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The mtr gene of Escherichia coli K-12 encodes an L-tryptophan-specific permease. This gene was originally
identified through the isolation of mutations in the 69-min region of the chromosome, closely linked to argG.
Cells with lesions in mtr display a phenotype of 5-methyltryptophan resistance. The mtr gene was cloned by
using the mini-Mu system. The amino acid sequence of Mtr (414 codons), deduced by DNA sequence analysis,
was found to be 33% identical to that of another single-component transport protein, the tyrosine-specific
permease, TyrP. The hydropathy plots of the two permeases were similar. Possible operator sites for the
tyrosine and tryptophan repressors are situated within the region ofDNA that is likely to be the mtr promoter.

In Escherichia coli, the aromatic amino acids are concen-
trated in the cytoplasm mainly via four operationally distin-
guishable transport systems. These systems are a general
aromatic amino acid permease, encoded by aroP, and three
other transport systems specific for phenylalanine, tyrosine,
and tryptophan (6). The general aromatic amino acid per-
mease has strong affinity for the aromatic amino acids (Km
for all three amino acids, 10' M), whereas the individual
transport systems have a lower affinity but a higher speci-
ficity for their respective aromatic amino acids (Km for each,
ca. 10-6 M). Mutations in the structural genes for each
specific permease have been found (6, 19, 39). The genes for
the general aromatic amino acid permease, aroP, and the
tyrosine-specific permease, tyrP, have been cloned (10, 14)
and sequenced (20, 43). The regulation of transcription from
the tyrP and aroP promoters has been thoroughly investi-
gated (11, 23, 24). AroP and TyrP are hydrophobic proteins
that are associated with the cytoplasmic membrane (10, 44).
The tryptophan-specific transport system is encoded by a

single gene designated mtr. This gene is situated near the
69-min region of the bacterial chromosome (19), and the
locus was first identified through the isolation of mutations
that impart resistance to the antimetabolite 5-methyltrypto-
phan. By P1 transduction, mtr is 60 to 80% linked to argG
(19, 25). Mutations in mtr result in a loss of tryptophan-
specific uptake (C. Yanofsky, cited by Oxender [34]). In
addition to the aroP and mtr systems for L-tryptophan
uptake, a gene for a low-affinity tryptophan permease (K,
10-5 M) is situated within the tna operon (14).
This report describes the cloning and structural character-

ization of the mtr+ gene. The cloned DNA has structural and
genetic properties predicted for a segment from the 69-min
region of the chromosome. Several lines of evidence support
the notion that the region cloned and sequenced in this study
encodes the tryptophan-specific transport protein Mtr.
Structural comparisons of Mtr with the two other well-
characterized aromatic amino acid permeases of E. coli are
also presented.

* Corresponding author.
t Journal paper no. 12585 from the Purdue University Agricul-

tural Experiment Station.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phage. The bacterial
strains, plasmids, and bacteriophage used are listed in Table
1. The P1 transduction protocol used in strain constructions
was previously described by Miller (31).
Media. Minimal medium contained 1.5% Bacto-Agar (Dif-

co Laboratories), 0.2% glucose, vitamin Bi (1 mg/liter),
biotin (0.1 mg/liter), and salt mix E of Vogel and Bonner (38).
All amino acids were added at concentrations of 40 mg/liter
unless otherwise specified. All of the amino acids except
arginine were added to minimal medium to make ArgG
selection medium. Acid-hydrolyzed casein was added to
minimal medium at 0.2%. L broth (31) (with 0.1% glucose)
and nutrient agar (31 g/liter) were used as complete media.
M13 phage were propagated on yeast extract-tryptone solid
medium and 2x yeast extract-tryptone liquid medium (31).
Ampicillin and kanamycin were used at 25 mg/liter.
DNA preparations. Plasmid DNA and M13 replicative-

form DNA were isolated by the alkaline lysis procedure of
Ish-Horowicz and Burke (21). Minipreparations of plasmid
and M13 replicative-form DNAs were made by using a

scaled-down alkaline lysis procedure. Cells were trans-
formed by the method of Cohen et al. (12). Single-stranded
M13 templates were prepared for sequence analysis by the
procedure of Sanger et al. (35).

Chemicals and reagents. Restriction endonucleases, T4
DNA ligase, and -20 and -40 oligodeoxynucleotide se-

quencing primers were purchased from New England Bio-
Labs. Modified T7 DNA polymerase (Sequenase) and the
Taquence (Taq polymerase) DNA sequencing kit were pur-
chased from U.S. Biochemicals. [a-35S]dATP (1,000 Ci/
mmol) was purchased from Amersham. Acid-hydrolyzed
casein was purchased from ICN Nutritional Biochemicals.
Custom-made oligodeoxynucleotides used for sequencing
were synthesized on an Applied Biosystems machine.

Preparation of mini-Mu lysates. Mini-Mu lysates were
prepared as described previously (18). MC1040-2 carrying
plasmid pEG5005 was used to prepare a mini-Mu lysate.
Lysates were stored in MgSO4 (2 mM)-CaCl2 (0.2 mM) at
4°C for no more than 1 week.

Infection with mini-Mu lysate. The protocol for infection of
cells with a mini-Mu lysate was based on the procedure of
Groisman and Casadaban (18). A 100-,ul saturated culture of
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TABLE 1. Bacterial strains, phages, and plasmids

Strain, phage, or plas- Relevant genotype or description Reference or source
mid

E. coli strains
CSH26 ara A (lac-pro) thi 31
KB3100 F- aroP 6
KL16 argG Hfr KL16 thi argG rel-l 9
KL16 argG Mul+ As KL16 argG; lysogenic for Mul+ This work
KY4124 HfrH relA mtr24 rpsLJ40 met 19
JC7623 thr-J leuB6 proA2 sbcB15 hisG4 recB21 recC22 argE3 thi-l ara-14 lacYl galK2 xyl-5 42

mtl-l rpsL31 tsx-33 A- supE44
JM101 A(lac-pro) thi rpsL hsdR4 endA sbcB supE44 F' traD36 proA+B+ laqIq A(lacZ)M15 30
KY404 trpS5 F' 22
MC1040-2 F- araD169 araB::Mu cts AlacX74 galU galK rpsL 8
W3110 Wild type 1
SP867 trpC::TnJO cysB metB G. P. Zhao
SP1015 As CSH26 but mtr24 from KY4124 This work
SP1051 As KL16 argG Mul+ but mtr24 This work
SP1095 As SP1051 but ArecA srl::TnlO This work
SP1000 As JM101 but ArecA srl::TnlO G. P. Zhao
SP1153 As JC7623 but mtr::kan This work
SP1193 As SP867 but mtr::kan This work
SP1281 As W3110 but trpC::TnlO This work
SP1282 As KB3100 but mtr::kan This work
SP1345 As KY4040 but mtr::kan This work

Phages
Mu d5005 Mu cts62 A+B+ Kanr ReppmB1 18
M13mp18 45
M13mp19 45

Plasmids
pBR327par 46
pEG5005 pBCO::Mu d5005 18
pSLW1 mtr+ argG+ This work (see Fig. 1)
pSLW6 mtr+ This work (see Fig. 1)
pSLW13 mtr+ This work (see Fig. 1)
pSLW14 mtr::kan This work
pUC4KSAC 1.3-kb kanamycin cassette 2

SP1051 was mixed with 100 ,ul of mini-Mu lysate and
incubated without shaking for 30 min at 30°C. Then 2 ml of
L broth was added, and the mixture of infected cells was
grown for 75 min at 30°C with shaking. The cells were spun
down and washed in saline prior to plating on ArgG selection
medium. Plates were incubated at 30°C.
DNA sequencing strategy. The 2.7-kb EcoRI-Clal fragment

from pSLW13 (Fig. 1) was purified electrophoretically and
digested with either NsiI, Sau3A, BglII, SspI, or PvuII to
create appropriate DNA fragments that could be ligated into
M13mpl9. For regions of the DNA sequence that could not
be readily sequenced by using the available M13 subclones,
specific oligodeoxynucleotide primers (19-mers) were syn-
thesized to complete the sequencing of both strands.
DNA sequence analysis. DNA sequences were determined

by the method of Sanger et al. (35), modified for use with
[a-35S]dATP as the labeling nucleotide. Recombinant M13
phage were used as templates. Both Sequenase and Taq
polymerase were used in the sequencing reactions. Both the
commercially available -20 and -40 universal primers and
custom-made oligonucleotide primers were used as dictated
by the available M13 clones and by sequence compression
complications encountered during the course of the work.
Computer analysis. For promoter analysis, the homology

program of Mulligan et al. (32) was used. The cross-corre-
lation coefficient analysis of hydropathy plots was done by
using the program of Shiver et al. (36). The remaining
analyses were carried out by using the University of Wis-
consin Genetics Computer Group programs.

Nucleotide sequence accession number. The nucleotide
sequence reported in this paper has been submitted to
GenBank (accession number M35417).

RESULTS AND DISCUSSION

Cloning argG'. The mtr gene, originally identified through
the isolation of mutations that imparted resistance to 5-meth-
yltryptophan, lies near the 69-min region of the E. coli
chromosome, approximately 7 to 15 kb from argG (19, 25).
Resistance to 5-methyltryptophan attributable to lesions in
mtr can be observed only in the presence of phenylalanine
(Table 2) (41). No method for the direct selection of mtr+
DNA was available, so mtr+ was cloned by exploiting its
linkage to the selectable marker argG.
The argG+ gene was cloned by an in vivo procedure based

on the mini-Mu system of Groisman and Casadaban (18). A
mini-Mu replicon, Mu d5005, having the capacity to package
23 kb of chromosomal DNA, was chosen. In this system,
mini-Mu transposons with plasmid origins of replication
become randomly distributed throughout the chromosome,
where they serve as substrates for the Mu packaging reac-
tion. The packaged DNA is then introduced into a Mu
lysogen by infection. Intramolecular recombination leads to
plasmids. Those carrying the desired gene are selected using
an appropriate rec+ tester strain.
A mini-Mu lysate generated within strain MC1040-2 was

used to infect an argG strain, SP1051, that was lysogenic for
Mul+. No argG+ clones were obtained following selection
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FIG. 1. Clones of mtr+ in relation to the E. coli map. (A) Region of the map of Kohara et al. (26) of the E. coli chromosome that contains
mtr. Known genes in this region of the chromosome are indicated, and the map coordinates for the region are shown. Arrows that designate
genes are not drawn to scale. (B) Regions of chromosomal DNA that exist in plasmid constructions. pSLW1 represents the region of
chromosomal DNA initially cloned using mini-Mu. The remaining plasmids were constructed by cloning DNA fragments from pSLW1 into
an appropriate site in pBR327par. The BglII site that disrupted the phenylalanine inhibition phenotype (see text) is found within the mtr open
reading frame. Restriction enzymes: H, Hindlll; E, EcoRI; C, ClaI; B, BglII.

on minimal medium, but 11 argG+ clones were obtained
when ArgG selection medium was used. The arg+ mini-Mu
clones were purified, and the corresponding plasmids were
transformed into a recA background, SP1095, to prevent
recombination between the cloned DNA and chromosomal
DNA.

Identification of mtr+ on an argG+ plasmid. From linkage
relationships determined by P1 transduction (19, 25) and
previously published physical maps of the 69-min region of
the E. coli chromosome (13, 26), it was judged that mtr
should lie within a 12-kb HindIII fragment. Among 11 argG+
mini-Mu clones that were analyzed, one isolate (pSLW1;
Fig. 1) contained a 12-kb HindIII fragment. This HindIll
fragment was isolated and inserted at the unique HindIll site
of a high-copy-number plasmid, pBR327par. The resulting
construct, pSLW6, exhibited a new phenotype. The growth
of strains bearing pSLW6 was inhibited on minimal medium
supplemented with phenylalanine (50 mg/liter). The phenyl-
alanine-mediated growth inhibition was reversed by tryp-
tophan (10 mg/liter). Growth inhibition was also reversed on
medium supplemented with acid-hydrolyzed casein. This

TABLE 2. Scoring 5-methyltryptophan resistance attributable
to mutations in mtr

Strain Relevant Zone of inhibition (cm)genotype Minimala Minimal + Fb

CSH26 3.6 3.6
SP1015 mtr24 3.6 No zone
JC7623 3.5 3.5
SP1153 mtr::kan 3.6 No zone

a Minimal medium supplemented with amino acids (40 mg/liter) required for
growth of auxotrophic strains.

b Phenylalanine added to minimal medium at 50 mg/liter.

medium contains a mixture of 16 amino acids but no L-tryp-
tophan. No amino acid other than tryptophan, tested singly,
was able to reverse the phenylalanine inhibition associated
with pSLW6. The mechanism by which acid-hydrolyzed
casein reverses phenylalanine inhibition is not understood.
The role of aromatic amino acids in the phenotype con-

ferred by pSLW6 suggested that the expression of mtr from
a high-copy-number plasmid was the basis of the sensitivity
to phenylalanine. This idea is plausible for two reasons.
First, a similar phenotype was observed for a clone of the
tyrosine-specific permease, tyrP+ (24). Strains carrying
tyrP+ on a high-copy-number plasmid failed to grow in the
presence of phenylalanine unless tyrosine was present.
Phenylalanine has been shown to induce the expression of
tyrP, and tyrosine has been shown to repress tyrP (23).
Second, it is known that tryptophan-specific transport into
cells is increased by exposure to phenylalanine in a manner
that depends on TyrR (40). If phenylalanine induces the
expression of mtr, it is reasonable to suppose that phenylal-
anine inhibition might be attributed to the overexpression of
a protein, such as the product of mtr+, that could not be
tolerated in large amounts.
From the construction and analysis of a series of sub-

clones (data not shown) of pSLW6, it was determined that
the integrity of a BglII site was required for phenylalanine
sensitivity. Using phenylalanine-mediated growth inhibition
as a phenotypic marker for the integrity of the mtr+ gene, a
2.7-kb EcoRI-ClaI fragment was subcloned. The resulting
plasmid, pSLW13, contained the essential BglII site (Fig. 1).
A 1.3-kb BamHI-ended cassette from pUC4KSAC con-

taining the Tn9O3 kanamycin resistance (kan) gene (2) was
inserted at the BglII site of pSLW13. The resulting plasmid,
pSLW14, no longer imparted hypersensitivity to phenylala-
nine. To show that the kanamycin cassette had inactivated
mtr, a chromosomal homolog of this construction was iso-
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TGCTTCTCACTCCACCATCGAACTGCCGAAAGTATGCCGGGTGAAGTGCTGCTACACTTT
ACGCGCACTCGCATTCTCAACAAGCCGATGAACATGCAGTTACTGGGCGATGCACAGCCG
CATACTGGCGGTGAGCGTCGTGGCGGTGGTCGTGGTTTCGGTGGCGAACGTCGTGAAGGC
GGTCGTAACTTCAGCGGTGAACGCCGTGAAGGTGGCCGTGGTGATGGTCGTCGTTTTAGC
GGCGAACGTCGTGAAGGCCGCGCTCCGCGTCGTGATGATTCTACCGGTCGTCGTCGTTTC

305 GGTGGTGAiE£4X X iWi!iGAACACAA £ £ I

365 CCCGATTTTTACCATCGGGGCTTTTTTTCTGTCTT TGC
425 AATGCATAACAACGCAGTCGCACTATTTTTCACTGGAGAGAAGCCCTCATGGCAACACTA

MetAlaThrLeu
485 ACCACCACCCAAACGTCACCGTCGCTGCTTGGCGGCGTGGTGATTATCGGCGGCACCATT

ThrThrThrGluThrSerProSerLeuLeuGlyGlyValValIleIleGlyGlyThrIle
545 ATTGGCGCAGGGATGTTTTCTCTGCCAGTGGTCATGTCCGGGGCGTGGTTTTTCTGGTCA

IleGlyAlaGlyMetPheSerLeuProValValMetSerGlyAlaTrpPhePheTrpSer
605 ATGGCGGCGCTGATCTTTACCTGGTTCTGTATGCTGCATTCCGGCTTGATGATTCTGGAA

MetAlaAlaLeuIlePheThrTrpPheCysMetLeuRisSerGlyLeuMetIleLeuGlu
665 GCTAACCTGAATTACAGAATCGGTTCGAGTTTTGACACCATCACCAAAGATTTGCTGGGC

AlaAsnLeuAsuTyrArgIleGlySerSerPheAspThrIleThrLysAspLeuLeuGly
725 AAAGGCTGGAACGTGGTCAACGGCATTTCCATTGCCTTTGTGCTCTATATCCTGACCTAT

LysGlyTrpAsuValValAsnGlyIleSerIleAlaPheValLeuTyrIleLeuThrTyr
785 GCCTATATTTCTGCCAGTGGTTCGATTCTGCATCACACCTTCGCAGAGATGTCACTAAAC

AlaTyrIleSerAlaSerGlySerIleLeuHisHisThrPheAlaGluMetSerLeuAsn
845 GTCCCGGCACGGGCGGCGGGTTTTGGTTTTGCATTGCTGGTAGCGTTTGTGGTGTGGTTG

ValProAlaArgAlaAlaGlyPheGlyPheAlaLeuLeuValAlaPheValValTrpLeu
905 AGCACTAAAGCCGTCAGTCGCATGACAGCGATTGTGCTGGGGGCGAAAGTCATTACCTTC

SerThrLysAlaValSerArgMetThrAlaIleValLeuGlyAlaLysvalIleThrPhe
965 TTCCTCACCTTTGGTAGCCTGCTGGGGCATGTGCAGCCTGCGACATTGTTCAACGTCGCC

PheLeuThrPheGlySerLeuLeuGlyHisValGlnProAlaThrLeuPheAsnValAla
1025 GAAAGCAATGCGTCTTATGCACCGTATCTGTTGATGACCCTGCCGTTCTGTCTGGCATCG

GluSerAsnAlaSerTyrAlaProTyrLeuLeuMetThrLeuProPheCysLeuAlaSer
1085 TTTGGTTATCACGGTAACGTGCCAAGCCTGATGAAGTATTACGGCAAAGATCCGAAAACC

PheGlyTyrHisGlyAsnValProSerLeuMetLysTyrTyrGlyLysAspProLysThr
1145 ATCGTGAAATGTCTGGTGTACGGTACGCTGATGGCGCTGGCGCTGTATACCATCTGGTTG

IleValLysCysLeuValTyrGlyThrLeuMetAlaLeuAlaLeuTyrThrIleTrpLeu
1205 CTGGCGACGATGGGTAACATCCCGCGTCCGGAGTTTATCGGTATTGCAGAGAAGGGCGGT

LeuAlaThrMetGlyAsnIleProArgProGluPheIleGlyIleAlaGluLysGlyGly
1265 AATATTGATGTGCTGGTACAGGCGTTAAGCGGCGTACTGAACAGCCGTAGTCTGGATCTG

AsnIleAspValLeuValGlnAlaLeuSerGlyValLeuAsnSerArgserLeuAspLeu
1325 CTGCTGGTCGTGTTCTCAAACTTTGCGGTAGCGAGTTCGTTCCTCGGCGTAACGCTGGGT

LeuLeuValValPheSerAsnPheAlaValAlaSerSerPheLeuGlyValThrLeuGly
1385 TTGTTTGACTATCTGGCAGATCTGTTTGGTTTCGACGACTCGGCTGTGGGCCGCTTGAAA

LeuPheAspTyrLeuAlaAspLeuPheGlyPheAspAspSerAlaValGlyArgLeuLys
1445 ACGGCATTGCTGACCTTTGCCCCGCCAGTTGTGGGGGGGCTGTTGTTCCCGAACGGATTC

ThrAlaLeuLeuThrPheAlaProProValValGlyGlyLeuLeuPheProAsnGlyPhe
1505 CTGTACGCCATTGGTTATGCTGGTTTAGCGGCTACCATCTGGGCGGCAATTGTTCCGGCG

LeuTyrAlaIleGlyTyrAlaGlyLeuAlaAlaThrIleTrpA1aAlaIleValProAla
1565 CTGTTAGCCCGTGCATCGCGTAAACGCTTTGGCAGCCCGAAATTCCGCGTCTGGGGTGGC

LeuLeuAlaArgAlaSerArgLysArgPheGlySerProLysPheArgValTrpGlyGly
1625 AAGCCGATGATTGCGCTGATTCTGGTGTTTGGCGTCGGCAACGCACTGGTGCATATTTTA

LysProMetIleAlaLeuIleLeuValPheGlyValGlyAsnAlaLeuValHlsIleLeu
1685 TCGAGCTTTAATTTACTGCCGGTGTATCAGTAATCAGCGGTGCCTTATCCGACATTTCTG

SerSerPheAsnLeuLeuProValTyrGlnEnd
1745 CTGCCTACACAATGCTGATCGTTCGCTTATCAGGTCTATGTAGGACAGCGTTGCCAGCTC
1805 GGATAAGGCTTCCCGCGTTAAGACACACTATCCCAACAACTCTTCCTTAACATeCATCGC
1865 CAG

FIG. 2. DNA sequence and deduced amino acid sequence of mtr. The DNA sequence and flanking sequences of mtr are shown above, with
translation of the open reading frame shown below. Two possible TyrR operators are indicated by black boxes. A possible TrpR operator is
indicated by a gray box. The putative -10 and -35 hexamers identified by the program of Mulligan et al. (32) are indicated by asterisks. A
purine-rich region is located -14 to -6 relative to the start site of translation.
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FIG. 3. Amino acid sequence comparison of Mtr and TyrP. The amino acid sequence of Mtr was compared with that of TyrP by the
algorithm of Needleman and Wunsch (33). The proteins are 33% identical. Amino acid identities are indicated by black highlighting. Amino
acid similarities (16) are indicated by gray highlighting. Only four gaps are introduced to align the sequences, with the largest gap covering
only four residues.

lated according to the procedure of Winans et al. (42). This
was done by linearizing pSLW14 with BamHI, transforming
an exonuclease V-deficient strain, JC7623, and selecting for
kanamycin-resistant, ampicillin-sensitive derivatives. The
resulting chromosomal construct, SP1153, exhibited the
characteristic Mtr- phenotype (41): the strain was resistant
to 5-methyltryptophan only in the presence of phenylalanine
(Table 2). Table 2 compares the phenotype of a prototypical
mtr mutation, mtr24, with that of the mtr::kan mutation
present in SP1153. When mtr::kan was transferred by P1
transduction into a variety of other E. coli strains, the Mtr
mutant phenotype always accompanied the Kanr phenotype
(data not shown). The chromosomal mtr::kan marker was
74% linked by P1 transduction to argG. This linkage is the
same as the reported linkage of previously isolated mtr
mutations (19, 25), providing further evidence that the ma-
nipulations described above had insertionally inactivated the
chromosomal mtr+ gene.

Identification of the mtr coding region. Nucleotide se-
quence data were obtained from a series of overlapping M13
clones generated from the EcoRI-ClaI fragment. This struc-
tural analysis revealed an open reading frame of 414 codons
within the 2.7-kb EcoRI-ClaI fragment. The BglII site used
to insertionally inactivate mtr lies within the open reading
frame. The DNA sequence and the inferred amino acid
sequence of the mtr gene are shown in Fig. 2.
Codon preference and GC bias analysis (4, 17) facilitated

the identification of protein-coding regions in the sequenced
DNA. These algorithms identify regions of a DNA sequence
that show a strong codon preference or an unusual GC
composition bias in the third position of the codon. Both
analyses pointed to the 414 codon open reading frame as a
probable protein-coding region of the DNA (data not
shown).

Analysis of sequences upstream of mtr. A promoter homol-
ogy program (32) identified a possible site for transcription
initiation upstream of the open reading frame. A purine-rich

region, characteristic of a ribosome-binding site (27), is
found between coordinates -14 to -6 relative to the pre-
dicted start point of translation. If the prediction of the -10
and -35 hexamers is correct, a potential stem-loop structure
can form near the beginning of the transcript.
The DNA sequence was examined for possible operator

sites. Using the consensus sequence for TyrR binding pro-
posed by Baseggio et al. (3), two possible TyrR boxes were
found. The presumptive -10 and -35 hexamers required by
RNA polymerase for promoter recognition are situated
within the presumptive TyrR boxes (Fig. 2). A possible Trp
repressor target site was also identified downstream of the
possible TyrR boxes (Fig. 2). The regulation of mtr expres-
sion involves multiple factors and will be described in a
future publication.
Comparison of mtr with other aromatic amino acid perme-

ases. The nucleotide sequence of the gene coding for the
tyrosine-specific permease, tyrP, predicts a protein of 404
amino acids. By using the algorithm of Needleman and
Wunsch (33), the deduced amino acid sequence of Mtr was
compared with that of TyrP. The two amino acid sequences
proved to be 33% identical. The regions of greatest identity
between the two proteins are toward the C termini. Between
residues 297 to 313 of Mtr there are 17 amino acids that are
identical to TyrP except for one nonidentity, where threo-
nine is found instead of alanine (Fig. 3). By using the same
algorithm, no significant sequence identities were observed
between either of the specific permeases, Mtr and TyrP, and
the general aromatic amino acid permease, AroP. Dot plot
analysis confirmed the amino acid identities between Mtr
and TyrP but registered no significant identities between
either of these permeases and AroP (Fig. 4). Dot plot
analysis did not reveal any internally repeated sequences
within Mtr.
A hydropathy plot (28) of Mtr suggests that this protein is

very hydrophobic (Fig. 5). This is a characteristic of many
membrane proteins. A comparison of the hydropathy plots
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FIG. 5. Comparison of hydropathy plots. The hydropathy plots
for Mtr, TyrP, AroP, and another bacterial single-component mem-

brane permease, LacY (7), are shown. The hydrophobic regions are

positive and are shown above the line in black. The hydrophilic
regions are negative and are shown below the line in white. The
hydrophobicity scale ranges from +3 to -3 for each plot. The
hydrophobic regions of Mtr and TyrP are similar but are different
from those of AroP and LacY. (The Kyte-Doolittle plots were

generated by using a window of 11 residues.)

of Mtr and TyrP (Fig. 5) reveals that these two proteins have
similarly distributed hydrophobic regions. The hydropathy
plot of Mtr does not resemble that of two other membrane
permeases, AroP and the lactose permease, LacY (Fig. 5).
The degree of similarity between the hydropathy plots of

the known aromatic amino acid permeases was evaluated
computationally by calculating cross-correlation coefficients
(37), using the program of Shiver et al. (36). The cross-

correlation coefficient is a numerical statement of the degree
of similarity between hydrophobic functions. The coefficient
of two dissimilar hydropathy functions is near 0, whereas the
coefficient of two similar hydropathy functions is near 1.0.
The cross-correlation coefficient for the Mtr and TyrP hy-
dropathy plots was determined to be 0.72, using hydropathy
values determined by Kyte and Doolittle (28) and an aver-

aging interval of 11 residues. The optimum alignment of the
two plots was achieved by omitting the N-terminal 10
residues of Mtr. A correlation coefficient of this magnitude is
consistent with coefficients obtained for another family of
similar proteins, the cytochrome b polypeptides, using Kyte-
Doolittle values and the same averaging interval (36). The
hydropathy plots of the cytochrome b polypeptides had
cross-correlation coefficients of between 0.54 and 0.80. The
maximum coefficient determined by comparing the best
alignment of the hydropathy plot of Mtr with that of AroP
was 0.51. In a comparison of the plot of TyrP with that of
AroP, the maximum coefficient was 0.45.
Other phenotypes associated with the mtr::kan mutation. It

was reported that aroP strains bearing an additional muta-
tion that inactivated either the tyrosine- or the phenylala-
nine-specific transport system excreted tyrosine or phenyl-
alanine, respectively (39). A double mutant strain that
carried aroP and mtr: :kan mutations, SP1282, was tested for

_
1

..

-1 I I I I I I I I I I I I I I I I I I

TyrP
,- 0

FIG. 4. Dot plot comparison of aromatic amino acid permeases.
Dot plot analysis indicates identities between Mtr and TyrP. The
region of greatest identity between the two proteins is toward the C
termini. By using the same stringency, no identity to AroP was

observed with either Mtr or TyrP. (A window of 11 residues and a

stringency of 9 were used.)
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its ability to secrete tryptophan by a standard auxanography
test, using as a tester strain the tryptophan auxotroph
SP1281. The test for feeding was done on minimal medium
with glucose to prevent expression of the tryptophan per-
mease in the tna operon. The insertionally inactivated mtr
mutation, in combination with aroP, did not lead to the
excretion of tryptophan.
A tryptophanyl-tRNA synthetase mutation, trpSS, shown

to encode an unstable protein, imposes a tryptophan require-
ment. The tryptophan auxotrophic phenotype of the trpS5
mutation can be suppressed by certain mutations in mtr (22).
A trpSS mtr::kan double mutant, SP1345, was constructed.
The mtr::kan mutation did not reverse trpS5-mediated tryp-
tophan auxotrophy.

Transport studies (40) have shown that a 20-fold excess of
one aromatic amino acid inhibits uptake of the other two
aromatic amino acids via the general aromatic amino acid
permease. An mtr: :kan trpC double mutant was constructed.
The resultant strain, SP1193, failed to grow on minimal
tryptophan (15 mg/liter) medium when phenylalanine (150
mg/liter) was present. The isogenic mtr+ strain, SP867, was
unaffected by phenylalanine. In all likelihood, this result
reflects the inability of tryptophan to enter cells when the
tryptophan-specific uptake system is mutationally disabled
and the transport of tryptophan through the AroP system is
blocked by phenylalanine.

Concluding comments. Our results from cloning and se-
quencing the mtr gene predict that the Mtr polypeptide is a
tryptophan-specific permease that contains 414 amino acids.
Attempts to visualize the protein product by whole-cell
protein gels or by in vitro transcription and translation
assays have so far proven unsuccessful. Insertional inacti-
vation of the cloned mtr gene, followed by insertion of the
mtr null mutation into the chromosome, led to strains having
the previously described mtr phenotype. The null mutation
created by in vitro manipulation lay in the same region of the
chromosome as do previously identified mtr mutations. The
direction of transcription of mtr (Fig. 1) is codirectional with
replication (5).
The genes for the tyrosine-specific permease, tyrP, and

the general aromatic amino acid permease, aroP, are regu-
lated by TyrR. The mtr gene is probably part of the TyrR
regulon as well, given the fact that tryptophan-specific
transport is induced by phenylalanine in a manner that
depends on TyrR (40). We have detected two possible TyrR
operators and a TrpR operator upstream of mtr (Fig. 2).
Studies to better define the promoter and the presumptive
operators of mtr are in progress.
The predicted amino acid sequences of Mtr and TyrP are

33% id;entical (Fig. 3), suggesting that the two proteins are
evolutionarily related. There is no significant amino acid
sequence identity between Mtr and AroP or between TyrP
and AroP. AroP does have some sequence identity to two
yeast amino acid permeases specific for arginine and histi-
dine (20).

Certain mtr mutations were able to reverse the auxo-
trophic phenotype of a trpS5 mutation. However, insertional
inactivation of the mtr gene in a trpS5 mutant background
does not lead to prototrophy. The same mtr mutation was
unable to stimulate tryptophan secretion in an aroP back-
ground, although the tyrP474 and pheP367 mutations in a
similar genetic arrangement led to tyrosine and phenylala-
nine secretion, respectively. Possibly Mtr protein requires
specific types of amino acid substitutions to reverse the
trpS5 phenotype. By the same token, specifically altered
TyrP and PheP proteins may be required in an aroP back-

ground to facilitate the secretion of their respective sub-
strates. Thus, the insertional inactivation of mtr described
here would be unable to either suppress the trpS5 mutation
or affect tryptophan secretion.

It has been suggested that several bacterial sugar/cation
symporters consist of 12 membrane-spanning segments di-
vided symmetrically by a central hydrophilic region (29).
This same organizational pattern appears to be shared by an
organophosphate permease, GlpT, which has been shown to
have 12 transmembrane regions (15). The hydropathy plots
of Mtr and TyrP (Fig. 5) are consistent with the notion that
these polypeptides likewise possess 12 transmembrane re-
gions and thus may have the same general pattern of
organization as other bacterial transport proteins. Although
these analogies provide quite compelling hints about a
common mode of organization, further structural studies of
Mtr and TyrP are needed before a 12-transmembrane-helix
model may be considered proven.
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