






the residual 10% accumulation in the dal5/ptr2 double deletion
strain. By measuring the initial rate of uptake at various con-
centrations of the Gly-Leu substrate (see Materials and Meth-
ods) the Km for Gly-Leu transport in W303 cells was deter-
mined to be 7.5 � 1.3 mM. The affinity for this dipeptide was
150- to 300-fold lower than the reported Km for allantoate (50
�M) and ureidosuccinate (27 �M) (40, 41).

Allantoate, ureidosuccinate, and allantoin compete with
Dal5p-dependent dipeptide uptake. Allantoate, urediosucci-
nate, and to a lesser extent allantoin have all been reported as
substrates for Dal5p (6, 35, 41). If dipeptides are also sub-
strates for Dal5p, allantoate, ureidosuccinate, or allantoin
should be able to compete with dipeptide uptake. Therefore,
the effect of allantoate, ureidosuccinate, or allantoin on the
sensitivity to Ala-Eth in the wild type, ptr2 deletion mutant,
and dal5 deletion mutant was tested. Allantoate (Fig. 3A, disk
b) and ureidosuccinate (Fig. 3D, disk b) suppressed the sensi-
tivity of the W303 strain to the toxic dipeptide Ala-Eth (panels
A and D, disk a) since the halo around the Ala-Eth “disk a”
was not fully formed on the side facing the disk containing the
competitors. In addition, the halo size around the disk con-
taining a mixture of Ala-Eth with allantoate (panel A, disk c)
and ureidosuccinate (panel D, disk c) was reduced compared
to the halo where only Ala-Eth was added. In contrast, allan-
toin (panel G, disk c) had limited effect on the sensitivity of
W303 to Ala-Eth. Allantoate, ureidosuccinate and allantoin
had effects similar to those seen in the wild type on Ala-Eth
sensitivity in a ptr2 deletion mutant (Fig. 3B, E, and H). How-

ever, the dal5 deletion mutant showed less sensitivity to toxic
dipeptide Ala-Eth and no suppression of toxicity by allantoate,
ureidosuccinate or allantoin (Fig. 3C, F, and I).

To further evaluate the competition of allantoate, ureido-
succinate, or allantoin with dipeptide transport, the accumula-
tion of [14C]Gly-Leu was measured in the presence of a two-
fold excess of competitor (Fig. 4). The presence of allantoate
or ureidosuccinate (220 �M) resulted in decreased accumula-
tion of [14C]Gly-Leu to 58 and 55% of the W303 wild-type
level, respectively. However, the presence of allantoin (530
�M) at an �5-fold excess resulted was not as effective as the
other competitors, reducing accumulation of [14C]Gly-Leu to
82% of the W303 wild-type level. These results reflect those of
the toxicity assay in which allantoin was less effective than
either allantoate or ureidosuccinate in competing for peptide
accumulation. When the concentration of allantoate was in-
creased, the accumulation of Gly-Leu decreased (data not
shown). Similar to the wild-type W303, the addition of allan-
toate, ureidosuccinate, and allantoin reduced the accumulation
of [14C]Gly-Leu to 58, 44, and 71%, respectively, in the ptr2
deletion mutant strain. The dal5 deletion mutant did not ac-
cumulate [14C]Gly-Leu much above background levels, and
therefore the effect of allantoate, ureidosuccinate, or allantoin
on Ptr2p/Dal5p-independent transport could not be deter-
mined.

Non-N-end rule dipeptides are preferred by Dal5p. After we
examined 284 of the 400 possible dipeptides composed of nat-
urally occurring amino acids, our previous research demon-

FIG. 3. Effect of allantoate (plates A, B, and C), ureidosuccinate (plate D, E, and F), and allantoin (plate G, H, and I) on the sensitivity of
Ala-Eth to the wild-type (W303), ptr2, and dal5 strains. In each plate, 0.4 �mol of Ala-Eth was spotted onto the upper left disk (disk a); 0.4 �mol
of allantoate, or 0.4 �mol of ureidosuccinate, or 0.65 �mol of allantoin was spotted into the upper right disk (disk b). In addition, the mixture of
0.4 �mol of Ala-Eth and 0.4 �mol of allantoate, 0.4 �mol of ureidosuccinate, or 0.65 �mol of allantoin was added into the bottom disk (disk c)
in each plate.
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strated that Dal5p preferred non-N-end rule dipeptides over
N-end rule dipeptides (dipeptides with basic or bulky hydro-
phobic amino acid residues at the N terminus) as substrates
when the ability of peptides to serve as a nitrogen source was
assayed (19). In order to measure whether Dal5p can transport
either non-N-end rule or N-end rule dipeptides, we used Ala-
Eth as a representative non-N-end rule toxic dipeptide and
Leu-Eth as a representative N-end rule toxic dipeptide. Wild-
type, ptr2, dal5, ptr2/dal5, and dal5 (p426-DAL5) strains
showed sensitivity to the non-N-end rule toxic dipeptide Ala-
Eth (Fig. 1); however, none of the tested strains showed any
sensitivity to the N-end rule toxic dipeptide Leu-Eth (data not
shown). In addition, the direct assay of the uptake of [14C]Gly-
Leu was tested in W303 in the presence of a 10-fold excess of
selected representatives of non-N-end rule dipeptides (Ala-
His, Met-Leu, Ser-Leu, and Val-Ala) and N-end rule dipep-
tides (Trp-Ala, Arg-Ala, Lys-Ala, His-Gly, and Leu-Leu) (Ta-
ble 1). The presence of a 10-fold excess of N-end rule
dipeptides only slightly reduced the accumulation of [14C]Gly-
Leu compared to the control (no dipeptide competitor). In
contrast, the addition of 10-fold excess of non-N-end rule
dipeptides Ser-Leu, Ala-His, Met-Leu, and Val-Ala resulted in
the accumulation of 54, 61, 75, and 84% [14C]Gly-Leu uptake,
respectively, in comparison to the control uptake rates (Table 1).
These data demonstrate that within the sampling of peptides
substrates tested in the present study, Dal5p has a preference for
non-N-end rule peptide substrates.

Leucine effects PTR2 and DAL5 expression and peptide tox-
icity. Microarray analyses (11, 13, 24) in S288c and close de-
rivative strain backgrounds (see reference 30) indicated that
the expression of PTR2 and DAL5 was regulated by the addi-
tion of leucine in an Ssy1p-dependent manner. In these studies
PTR2 expression was upregulated by leucine, whereas DAL5
expression was downregulated. To further address the expres-
sion of PTR2 and DAL5 under the conditions used in our study
using W303, real-time RT-PCR analysis was performed (Fig.
5). In contrast to the microarray data using S288c backgrounds,
PTR2 expression in the W303 strain did not change upon

addition of leucine, although DAL5 expression decreased to
30% of control levels (Fig. 5A). The decrease in DAL5 expres-
sion is similar to that observed in the S288c strains. The re-
duction of DAL5 expression was also reflected by the sensitiv-
ity to toxic dipeptide when measured in medium containing
leucine. Both the W303 strain and the ptr2 deletion mutant
were less sensitive to Ala-Eth when grown in medium contain-
ing Leu compared to cells grown in the absence of Leu (Fig.
5C). Furthermore, the accumulation of [14C]Gly-Leu by W303
grown in the presence of leucine was 63% of that measured in
cells grown in medium without leucine (data not shown).
Taken together, these data indicate that leucine addition re-
sults in the downregulation of DAL5 in W303 but that PTR2 in
W303 is not regulated by leucine.

To further test whether the SPS pathway is indeed inactive
in the W303 strain, we monitored the expression of AGP1,
BAP3, and GAP1 by real-time RT-PCR. The expression of
these genes was previously reported to be under the regulation
of the SPS sensor (11, 22, 23). The expression of AGP1, BAP3,
and GAP1 under leucine induction showed less than a twofold
change compared to cells grown with no leucine addition (Fig.
5B). This indicated that leucine did not regulate the expression
of these genes in the W303 strain under the conditions tested.

CUP9 deletion effects PTR2 and DAL5 expression and pep-
tide toxicity. An important aspect of PTR2 regulation in the
S288c background is its control by the Cup9p repressor. In
S288c, PTR2 is induced by leucine through the SPS pathway
involving Ssy1p and derepressed by removal of the Cup9p
repressor from the PTR2 promoter (18). To determine the role
of Cup9p on PTR2 and DAL5 expression in W303, real-time
RT-PCR was used (Fig. 6A). The expression level of PTR2 was
�7-fold higher in a W303 cup9 deletion mutant compared to
that for the wild-type strain. Compared to wild-type W303, the
cup9 deletion mutant in the W303 background showed in-
creased sensitivity to both Ala-Eth and Leu-Eth (Fig. 6B, com-
pare panels a and c and panels b and d). However, the expres-
sion level of DAL5 in the cup9 deletion mutant was reduced
fourfold compared to the gene expression level in the W303
wild type. These results suggest PTR2 and DAL5 are regulated

TABLE 1. Effect of non-N-end rule dipeptides (Ala-His, Met-Leu,
Ser-Leu, and Val-Ala) and N-end rule dipeptides (Trp-Ala,

Arg-Ala, Lys-Ala, His-Gly, and Leu-Leu) on the
rate of uptake of [14C]Gly-Leua

Dipeptide group Peptides Mean uptake
(%) � SD

No competition None 100 � 9.1

Non-N-end rule dipeptide Ser-Leu 54 � 5.2
Ala-His 61 � 2.3
Met-Leu 75 � 6.0
Val-Ala 84 � 5.7

N-end rule dipeptide Trp-Ala 88 � 3.3
Arg-Ala 93 � 0.3
Lys-Ala 93 � 4.3
His-Gly 98 � 8.4
Leu-Leu 108 � 1.7

a All competing peptides were added at 15 mM to the uptake medium con-
taining 1.5 mM Gly-Leu. The rate of accumulation of [14C]Gly-Leu in the wild
type in the absence of competing peptide was used as the 100% rate of uptake.

FIG. 4. Accumulation of [14C]Gly-Leu in the presence of allan-
toate, ureidosuccinate, or allantoin. Wild type (W303) and the ptr2 and
dal5 deletion mutant strains were grown in the MP�Ura medium.
Allantoate (220 �M), ureidosuccinate (220 �M), and allantoin (530
�M) were added into the uptake medium solution containing 110 �M
[14C]Gly-Leu. The accumulation of [14C]Gly-Leu in the wild type was
1.3 nmol/108cells at 10 min and used as the 100% rate of uptake.
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by Cup9p in an opposite manner in W303; Cup9p is a repressor
of PTR2 as shown previously in S288c strains (39), but Cup9p
appears to be a positive regulator for DAL5 in W303 based on
RT-RCR results. The overall increase in sensitivity in the
W303 cup9 deletion strain indicates that PTR2 is dominating
the uptake under these conditions. Ptr2p has a much “higher
capacity” for peptide uptake than Dal5p, so upregulation of
PTR2 masks the downregulation of DAL5.

DISCUSSION

Ptr2p has been reported many times as the sole dipeptide
transporter in S. cerevisiae strains of the S288c background.
However, we have recently reported that Dal5p played an
important role in using many, but not all, dipeptides as the sole
nitrogen source at a high peptide concentration (2 mM) in the
W303 strain (19). Since Dal5p was characterized as an allan-
toate/ureidosuccinate permease (35, 41), we hypothesized that
the role played by Dal5p in utilization in W303 was that of a
dipeptide transporter that recognized not only allantoate/ure-
idosuccinate but also a subset of the 400 naturally occurring
dipeptides. In the present study, we further characterize Dal5p
as the route for dipeptide transport that predominates in wild-
type strain W303, whereas Ptr2p is the dominant di/tripeptide
transporter in S. cerevisiae 288c backgrounds (18). Further-

more, we found that the peptide transporters Ptr2p and Dal5p
are regulated differently.

Dal5p is an alternative route in transporting dipeptides.
Dal5p was important for transporting the toxic dipeptide Ala-
Eth and [14C]Gly-Leu in W303; deletion of DAL5 strongly
reduced both the sensitivity to toxic Ala-Eth and the ability to
accumulate radiolabeled dipeptide. Furthermore, plasmid-
based overexpression of DAL5 in the dal5 deletion mutant
background led to the recovery of sensitivity to Ala-Eth and
the accumulation of [14C]Gly-Leu (Fig. 1 and 2). In the W303
strain, Ptr2p was limited in activity since deletion of this gene
did not change the sensitivity to the toxic dipeptide Ala-Eth,
and the strain was still able to accumulate [14C]Gly-Leu at near
wild-type levels. These results suggest that Dal5p, not Ptr2p,
plays the major role in dipeptide transport in W303. These
observations agree with previous results that showed that ex-
pression of Ptr2p-green fluorescent protein was not observed
in W303 (19). Double deletion of PTR2 and DAL5 did not
completely abolish the sensitivity to Ala-Eth, suggesting there
might be an additional unknown protein involved in transport-
ing Ala-Eth into the W303 strain.

Both W303 and S288c strains have been commonly used in
genetic studies and have a close lineage relationship since
W303 was derived in part from crosses with S288c (19). An

FIG. 5. Effect of leucine on PTR2 and DAL5 transcription and toxic peptide response. (A) Real-time RT-PCR of PTR2 and DAL5 transcription
is shown as a ratio calculated by the fold change of the target gene (PTR2 or DAL5) in the wild-type strain (W303) with or without leucine addition
(30 �g/ml) divided by the fold change of ACT1 in the wild type with or without Leu. The ratio of the fold change in the wild type without Leu was
standardized to 100%. (B) Real-time RT-PCR of AGP1, BAP3, and GAP1 transcription in the wild-type strain (W303) with or without leucine
addition (30 �g/ml). The ratio of the fold change in the wild type without Leu was standardized to 100%. (C) Effect of leucine addition on the
response to Ala-Eth for wild-type W303 and the W303 strain with ptr2 deleted. Portions, 0.4 and 0.2 �mol, of Ala-Eth were added to the left and
right disks, respectively, in each plate.

1810 CAI ET AL. EUKARYOT. CELL

 on F
ebruary 27, 2021 by guest

http://ec.asm
.org/

D
ow

nloaded from
 

http://ec.asm.org/


S288c strain was the “standard” S. cerevisiae wild-type used for
genome sequencing. However, S288c and W303 strains showed
either Ptr2p-dependent or Dal5p-dependent dipeptide trans-
port, respectively. Ptr2p and Dal5p share 21% identity in
amino acid sequence. The highly conserved regions in the PTR
family such as the consensus sequences in TM1, TM5, and
TM10 of Ptr2p (18) were not identified in Dal5p. Given the
close pedigrees of these two strains, it remains unsolved how or
why these strains developed two dipeptide utilization path-
ways.

Substrates of Dal5p transporter. By testing 284 of 400 pos-
sible naturally occurring dipeptides, the W303 ptr2	 mutant
showed similar growth patterns on a subset of non-N-end rule
dipeptides compared to the W303 strain (19). In addition,
overexpression of DAL5 increased non-N-end rule dipeptide
utilization, particularly for dipeptides with Ala, Ser, and Gly in
the N terminus. In the present study, we examined whether
Dal5p transported Gly-Leu, Ala-Eth, Ala-His, Met-Leu, Ser-

Leu, and Val-Ala as examples of non-N-end rule dipeptides
and Trp-Ala, Arg-Ala, Lys-Ala, His-Gly, Leu-Leu, and Leu-
Eth as examples of N-end rule dipeptide. W303, which uses
predominantly Dal5p for peptide transport, showed no sensi-
tivity to Leu-Eth, while Ptr2p transport-dependent S288c is
very sensitive to the same toxic peptide (20). Furthermore,
high concentrations of Trp-Ala, Arg-Ala, Lys-Ala, His-Gly,
and Leu-Leu (10-fold that of Gly-Leu) showed limited or no
competition for the accumulation of [14C]Gly-Leu in the W303
background compared to the non-N-end rule dipeptides (Fig.
5). These results extend our previous observation that Dal5p-
deficient strains were unable to utilize N-end rule dipeptides
(19) and indicate that the block is at the peptide transport
level.

Together with non-N-end rule dipeptides such as Gly-Leu or
Ala-Eth, allantoate and ureidosuccinate are substrates for
Dal5p (40, 41). The addition of allantoate and ureidosuccinate
decreased the sensitivity of W303 to Ala-Eth (Fig. 3) and
reduced the accumulation of [14C]Gly-Leu (Fig. 4). The Km

values for Dal5p transport of allantoate and ureidosuccinate
were determined to be 50 and 27 �M, respectively (40, 41). In
contrast, we measured the Km for Gly-Leu transport to be 7.5
mM. The affinity of Dal5p for Gly-Leu was more than 150
times lower than that for allantoate or ureidosuccinate. To-
gether, these data demonstrate that Dal5p strongly prefers
allantoate/ureidosuccinate as its substrates. Upon alignment of
allantoate, ureidosuccinate, and Gly-Leu, a common chemical
moiety is observed (Fig. 7). The conserved grouping includes
an amide proximal to a carboxylic acid and may be essential for
substrate recognition by Dal5p. For allantoate and ureidosuc-
cinate, the -NH2 group is directly connected to a common
chemical group; however, for dipeptides such as Gly-Leu, an
additional carbon is located between the conserved structure
and -NH2. The addition of the -CH2 group may reduce Gly-
Leu affinity for Dal5p. The larger chemical groups between the
conserved chemical moiety and the -NH2 in N-end rule sub-
strates apparently lowers the affinity as a Dal5p substrate (Ta-
ble 1). Alanine, glycine, and serine residues have been shown
to be particularly favorable to Dal5p-mediated growth (19) and
better competitors to inhibit the uptake of [14C]Gly-Leu (Ta-
ble 1). These amino acids contain a relatively small chemical
group next to the -NH2 group.

PTR2 regulation in the W303 and S288c backgrounds. In the
present study we showed that Cup9p repressed the expression
of PTR2 in W303, similar to the repression of PTR2 in the
S288c background as the deletion of CUP9 leads to overex-

FIG. 6. Effect of deletion of CUP9 on PTR2 and DAL5 transcrip-
tion and peptide toxicity. (A) Real-time RT-PCR of PTR2 and DAL5
transcription is shown as a ratio calculated by the fold change of the
target gene (PTR2 or DAL5) in the wild-type strain (W303) and W303
cup9 deletion strain divided by the fold change of ACT1. The ratio of
the fold change in the wild type was standardized to 100%. (B) Effect
of wild type (panels a and b) and cup9 deletion (panels c and d) on the
response to Ala-Eth (panels a and c) and Leu-Eth (panels b and d) is
shown. We added 0.4 and 0.2 �mol of Ala-Eth or 0.2 and 0.1 �mol of
Leu-Eth were added to the left and right disks in each plate, respec-
tively.

FIG. 7. Structure of Dal5p substrates. The common structure of
allantoate, ureidosuccinate, and dipeptide is circled.
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pression of PTR2 (1, 39). The cup9 deletion mutant showed a
considerable increase in sensitivity to both the non-N-end rule
dipeptide Ala-Eth and the N-end rule dipeptide Leu-Eth (Fig.
6B), indicating that PTR2 expression was upregulated in W303.
We have previously sequenced the promoter region of PTR2 in
the W303 strain and showed that the PTR2 promoter regions
of the W303 and S288c strains had almost identical sequences
(19). These results suggest that the difference in Ptr2p activity
between the W303 and S288c strains is likely upstream of
Cup9p in the signal transduction pathway for the regulation of
PTR2 expression. However, in contrast to the strong induction
of PTR2 by leucine in the S288c background (1) through the
Ssy1p-Ptr3p-Ssy5p (SPS) protein complex, leucine did not af-
fect PTR2 expression in W303. The PTR2 expression level
remained constant in both the presence and the absence of
leucine (Fig. 5A). The limited Ptr2p activity in W303 is possibly
due to the inability to induce the SPS pathway in W303. Our
results indicated that the expression of AGP1, BAP3, and
GAP1 showed less than a twofold change in response to
leucine induction in W303 as measured by RT-PCR (Fig. 5B).
However, AGP1 and BAP3 have been reported to be upregu-
lated, whereas GAP1 is downregulated by leucine induction via
the SPS signal pathway in the S288c strain and its derivative
strains such as FY2 (11, 22, 23). These results indicate that
there are strain-dependent differences in the regulation of
permease expression in response to leucine induction.

DAL5 regulation. The expression of DAL5 is regulated by
Cup9p, but this regulation is in the opposite direction to that
found for the expression of PTR2. The deletion of CUP9 down-
regulated the expression of DAL5 (Fig. 6A), whereas PTR2
expression was upregulated in the cup9 deletion strain. Either
Cup9p somehow acts as an inducer of DAL5 or Cup9p regu-
lates DAL5 expression indirectly via its regulation of another
regulatory protein.

DAL5 expression is also downregulated by the addition of
leucine in W303 (Fig. 5A), which is opposite to the PTR2
upregulation by leucine addition in the S288c background.
Downregulation of DAL5 expression by the addition of Leu in
an Ssy1p-dependent manner has also been observed in several
microarray analyses in the S288c backgrounds (11, 24). To
further define the role of Ssy1p on the regulation of DAL5
expression in the W303 background, we attempted to make a
knockout strain using kanamycin as a dominant selectable
marker (17). After repeated attempts we were not able to
isolate kanamycin-resistant strains with the disruption cassette
integrated into the SSY1 locus, suggesting that deletion of
SSY1 is lethal in this background (data not shown). Therefore,
the direct role of Ssy1p in regulation of expression of DAL5
expression is still unclear.

Other transcription factors are known to regulate DAL5
expression such as Gln3p, Ure2p, (9), and Tor1/2p (16). How
these proteins affected peptide transport in direct assays was
not investigated in the present study.

Preferences for dipeptide transporters in different strains.
As shown in the present study of peptide transport and indi-
cated previously when measuring peptides as sources for ni-
trogen (19), the activity of Dal5p for peptide utilization was
dominant in W303, with little apparent activity by Ptr2p. In
contrast, S288c strains showed low activity for Dal5p and high
activity for Ptr2p. The strains have adapted to selective pres-

sure influencing nutrient utilization from the extracellular en-
vironment resulting in preferences for one of the dipeptide
transporters. Variation in the relative strengths of the activities
contributing to dipeptide import appears to impact the range
of dipeptide substrates utilized by the cell. For example, Ptr2p
has a very broad range of dipeptide substrates, whereas the
optimal substrates for Dal5p are limited to a smaller subset of
naturally occurring dipeptides, mostly non-N-end rule dipep-
tides. While di/tripeptides can serve as a valuable source of
nutrients, evolutionary pressures opposing indiscriminate im-
port may reinforce mechanisms promoting utilization or ex-
pression of a specific transport system.
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