
Proc. Nati. Acad. Sci. USA
Vol. 77, No. 12, pp. 7117-7121, December 1980
Biochemistry

Nucleotide sequence and expression of Escherichia coli trpR, the
structural gene for the trp aporepressor

(amino acid sequence/transcription start/trpR operator-promoter/autoregulation)

ROBERT P. GUNSALUS AND CHARLES YANOFSKY
Department of Biological Sciences, Stanford University, Stanford, California 94305

Contributed by Charles Yanofsky, August 29,1980

ABSTRACT The nucleotide sequence of trpR of Eseherichia
coli was determined. This gene codes for a polypeptide (Mr
12,356) that is 108 amino acid residues in length. NH5terminal,
COOH-terminal, and total amino acid analyses of purified
aporepressor agree with the deduced amino acid sequence and
establish the translation start and stop codons of the structural
gene. The transcription start site for trpR mRNA synthesis in
vitro was shown to be 56 base pairs prior to the translation start
site. The nucleotide sequence on either side of the transcription
start site is homologous to the tip operon operator. Purified trp
aporepressor, when activated by L-tryptophan, protects re-
striction sites in this region, the presumed trpR operator, from
cleavage by the respective restriction endonucleases. Bound
RNA polymerase protects the same restriction sites. These
findings and the additional observation that tip repressor in-
hibits transcription initiation in vitro establish that there is a
functional overlap of operator and promoter sequences in the
regulatory region of the tzpR operon. These findings indicate
that expression of tipR is autoregulatory.

The gene trpR of Escherichia coli codes for a regulatory pro-
tein, the trp aporepressor (1-3). When complexed with its co-
repressor L-tryptophan, the aporepressor forms an active re-
pressor complex that can bind at the operator region of the trp
operon and prevent transcription initiation (4-6). The protein
is present in low concentrations in E. coli (7): it has been esti-
mated that only 20-30 repressor molecules are present per cell
(4). trpR maps at 0 min on the E. coli chromosome (8) and is
unlinked to either the trp operon at 27 min or the aroH operon
at 37 min, two operons the trp repressor is known to regulate.
aroH codes for one of the three 3-deoxy-2-keto-D-arabino-
heptulosonic acid 7-phosphate (DAHP) synthases that catalyze
the first step in aromatic amino acid biosynthesis (9, 10). trpR
was recently cloned from the E. coli chromosome onto phage
and plasmid vectors (11, 12). The gene is present on a 1.3-ki-
lobase BamHI fragment (11, 12). A Sal I site was localized
within either the structural gene or its promoter, because
plasmids containing deletions of either the 440- or the 860-bp
BamHI/Sal I fragment failed to direct the synthesis of func-
tional aporepressor (11). Using these tipR plasmids, we have
determined the nucleotide sequence of trpR and its preceding
regulatory region. In addition, we have transferred trpR onto
a plasmid that allows a 100-fold increase in aporepressor pro-
duction. Using bacterial cultures with this plasmid as a source
of tip repressor, we have obtained this regulatory protein in
pure form. We have shown by in vitro studies that the trp re-
pressor binds to the trpR regulatory region and inhibits tran-
scription initiation. This finding suggests that expression of trpR
is autogenously regulated.

MATERIALS AND METHODS
Plasmids pRPG5 and pRPG9 are tipR + derivatives of pRPG4
(11) and contain the 1.3-kilobase BamHI trpR-containing
fragment inserted at the BamHI site of the vector pBR322. Both
plasmids were constructed by ligation of BamHI-cut pRB322
and the 1.3-kilobase fragment isolated by agarose gel electro-
phoresis from a BamHI digest of pRPG4 plasmid DNA. The
ligated DNA mixture was used directly for transformation of
E. coli W3110SRT4, and colonies were selected for ampicillin
resistance (40 ,ug/ml). Plasmid pRPG5, isolated from one of the
transformants, contains two Sal I sites, one of which is located
asymmetrically within the BamHI insert distal to the vector Sal
I site. The other plasmid type, represented by pRPG9, contains
the 1.3-kilobase BamHI insert in the opposite orientation.
Plasmid isolation, restriction, ligation, and transformation
procedures were performed as described (11). The DNA nu-
cleotide sequence was determined by the procedures of Maxam
and Gilbert (13). Polyacrylamide gel electrophoresis was per-
formed as described by Sanger and Coulson (14). Transcription
of DNA fragments, their separation by gel electrophoresis, and
RNA sequence determination were carried out by using stan-
dard procedures (15-17). tip aporepressor was purified to ho-
mogeneity from heat-induced cells containing a plasmid,
pRPG12, in which trpR is fused downstream from the X PL
promoter (ref. 11; unpublished). Automated Edman degrada-
tions and amino acid analyses were performed by the Protein
Structure Laboratory, University of California at Davis, Davis,
California.

RESULTS
Nucleotide and Amino Acid Sequences. Plasmids pRPG5

and pRPG9 are derivatives of pBR322 containing identical
1.3-kilobase BamHI inserts from E. coli that express trpR + (11).
These plasmids were used as sources of DNA fragments for
sequence determination and differ only in the orientation of
the 1.3-kilobase BamHI insert within the pBR322 vector. The
strategy employed in determining the sequence of trpR (Fig.
1) involved determining the nucleotide sequence of DNA
fragments on either side of the Sal I site previously shown to be
within the trpR operon (11). The entire sequence of each DNA
strand was determined in the trpR and adjacent regions. Se-
quences at or near fragment junctions were confirmed with
overlapping fragments. The complete nucleotide sequence is
presented in Fig. 2.
The direction of transcription of trpR was previously de-

termined to be from left to right as drawn in Fig. 1 (11). Ex-
amination of the three reading frames of the nucleotide se-
quence revealed only one that could code for a polypeptide of
significant length (Fig. 2). This potential translated sequence
begins at the ATG codon at positions 57-59 and extends to the
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FIG. 1. Strategy employed in determining the nucleotide se-
quence of trpR of E. coli. The nucleotides of the 1.3-kilobase BamHI
fragment are numbered relative to the BamHI site proximal to the
Sal I site. Arrows above the numbered sequence show the extent of
sequence runs on the antisense strand. Arrows below show sequence
runs of the complementary strand. The coding region for trpR is in-
dicated as well as the orientation of transcription.

termination codon TGA at positions 381-383. The polypeptide
predicted from this sequence would be 108 amino acid residues
in length. In-frame methionine codons also exist at residue
positions 11, 42, and 66; initiation at these would yield poly-
peptides 98, 67, and 43 residues in length, respectively. To
determine the size of the trpR polypeptide, the trp aporepressor
was purified to homogeneity (unpublished data) and subjected
to protein structure analyses.
Amino Acid Analyses. Amino acid analyses of acid-hydro-

lyzed trp aporepressor (Table 1) are consistent with a poly-
peptide length of 108 residues. The experimentally determined
values for each amino acid are in good agreement with the
amino acid content predicted from the nucleotide sequence
(Fig. 2). The low methionine value is partially explained by
NH2-terminal sequence data (see below) indicating that 90%
of our purified trp aporepressor lacks the NH2-terminal me-
thionine residue.
NHr and COOH-Terminal Analyses. The NH2-terminal

amino acid sequence of the trp aporepressor was determined
by-automatic Edman degradation on approximately 0.75 mg
of protein. The results obtained established the NH2-terminal
sequence of the trp aporepressor to be Met-Ala-Glu-Glu-Ser-
Pro-Tyr-Ser-Ala. These results identify the methionine codon
at nucleotide positions 57-59 (Fig. 2) as the translation start
codon for the trpR protein. Approximately 90% of the prepa-
ration of purified repressor examined had alanine as the
NH2-terminal residue; the remainder had methionine. The
NH2-terminal methionine residue is apparently largely re-
moved in vivo.
On the basis of the nucleotide sequence of trpR we expect

the COOH-terminal tryptic peptide of the trp aporepressor to

Table 1. Amino acid content of the trp aporepressor

Residues per molecule
Residue Analysis* Theoreticalt

Ala
Arg
Asp
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Tyr
Val
Trp

10.10
9.30
8.56

18.63
5.66
2.26
2.85

18.57
4.16
2.52
0.80
3.81
5.46
4.03
2.93
5.28

10
9
9

19
5
2
3

19
4
4
1
4
6
4
2
5
2

* Average value for duplicate 48-hr hydrolysates.
t Calculated assuming that the trpR polypeptide is 108 amino acid
residues in length.

be Ser-Asp. To isolate this acidic peptide we prepared a tryptic
digest of 0.50 mg of protein and separated the peptides by
two-dimensional electrophoresis/chromatography on a silica
G thin-layer plate (18). Electrophoresis was performed at pH
6.5 for a very brief period because Ser-Asp would be expected
to migrate rapidly. Fluorescamine staining revealed a major
fast-moving negatively charged peptide that, when eluted and
hydrolyzed, was found to have the composition Ser, Asp. Other
peptides eluted from a similar thin-layer plate that was run for
a much longer time at pH 6.5 had amino acid compositions
verifying the predicted polypeptide sequence for aporepressor
segments 16-27 and 64-84. On the basis of these findings we
conclude that the trpR polypeptide is 108 residues in length and
terminates in the sequence Ser-Asp-COOH (Fig. 2).

Regulatory Region of the trpR Operon. Inspection of the
nucleotide sequence preceding trpR reveals a region 21 base
pairs long that is centered approximately 56 base pairs before
the trpR translation initiation site and that shows extensive
homology to the operators of both the trp and aroH operons
(refs. 6 and 19; Figs. 2 and 3). To determine whether this DNA
region can bind trp repressor, restriction site protection studies
were carried out. A DNA fragment (Sau3A,86) spanning the
presumed trpR operator was preincubated with trp repressor
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FIG. 2. Nucleotide sequence of trpR of E. coli and the predicted amino acid sequence of its polypeptide product. The sequence is numbered

relative to the experimentally determined start of transcription (+1). Translation of trpR begins at the methionine codon at nucleotide positions
57-59 and runs 108 codons before the stop codon at 381-383. Regions of the initial and presumed terminal segments of the transcript that could
form stable secondary structures are indicated by underlining (labeled 1 and 2).
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FIG. 3. The promoter-operator regions of the aroH, trp, and trpR operons. The three operators are aligned relative to their homologous
sequences and are numbered from their respective transcription start sites. The vertical dotted lines indicate positions of identity. A likely Pribnow
sequence in the -10 region of the trpR promoter is enclosed in a box. Direct sequence repeats are indicated by the thin arrows above the sequences,
while regions of twofold symmetry are shown by the narrow bars immediately under the nucleotide sequences. The location of Rsa I and Hpa
II restriction sites (trpR) that are protected by bound trp repressor are also indicated. Solid arrows under the sequences indicate the start and
direction of transcription.

and then the restriction endonuclease Rsa I was added and
incubation was continued. This endonuclease normally cleaves
the DNA fragment at nucleotide positions -7 and +7 (Fig. 3).
Fig. 4 shows that trp repressor protects the two Rsa I sites in the
DNA fragment. When L-tryptophan is omitted from the in-
cubation mixture, protection is not observed. Similarly, trp
repressor was found to protect the Hpa II site at nucleotide
positions +12 to +15 (Fig. 3) but not the Hae HI site at positions
+59 to +62 (data not shown). These observations show that trp
repressor binds to the DNA region that is homologous to the
operators of the trp and aroH operons.
To determine if RNA polymerase binds to the trpR operator

1 2 3 4 5
12345

FIG. 4. Autoradiogram showing protection byRNA polymerase
and trp repressor of the Rsa I restriction sites in the trpR regulatory
region. Each reaction mixture contained ["y-32P]ATP end-labeled
Sau3Ai86DNA fragment in a total volume of 20 ,d containing 6 mM
Tris-HCl (pH 7.4), 6mM MgCl2, 10mM NaCl, and 6mM 2-mercap-
toethanol. Where indicated, RNA polymerase (1.4 ,g), L-tryptophan
(50MgM), trp aporepressor (10 ng), and Rsa I endonuclease (1 unit)
were added to the reaction mixture. The reaction mixtures containing
RNA polymerase were preincubated for 5 min at 370C prior to addi-
tion of restriction endonuclease. After an additional 15 min at 370C,
the samples were heated at 651C for 10 min and 4Mgl of the gel loading
dye [75% (vol/vol) glycerol with 0.025% xylene cyanol blue and 0.025%
bromphenol blue] was added. The samples were applied to a 5%
polyacrylamide/Tris/borate slab gel (20) and electrophoresis was
carried out at 200 V for 4 hr. Lane 1, undigested Sau3Aise fragment;
lane 2, Sau3Aiss fragment + Rsa I endonuclease; lane 3, Sau3Aiss
fragment + Rsa I endonuclease + aporepressor; lane 4, Sau3Aiss
fragment + Rsa I endonuclease + aporepressor + L-tryptophan; lane
5, Sau3A,86 fragment + Rsa I endonuclease + RNA polymerase.

region, protection experiments similar to those performed with
the trp repressor were carried out. When the Sau8A186 DNA
fragment was preincubated with RNA polymerase prior to
addition of Rsa I endonuclease, the two Rsa I sites protected
by bound trp repressor were also protected (Fig. 4). This finding
localizes the trpR promoter to the region containing the trpR
operator sequence. To establish the location of the trpR pro-
moter more precisely, in vitro transcription experiments were
performed with the objective of determining the transcription
start site. A BamHI/Hae 111390 DNA fragment (Fig. 1) con-
taining the initial segment of trpR and its preceding region was
transcribed in vitro (Fig. 5). The [a-32P]CTP-labeled transcripts
were separated on 10% acrylamide/7 M urea gels (20) and
audioradiograms were prepared. Two major RNA transcripts

1 2 3 4
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FIG. 5. Repression of transcription of trpR in vitro. Transcription
of the BamHI/Hae I11390 fragment (Fig. 1) was carried out as de-
scribed (15). The reaction mixture contained 300MM UTP, 150 AM
ATP, 150MM GTP, 20 ,uM [a-32P]CTP, 100 mM KCI, 3% (vol/vol)
glycerol, 1.44 Mg of RNA polymerase, 20 mM Tris acetate, 4 mM
magnesium acetate, 0.1 mM dithiotheitol, and 0.1 mM EDTA. Where
indicated, trp aporepressor (10 ng) and 50 MM L-tryptophan were
added prior to incubation at 370C. The reaction was carried out for
20 min at 370C and then stopped by heating for 2 min at 950C. Sam-
ples were electrophoresed on 10%/ polyacrylamide/Tris/borate/
EDTA 7 M urea gels (15). The approximate size of the larger tran-
script was based on comparison with the 140-nucleotide trp leader
transcript. This size estimate was verified by fingerprinting an RNase
T1 digest of this transcript. Lane 1, DNA fragment + RNA poly-
merase; lane 2,DNA fragment + RNA polymerase + trp aporepressor;
lane 3, DNA fragment + RNA polymerase + trp aporepressor + L-
tryptophan; lane 4, DNA fragment + RNA polymerase + L-trypto-
phan.
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were observed, a 't40-nucleotide terminated transcript and a
60-nucleotide run-off transcript (Fig. 5). The sequence of the
60-nucleotide transcript was determined by standard RNase
Ti digestion and fingerprinting of the eluted transcript fol-
lowed by secondary cleavage of the T1 oligonucleotides with
RNase A and identification of the digestion products (15-17).
Identical analyses were carried out with [a-32P]GTP-, [a-
32P]UTP- and [a-32P]ATP-labeled transcripts. These analyses
were in perfect agreement with the DNA sequence and es-
tablish the transcription start site at the nucleotide pair desig-
nated +1 in Figs. 2 and 3. The 5' nucleotide determination was
based on the observation that the triphosphate-containing oli-
gonucleotide was labeled by A, G, or C, but not U. Fingerprints
of RNase Ti digests of the 40-nucleotide transcript indicate that
this transcript originates at the same start site as the 60-nucle-
otide transcript and ends somewhere in the vicinity of base pair
40.

Because the transcription start site was localized within the
presumed trpR operator region (Fig. 3), in vitro transcription
studies were performed to determine whether the trp repressor
inhibits transcription initiation on the trpR operon. Preincu-
bation of the BamHI/Hae III3go fragmient with trp repressor
prior to addition of RNA polymerase essentially eliminates the
appearance of the 40- and 60-nucleotide trpR transcripts (Fig.
5). Again, omission of the corepressor, L-tryptophan, from the
reaction mixture allows transcription. These observations
support the restriction site protection data and indicate that both
repressor and polymerase bind to the same region of the trpR
operon. Accordingly, repressor can regulate its own syn-
thesis.

DISCUSSION
The trp and aroH operons of E. coli are regulated by the
polypeptide product of trpR, the trp aporepressor, in response
to changes in the intracellular concentration of the corepressor,
L-tryptophan (1-5, 9, 19). When the aporepressor is complexed
with tryptophan, this complex, the trp repressor, can bind at
the operator regions of the trp and aroH operons (5, 6, 19).
Bound repressor inhibits transcription initiation because the
operator regions of both operons overlap RNA polymerase
recognition sites in their respective promoters (5, 6, 19).
We have determined the nucleotide sequence of trpR and

its adjacent DNA regions. On the basis of cloning data that lo-
cate the structural gene, DNA sequence determinations, amino
acid composition, and NH2- and COOH-terminal sequence
analyses of the purified trpR protein, we conclude that the trpR
polypeptide is 108 residues in length. Sodium dodecyl sul-
fate/polyacrylamide gel electrophoresis studies with the pu-
rified protein give values consistent with the calculated mo-
lecular weight (Mr 12,356). In a previous report we described
the plasmid-directed synthesis in vitro of a polypeptide (Mr
24,000) that we considered the presumptive trpR polypeptide
(11). We now believe that this polypeptide is the product of a
fused X-bacterial sequence in the plasmid template. An inde-
pendent estimate of the size of the trpR polypeptide based on
DNA sequence analyses and polypeptide sizing (21) is slightly
lower than our determined value. The exact size of the native
trp repressor is not known. Considering the subunit molecular
weight, 12,356, previous estimates of the size of the native trp
repressor (3, 5) would be compatible with a tetrameric structure
for the protein in solution.

Immediately following the structural gene of the operon
there is a G+C-rich region, with dyad symmetry, followed by
A+T regions, that could function as the transcription termi-
nation site of the operon (Fig. 2). The calculated AG (22) for
formation of the stem and loop of the corresponding transcript

segment is -23.8 kcal/mol (1 kcal = 4.184 kj). The AG values
for the equivalent structures in the trp and aroH operons are
-20 and -24 kcal/mol, respectively (22, 23).
Of the 108 amino acids residues in the trpR polypeptide, 14%

are basic and 15% are acidic. These values are only slightly
higher than those for the E. coli trpB and trpA biosynthetic
polypeptides, which have 13% and 10% basic and 12% and 11%
acidic amino acid residues, respectively (24). In the trpR
polypeptide the charged residues of both types are distributed
almost uniformly throughout the polypeptide chain. This ar-
rangement is similar to that of the lac repressor polypeptide (25,
26) but contrasts with the structure of the X repressor protein,
in which basic residues are clustered in the NH2-terminal
portion of the polypeptide chain (27, 28).

Binding-protection studies with trp repressor and RNA
polymerase, and in vitro transcription analyses, indicate that
the trpR operon has an operator that overlaps the site of tran-
scription initiation. This presumed operator region is homolo-
gous to the aroH and trp operon operator regions (Fig. 3). This
homology has also been noted by others (21).

In addition to the observation that bound trp repressor in-
hibits transcription initiation in vitro on all three operons (refs.
6 and 19; this study), it should be noted that the three operators
are located at different positions relative to their respective
promoters. The aroH operator overlaps the -35 RNA poly-
merase recognition site, the trp operon operator overlaps the
-10 recognition site, and the trpR operator is centered at the
transcription initiation site and extends to the -10 polymerase
recognition region (Fig. 3). The mechanism of repressor action
appears to be identical for all three operons despite the different
locations of the three operators in their respective promoters.

Inspection of the three homologous operator sequences re-
veals that there are 11 conserved base pairs. Of the 9 opera-
tor-constitutive point mutations in the trp operon operator for
which the nucleotide substitutions are known (6), 8 occur at 3
of these 11 positions. In addition, the purines at 7 of these 11
positions in the trp operon operator are protected from meth-
ylation by bound trp repressor (29). The three operators have
other features in common: each has regions of twofold sym-
metry and each contains a direct tandem repeat sequence (Fig.
3). The significance of these features is not known; however,
their presence in each of the operators suggests some functional
importance. In contrast to operator homology, the three pro-
moter sequences show little homology at either the -10 or -35
recognition regions.

Table 2. Codon usage in trpR of E. coli
Phe TTT 1
Phe TTC 0
Leu TTA 4
Leu TTG 4

Leu CTT 1
Leu CTC 2
Leu CTA 0
Leu CTG 8

Ile ATT 2
Ile ATC 1
Ile ATA 0
Met ATG 4

Val GTT
Val GTC
Val GTA
Val GTG

0

3
0

2

Ser TCT 1
Ser TCC 0
Ser TCA 2
Ser TCG 0

Pro CCT 0
Pro CCC 2
Pro CCA 1
Pro CCG 1

Thr ACT 1
ThrACC 0
Thr ACA 0
ThrACG 3

Ala GCT 0
Ala GCC 3
Ala GCA 3
Ala GCG 4

Tyr TAT 1
Tyr TAC 1
End TAA 0
End TAG 0

His CAT 1
His CAC 1
Gin CAA 3
Gin CAG 4

Asn AAT 2
Asn AAC 3
Lys AAA -3
Lys AAG 1

Asp GAT 3
Asp GAC 1
Glu GAA 6
Glu GAG 6

Cys TGT 0
Cys TGC 0
End TGA 1
Trp TGG 2

Arg CGT 5
Arg CGC 4
Arg CGA 0
Arg CGG 0

Ser AGT 0
Ser AGC 3
Arg AGA 0
Arg AGG 0

Gly GGT 0
Gly GGC 3
Gly GGA 1
GlyGGG 1

Proc. Natl. Acad. Sci. USA 77 (1980)
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Major proteins or those that must be synthesized rapidly
might be expected to be coded for by transcripts rich in codons
for the major isoaccepting tRNA species of the respective or-

ganism. Conversely, proteins present in trace amounts, such as
repressors, might be specified by transcripts rich in minor tRNA
species. Consistent with these expectations is the observation
that messages for ribosomal proteins of E. coli are rich in codons
that are translated by the major isoaccepting tRNA species (30).
Comparison of codon usage in trpR (Table 2) and lacI of E. coli
with that in trpB and trpA of the same organism does not reveal
any noticeable overutilization of rarely used codons in the
messages for the two repressor proteins. For example, codons
that are not used or are used infrequently in the two trp operon
genes, AUA (Ile), GUA (Val), AAG (Lys), and CGA, CGG,
AGA, AGG (Arg) are correspondingly rare in trpR and lacI.
Unless the use of a few rare codons is sufficient to reduce the
rate of synthesis of the trpR polypeptide, it would appear that
translational inefficiency has not been a basis of codon selection
during the evolution of trpR of E. coli. The absence of a rec-

ognizable Shine-Dalgarno sequence (31) preceding trpR may
indicate that initiation of translation in inefficient.

Transcription of the initial segment of the trpR operon in
mitro yields two major transcripts, one terminating at about base
pair 40, just beyond a region of dyad symmetry in DNA (Fig.
2). The corresponding segment of the transcript would form
a stem and loop structure with an estimated AG of -26 kcal/
mol (22). Both transcripts have the same 5' end, indicating that
they were initiated at the same site in the trpR promoter.
Synthesis of the two transcripts is inhibited by trp repressor. The
significance of the existence of the 40-base terminated transcript
is unclear. It could be an artifact caused by the conditions em-
ployed in in vitro transcription experiments. However, if this
terminated transcript is an authentic product of the operon in
vivo, termination of transcription in the trpR leader region may
be used to reduce expression of the operon below the level that
would be dictated by polymerase and repressor action at the
promoter-operator region. Alternatively, termination in the
leader region could be regulated, as in other operons (15), to
allow variation in the rate of synthesis of intact trpR messenger
RNA under appropriate environmental conditions. Regardless
of the significance of the terminated transcript, it is clear that
expression of the trpR operon is autogenously regulated by the
trp repressor.
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