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The regulation of transcription of the gene for the tryptophan-specffic permease, mtr, was evaluated in
several genetically marked Escherichia coli strains through the use of a single-copy lacZ reporter system. The
expression of mtr was repressed 97-fold by tryptophan via the Trp repressor and induced 10-fold by
phenylalanine or tyrosine via the Tyr repressor. By primer extension analysis two distinct mtr transcripts and
their corresponding promoters were identified. One transcript was induced by the Tyr repressor. The
tryptophan-dependent interaction of Trp repressor with an operator target within the mtr promoter was

demonstrated by means of a restriction endonuclease protection assay.

Tryptophan is transported in Escherichia coli by a general
aromatic amino acid permease, encoded by aroP (4), and by
two specific transport systems. The first of these is a
high-affinity permease encoded by mtr (10; see also the
citation of C. Yanofsky in reference 16). The other is a
low-affinity permease encoded by a gene of the tna operon
(7). The gene for the high-affinity tryptophan-specific per-
mease, mtr, has been cloned and sequenced (9). Probable
operators for the tyrosine and tryptophan repressor proteins
were distinguished within the DNA upstream of the mtr gene
(9). An earlier study of tryptophan-specific uptake showed
that this process was enhanced by phenylalanine, provided
that functional tyrosine repressor was present (21). This
report identifies the 5' ends of mtr mRNA and characterizes
the roles that the tyrosine and tryptophan repressors play in
the regulation of mtr transcription.

Construction of an mtr-lacZ transcription-translation fusion
on a A phage. A 756-bp EcoRI-NlaIV DNA fragment con-
taining 690 bp upstream of the mtr structural gene and the
first 22 codons of mtr were cloned into the EcoRI-SmaI sites
of M13mpl8/p (1). The DNA corresponding to this transcrip-
tion-translation fusion of mtr to lacZot was excised from this
construct, M13#17, and inserted into pMLB1034 (3) by
using EcoRI-BamHI. This resulted in an in-frame fusion of
the first 22 codons of mtr to full-length lacZ. The plasmid
bearing this mtr-lacZ fusion, pSLW20, was transformed into
CSH26(XRZ11). Lac' recombinant A phage bearing the
mtr-lacZ fusion were isolated from this plasmid-bearing
lysogen as described previously (1). The phage, designated
XSLW20, were then inserted in single-copy form into appro-
priate E. coli hosts (Table 1) according to published proce-
dures (15, 23).

Effects of the tyrosine and tryptophan repressors on tran-
scription from the mtr promoter. Strains lysogenic for
XSLW20 lacking either the tyrosine or tryptophan repressor
or both repressors were used in 3-galactosidase assays to
evaluate the role of these regulatory proteins in mtr expres-
sion. The results are summarized in Table 2.

P-Galactosidase levels in wild-type cells (SP1312 in Table

* Corresponding author.
t Journal paper no. 12858 from the Purdue University Agricul-

tural Experimental Station.

2) grown in minimal medium and minimal medium supple-
mented with different aromatic amino acids indicated that
expression from the mtr promoter was induced 8-fold by
phenylalanine and 7-fold by tyrosine and repressed 26-fold
by tryptophan, relative to the levels observed in minimal
medium. Stimulation of P-galactosidase production by phen-
ylalanine was not additive with respect to stimulation by
tyrosine. In terms of their effects on expression of P-galac-
tosidase from the mtr promoter, phenylalanine and tyrosine
appeared to be interchangeable. When phenylalanine or
tyrosine was present in addition to tryptophan, there was
only a sixfold repression of P-galactosidase.

In a tyrR background (SP1313 in Table 2) phenylalanine-
and tyrosine-mediated induction of P-galactosidase was
abolished. The level of expression in minimal medium was
only twofold different from that of the tyrR+ control. The
magnitude of tryptophan-mediated repression in strains lack-
ing tyrosine repressor was unchanged in comparison with
that in the wild-type control strain.

In a trpR background (SP1322 in Table 2), expression of
,-galactosidase in minimal medium was fivefold higher than
in the wild-type background. Phenylalanine- and tyrosine-
mediated induction in the trpR strain was only fourfold
above the levels seen in minimal medium. No tryptophan
repression was observed when tryptophan alone was
present. However when tryptophan and phenylalanine were
both present, tryptophan appeared to reduce the phenylala-
nine-mediated induction from fourfold to twofold. This
lower level of induction is probably attributable to the ability
of tryptophan to compete with phenylalanine for uptake
through the AroP system (21), thus reducing the entry of
external phenylalanine. When both repressor proteins were
absent (SP1323 in Table 2) no regulation of 3-galactosidase
expression in response to any of the aromatic amino acids
was observed.
The net effect of each regulatory protein on P-galactosi-

dase expression may be inferred by comparing the trpR tyrR
(SP1323 in Table 2) double mutant with the appropriate
single-mutant strains. Tyrosine repressor, in concert with
phenylalanine or tyrosine, induced P-galactosidase expres-
sion 10-fold. Tryptophan repressor, in a tryptophan-depen-
dent manner, repressed ,-galactosidase expression 97-fold.
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TABLE 1. E. coli strains, phage, and plasmids

Strain, phage, Relevant genotype Reference or
or plasmid or description source

Strains
CSH26 ara A(lac-pro) thi 15
SP564-1 thi A(lac-pro) Vair A(tyrR) D. Johnson
SP1258 trpR::Qlkan A(argF lac)205 rep- B. Hagewood

71 his-871 relAl rpsL181 gal-3
F' pOX38::TnlO-11(mini-Tet)

SP1312 As W3110, but zah-735::TnJOA This work
(argF-Iac)U169

SP1313 As SP1312, but A(tyrR) This work
SP1322 As SP1312, but trpR::Qkan This work
SP1323 As SP1313, but trpR::fQkan This work
W3110 Wild type 2

Plasmids
pMLB1034 Promoterless lacZ, Ampr 3
pSLW13 mtr+ 9
pSLW20 mtr-lacZ transcription-translation This work

fusion

Phage
M13mpl8/p M13mpl8 but promoterless 1

lacZax
M13#17 mtr-lacZa transcription- This work

translation fusion
XRZ11 As Aplac5 (cI857 Sam7) but 23

promoterless lacZ
XSLW20 mtr-lacZ transcriptional- This work

translational fusion

In the wild-type background both induction and repression
contributed to the level of P-galactosidase expression.
Tryptophan holorepressor binds to an operator upstream of

mer. Within the predicted tryptophan repressor operator site
lie three RsaI restriction endonuclease cleavage sites (see
Fig. 3). Purified tryptophan repressor was found to prevent
cleavage of the mtr DNA at all three RsaI sites in a
tryptophan-dependent manner (Fig. 1). The NsiI site adja-
cent to the presumptive Trp repressor operator (see Fig. 3)
remained susceptible to cleavage under conditions where
RsaI protection occurred (data not shown). The tryptophan
repressor concentration required to protect approximately
one-half of the operator sites from RsaI cleavage, as ob-
served by appearance of the 746- and 506-bp fragments, is
shown in lane 2 of Fig. 1. From the concentrations of
repressor and operator present, the in vitro dissociation
constant is estimated to be 9.4 x 10-7 M under the condi-
tions of this assay. This value, which is larger than previous
estimates for related systems (8), may reflect the specific

I ?

<- 1266

-<- 746

5 06

FIG. 1. Protection of three RsaI restriction endonuclease sites
within the mtr promoter by tryptophan repressor. A 6,350-bp
plasmid, pSLW13 (9), that contains the mtr promoter region was
used as the target DNA molecule. Purified tryptophan repressor and
0.5 mM tryptophan were incubated for 20 min at 37°C with 0.18 pmol
of plasmid in RsaI restriction buffer (50 mM NaCl, 6 mM Tris-HCl,
pH 8.0, 10 mM MgCl2, 6 mM mercaptoethanol; total volume, 20 ,ul).
Then the plasmid was subjected to cleavage with RsaI restriction
endonuclease (14 U) for 45 min at 37°C. The products were
electrophoretically separated on a 1% agarose gel. Lane 1, 38 pmol
of purified tryptophan repressor; lane 2, 19 pmol; lane 3, 9.5 pmol.
Controls containing either 76 pmol of repressor but no tryptophan or
0.5 mM tryptophan but no repressor gave results identical to lane 3
(data not shown). Arrows mark the 1,266-bp DNA fragment result-
ing from protection of the operator and DNA fragments of approx-
imately 506 and 746 bp resulting from RsaI cleavage within the
operator.

assay conditions and the quality of protein used. However,
the data show that tryptophan repressor interaction with the
DNA requires tryptophan and is operator specific.

Identification of the 5' ends of mir mRNA by primner
extension analysis. RNA was isolated by the procedure of
Salser et al. (17) from strain SP1312 grown either in minimal
medium or phenylalanine (1 mM)-supplemented medium.
RNA in the form of an ethanol slurry was stored at -20°C.
Samples were withdrawn, centrifuged, and resuspended for
primer extension analysis. The results are shown in Fig. 2.
When RNA from cells grown in minimal medium was used
as a template in extension reactions, three transcripts, P1,
P2, and P3, were detected. When RNA from cells grown
under conditions known to induce the expression of mtr
(i.e., in the presence of phenylalanine) was examined, the
relative abundance of transcript P3 was greatly increased
while the amounts of P1 and P2 decreased slightly. It is not
known whether the P2 transcript originates from a promoter
distinct from P1 or is the result of inefficient elongation of the

TABLE 2. P-Galactosidase levels in strains lysogenic for XSLW20

Strain Relevant ,-Galactosidase levela in cells grown in:genotype Minb Min+F Min+Y Min+W Min+FY Min+FWC

SP1312 187 1,470 1,290 7.2 1,730 30.0
SP1313 tyrR 91.0 168 104 3.6 217 4.0
SP1322 trpR 993 3,790 4,020 1,040 1,800 1,590
SP1323 tyrR trpR 348 390 405 348 441 414

a Results of ,-galactosidase assays, performed on permeabilized cells grown to mid-log phase, are reported in Miller's units (15). Each value is the result of
at least three independent assays. The standard deviation is no greater than 12%.

b Minimal medium (Min) contained 0.2% glucose, vitamin B1 (1 mg/liter), biotin (0.1 mg/liter), and salt mix E of Vogel and Bonner (20). Aromatic amino acids
were added at a concentration of 1 mM.

c Assays done in Min+YW and Min+FYW gave values similar to those of Min+FW for all four strains (data not shown).

J. BACTERIOL.



NOTES 3603

A C G r 1 2
*< rfx r*. ... _

88 88 ff

.: ujt::::*, WF
.: ,, j, i f;s

t,.-*,}9,i.

.' '' i::''.'j'-'', _. .. t. : ..... . ..
: :3s£
i_ siR:. ..

.. ......... .....* fBt rrst} w ss-
_

,,' _ .:
.... :...........

^5iWWT" ...........,_..!b ... _
:btZq *s

7
*t"- .....

, 4,,,,,r. ............. ...... : . .
:,,,,,,f,¢

et ::i:. :::..

_: 4Z:

,W,,.,,,,_Z..te.* ,,,,, ,,., ,,i,,, - *- *-,,, . .. : . .
Fsid;:r;:t.. ............. ..... ..
.,j,*.,--'t SC:'''.,^}, ,. . : ,: , t:e .
_.: .4-:..: t'''

*F, _., *:a:.:..

* t:<u:*r :t-:,

''", F.rifi
ius*. ,. va.::.

,4...:

,:: .:: ,:: _X1......... .. .
..

,,.,,

t:,. , '!tCrttirw .. '*

':

''': '::., :.

....... ..

*: .. :: :.
'. '.

''': :,,,: ::

-i4- P1

<- P2

-_- P3

FIG. 2. Mapping the 5' end of mtr mRNA by primer extension
analysis. RNA was isolated from a wild-type strain, SP1312, grown
to early log phase in either minimal medium or minimal medium
supplemented with phenylalanine (1 mM). In each case, a 30-residue
oligonucleotide (GCAGCGACGGTGACGTTTGGGTGGTGGTTA)
was annealed to 40 pLg of RNA and extended with avian myeloblas-
tosis virus reverse transcriptase (United States Biochemical; 9 U) in
the presence of dCTP, dGTP, dTTP, and [a-32P]dATP as described
by Curtis (6) except that the reactions were carried out at 42°C for 40
min. The extension products were separated on a 5% sequencing gel
next to a dideoxy sequencing ladder of the strand complementary to
the mRNA, generated with the same oligodeoxynucleotide primer.
Lane 1, 40 [Lg of RNA from cells grown in minimal medium; lane 2,
40 ,ug of RNA from cells grown in minimal medium with phenylal-
anine (1 mM). Control reactions containing RNA but no oligode-
oxynucleotide primer gave no observable cDNA products (data not
shown). Three cDNA products, marked with arrows P1, P2, and P3,
were detected (see text).

285 CTACCGGTCGTCGTCGTTTCGGT'

****** P 1 o
335 GAACACAA

385 CTTTTTTTCTGTCTT-

P1 transcript cDNA by reverse transcriptase. It should be
noted that P1 RNA has a potential GC-rich stem-loop
structure close to its 5' end that may cause reverse tran-
scriptase to prematurely terminate. For the present it will be
assumed that the P1 and P2 cDNA products identified by
primer extension represent a single set of transcripts that
originate from the P1 promoter. It is judged that P3 origi-
nates from a separate promoter, because the relative amount
of P3 mRNA was greatly elevated in phenylalanine-grown
cells whereas the amount of P1 mRNA remained approxi-
mately the same. The locations of the 5' ends of P1, P2, and
P3, as well as possible -10 and -35 sequences for P1 and
P3, are shown in Fig. 3.
The primer extension results, in combination with the

3-galactosidase assays (Table 2), suggest that the increase of
transcript P3 under inducing conditions reflects stimulation
by the tyrosine repressor of transcriptional events at the mtr
promoter. In phenylalanine-grown cells, P3 is the major
transcript observed. The mechanism by which tyrosine
repressor leads to this specific activation is not yet under-
stood.
Although the amino acid sequence of tyrosine repressor

has regions of identity to several proteins that activate
o54-dependent promoters (19), r54 is not required for the
expression of mtr (data not shown). Furthermore, the pres-
ence of -10 and -35 hexamers for P3 that are characteristic
of Or70 promoters (14) strongly suggests that the P3 transcript
originates from a u70 promoter. P1 was not induced under
our conditions.

Expression from the mtr promoter is significantly re-
pressed by tryptophan repressor and tryptophan. It is not
known whether tryptophan repressor affects expression
from the P1 promoter. In the case of the P3 promoter, the
tryptophan repressor operator overlaps the -10 hexamer.
One model for tryptophan repressor-mediated repression at
this promoter involves straightforward physical exclusion of
RNA polymerase. However, because multiple proteins are
interacting at the mtr promoter, other models for tryptophan
repressor-mediated repression cannot be ruled out.

Concluding comments. Sequence analysis previously sug-
gested the existence of a tryptophan repressor operator site
within the mtr promoter region (9). We have demonstrated
that tryptophan repressor binds to the proposed operator

_-Fororelp"MimmA l MA

|CCCGATTTTTACCATCGGGG
GCAATC A3 rAC

_TGCAATGCATAAC
R8saI' N s IIRsaI RsaI

435 AACGCAGTCGCACTATTTTTCACTGGAGAGAAGCCCTCATGGCAACACTA

485 ACCACCACCCAAACGTCACCGTCGCTGCTT
FIG. 3. Nucleotide sequence of the promoter region of mtr. The putative tyrosine repressor operators (black boxes) and the tryptophan

repressor operator (gray box) as well as the previously identified initiation codon for mtr (9) are indicated. The nucleotide sequence
coordinates are those of the previously published mtr sequence (9). The three RsaI sites within the tryptophan repressor operator are
indicated. The NsiI site that remains cleavable in the presence of tryptophan repressor is also shown. The positions of the flanking RsaI sites
are 514 bp upstream and 752 bp downstream from the symmetry axis of the operator. The arrows indicate the 5' ends of the cDNA products
inferred by primer extension analysis. Arrow P3 indicates the transcript that appears to be induced by the tyrosine repressor. The GC-rich
palindromic region near the 5' end of the P1 mRNA transcript is underlined. The probable -10 and -35 hexamers for the P3 promoter and
the probable -10 hexamer for the P1 promoter are indicated by asterisks. No obvious consensus -35 hexamer can be identified for the P1
promoter.
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segment of DNA in a tryptophan-dependent manner. This
result brings to four the number of E. coli operons known to
be specifically and strongly repressed by the tryptophan
repressor.

Tyrosine repressor induces the expression of mtr in a
phenylalanine- or tyrosine-dependent manner. Depending
upon whether tyrosine or phenylalanine is provided, ty-
rosine repressor either represses or induces transcription of
tyrP, the gene for the tyrosine-specific permease (12). How-
ever, mtr is the first example of a gene in which the role of
tyrosine repressor in transcription is limited solely to acti-
vation. It is not known whether tyrosine repressor utilizes
one or both of the proposed operators to exert its effect.
Further analysis will be required to elucidate this point.
Sarsero and Pittard (18) also found that mtr is repressed by
the tryptophan repressor via tryptophan and is induced by
the tyrosine repressor via phenylalanine or tyrosine. These
workers also detected an mtr promoteIr corresponding to the
P3 promoter reported here (18).

In its regulation, the mir gene bears certain similarities to
tyrP. The expression of the mtr gene, like that of tyrP,
involves at least two categories of transcripts, only the
shorter of which is strongly regulated by the tyrosine repres-
sor. In the case of mtr, the transcriptional start poi'nts are
separated by 72 nucleotides, whereas the two major catego-
ries of tyrP transcripts differed in length by 140 nucleotides
(11, 22). The structural similarities between the protein
products of these two genes have been noted and discussed
previously (9).
Tryptophan-mediated repression of mtr conforms to a

pattern of re'gulation already established for two other aro-
matic amino acid permeases, aroP and tyrP. In each case a
permease gene is repressed by the aromatic amino acid that
the corresponding gene product transports into the cell (5,
12, 13, 21). In addition, either phenylalanine or tyrosine is
able to competitively inhibit the uptake of tryptophan
through the AroP system (21). These amino acids also
repress the expression of aroP (5). Thus, it is likely to be
advantageous to the cell to induce the expression of the
tryptophan-specific permease, encoded by mtr, when phe-
nylalanine or tyrosine is present in abundance.
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