2p-independent metabolic pro-
cesses as indicated by the observation of no apparent
phenotypic change in expression or localization of
Ptr2p-GFP in a number of mutants (Table 3). Mutation
in genes encoding a variety of cellular metabolic pro-
cesses (supplemental Figure S6 at http:/www.genetics.
org/supplemental/) (NAGARAJAN and STORMS 1997;
SCHNEIDER et al. 1997; STo0Ps et al. 1997), such as the
conversion of pyruvate into acetyl-CoA by pyruvate
dehydrogenase complex (Pdxlp, Lpdl, Pdblp, and
Latlp), the conversion of acetyl-CoA to malonyl-CoA
by Hfalp, fatty acid synthesis by fatty acid synthase com-
plex (Oarlp, Mctlp, and Etrlp), glycine degradation
(Gev2p, Gev3p, and Lpdlp), and a peptidase activity
(Prd1p), resulted in a decrease of dipeptide utilization
(Table 3). In these mutants the impairment of the di-
peptide utilization appeared to be independent of Ptr2p
transport activity since Ptr2p-GFP could be observed
at the plasma membrane (supplemental Figure S3 at
http://www.genetics.org/supplemental/). The assay of
['H]Leu-Leu uptake in gcv3 strains suggested that
the import of dipeptide was still maintained at a wild-
type level, which showed that Ptr2p was functional
(Figure 5), indicating that the decrease of dipeptide
utilization resulted from the inability of the mutant to
release amino acid from accumulated dipeptide or from
a metabolic block in using the released amino acid for
protein biosynthesis. Prd1p is a metalloendoproteinase
(BUCHLER et al. 1994). The deletion mutant might be
impaired in the degradation of intracellularly trans-
ported dipeptide, which would result in a decrease of
dipeptide utilization.

Deletion strains cikl, kti12, mlhl, mrpl7, pho2, rim101,
tif3, ybtl, and ydr417c¢ showed no apparent effect on
Ptr2p-GFP localization or expression but demonstrated
increased dipeptide utilization. The utilization of di-
peptide in these strains appears to involve Ptr2p-
independent cellular processes as well. For example,
Ybtlp belongs to the ABC transporter family, exhibiting
ATP-dependent bile acid transport (ORTIZ et al. 1997,
PAULSEN et al. 1998). As expected for an ABC trans-
porter, the ybt] mutant was not only more sensitive to the
toxic dipeptide Ala—-Eth, but also this strain was more
sensitive to ethionine and Lys—Ala—Eth (datanotshown).
We speculate that this protein might be involved in the
transport of dipeptide into the vacuole. In the deletion
mutant the defect in the uptake of dipeptide into the
vacuole would lead to an increase of dipeptide availabil-
ity in the cytoplasm. It is also possible that the deletion
of a gene might result in a derepression or change in
function of other transport systems that may mediate
dipeptide utilization in the mutant without alteration
of PTR2 expression or Ptr2p function. We are currently
working on unraveling the involvement of these meta-
bolic genes in dipeptide utilization.

Unknown genes that regulate dipeptide utilization:
Fifteen unknown gene deletion mutant strains were
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identified in this screen, including 7 strains exhibiting
increased and 8 strains showing decreased dipeptide
utilization (Table 3). Deletion mutants yor322¢, ynil 23w,
yfr044¢, and ylrl14c showed enhanced expression level
of Ptr2p-GFP signal compared to that of wild type, and
yprl74c¢ had reduced expression of Pu2p-GFP; these
results were consistent with dipeptide utilization in these
strains, suggesting that these unknown genes products
are involved in the regulation of PTR2 expression. De-
letion mutants ynl295w, ypl073c, yjll 75w, ydrl57w, and
ydr433w showed accumulation of Ptr2p-GFP signal in
the vesicles or the vacuole, suggesting that these un-
known gene products are involved in Ptr2p trafficking
and localization. Similar to the expression level of Ptr2p-
GFP in the asm4 strain, enhanced Ptr2p-GFP expression
was observed in the deletion mutant strains of unknown
function, ydr015¢and ydr290w. These two mutants, how-
ever, showed a decreased sensitivity to toxic dipeptide
and no growth change on dipeptide; it is not clear how
these genes regulate dipeptide utilization.

Overall, this investigation has provided a list of genes
involved directly and indirectly in the utilization of di-
peptides in yeast. In our screen, 53 genes encoding pro-
teins with >30% identity to human genes have been
identified (see supplemental Tables S3 and S4, footnote
a, at http://www.genetics.org/supplemental/). To date
no genes have been reported in the regulation of the
human PTR2 homologs PEPT1 and PEPT2 (DANIEL
2004). Further investigation of these human genes may
promote understanding of the regulation of dipeptide
utilization in mammalian systems. This study represents
the first such global analysis of a membrane transport
process and as such provides a rich starting ground for
future investigations.

We thank Melinda Hauser, Amy Wiles, and Tom Masi for helpful
discussions and critical review of the manuscript.
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