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The macrocyclic lactone FK506 exerts immunosuppressive effects on T lymphocytes by interfering with
signal transduction leading to T-cell activation and also inhibits the growth of eukaryotic microorganisms,
including Saccharomyces cerevisiae. We reported previously that an FK506-sensitive target in S. cerevisiae is
required for amino acid import and that overexpression of two new genes, TATI and TAT2 (formerly called
TAPI and TAP2), confers resistance to the drug. Here we report that TATI and TAT2 encode novel members
of the yeast amino acid permease family composed of integral membrane proteins that share 30 to 40% identity.
TAT1 is the tyrosine high-affinity transporter, which also mediates low-affinity or low-capacity uptake of
tryptophan. TAT2 is the tryptophan high-affinity transporter. FK506 does not reduce the levels of TATI and
TAT?2 transcripts, indicating that the inhibition of amino acid transport by the drug is posttranscriptional.

The immunosuppressive drugs FK506, cyclosporin A, and
rapamycin block the activation and proliferation of quiescent T
lymphocytes (39). The effects of FK506 and cyclosporin A are
mediated by a cis-trans-prolyl isomerase—drug complex that
specifically interacts with and inhibits components of the signal
transduction pathways leading to T-cell activation. The immu-
nosuppressants also inhibit the growth of Saccharomyces cer-
evisiae by binding to the yeast homologs of the prolyl-isomer-
ases (29). Cyclosporin A binds cyclophilin; rapamycin and
FK506 bind FKBP12. We previously demonstrated that for
FK506, yeast cells contain a second, FKBP12-independent
target which is involved in the uptake of amino acids (17, 18).
FK506 blocks the import of tryptophan, histidine, and leucine.
Thus, strains auxotrophic for these three amino acids are
sensitive to the drug, whereas prototrophy for one of these
amino acids or an excess of tryptophan or histidine added
exogenously to the growth medium is sufficient to overcome
toxicity. The drug presumably interferes with the amino acid
permeases mediating the uptake of these amino acids. Only 6
of the surmised ca. 20 amino acid transporters in S. cerevisiae
have been cloned and sequenced: the general amino acid
permease GAP1 (27), the arginine high-affinity permease
CANI1 (1, 24), the lysine high-affinity permease LYP1 (42), the
proline high-affinity permease PUT4 (44), the histidine high-
affinity permease HIP1 (43), and the GAP1 homolog of
unknown specificity YCCS5 (35). All appear to be derived from
a common molecular ancestor, as they all encode integral
membrane proteins that share 30 to 40% identity and contain
12 membrane-spanning regions. With the exception of GAP1,
which possesses broad specificity for all L amino acids and most
D isomers, the other transporters are highly specific for indi-
vidual amino acids or small groups of structurally related
amino acids. On the basis of biochemical and genetic data,
there is evidence that the entry of most amino acids is
mediated by a specific high-affinity system which can also
import other similar amino acids with low affinity or low
capacity (5, 26). Thus, uptake of an amino acid can occur by at
least three distinct routes: via the general amino acid permease
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GAPI, via a specific high-affinity permease, and via a low-
affinity permease. Little is known about the regulation of
amino acid uptake other than for import mediated by GAP1
and PUT4. These transporters belong to the uptake systems
that are subject to nitrogen source regulation and are thus
repressed during growth on a good nitrogen source such as
ammonium (6, 13, 26, 28, 31, 47). Inhibition by ammonium
ions involves at least two distinct control mechanisms: repres-
sion of transcription of the transporter genes mediated by the
URE?2 gene product (31, 47) and posttranscriptional inactiva-
tion of the transporters by the action of the nitrogen permease
inactivators NPI1 and NPI2 (13). In the absence of ammonium
ions, permease inactivation is counteracted by the putative
Ser-Thr kinase NPR1 (14, 45, 46). Regulation of the other,
“constitutive” amino acid permeases at the transcriptional
level has not been demonstrated; it has been described only as
feedback inhibition and transinhibition at the protein level (5).
Feedback inhibition explains the observation that high intra-
cellular levels of a transported amino acid prevent the further
uptake of this amino acid, perhaps by occupying the trans-
porter. In the case of transinhibition, the inhibiting molecules
are not transported by the inhibited uptake system and show
little or no structural similarity to the physiological substrate.

Here we describe the characterization of two new genes,
TATI and TAT2, overexpression of which confers resistance to
FK506 (17). We find that the TAT1 and TAT?2 proteins are
novel members of the yeast amino acid permease family and
that they mediate tyrosine and tryptophan high-affinity uptake,
respectively. TATI and TAT2 were formerly called TZAPI and
TAP2 (16, 17); the names were changed to avoid conflict with
a previous use of the TAP designation for a yeast gene (2).

MATERIALS AND METHODS

Strains, media, and plasmids. S. cerevisiae strains used in
this study are listed in Table 1. Media were as described
previously (40). Proline medium was made by using Bacto
Yeast Nitrogen Base (Difco) without amino acids and ammo-
nium sulfate (according to the Difco manual), adding glucose
to a final concentration of 3% and proline to a final concen-
tration of 1 mg/ml, and supplementing the medium with
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TABLE 1. Yeast strains used in this study

MoL. CELL. BIoL.

Strain Genotype
JK9-3da/a MATa/MATo trpl/trpl his4/his4 leu2/leu2 ura3/ura3 rmelfrmel HMLa/HMLa
JK9-3da MATo trpl his4 leu2 ura3 rmel HMLa
JK9-3da MATa trpl his4 leu2 ura3 rmel HMLa
MH339 JK9-3da/a TRP1/TRP1 HIS4/HIS4 LEU2/LEU2
MH338-2a JK9-3da TRP1 HIS4 LEU2
MH338-7b JK9-3da HIS4 LEU2
AS1 MH339 tat1::URA3/TAT1
AS1-3c MH338-2a tatl::URA3
AS2 MH339 tat2::URA3/TAT2
AS2-1c MH338-2a tat2::URA3
AS4 JK9-3da/a tat2::URA3/TAT2 trpl/TRP1 his4/HIS4 leu2/[LEU2
ASS JK9-3da/a tat2::URA3/TAT2 trpl/TRP1 HIS4/HIS4
AS6 JK9-3da/a tat2::URA3/TAT2 trp1/TRP1 HIS4/HIS4 LEU2/LEU2
AS10 a/a tatl::URA3/TATI tyr1/TYRI trp1/TRPI his4/HIS4 ade2/ADE?2 lys2/[LYS2 ura3/ura3
AS11-1a MH338-2a tat1::URA3 tat2::URA3
AS12 JK9-3da/a tatl::URA3/tat]::URA3 tat2::URA3/TAT2 trpl/TRP1 HIS4/HIS4 LEU2/LEU2
AS13 JK9-3da/a tatl::URA3/TATI tat2::URA3/TAT2 trpl/TRP1 HIS4/HIS4 LEU2/LEU2
AS14 JK9-3da/a tatl::URA3/tat]::URA3
AS20 a/a tatl::URA3/TATI tyrl/TYRI leu2/leu2 ura3fura3
AS26 a/a tat2::URA3/TAT2 argl/ARG]I trp3/TRP3 met1/METI ade5/ADES leul/LEUI mal/MAL gal2/GAL2 ura3fura3
TK167 a/a tatl::URA3/TATI sec18/SECIS trp1/TRPI leu2/LEU2 his4/HIS4 ura3fura3
TK201 JK9-3da/o gcn4::URA3/gcn4::URA3

tryptophan (20 wg/ml) and uracil (20 pg/ml). Plasmid pTAT1
is YCplac33 (Amp" CEN4 URA3) (10) carrying a 4.4-kb
genomic DNA insert containing the TATI gene (see Fig. 1A).
Plasmid pTAT?2 is YCplac33 carrying a 4.2-kb genomic DNA
insert containing the TAT2 gene (see Fig. 1A). Plasmids pASS
and pAS6 were constructed by cloning the 3.0-kb HindIII
fragment of TAT1 derived from pTAT1 and the 3.7-kb EcoRI
fragment of TAT2 derived from pTAT?2 into the high-copy-
number vector YEplac181 (Amp* 2um LEU2) (10). pGCN4 is
plasmid p238 (a gift from A. Hinnebusch) containing a GCN4
allele with the four upstream open reading frames inactivated
by point mutations in the ATG codons.

Genetic techniques. Yeast mating, sporulation, and tetrad
analysis were performed as described previously (15). Yeast
transformation was performed by the lithium acetate proce-
dure (23). Escherichia coli MH1 (araD lac galE galK hsr rpsL)
was used for propagation and isolation of plasmid DNA as
described previously (37).

DNA manipulations. Restriction enzyme digests and liga-
tions were done by standard methods (37). All enzymes and
buffers were obtained commercially (Boehringer GmbH).
DNA probes for Southern analysis were labeled by using the
random-prime labeling kit (Amersham International) as rec-
ommended by the manufacturer. Total yeast genomic DNA
was isolated as described previously (36), fractionated by gel
electrophoresis on an agarose gel in Tris-borate-EDTA, and
transferred to nylon membranes. Prehybridization and hybrid-
ization were performed as recommended by the manufacturer
(Amersham International). DNA was sequenced by the
dideoxy-chain termination method (38) with the T7 sequencing
system (Pharmacia). Overlapping deletions of the TAT2 gene
were obtained from plasmids pTAT2 and pAS2 (see below) by
the exonuclease III method with the Erase-a-Base system
(Promega). Custom-made oligonucleotides were used as prim-
ers for sequencing regions not accessible with deletions or
subclones.

RNA manipulations. DNA probes for Northern (RNA)
analysis were either labeled by using the direct nucleic acid-
labeling kit (Amersham International) or the random-primed
DNA-labeling kit (U.S. Biochemicals). Total RNA from expo-

nentially growing cells was isolated as described previously (9),
fractionated in morpholinepropanesulfonic acid (MOPS)-
formaldehyde, and transferred to nylon membranes. Prehy-
bridization and hybridization were performed under condi-
tions recommended by the manufacturer (Amersham
International) for enhanced chemiluminescence (ECL) detec-
tion or by the method of Sambrook et al. (37) for radioactive
detection.

Disruption of the TATI and TAT2 genes. The 3.0-kb EcoRI
fragment of TAT1 and the 3.7-kb EcoRI fragment of TAT2
were excised from the original TZAT1 and TAT?2 clones, respec-
tively, and subcloned into the EcoRI site of YCplac33, from
which the BamHI and Sall sites had previously been removed
(pAS1 and pAS2). This was followed by the insertion of the
BamHI fragment of the URA3 gene from pUC1318 (obtained
from M. Egerton and H. Riezman, Biozentrum, University of
Basel) into the unique BamHI site of TAT1 and TAT2 (see Fig.
1B). The resulting plasmids were linearized with EcoRI and
Bglll, and the disruption fragments were transformed directly
into the prototrophic strain MH339, selecting for URA™.
Disruptions were verified by Southern analysis. Diploid strains
that showed the expected hybridization pattern were desig-
nated AS1 (tatl::URA3/TATI) and AS2 (tat2::URA3/TAT2).

Disruption of GCN4. GCN4 was disrupted by transform-
ing the 3.7-kb BstEII-Miul fragment of plasmid pM214 (a
gift from A. Hinnebusch) into JK9-3da/a. The disruption
was verified by Southern analysis. A homozygous gcn4
diploid (TK201) was constructed by mating two haploid
gen4::URA3 segregants from the original, diploid, heterozy-
gous disruption strain.

Amino acid import studies. Yeast strains grown to logarith-
mic phase in YPD were harvested and assayed for the uptake
of *H-labeled amino acids as described previously (16, 17). The
radioactive amino acids were L-[S-H]tryptophan (29 Ci/
mmol), r-[2,5-*H]histidine (44 Ci/mmol), and L-[3,5-*H]ty-
rosine (56 Ci/mmol) (purchased from Amersham). A typical
reaction mixture contained 4.5 nCi in a volume of 5 ml.

Mapping the chromosomal site of TATI and TAT2. The
internal 3-kb HindIII fragment of plasmid pTAT1 and the
3.7-kb EcoRI fragment of plasmid pTAT2 were used as probes
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FIG. 1. Restriction maps of TATI and TAT2, functional assay of deletion constructs, and TAT disruptions. (A) Plasmids pTAT1, pTAT2, and
derivates containing the DNA indicated by a line were tested for ability to confer FK506 resistance when transformed into wild-type strain
JK9-3da/a. Plus (+) and minus (—) signs indicate ability and inability, respectively, to confer FK506 resistance. The open arrows indicate the
positions of the TAT open reading frames as determined by DNA sequence analysis. Restriction enzyme abbreviations: B, BamHI; E, EcoRI; H,
HindIlI; K, Kpnl; P, PstI; S, Smal; Sl, Sall. (B) TAT disruptions. In tatl::URA3 and tat2::URA3, a URA3 cassette was inserted as a BamHI fragment

into the BamHI site in the coding regions of TATI and TAT2.

for hybridization to yeast chromosomes separated by pulsed-
field gel electrophoresis and for hybridization to a set of
overlapping \ and cosmid clones representing ca. 99% of the S.
cerevisiae genome (a gift of L. Riles and M. Olson, Washington
University, St. Louis, Mo.). For meiotic mapping of TATI,
strains AS10 and TK167 were sporulated and dissected and the
segregation pattern of tatl::URA3, tyrl, and secl8 was ob-
served. For meiotic mapping of TAT2, strains AS4 and AS26
were sporulated and dissected, and the segregation pattern of
tat2::URA3, trpl, and argl was observed.

Nucleotide sequence accession numbers. The sequences of
TATI and TAT2 (Fig. 2) have been submitted to the EMBL
database under the accession numbers X79151 and X79150,
respectively.

RESULTS

Isolation and nucleotide sequence analysis of TAT! and
TAT2. We previously showed that FK506 impairs amino acid
import in the yeast S. cerevisiae and isolated two new genes,
TATI (tyrosine and tryptophan amino acid transporter) and
TAT?2 (tryptophan amino acid transporter), by screening sin-
gle-copy-number plasmid libraries for genes that confer resis-
tance to FK506 (17). Restriction maps of the DNA inserts of
the two isolated plasmids, pTAT1 and pTAT2, are displayed in
Fig. 1A. The position of the TAT genes within the cloned DNA
insert of pTAT1 and pTAT2 was determined by deletion
analysis. Subclones of pTAT1 and pTAT2 were constructed
and tested for their ability to confer FK506 resistance. TAT!
was assigned to a BamHI-HindIII fragment of pTAT1 (pAK1-
1); TAT2 was placed within a large EcoRI-PstI fragment of
PTAT2. The sequences obtained from the subclones and from
exonuclease III deletions revealed a single open reading frame
of 1,856 bp for TATI encoding a protein of 619 amino acids
with a calculated molecular mass of 68.8 kDa and a single open
reading frame of 1,776 bp encoding a protein of 592 amino
acids (65.4 kDa) for TAT2 (Fig. 2).

Northern analysis with the EcoRI fragments of TAT! and
TAT2 as probes revealed mRNAs of the expected size. For
both genes, a single mRNA of approximately 2 kb was over-

expressed in strains containing the relevant 74T gene on a
multicopy vector and was missing in strains disrupted at the
corresponding TAT locus (data not shown).

The TAT1 and TAT? proteins deduced from the nucleotide
sequences show 39.7% identity, and 51 and 52% of the amino
acids, respectively, are hydrophobic residues. The hydropathy
profiles of TAT1 and TAT2 suggest that there are 12 mem-
brane-spanning regions. TAT1 and TAT2 thus show charac-
teristics typical of transmembrane transport proteins, although
they do not contain an obvious cleavable N-terminal signal
sequence. Searches of databases by using the FASTA program
(8) revealed that the polypeptides deduced from the nucle-
otide sequences have 30 to 50% identity to the known yeast
amino acid permeases GAP1, CAN1, LYP1, HIP1, PUT4, and
YCC5 (a GAP1 homolog found by sequencing the yeast
chromosome III) (35). Alignments obtained with the BEST-
FIT and PILEUP programs (8) revealed 49 identical amino
acids, including 8 prolines and most of the tryptophan and
glutamate residues. Almost 200 amino acids are conservatively
replaced. All seven transport proteins exhibit 12 transmem-
brane domains, and, except for the N- and C-terminal regions,
the Kyte-Doolittle patterns are practically superimposable. An
alignment of the amino acid sequences of TAT1, TAT2,
GAP1, CANI1, LYP1, PUT4, HIP1, and YCCS is displayed in
Fig. 3.

The sequences of the TATI and TAT2 genes and the
homology in the deduced amino acid sequence and protein
structure to the other cloned amino acid permeases in S.
cerevisiae strongly suggested that both TAT1 and TAT2 are
amino acid permeases.

Analysis of the upstream region of the TAT2 gene reveals at
least three sequence motifs, at positions —80 (TGACTG), —85
(TGACTT), and —142 (TCACTC), that resemble the consen-
sus sequence required for GCN4 binding (TGACTC). GCN4
is a transcription factor that is responsible for the activation of
a set of >30 genes required for amino acid or purine biosyn-
thesis in response to amino acid or purine starvation (3, 19-22,
25, 35, 42). The coregulation of enzymes in different biosyn-
thetic pathways is commonly referred to as the general control.
Genes that are under this general control system have been

1senb Aq 8T0Z ‘6T AInC uo /610 wse gowy/:dny woll papeojumoq


http://mcb.asm.org/

6600 SCHMIDT ET AL.

A -148  GTGGC TTTCGTCTTTTCTCTGACCGTAAAAAARRAGCAGACCATARAATAGTCTGAAATTAATACATAGAACCAAGCTGTATTATAAGGTGCCTT  ~49
45 hACCACCOTAS ; A TAAAAAGGECOTANARATS : TGCCAANGAL SCACAATATT 51
-15 : MDD SVSEIAKREASPEAQYS 18
52 CGCACAGTTTG AAGAA A G A AAAA 151
18 HsLH!RTHSBKQKRDFTIT!KQDEVSGQTA!PR 51
152 A A T G A é c 251
52R'rnsxsILoRchSF!DSERRQLPPDRNSBLEs 85
252 CAAGAAAAARACA o . . . oo o 3
BSQEKNNLTKSIKSRHLVHISLGTGIGTGLLVGHGQ119
22 - . . . - . . . .
8 VL6 TAGCEPAGLVLGYGIASINLYCIIQAANGELGL 15
452 CTGT TAACCGGCAATTACACC CCTIC T TCGTTGGGTTTTGCAGTTTCTGT ACCATTCAATGG 551
l52CYAGLTGNYTRYPSILVDPSLG!‘AVSVVYTIQII 185
552 A ¢ G A TCGTTTTTG 651
1ssx.'rvx.pquvrnanrvnxursvnaoxsvavvrvrvzu
652 TAATTAT A CATTTTCAATTC A TG6C 751
216 11 INTLTFOGSRGTYAEARNETFETITFRNSCEKTITLMYVYTIGETVITLA 251
752 GATTA G ¢ A A c c A A 851
252IIINCGGAGDRR!!GA!!IHNPGP!AEGFKGVC 285
852 ACGGTTTTCTGT A G AAGTTCTACTTCTATCTGCCGC AAAACCCAACAAAATCTATTCCCAATGCCT 951
285TVFC‘IAAI'SYGGXBVL!.LSAA!Q!NP‘IKS!PNAC319
952 GCARAAA G T TTTCT TGT A T TAG 1051
318 KI(VVYR!LLIYMLTTILVC!LVP!NSD!LLGSS 351
1052 7 T G A A 2 A TATTTTGATTTCT 1151
352DssGsHAsPrVIAVAs!GVKVVPH!'INAVILIS 385
1152 GTCATTTCTGT AACTCTTCGTTATATT A G T TGATA 1251
W VIsVANSSLYSCEPRLLLSLAEQGQGYLEKCLAYVDR 418
1252 G TTGTTTCCCTTGTC A G T 1351
418 NGRPLLC!'!‘VSLV!'GCIG!‘VA'ESDA!BQVFTIL 51
1352 A TTCTAGTCTTIC T T A G CAAAGCA 1451
452LArssl.sq:.r:uususzsarnrnnnuaxocnsn 485
1452 AACGA g A ¢ A 6 TCTTCC ¢ G TCG 1551
AGSNBVGYKAQTGYHGS"LAVLIAIIELVCQFHVAIA518
1852 R . . . . . . R . 1651
518 pvuzscxtuvxvrrouy:.anw:vnrnyrcnxzv 551
1652 CTTCAAATCAT TTGGAT CGAAAAAATTG ¢ T T ¢ T 1751
552FKSWSFIIPABKIDLDSHRNIFVSPSLTBKDRV 585
1752 ¢ A A AR ¢ AARTC T G T TICT 1851
sasnnuonz.x:x!:ns:ssnurnssnsnxrrxnururusu
1852  GGTGCTAACAGCAATTCCATTCATTTTCCGETIGGCT: CGT T ca AATTGTTTTTTAGCATTAAT 1951
618 c 651
1952 GCAAGTCGAGAAAGGACAAATCTGCATAATTAAATTAAATTTT G GTTTTATTTCT CTTTCA 2037

B -204 CTAT AATATTTGAGATT ATTC G A CATATTTGTTTGTA GAGCATTGCGATCTARATAG  -105

104 T 7 TGACTT A c 7 A ¢ GCAA CAACACACTC -5
-4 TTATTTCT c A T A T AMATCCAAGCAA 95
-1 MTEDFISSsVKRSNEELKERKSNFGFUVEYKSKQ 32
96 TTAA ¢ T A CAACCAACACG A GATTCTTTCA 195
33LrssssHNsussnubnnuoucxnuItoncvnsrxss
196 T G AAA A GATTGCCATTG T 295
6 SPLDGSFDTSNLKRTLKPRHLIHIAIGGSIG‘!‘G 99
296 TTTGT G AGGCA ¢ T G : TCAT 395
99LPVGSGKAIA!GGPLGVVIGHAIAGSQIIGTIH 132
396 GGGC AR GCGGTTTCCCGTTC CCTTTGCCAATT A ATCCAAGTATAAGTTTTGTTGTTTCGACCA 495
133 ¢ 1L G E 1TV RFPVYVGAFEFANTYGTRTFETLTDTPESTISEFTVVSTI 16
496 TATACGTGCTA TTTTGTATTACCCT ¢ G T CTGGA A TTGGGT 595
166 LQHI‘!‘VLPLBIIAAAHTVQYHNSSIDPVIHV 199
596 TATTGTT A G A A 695
199A:srszvsxunrcvncrcznzrnrsrxxAxrv 232
o5 3 . . X . . . 7o
233cc1‘IILCVVLICGGGPD!lrIGAxleDPGcLAN256
796 ATGGGT G TCTGTTCTTGTTGTTGCTICS G A G A AAGG 895
266 6 FPGCVLSVLUVVASYSLGGIEMTCLASGETDEFKG 29
896 A & T T G CTGGT AAACCAAAAC 995
299LPSAIKQVFIRILP!‘FLISLTLVGFLVPXTNQN 332
s § . o . . X . 1095
3§3LLGGSSVDNSEFVIA!KLHHIKALPSXVNAVILI366
1096 Tc G A T 1195
366 svz.svcnsc:sAssancsuAnocnzpwurcyx 399
1196 CGACCGTGCTG T T A A AGTTTTCAAT 1295
¥ DRAGRPLVGIMNANSLFGLLAFLYEKSGSHMSEUVFN 432
1296 ¢ T G ¢ c T s CAAGGGAAGT 1395
433ux.naxacz.;\rcwinsxunsnxnrnz.anxnncxsqss
1396 A TTTCT T 3 T T T A TTCTATTGTTC 1495
46 LD ELEFVSAVGIWGSAYSALINCLILIAQEFTYGCS 49
1496 ACTI A G & GCTAA. T T G TTATAT 1595
499LHPtGGNTSGKERAKIP!QN!LCALIHL!‘I!!V 532
1596 CACAAAATTTAT TCAAACAGGCAA ¢ A A G AR 1695
533 H K I Y Y K C Q T G K W W G V KA LKDTIDTULETU DA RIKDTIDTITETI 566
1696 T AGAA T T T G T T GAAACAAGTT 1795
66 VKQEIAEKKHN?YLDSREWYVRGEEHTEUWGC 599
1796 CAATTTATTTT TTTTTTTTTCTCT T T T CATAA T A 1895
1896 AARAA ACATTTTGAAA CATT G G ¢ T A GACATTAATT 1995
1996 CT ACAAA CTTCTCTCGGT TGGT G AATT TACGAAATCTT 2081
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FIG. 2. (A) Nucleotide sequence of TATI and deduced amino acid sequence. (B) Nucleotide sequence of TAT2 and deduced amino acid
sequence. Complete nucleotide sequences of the TATI and TAT2 open reading frames and adjacent 5’ and 3’ sequences are shown. The deduced
amino acid sequences are denoted by the one-letter code.
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1 50
TAT1 .MDDSVSFIA KEASPAQYSH SLHERTHSEK QKRDFTITEK QDEVSGQTAE
TAT2 ..ee......M TEDFISSVKR SN.EELKERK SNFGFVEYKS KQLTSSSSHN
eececsseas ooessMINSK ...EDADIEE KHMYNEPVIT
.MSNTSSYEK NNPDNLKH.. NGITIDSEFL ..TQEPITIP
HIP1 MPRNPLKKEY WADVVDGFKP ATSPAFENEK ESTTFVTELT SKTDSAFPLS
LYP1 ...cceceee ceeeeee.MG RFSNIITSNK WDEKQONNIGE QSMQELPEDQ
eeeccasacs eseseesesMV NILPFHKNNR HSAGVVICAD DVSGDGSGGD
YCCS .MSSSKSLYE LKDLK...NS STEIHATGQD NEIEYFETGS NDRPSSQPHL

51 100
TAT1 PRRTDSKSIL QRKCKEFFDS FKRQLPPDRN SELESQEKNN LT. .
TAT2 SNSSHHDDDN QHGKRNIFQR CVDSFKSPLD GSFDT.ceee cecceccces
CAN1 LFHDVEASQT HHRRGSIPLK DE........ ...KSKELYP LRSFPTRVNG
GAP1 SNGS.AVSID ETGSGSKWQD FKDSFKRVKP IEVDPNLSEA EKVAIITA..
HIP1 SKDS.P.GIN QTTNDITS.. .SDRFRRNED TEQED..... «cc...IN..
LYP1 IEHEMEAIDP SNKTTPYSID EKQYNTKKKH GSLQGGAIAD VNSITNSLTR
PUT4 TKKEENVVQV TESPSSGS.R NNHRSDNEKD DAIRMEKISK NQSASSNGTI
YCCS GYEQHNTSAV RR....FFDS FKRA.DQGPQ DEVEATQMND LTSAISPSSR

101 . ok * ﬁﬁit!lso
TAPL .eeeeenns ve+s.KSIK SRHLVMISLG TGIGTGLLVG
TAT2 eeuerenne - .. ..SNLKRTLK PRHLIMIAIG GSIGTGLFVG
CAN1 EDTFSMEDGI G.DED.EGEV QNAEVKRELK QRHIGMIALG GTIGTGLFIG
GAPl ..c.ceeese secesssss. -QTPLKHHLK NRHLQMIAIG GAIGTGLLVG
HIPl u.cuveeeee veeeeees.. .NTNLSKDLS VRHLLTLAVG GAIGTGLYVN
LYP1 LQVVSHEPDI DEDEE.EAHY EDKHVKRALK QRHIGMIALG GTIGTGLFVG
PUT4 REDLIMDVDL EKSPSVDGDS EPHKLKQGLQ SRHVQLIALG GAIGTGLLVG
YCCS5 QAQELEKNES SDNIGANTGH KSDSLKKTIQ PRHVLMIALG TGIGTGLLVG

151 ** " 200
TAT1 NGQVLGTAGP AGLVLGYGIA SIMLYCIIQA AGELGLCYAG ....LTGNYT
TAT2 SGKAIAEGGP LGVVIGWAIA GSQIIGTIHG LGEITVRFP. ....VVGAFA
CAN1 LSTPLTNAGP VGALISYLFM GSLAYSVTQS LGEMATFIBV .....TSSFT
GAP1 SGTALRTGGP .SLLIGWGST GTMIYAMVMA LGELAVIFP.
HIP1 TGAALSTGGP ASLVIDWVII STCLFTVINS LGELSAAFP.
LYP1 ISTPLSNAGP VGSLIAYIFM GTIVYFVTQS LGEMATFIPV .....TSSIT
PUT4 TSSTLHTCGP AGLFISYIII SAVIYPIMCA LGEMVCFLPG DGSDSAGSTA
YCCS NGTALVHAGP AGLLIGYAIM GSILYCIIOA CGEMALVYSN ....LTGGYN

201 * 250
TAT1 RYPSILVDPS LGFAVSVVYT IQWLTVLPLQ LVTAAMTVKY W.T.SVNADI
TAT2 NYGTRFLDPS ISFVVSTIYV LQWFFVLPLE IIAAAMTVQY WN.SSIDPVI
CAN1 VFSQRFLSPA FGAANGYMYW FSWAITFALE LSVVGQVIQF W.TYKVPLAA
GAP1 TYATRFIDES FGYANNFNYM LQWLVVLPLE IVAASITVNF WGTDPKYRDG
HIP1 VYSMRFIEPS FAFAVNLNYL AQWLVLLPLE LVAASITIKY WN.DKINSDA
LYP1 VFSKRFLSPA FGVSNGYMYW FNWAITYAVE VSVIGQVIEY W.TDKVPLAA
PUT4 NLVTRYVDPS LGFATGWNYF YCYVILVAAE CTAASGVVEY W.TTAVPKGV
YCCS AYPVSLWMMY FGFAVAWVYC LOWLCVCPLE LVTASMTIKY WTT.SVNPDY

251 * * kK * * 3*0
TAT1 FVAVVFVFVI IINLFGSRGY AEAEFIFNSC KILMVIGFVI LAIIINCGGA
TAT2 WVAIFYAVIV SINLFGVRGF GEAEFAFSTI KAITVCGFII LCVVLICGGG
CAN1 WISIFWVIIT IMNLFPVKYY GEFEFWVASI KVLAIIGFLI YCFCMV.CGA
GAP1 FVALFWLAIV IINMFGVKGY GEAEFVFSFI KVITVVGFII LGIILNCGGG
HIP1 WVAIFYATIA LANMLDVKSF GETEFVLSMI KILSIIGFTI LGIVLSCGGG
LYP1 WIAIFWVIIT LMNFFPVKVY GEFEFWVASV KVLAIMGYLI YALIIV.CGG
PUT4 WITIFLCVVV ILNFSAVKVY GESEFWFASI KILCIVGLII LSFILFWGGG
YCCS EVIIFXVLVI TINIFGARGY AEAEFFFNCC KIIMMIGEFI LGIIIDVGGA

301 * * * ik * '5*
TAT1 GDRRYIGAEY WHNPGPFA.. FKGVCTVFCY AAFSY.GGIE
TAT2 PDHEFIGAKY WHDPGCLA.. FPGVLSVLVV ASYSL.GGIE
CAN1 GVTGPVGFRY WRNPGAWGPG IISKDKNEGR FLGWVSSLIN AAFTF.QGTE
GAP1 PTGGYIGGKY WHDPGAFA.. ...GDTPGAK FKGVCSVFVT AAFSF.AGSE
HIP1 PHGGYIGGKY WHDPGAFV.. ...GHSSGTQ FKGLCSVFVT AAFSY.SGIE
LYP1l SHQGPIGFRY WRNPGAWGPG IISSDKSEGR FLGWVSSLIN AAFTY.QGTE
PUT4 PNHDRLGFRY WQHPGAFAHH LTGG..SLGN FTDIYTGIIK GAFAFILGPE
YCCS5 GNDGFIGGKY WHDPGAFN.. ...GKHAIDR FKGVVATLVT AAFAF,GGSE
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351 waw 400
TAT1 VLLLSAAEQE NPTKSIPNAC KKVVYRILLI YMLTTILVCF LVPYNSDELL
TAT2 MTCLASGET. .DPKGLPSAI KQVFWRILFF FLISLTLVGF LVPYTNQNLL
CAN1 LVGITAGEAA NPRKSVPRAI KKVVFRILTF YIGSLLFIGL LVPYNDPK..
GAP1 LVGLAASESV EPRKSVPKAA KQVFWRITLF YILSLLMVGL LVPYNDKSLI
HIP1 MTAVSAAESK NPRETIPKAA KRTFWLITAS YVTILTLIGC LVPSNDPRLL
LYP1 LVGITAGEAA NPRKTVPRAI NKVVFRIVLF YIMSLFFIGL LVPYNDSR..
PUT4 LVCMTSAECA DQRRNIAKAS RRFVWRLIFF YVLGTLAISV IVPYNDPTLV
YCCS FIAITTAEQS NPRKAIPGAA KQMIYRILFL FLATIILLGF LVPYNSDQLL

401 *h * * * * * 450
TAT1 G..SSDSSGS HASPFVIAVA SHGVKVVPHF INAVILISVI SVANSSLYSG
TAT2 ...GGSSVD. .NSPFVIAIK LHHIKALPSI VNAVILISVL SVGNSCIFAS
CAN1 ..LTQSTSYV STSPFIIAIE NSGTKVLPHI FNAVILTTII SAANSNIYVG
GAP1 ...GASSVDA AASPFVIAIK THGIKGLPSV VNVVILIAVL SVGNSAIYAC
HIP1 N..GSSSVDA ASSPLVIAIE NGGIKGLPSL MNAIILIAVV SVANSAVYAC
LYP1 ..LSASSAVI ASSPFVISIQ NAGTYALPDI FNAVVLITVV SAANSNVYVG
PUT4 NALAQGKPGA GSSPFVIGIQ NAGIKVLPHI INGCILTSAW SAANAFMFAS
YCC5 G..STG.GGT KASPYVIAVA SHGVRVVPHE INAVILLSVL SMANSSFYSS

451 * > o* 500
TAT1 PRLLLSLAEQ GVLPKCLAYV DRNGRPLLCF FVSLVFGCIG FVATSDAEEQ
TAT2 SRTLCSMAHQ GLIPWWFGYI DRAGRPLVGI MANSLFGLLA FLVKSGSMSE
CAN1 SRILFGLSKN KLAPKFLSRT TKGGVPYIAV FVTAAFGALA YMETSTGGDK
GAP1 SRTMVALAEQ RFLPEIFSYV DRKGRPLVGI AVTSAFGLIA FVAASKKEGE
HIP1 SRCMVAMAHI GNLPKFLNRV DKRGRPMNAI LLTLFFGLLS FVAASDKQAE
LYP1 SRVLYSLART GNAPKQFGYV TRQGVPYLGV VCTAALGLLA FLVVNNNANT
PUT4 TRSLLTMAQT GQAPKCLGRI NKWGVPYVAV GVSFLCSCLA YLNVSSSTAD
YCCS ARLFLTLSEQ GYAPKVFSYI DRAGRPLIAM GVSALFAVIA FCAASPKEEQ

S*x1% * *h * 550
TAT1 VFTWLLAISS LSQLFIWMSM SLSHIRFRDA MAKQGRSMNE VGYKAQTGYW
TAT2 VFNWLMAIAG LATCIVWLSI NLSHIRFRLA MKAQGKSLDE LEFVSAVGIW
CAN1 VFEWLLNITG VAGFFAWLFI SISHIRFMQA LKYRGISRDE LPFKAKLMPG
GAP1 VFNWLLALSG LSSLFTWGGI CICHIRFRKA LAAQGRGLDE LSFKSPIGVW
HIPl VFTWLSALSG LSTIFCWMAI NLSHIRFRQA MKVQERSLDE LPFISQTGVK
LYP1 AFNWLINIST LAGLCAWLFI SLAHIRFMQA LKHRGISRDD LPFKAKLMPY
PUT4 VFNWFSNIST ISGFLGWMCG CIAYLRFRKA IFYNGLY.DR LPFKTWGQPY
YCCS  VFTWLLALSG LSOLETWTAL CLSHLRFRRA MKVQGRSLGE LGFKSQIGVA

551 * 600
TAT1 GSWLAVLIAI FFLVCQFWVA IAPVNE..HG KLNVKVFFQON YLAMPIVLFA
TAT2 GSAYSALINC LILIAQFYCS LWPIGGWTSG KERAKIFFQN YLCALIMLFI
CAN1 LAYYAATFMT IIIIIQGFTA FAP......K F.NGVSFAAA YISVFLFLAV
GAP1 GSYWGLFMVI IMFIAQFYVA LFPVGDS.PS ...AEGFFEA YLSFPLVMVM
HIP1 GSWYGFIVLF LVLIASFWTS LFPLGGSGAS ...AESFFEG YLSFPILIVC
LYP1 GAYYAAFFVT VIIFIQGFQA FCP....... F.KVSEFFTS YISLILLAVM
PUT4 TVWFSLIVIG IITITNGYAI FIP.. K YWRVADFIAA YITLPIFLVL
YCCS GSAYACIMMI LILIAQFWVA IAPIGE...G KLDAQA

601 * 650
TAT1 YFGHKIYF.. ..KSWSFWIP AEKIDLDSHR NIFVSPSLTE IDKVDDNDDL
TAT2 FIVHKIYYKC QTGKWWGVKA LKDIDLETDR KDI....... .....DIEIV
CAN1 WILFQCIFRC ...R..FIWK IGDVDIDSDR RDIEAIVWED HE....PKTF
GAP1 YIGHKIY... .KRNWKLFIP AEKMDIDTGR REV....... .....DLDLL
HIP1 YVGHKLY... .TRNWTLMVK LEDMDLDTGR KQV....... .....DLTLR
LYP1 FIGCQIYYKC ...R..FIWK LEDIDIDSDR REIEAIIWED DE....PKNL
PUT4 WFGHKLYTRT ...WRQWWLP VSEIDVTTGL VEIEEKSREI EEMRLPPTGF
YCC5 YVGYKVWH.. ..KDWKLFIR ADKIDLDSHR QIF....... «....DEELI

651 679
TAT1 KEYENSESSE NPNSSRSRKF FKRMTNFWC
TAT2 KQ....EIAE KKMYLDSRPW YVRQFHFWC
CAN1 WDKFWNVVA. .ccececeos ceacaanas
GAP1 KQ....EIAE EKAIMATKPR WYRIWNFWC
HIP1 RE....EMRI ERETLAKRSF VTRFLHFWC
LYP1 WEKFWAAVA. ....ccceee cecenanee
PUT4 KDKFLDALL. cceveescoce oacecense
YCCS5 KQ....EDEE YRERLRNGPY WKRVVAFWC

FIG. 3. TAT1 and TAT2 are homologous to known yeast amino acid permeases. The predicted amino acid sequences of TAT1, TAT2, GAP1,
CAN1, LYP1, HIP1, PUT4, and YCCS were aligned by using the PILEUP program (9). Identical amino acids are indicated by asterisks. The 12

membrane-spanning regions are underlined.

shown to possess at least one hexanucleotide sequence
(TGACTC) in their 5’ upstream region which is recognized by
the GCN4 protein. Potential GCN4-binding sites can also be
found in the HIPI and YCCS5 promoter regions (35, 41, 43) but
not in the TATI, CANI, and LYPI promoter regions (1, 42).
Thus, the transcription of at least some constitutive amino acid
permease genes might be under general control. In a model in
which TAT2 transcription is regulated by GCN4, not only
overexpression of TAT2 but also overexpression of GCN4
should confer resistance to FK506 by increasing TAT2 levels.
However, cells constitutively expressing GCN4 are still FK506
sensitive (Fig. 4). Furthermore, disruption of GCN4 does not
result in FK506 hypersensitivity but, surprisingly, confers re-
sistance to the immunosuppressant (Fig. 4). Finally, we found
by Northern analysis that a GCN4 disruption does not alter the
expression of TAT2 (data not shown). Thus, the TAT2 gene is
not under general control but is constitutively expressed.

Genetic mapping of TATI and TAT2. By physical methods
(see Materials and Methods), TAT1 and TAT2 were assigned
to the right arm of chromosome II and the left arm of
chromosome XV, respectively. A more precise map position of
TATI was determined by crossing strain AS1-3c (tatl::URA3)
to lys2 and secI8 strains. On the basis of parental ditype/
nonparental ditype/tetratype (PD/NPD/T) ratios of 87:0:36
(TATI X lys2) and 28:0:5 (TAT1 X secl8), TATI was posi-
tioned 14.6 centimorgans (cM) centromere-proximal to lys2
and 7.6 cM from secl8.

A more precise map position of TAT2 was determined by
crossing strain AS2-1c (tat2::URA3) to trpl and argl strains. On
the basis of PD/NPD/T ratios of 30:14:26 (TAT2 X trpl) and
34:1:31 (TAT2 X argl), TAT2 was placed 21.1 cM from
centromere XV and 28.4 cM from argl.

TAT2 is a tryptophan transporter. To determine whether
TAT?2 is essential for growth and to identify the amino acid(s)
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gcn4::URA3

YPD YPD + FK506
FIG. 4. Wild-type (WT) (JK9-3da/a), WT + pGCN4 (JK9-3da/o
transformed with a high-copy-number plasmid containing GCN4), and
gen4::URA3 (TK201, JK9-3da/a containing a homozygous disruption
of GCN4) strains were streaked on YPD medium with and without 50
wg of FK506 per ml. Cells overexpressing GCN4 are FK506 sensitive,
whereas cells disrupted in GCN4 are drug resistant. Resistance or
sensitivity to FK506 was investigated on YPD medium because JK9-

3da/a (WT) is resistant on minimal (SD) medium (18).

it might transport, we disrupted the genomic copy of the TAT2
gene. The URA3 gene was inserted into the unique BamHI site
within the TAT2 gene (see Materials and Methods) (Fig. 1B).
The successful disruption of the TAT2 locus in the diploid
amino acid prototroph MH339 was verified by Southern
analysis (data not shown). The resulting strain heterozygous
for the TAT?2 disruption, AS2, was sporulated and dissected on
YPD. All tetrads yielded four viable spores with the URA3
disruption marker segregating 2:2. It was concluded that TAT2
is not essential for the growth of prototrophic yeast cells. The
haploid strain AS2-1c (tat2::URA3) was crossed to the auxo-
trophic strain JK9-3da (trp! his4 leu2 ura3). Dissection of the
resulting diploid strain AS4 (tat2::URA3/TAT2 trpl/TRPI his4/
HIS4 leu2/LEU2 ura3/ura3) revealed that the disruption of the
TAT2 gene conferred a growth defect when combined with
trpl. Of 51 dissected tetrads, only 18 yielded four visible
colonies, whereas three spores were recovered from 18 tetrads
and two spores were recovered from the remaining 15 tetrads
after 2 days of incubation at 30°C (Fig. SA). None of these
segregants were tat2:URA3 trpl, whereas almost all of the
nongrowing spores were inferred to have this genotype. Inter-
estingly, the tar2::URA3 trpl segregants were not dead but
showed a slow-growth phenotype, since they were visible as
colonies after 4 days of incubation (Fig. SA). This suggested
that TAT2 encodes a tryptophan high-affinity transporter and
also that a second, low-affinity or low-capacity transporter for
tryptophan exists. To test this, we dissected strain AS6
(tat2::URA3/TAT2 trpl/TRP1) on medium containing a 50-fold
excess of tryptophan. Indeed, after 3 days of incubation, all
four spores were growing normally, confirming the presence of
a second tryptophan transporter (Fig. S5A). Furthermore, dis-
section of strain AS6 on medium containing proline as the sole
nitrogen source, such that the general amino acid permease
GAP1 is derepressed, also yielded four almost equally growing
spore colonies (Fig. 5A). This suggested that tryptophan
import can also occur via GAP1 and that the activation of this
transport system is sufficient to overcome the slow-growth
phenotype of tat2::URA3 trpl cells.

To obtain biochemical evidence that TAT?2 is the tryptophan
high-affinity permease, we performed amino acid import stud-
ies measuring the uptake of radiolabeled tryptophan, tyrosine,
and histidine into strains AS2-1c (TATI! tat2::URA3) and
MH?338-2a (TAT1 TAT2). Figure 6 shows that the import of

MoL. CELL. BIoL.

A tat2:URA3 trp1 YPD, 2 days
YPD, 4 days
50 x trp
proline

B tat1:URA3 tyr1 YPD

C tat1:URA3 tat2::URA3 trp1

YPD, 4 days m

FIG. 5. (A) Growth of tar2::URA3 trpl segregants. Spores of strain
AS4 (JK9-3da/o tat2::URA3/TAT2 trpl/TRPI his4/HIS4 leu2/LEU2)
were germinated on YPD for 2 or 4 days. tat2::URA3 trpl spores show
a slow-growth phenotype. Spores of strain AS6 (JK9-3da/a tat2::
URA3/TAT2 trp1/TRP1 HIS4/HIS4 LEU2/LEU2) were germinated on
YPD medium containing a 50-fold excess of tryptophan (1 mg/ml of
YPD) and on medium containing proline as the sole nitrogen source
(see Materials and Methods). Under these conditions, the slow-growth
phenotype of tar2::URA3 trpl cells is suppressed. (B) Growth of tat!::
URA3 tyr] segregants. Spores of strain AS10 (a/a tatl::URA3/TATI
tyr/TYRI trp1/TRPI his4/HIS4 ade2/ADE?2 lys2/LYS2 ura3/ura3) were
germinated on YPD. tatl::URA3 tyrl cells are inviable. (C) Growth of
tat]::URA3 tat2::URA3 trpl segregants. Spores of strain AS12 (JK9-
3da/a tat]l::URA3/tat]::=URA3 tat2::URA3/TAT2 trpl/TRP1 HIS4/HIS4
LEU2/LEU2) were germinated on YPD for 4 days. tatl::URA3 tat2:
URA3 trpl cells are inviable. In all cases, the four spores of a tetrad are
aligned vertically.

tryptophan is severely decreased when TAT2 is disrupted.
Import of the other amino acids, tyrosine and histidine, was not
affected upon disruption of 7472, indicating that the observed
effect is specific for tryptophan. Thus, according to the above
genetic and biochemical evidence, TAT2 is a tryptophan
high-affinity transporter.

TAT1 is a tyrosine transporter. The TAT1 gene was dis-
rupted by insertion of the URA3 marker into the unique
BamHI site within the TAT1 gene (see Materials and Meth-
ods) (Fig. 1B). The disrupted gene was excised and was
transformed into the diploid strain MH339. Disruption of the
TATI gene was confirmed by Southern analysis (data not
shown). Strain AS1 (tatl::URA3/TATI) was sporulated and
dissected on YPD. All tetrads yielded four viable spores with
the URA3 marker segregating 2:2. The haploid strain AS1-3c
(tat1::URA3) was crossed to cells auxotrophic for various
amino acids, and the resulting diploid strains were dissected on
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FIG. 6. The import rates of radiolabeled tryptophan, tyrosine, and histidine into strains MH338-2a (TATI TAT2 TRPI HIS4 LEU2 ura3) (open
squares), AS1-3c (MH338-2a tatl::URA3) (solid circles), AS2-1c (MH338-2a tat2::URA3) (solid squares), and AS11-1a (MH338-2a tatl::URA3
tat2::URA3) (open circles). Shown are representative curves. The solid circles in the tyrosine import graph are obscured by the open circles. OD,

optical density.

YPD. Dissection of all strains except for strain AS10
(tat1::URA3/TATI tyr1/TYRI trpl/TRPI his3/HIS3 ade2/ADE2
lys/LYS2 ura3/ura3) yielded four viable spores. Of the 30
dissected tetrads of AS10, 24 yielded only three viable spores,
5 yielded four viable spores, and 1 yielded only two viable
spores (Fig. 5B). None of the viable spores were tatl::URA3
tyrl, whereas almost all inviable cells were inferred to have this
genotype. Thus, because absence of import and biosynthesis at
the same time would prevent cell growth, TAT! most probably
encodes a permease involved in tyrosine high-affinity uptake.
To test this directly, amino acid import studies were performed
to measure the uptake of radiolabeled tyrosine, tryptophan,
and histidine into strains AS1-3c (tatl::URA3 TAT2) and
MH338-2a (TAT1 TAT2). As can be seen in Fig. 6, tyrosine
uptake is abolished in tati::URA3 cells compared with wild-
type strains, confirming that TAT1 is indeed a tyrosine high-
affinity transporter. Import of histidine, which served as con-
trol, was not affected upon disruption of TATI. However,
uptake of tryptophan was slightly decreased in cells lacking
TAT], suggesting that TAT1 might also be involved in trypto-
phan uptake and might be the second transporter responsible
for the viability of tat2::URA3 trp! cells (see above).

TAT1 is also a tryptophan low-affinity or low-capacity
transporter. A strain disrupted for both TATI and TAT2,
AS11-1a, was crossed to the trpl strain MH338-7b. Dissection
of the diploid strain, AS13, revealed that when all three
markers (tatl::URA3, tat2:URA3, and trpl) segregated to-
gether, the spores no longer exhibited a slow-growth pheno-
type but were inviable (Fig. 5C). Furthermore, we examined
whether overexpression of TAT! could restore normal cell
growth to tat2::URA3 trpl cells. High-copy-number plasmids
pASS and pAS6 (YEplacl81 based) carrying the entire TAT1
and TAT2 genes, respectively, were transformed into strain
AS4 (tat2::URA3/TAT2 trpl/TRP1 his4/HIS4 leu2/leu2). Plas-
mid YEplacl81 without insert was transformed as a control.
Transformants were sporulated and dissected on YPD. Over-
production of either TAT1 or TAT2 completely comple-
mented the slow-growth phenotype of tar2::URA3 trpl spores.
Plasmid YEplacl81 alone did not suppress the slow-growth
phenotype. Thus, TAT1 is the second tryptophan transporter
in addition to being a tyrosine high-affinity transporter.

We also examined whether a high dosage of TAT2 comple-
ments a TATI disruption. The high-copy-number plasmids
YEplac181 (no insert), pASS5 (TATI), and pAS6 (TAT2) were
transformed into strain AS20 (tatl::URA3/TATI tyrl/TYRI

leu2/leu2). Transformants were dissected on YPD, and only the
TATI plasmid was able to restore normal cell growth of
tatl::URA3 tyrl cells. The high-copy-number TAT2 plasmid
and the control failed to suppress the TAT! disruption. Thus,
in agreement with our previous results, TAT2 does not trans-
port tyrosine.

Import studies with the doubly disrupted strain AS11-la
(tatl::URA3 tat2::URA3) were performed (Fig. 6). Tryptophan
uptake was most severely affected in the doubly disrupted
strain, presumably as a result of an additive effect of the lack of
import due to absence of both tryptophan transporters. The
finding that in the TAT doubly disrupted strain tryptophan
import is almost completely abolished is consistent with our
previous finding that the double disruption is not compatible
with a trpl genetic background.

Disruption of TATI but not of TAT2 confers resistance to
5FT. 5-Fluorotryptophan (S5FT) is a toxic analog of tryptophan
and acts most probably by inhibiting anthranilate synthase,
which is required for tryptophan biosynthesis and is controlled
by tryptophan via negative feedback (4, 33). SFT seems to
mimic tryptophan in turning off the enzyme’s activity. In
addition, SFT is incorporated into proteins, causing an accu-
mulation of defective proteins (33). 5FT is thought to enter the
cells via amino acid transporters, most probably by the trypto-
phan high-affinity transporter TAT2. We therefore tested
whether disruption of TAT2 would confer resistance to SFT.
Strains disrupted in TATI, TAT2, or both transporter genes
were thus incubated on SD-Trp plates containing 0.5 mM 5FT
(Fig. 7). Surprisingly, cells disrupted in the TAT2 locus and
cells disrupted in both transporter genes were resistant to SFT
but cells disrupted in TAT2 alone were sensitive. This suggests
that SFT enters the cells not via the tryptophan high-affinity
transporter but via the tyrosine high-affinity permease.

Disruption of TATI confers resistance to FK506. Overex-
pression of TAT! and TAT2 confers FK506 resistance on
normally FK506-sensitive auxotrophic diploids (Fig. 8). (17).
We therefore tested the effect of a TAT! disruption on growth
inhibition by FK506. Surprisingly, we found that the auxotro-
phic strain AS14 disrupted for TATI (tatl::URA3/tat]::URA3)
is resistant to FK506, in contrast to the wild-type auxotrophic
strain JK9-3da/a (TATI/TATI) (Fig. 8). We cannot explain
why both disruption and overexpression of TAT! confer FK506
resistance. The resistance of the disruption cannot be ex-
plained by cross talk between amino acid permeases leading to
increased expression or activity of some permeases because of
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TAT1 TAT2 TAT1 TAT2

tat1::URA3 tat1:URA3

tat2::URA3 tat2::URA3

tat1::URA3 tat2::URA3 tat1::URA3 tat2::URA3

SD-TRP SD-TRP 5FT

FIG. 7. Disruption of TATI confers resistance to SFT. Isogenic
TATI TAT2 (MH338-2a), tatl:URA3 TAT2 (AS1-3c), TATI
tar2::URA3 (AS2-1c), and tatl::URA3 tat2::URA3 (AS1l1-la) strains
were grown on SD-TRP with or without SFT (0.5 mM). Only strains
containing a TAT! disruption are resistant to the tryptophan analog
SFT.

the lack of others, thereby counteracting the action of FK506;
amino acid import studies with cells lacking TAT1 have shown
that the uptake of tryptophan and histidine is still inhibited by
FK506. The disruption may confer resistance because TAT1
facilitates the entry of FK506 into the cell; however, we do not
believe that this is likely, because FK506 is a lipophilic
molecule which can diffuse across a membrane. Overexpres-
sion of TAT1 confers FK506 resistance presumably because it
enhances tryptophan import.

FK506 does not inhibit TAT1 or TAT2 transcription. To
investigate whether FK506 inhibits amino acid import by
inhibiting the transcription of the amino acid permease genes,
we probed for TATI and TAT2 mRNAs in total yeast RNA
from the auxotrophic strain JK9-3a/a pretreated for 5 h with
FK506 (50 pg/ml) and with the vehicle (ethanol with 10%
Tween 20). The Northern analysis in Fig. 9 shows that TATI
and TAT2 transcripts are slightly more abundant in cells
incubated with FK506. Thus, the immunosuppressive drug
inhibits amino acid import posttranscriptionally.

WT + pTAT1 WT + pTAT1
WT + pTAT2 WT + pTAT2
tat1::URA3 tat1::URA3
YPD YPD + FK506

FIG. 8. Overexpression of TAT1 and TAT2 and disruption of TAT!
confers resistance to FK506. Strain JK9-3da/a (wild type) transformed
with either pTAT1 or pTAT2 or disrupted in TATI (AS14) was
streaked on YPD with and without 50 pg of FK506 per ml. Strains
overexpressing TATI or TAT2 or disrupted in TATI are resistant to
FK506.
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FIG. 9. TAT1 and TAT2 mRNA levels in JK9-3da/a (wild type)
grown in YPD either treated or not treated for 5 h with 50 pg of FK506
per ml. TATI and TAT2 mRNA levels are slightly increased by
treatment with FK506. Shown are arbitrary units. The bar graph results
are averages of three independent experiments. The ratio of TAT
expression in cells treated with FK506 to that in cells not treated with
the drug was quantitated by scanning the autoradiogram. The ratio was
internally controlled by normalizing the amount of TAT mRNA to
levels of ACTI mRNA.

DISCUSSION

The immunosuppressive drug FK506 impairs the growth of
the yeast S. cerevisiae by impeding the uptake of the amino
acids tryptophan, histidine, and leucine and thus starving cells
for these amino acids (17). Toxicity of the drug can be
overcome by prototrophy for either one of these amino acids
or by an excess of amino acids added exogenously to the
growth medium. The inhibition of amino acid import by FK506
is not attributable to the binding of the drug to its known
binding protein, the cis-trans-prolyl isomerase FKBP12, since
amino acid transport is still FK506 sensitive in strains lacking
this rotamase (17, 18). Thus, a second target, which is involved
either directly or indirectly in the amino acid import machin-
ery, must exist. Two novel genes, TAT! and TAT2 (formerly
called TAPI and TAP2), were isolated as genes conferring
resistance to FK506 when present at increased levels. Here, we
show that TAT!1 and TAT2 encode novel members of the yeast
amino acid permease family. TAT1 is a 619-amino-acid protein
and is the tyrosine high-affinity permease that also mediates
tryptophan uptake with low affinity or low capacity. TAT2 is a
593-amino-acid protein and mediates the high-affinity uptake
of tryptophan. The evidence for these conclusions is as follows.
First, disruption of TATI is lethal only in combination with
auxotrophy for tyrosine; cells that are unable to synthesize or
import tyrosine are starved for this amino acid and therefore
unable to grow. Disruption of TAT2 results in only a slow-
growth phenotype when combined with tryptophan auxotro-
phy. Thus, high-affinity uptake of tryptophan is mediated by
TAT?2 and a second, low-affinity or low-capacity transporter,
responsible for the viability of tat2::URA3 trp1 cells, must exist.
Second, providing an excess of tryptophan to the growth
medium restores normal cell growth of tar2::URA3 trpl cells.
Third, the rate of import of labeled tyrosine and tryptophan is
strongly decreased in cells lacking TAT1 and TAT?2, respec-
tively, compared with wild-type cells or with the uptake of
other amino acids such as histidine. Fourth, 30 to 40% identity
in the deduced amino acid sequence and the striking homology
in the protein structure to the known yeast amino acid
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transporters GAP1, CAN1, LYP1, PUT4, HIP1, and YCCS
strongly suggest that TAT1 and TAT2 are amino acid per-
meases. Fifth, the lethality of a tatl::URA3 tat2::URA3 double
disruption in combination with tryptophan auxotrophy and the
finding that uptake of tryptophan is affected more severely in
the doubly disrupted strain than in a strain lacking only TAT2
shows that TAT1 is involved in the low-affinity or low-capacity
uptake of tryptophan. Furthermore, overexpression of TAT!
is sufficient to overcome the slow-growth phenotype of tar2:
URA3 trpl cells and restores normal cell growth.

The discovery of two tryptophan transporters, one mediating
high-affinity uptake and the other mediating low-affinity or
low-capacity uptake, conflicts with several reports stating that
a specific transporter for tryptophan does not exist and that
tryptophan uptake is mediated exclusively by the general
amino acid permease GAP1 (11, 30, 48). Our findings that cells
which lack TAT2 and are auxotrophic for tryptophan grow
normally on proline medium, on which the general amino acid
permease is active, support the previous reports that trypto-
phan is also a substrate for GAP1. However, since gapl trp3
double mutants are viable on YPD medium (32), tryptophan
import must indeed occur by transport systems other than
GAP1. Other groups have observed that a specific transport
system for asparagine might also transport tryptophan, since
asparagine uptake was found to be competitively inhibited by a
10-fold excess of tryptophan (12). The fact that tatl::URA3
tat2::URA3 trpl cells grow normally on SD complete medium
containing a 50-fold excess of Trp (data not shown), although
they are not viable on YPD and their uptake of tryptophan is
almost completely abolished, argues that there might be a third
transporter importing tryptophan with very low affinity. This
transporter might be the asparagine transport system.

Very little is known regarding the uptake of tyrosine. GAP1
imports tyrosine (30). Furthermore, the low-affinity permease
of histidine is competitively inhibited by tyrosine, suggesting
that tyrosine is also a substrate for this transporter (7). It is
unlikely that TAT1 is the histidine low-affinity permease,
because the histidine low-affinity permease has been shown not
to mediate transport of the other aromatic amino acids tryp-
tophan and phenylalanine and because disruption of TAT! has
no effect on histidine import.

The mechanism of action of FK506 on amino acid transport-
ers is not yet known. However, we have shown that the
immunosuppressant does not inhibit the transcription of the
transporter genes TATI and TAT2. Northern analysis revealed
that the TAT1 and TAT2 mRNAs are slightly more abundant
in cells treated with FK506. This suggests that the drug inhibits
a posttranscriptional step required for the function of the
amino acid permeases. FK506 might prevent the correct
folding of amino acid transporters in the secretory pathway by
binding to an unknown FKBP, whose isomerase activity is
required for permease maturation. Alternatively, the drug
might act on a component involved in the control of amino acid
permeases. A third model suggests that FK506 affects the
composition of the plasma membrane or the proton ATPases
which generate the H™ gradient providing the energy for
amino acid import. All of these possibilities are discussed in
greater detail in our previous paper (17), and none can be
excluded yet.
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