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The nucleotide sequence of tnaB of the tryptophanase operon of Escherichia coli is presented. TnaB is a

tryptophan-specific permease that is homologous to Mtr, a second tryptophan-specffic permease, and to TyrP,
a tyrosine-specific permease. Each member of this family appears to contain 11 membrane-spanning domains.

Transport of aromatic amino acids in Escherichia coli is
carried out by at least five distinct systems. Four of these
were first described by Brown (4), following description of
the analogous systems in Salmonella typhimurium by Gio-
vanna Ames (1). One of these is called the general aromatic
transport system and transports phenylalanine, tyrosine, and
tryptophan. The other three are specific for individual amino
acids. The Km for the general transport system is about 4 x
10' M, and for the three specific systems it is about fivefold
higher. The genes for all of these systems have been
mapped. The general transport system is coded for by aroP
(4), the tyrosine- and phenylalanine-specific systems are
coded for by tyrP and pheP (25), and the tryptophan-specific
system is coded for by mtr (C. Yanofsky cited by Oxender
[20]). The gene products of tyrP and aroP have been shown
to be integral membrane proteins (7, 28). Studies with
uncouplers and with strains deficient in Mg-ATPase indicate
that transport via the AroP, TyrP, and PheP systems is
driven by the proton motive force (24a, 28). Each of these
systems appears to involve a single component analogous to
the lactose permease. The aroP gene has been cloned (7, 14)
and sequenced (14), as has tyrP (27, 28). The cloning and
sequencing ofpheP and mtr have been completed (13a, 20a,
21a).
The fifth gene involved in transport of the aromatic amino

acids is tnaB (9), also designated trpP (2). This gene, which
is part of a transcription unit containing the structural gene
for the enzyme tryptophanase, codes for a tryptophan-
specific transport system. This system, referred to as a
low-affinity system, is reported to have a Km of about 7 x
10' M (5) and to play a role in transporting tryptophan
which is to be used catabolically. Transport by this system is
inhibited by glucose, presumably as a result of direct inhibi-
tion by dephosphorylated enzyme IIGIc (5, 19). However,
transcription of the tnaAB operon is subject to catabolite
repression and tryptophan induction (8, 12, 22). Preliminary
results of the cloning and partial sequencing of this gene
have been reported (8).
The purposes of this note are to report the complete DNA

sequence of tnaB and the amino acid sequence of the protein
for which it codes and to compare the amino acid sequence
of TnaB with those of the Mtr and TyrP proteins. The
proteins encoded by pheP and aroP, although closely ho-
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mologous to each other, bear little overall similarity to the
three proteins described in this report (14, 20a).
tnaB is in the tryptophanase operon, 90 bp downstream

from tnaA, the structural gene for tryptophanase (8). The
sequences of tnaA and the tnaA-tnaB intercistronic region
and the first 13 codons of tnaB have been reported previ-
ously (8). Figure 1 shows the completed nucleotide sequence
of tnaB, including the previously reported upstream region.
tnaB was sequenced on both strands by using the dideoxy-
chain termination method (21). Sequencing was performed
with single-stranded DNA prepared from discrete restriction
fragments cloned from pMD6 (8) into pUC118 or pUC119
(23). Single-stranded DNA was prepared by using M13K07
helper bacteriophage (23). The sequence of the 300 bp
downstream of tnaB is also presented in Fig. 1. There are no
additional open reading frames in this segment of the se-
quence.
A single open reading frame codes for a strongly hydro-

phobic polypeptide of 415 amino acid residues (Fig. 1). This
sequence is compared with the sequences of the Mtr and
TyrP polypeptides in Fig. 2. As can be seen, there is striking
similarity between TnaB and Mtr, with 52% of the residues
being identical. Whereas there is 31% identity between TnaB
and TyrP and 33% identity between Mtr and TyrP, only 23%
of the residues are conserved in all three proteins. On this
basis, it appears that an ancestral gene duplicated and one
copy evolved into the current tyrosine transporter, with the
second copy serving as the precursor for the two genes
currently involved in tryptophan transport.
The hydrophobicity profiles of the three proteins derived

by using the algorithm of Engelman et al. (10) and a window
of 19 amino acids are shown in Fig. 3. It appears that for at
least two and probably three of these proteins there are 11
hydrophobic spans linked with hydrophilic loops in the
cytoplasm and the periplasm. Although 12 membrane spans
have been postulated for many of the sugar transport pro-
teins (17) and for the two aromatic amino acid transport
proteins AroP and PheP (20a), two factors argue for the
presence of only 11 spans for these three proteins. (i) With a
size range of 403 to 415 amino acids, they are smaller than
other proteins postulated to form 12 spans, such as GlpT,
UhpT, AroP, and PheP (452, 463, 458, and 457 residues,
respectively) (11, 13, 16). This is not a sufficient argument in
itself, since the lactose permease which is proposed to
occupy 12 spans has only 417 amino acids (15). However, all
of these proteins have clusters of the positively charged
amino acids, arginine and lysine, in many of their hydro-
philic cytoplasmic loops. In particular, the cytoplasmic loop
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CACTTCACCGCAAAACTTAAAGAAGTTTAATTAATACTACAGAGTGGCTATAAGGATGTT
HisPhOThrAlaLyuLOuLysGluValEnd

ATGACTGATCAAGCTGAAAAAAGCACTCTGCATTTTGGGGTGTTATGGTTATAGCAGGT
MetThrAspGlnAlaGluLysLySHisSerAlaPheTrpGlyValMetValIleAlaGly

181 ACAGTAATTGGTGGAGGTATGTTTGCTTTACCTGTTGATCTTGCCGGTGCCTGGTTTTTC
ThrValIleGlyGlyGlyMetPheAlaLeuProValAspLeuAlaGlyAlaTrpPhePhe

241 TGGGGTGCCTTTATCCTTATCATTGCCTGGTTTTCAATGCTTCATTCCGGGTTATTGTTA
TrpGlyAlaPheIleLeuIleIleAlaTrpPhoSerN@tLOuHisSerGlyLeuLeuLeu

301 TTAGAAGCAAATTTAAATTATCCCGTCGGCTCCAGTTTTAACACCATCACCAAAGATTTA
LeuGluAlaAsnLeUAsnTyrPrOValGlySerSOrPbASnThrIleThrLysAspLeu

361 ATCGGTAACACCTGGAACATTATCAGCGGTATTACCGTTGCCTTCGTTCTCTATATCCTC
IleGlyAsnThrTrpAsnI leIleSerGlyIleThrValAlaPheValLeuTyrIleLeu

421 ACTTATGCCTATATCTCTGCTAATGGTGCGATCATTAGTGAAACGATATCAATGAATTTG
ThrTyrAlaTyrIleSerAlaAsnGlyAlaIleIl-S-rGluThrIleSerNetAsnLeu

481 GGTTATCACGCTAATCCACGTATTGTCGGGATCTGCACAGCCATTTTCGTTGCCAGCGTA
GlyTyrHisAlaAsnPrOArgIleValGlyllCysThrAlaIlPheValAlaSerVal

541 TTGTGGTTAAGTTCGTTAGCCGCCAGTCGTATTACCTCATTGTTCCTCGGGCTGAAGATT
LeuTrpL.uSerSerLeuAlaAlaSerArgIeThrSerLeuPheLeuGlyLeuLysIle

601 ATCTCCTTTGTGATCGTGTTTGGTTCTTTTTTCTTCCAGGTCGATTACTCCATTCTGCGC
IleSerPheValIleValPheGlySerPhePhePheGlnValA#pTyrSerIleLeuArg

661 GACGCCACCAGCTCCACTGCGGGAACGTCTTACTTCCCGTATATCTTTATGGCTTTGCCG
AspAlaThtSerSerThrAlaGlyThrSerTyrPheProTyrIllePheMetAlaLeuPro

7 21 GTGTGTCTGGCGTCATTTGGTTTCCACGGCAATATTCCCAGCCTGATTATTTGCTATGGA
ValcysLeuAlaSerPheGlyPheHisGlyAenIleProSerLeuIleIleCysTyrGly

781 AAACGCAAAGATAAGTTAATCAAAAGCGTGGTATTTGGTTCGCTGCTGGCGCTGGTGATT

841

LyeArgLysAspLyeLouIleLyeSerValValPheGlySerLeuLeuAlaLeuValIle
TATCTCTTCTGGCTCTATTGCACCATGGGGAATATTCCGCGAGAAAGCTTTAAGGCGATT
TyrL.uPheTrpLeuTyrCysThrMetGlyAsnIleProArgGluSerPheLysAlalle

901 ATCTCCTCAGGCGGCAACGTTGATTCGCTGGTGAATCGTTCCTCGGCACCAAACAGCAC
IleSerSerGlyGlyAsnValAspSerLeuValLysSOrPheLeuGlyThrLysGlnHis

961 GGCATTATCGAGTTTTGCCTGCTGGTGTTCTCTAACTTAGCTGTTGCCAGTTCGTTCTTT
GlyIleIleGluPheCysLeuLeuValPheSerAsnLeuAlaValAlaSerSerPhePhe

1021 GGTGTCACGCTGGGGTTGTTCGATTATCTGGCGGACCTGTTTAAGATTGATAACTCCCAC
GlyValThrLeuGlyIeUPheAspTyrLuAlaAspLeuPheLysIleAspAsnSerHis

1081 GGCGGGCGTTTCAAAACCGTGCTGTTAACCTTCCTGCCACCTGCGTTGTTGTATCTGATC
GlyclyArgPheLymThrValLeuLeuThrPheLeuProProAlaLeuLeuTyrLeuIle

1141 TTCCCGAACGGCTTTATTTACGGGATCGGCGGTGCCGGGCTGTGCGCCACCATCTGGGCG
Ph-ProAenGlyPheIleTyrGlyIleGlyGlyAlaGlyLeuCysAlaThrIleTrpAla

1201 GTCATTATTCCCGCAGTGCTTGCAATCAAAGCTCGCAAGAAGTTTCCCAATCAGATGTTc
ValIleleProAlaValLeuAlaIleLysAlaArgLysLyePheProAsnGlnjetPhe

1261 ACGGTCTGGGGCGGCAATCTTATTCCGGCGATTGTCATTCTCTTTGGTATAACCGTGATT
ThrValTrpGlyGlyAsnLeuIleProAlaIleValIleL.uPheGlyIleThrvalIle

13 21 TTGTGCTGGTTCGGCAACGTCTTTAACGTGTTACCTAAATTTGGCTAAATCCTTCAAGAA
LouCysTrpPheGlyAsnValPheAsnValLeuProLyePheGlyEnd

1381 GCCAGCCATTCGCTGGCTTCTTGCCTCTCAGGAAATCACTTATGTCCAAATGGCAACTCG

1441 CCTGATCCTCCTTCACCACGTATGCTTTGCGTCACCTTACTATCAGGACGCTTTAGcccA
1501 TGTCCCGCTTTTTGATTTGTAGTTTTGCCCTGGTTTTACTTTATCCGCCGGGATTGATAT

1561 GTACCTCGTTGGTTTACCGCGCATCGCCGCCGATCTCAATGCCAGCGAAGCGCAGTTGCA

1621 TATTGCGTTCTCCGTATATCTGGCGGGGATGGCAGATCAAGCTTATCGATACCGTCGACC

1681 TCGATCGA

FIG. 1. Nucleotide sequence of the E. coli tnaB gene. The
derived amino acid sequence of TnaB is indicated, and the proposed
ribosome-binding site for tnaB is underlined. The sequences of the
carboxyl terminus of tryptophanase and the 90-bp intercistronic
region are taken from reference 8.

between putative spans X and XI contains a number of such
charged residues. In LacY, UhpT, GlpT, AroP, and PheP,
there are at least 53 amino acids between the last of these
charged residues and the carboxyl terminus. It is possible to
fold these sequences into two hydrophobic spans with the
additional positive charges which occur at the carboxyl ends
of all of these proteins remaining in the cytoplasm. Mtr and
TyrP have only 28 and 29 residues, respectively, between
these positively charged amino acids and the carboxyl
terminus. Also, neither of these proteins possesses posi-
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FIG. 2. Comparison of the amino acid sequences of proteins
Mtr, TnaB, and TyrP. Identical residues are boxed. The putative
hydrophobic spans shown for Mtr in Fig. 5 are indicated by
underlining. The TyrP sequence differs from the one previously
published (27) in that the sequence from position 131 is AGGVV and
not RRVANL. We thank Susan Howitt for this correction.

tively charged residues at its carboxyl terminus. Figure 4
compares the carboxyl termini of these various proteins.
Both of these observations indicate that span XI is the last
span, with the carboxyl terminus in the periplasm. (Alterna-
tively, the carboxyl end could be embedded in the membrane
but would fail to constitute a complete 12th span.) The
situation with TnaB is not so clear, as there are 41 residues
after a strong group of charged amino acids and a single
lysine is found as the third residue from the carboxyl end.
By reference to the hydrophobicity profiles (10, 26), the

incidence and strength of turns (6), and the distribution of
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FIG. 3. Comparison of the hydropathy profiles of the three
proteins derived by using the algorithm of Engelman et al. (10) with
a window of 19 amino acids.
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UhpT E- E- R+ K+ I R+ R+ E K+ K+ I Q Q L T V A

GlpT E K+ R+ R+ H E Q L L Q E R+ N G G

LacY R+ R+ Q V N E- V A

PheP K+ T L R+ R+ K+

AroP

TyrP

K+ E- K+ T A K+ A V K+ A H

L L P E- V G

Mtr L L P V Y Q

TrpP V L P K+ F G

FIG. 4. Carboxyl termini of a number of transport proteins,
showing the clusters of positive charges in those for which 12 spans

have been proposed.

charged amino acids (18, 24), it is possible to propose a
model for the secondary structure of these proteins. Al-
though this is speculative, it does simplify further discussion
of these proteins and forms the basis for future experiments.
Figure 5 shows one such proposal for the structure of Mtr.
The residues conserved in all three proteins are in boldface.
According to this model, approximately two-thirds of the
conserved residues are found in the regions spanning the
membrane. However, the distribution is not even, with
spans IV, V, and XI showing very few conserved residues.
Of particular interest is a block of conserved residues which
extend through the latter half of span VIII into the following
cytoplasmic loop. Among the individual amino acids, glycine
(20 of 41) and proline (8 of 17) show the greatest conserva-
tion. A relative abundance of glycines is seen in span I of
these proteins and also in span I of AroP and PheP. The
lysine residue present within span V is conserved in all five
of the transport proteins, TnaB, Mtr, TyrP, AroP, and PheP.
Proline residues are distributed about equally between the
hydrophobic core and the hydrophilic loops. Brandl and
Deben (3) have previously noted the presence of membrane-
buried proline residues in transport proteins and proposed a
possible role for them in the regulation of transport channels.
In agreement with the observations and predictions of others
(18, 24), the cytoplasmic loops of the three proteins carry a
net positive charge whereas the periplasmic loops carry a net
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FIG. 5. Model of the arrangement of the Mtr protein across the
membrane. Amino acid residues conserved in Mtr, TnaB, and TyrP
are in boldface. IF, interface; HC, hydrocarbon core (3 nm, corre-
sponding to the length of a 20-residue helix).

negative charge. With reference to the proposed model for
Mtr, the cytoplasmic loops have a net positive charge of +9
and the periplasmic loops have a net negative charge of -4.
Of particular interest for future experiments on structure

and function are the considerable Km differences reported
for TnaB and Mtr, the fact that one of these appears to be
inhibited by enzyme IIIGIc, and the different specificities of
Mtr and TnaB versus TyrP.
While preparing this report, we became aware of the

results of Heatwole and Somerville (13a), who have also
cloned and sequenced mtr. The two sequences for the coding
region are identical, but those researchers propose the
likelihood of 12 membrane spans.
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