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Expression of the tna operon of Escherichia coli and of Proteus vulgaris is induced by L-tryptophan. In E. coli,
tryptophan action is dependent on the presence of several critical residues (underlined) in the newly synthe-
sized TnaC leader peptide, WFNIDXXL/IXXXXP. These residues are conserved in TnaC of P. vulgaris and of
other bacterial species. TnaC of P. vulgaris has one additional feature, distinguishing it from TnaC of E. coli;
it contains two C-terminal lysine residues following the conserved proline residue. In the present study, we
investigated L-tryptophan induction of the P. vulgaris tna operon, transferred on a plasmid into E. coli.
Induction was shown to be L-tryptophan dependent; however, the range of induction was less than that
observed for the E. coli tna operon. We compared the genetic organization of both operons and predicted
similar folding patterns for their respective leader mRNA segments. However, additional analyses revealed
that L-tryptophan action in the P. vulgaris tna operon involves inhibition of TnaC elongation, following addition
of proline, rather than inhibition of leader peptide termination. Our findings also establish that the conserved
residues in TnaC of P. vulgaris are essential for L-tryptophan induction, and for inhibition of peptide elonga-
tion. TnaC synthesis is thus an excellent model system for studies of regulation of both peptide termination and
peptide elongation, and for studies of ribosome recognition of the features of a nascent peptide.

The tryptophanase (tna) operon of Escherichia coli, as well
as that of Proteus vulgaris, consists of a promoter regulated by
catabolite repression, a free L-tryptophan (L-Trp) responsive
leader peptide coding region, tnaC, followed by two structural
genes, tnaA and tnaB (Fig. 1A) (6, 18). tnaA encodes the
enzyme tryptophanase, which degrades L-Trp to indole, pyru-
vate and ammonia. Pyruvate and ammonia can then be used as
carbon and nitrogen sources, and indole can serve as a volatile
signal molecule in quorum sensing or in stimulating biofilm
formation (17). In E. coli, these events may play a role in
bacterial colonization and possibly in bacterial pathogenesis (7,
16). tnaB encodes an L-Trp-specific permease (6, 18). The tnaC
open reading frames of E. coli and P. vulgaris encode a 24-
residue peptide and a 34-residue peptide, respectively (Fig.
1B). In both tna operons, the tnaC sequence is followed by a
boxA site, a Rho termination factor-binding site (rut), and a
noncoding region where Rho factor-dependent transcription
termination can occur (Fig. 1A and C) (18). In the absence of
inducing levels of L-Trp, Rho factor interacts with boxA and rut
sequences in the tna transcript, instructing the transcribing
RNA polymerase to terminate transcription prematurely in the
noncoding region between tnaC and tnaA (Fig. 1A) (11). In the
presence of L-Trp, Rho factor does not act. This inhibition of
Rho factor action allows the tnaA and tnaB coding regions to
be transcribed and translated (18).

In vivo and in vitro molecular studies using the E. coli tna
operon as a model system have shown that when L-Trp is
bound to the translating ribosome, it inhibits release factor 2

(RF2) cleavage of the nascent peptidyl-tRNA, TnaC-tRNAPro,
at the tnaC stop codon (11). This results in ribosome stalling,
allowing the translating ribosome to block access of the Rho
termination factor to its rut binding site, thereby preventing
transcription termination in the leader region of the operon
(11, 18). This ribosome stalling has been shown to depend on
specific residues of the TnaC leader peptide (3–5, 12). These
include a tryptophan residue at position 12 (W12); an aspartic
residue at position 16 (D16); a leucine residue at position 19
(L19); the last amino acid of the TnaC peptide, proline 24
(P24); and the spacing between W12 and P24 (Fig. 1C) (5, 12).
Interestingly, all of these residues, and their positions, are
highly conserved in the tna operons of diverse eubacterial
species—among them, P. vulgaris (5).

Many bacterial species contain a tna operon in which leader
peptide translation is probably used in regulating tna operon
expression (5). In this study, we have analyzed the features of
tnaC of P. vulgaris that are required for Trp induction. Mutagen-
esis analyses, and expression studies with a reporter gene, estab-
lish that the conserved essential residues in TnaC detected pre-
viously in E. coli are also essential for induction of the P. vulgaris
tna operon. In vitro translation assays with the P. vulgaris leader
RNA region demonstrated that L-Trp induces the production of
a stalled ribosome complex containing TnaC-tRNAPro. Since
tnaC of P. vulgaris contains two lysine (Lys) codons following the
proline codon that corresponds to the observed ribosome stalling
position for E. coli, we conclude that L-Trp induction inhibits
translation elongation—not translation termination—during syn-
thesis of the TnaC peptide of P. vulgaris.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli K-12 strains used in this study were
derived from strain W3110 (our stock). pAVK9 is a plasmid containing the P.
vulgaris tna operon promoter and leader region, followed by a fusion of the first
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FIG. 1. Comparison of the organizational features of the tna operon of P. vulgaris and of E. coli with special emphasis on their leader regulatory
regions. (A) Schematic representation and comparison of the tna operon of P. vulgaris with that of E. coli. Boxes represent the three open reading
frames within each operon. The arrow at the left indicates the direction of transcription initiated at the promoter/cap site of the tna operon.
Transcription of these operons is modulated by catabolic repression involving interaction of the catabolite repressor protein with the cap site (15,
18). Vertical arrows indicate the operon regions where transcription is terminated prematurely under the influence of the Rho protein and the boxA
and rut sequences. The lengths of the spacer regions separating the tnaC and tnaA genes are indicated. Numbers identify nucleotide positions in
the mRNAs. (B) Schematic representation of the predicted secondary structure of the mRNA leader RNAs of both tna operons, from the
nucleotide at position �1 to the G nucleotide of the tnaA start codon. Letters in boldface type indicate the nucleotides corresponding to the tnaC
open reading frame. The positions of the Shine-Dalgarno (SD) sequence and start codon for the tnaC and tnaA genes are indicated. Some codons
analyzed in this study as well as the stop codon of tnaC are also shown. The RNA segments boxA and rut involved in transcription termination
induced by Rho factor are identified by horizontal lines. The structures were obtained using the Mfold web server (20). (C) Amino acid sequence
of the TnaC peptides encoded by the tna operons. The letters in boldface type identify residues shown to be essential for induction. Numbers
indicate residue positions in the peptide.
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nine codons of the P. vulgaris tnaA gene to the E. coli lacZ gene (18). Expression
of this TnaA-LacZ fusion protein is controlled by the promoter and leader
regions of the P. vulgaris tna operon (15). pPDG100 is a plasmid containing the
E. coli tna operon promoter and leader region, with a fusion of the first nine
codons of E. coli tnaA to the E. coli lacZ gene. Expression of this gene/protein
fusion is regulated by the promoter and leader regions of the E. coli tna operon
(9). To obtain the tnaC gene variants used in this study (see Table 2; Fig. 2),
nucleotides in tnaC of plasmids pAVK9 and pPDG100 were changed using a
QuikChange mutagenesis PCR kit (Stratagene) and a specific complementary
pair of deoxyoligonucleotide sequences (Table 1), as previously described (5).

Growth conditions and �-galactosidase assays. In the experiments described
in Table 2, strains or plasmid-containing strains were grown with shaking at 37°C
in minimal medium plus 0.2% glycerol, 0.05% acid casein hydrolysate, and 100
�g/ml ampicillin, with or without 100 �g/ml DL-1-methyl-Trp. When each culture
reached a density of 100 Klett units (660 filter), the cells were harvested and
disrupted by sonication, and �-galactosidase activity (in Miller units) was deter-
mined using standard procedures (4, 5).

Detection of TnaC-tRNAPro and TnaC-tRNALys in vitro. In vitro translation
assays were performed as previously described (4) using mRNA obtained from
each one of the pAVK9 or pPDG100 constructs. DNA fragments containing a T7
promoter before a tnaC open reading frame were generated by PCR, using as
templates the pAVK9 or pPDG100 plasmid variants carrying changes in their
tnaC codons. The following oligonucleotides were used with the pAVK9 plasmid
constructs: forward, 5�-GTGAATTATTAATACGACTCACTATAGGGTAAATT
GTACTATTTC-3�, containing the T7 promoter (residues in boldface type);
reverse, 5�-GATATGTATAGAAAAGGGATTA-3�; or 5�-TTATTTTTTAGG
AAAGAAGAA-GG-3� for the deletion stop codon (�stop codon) construct

(Fig. 2). The following oligodeoxynucleotides were used with the pPDG100
plasmid constructs: forward, 5�-GTGAATTATTAATACGACTCACTATAGGGT
GTCTTGCGAGGATAAGTG-3�, containing the T7 promoter (residues in
boldface type); reverse, 5�-GGTGATGGCTACTGAAGGGCAAATCA-3�. The
PCR DNA fragments obtained were used as templates to produce mRNAs in
vitro by using T7 RNA polymerase (4). In vitro translation reactions were
performed with a cell extract obtained from E. coli strain A19 RNase I� (trpR
�lacZ �trpEA2 tnaA bgl::Tn10) (13). In the experiments described in the legend
for Fig. 2, the in vitro translation reactions were performed using 2 �g of tnaC
mRNA per 50 �l of reaction mixture. The resulting extract reactions were
resolved by electrophoresis on 10% tricine-sodium dodecyl sulfate gels, and the
bands were transferred to nylon membranes. The TnaC-tRNAPro and TnaC-
tRNALys bands were detected by hybridizing the membranes using a 5�-32P-
labeled deoxynucleotide primer, 5�-CCTCCGACCCCCGACACCCCAT-3�, that
was complementary to the tRNAPro sequence, or a 5�-CCTGCGACCAATTG
ATTAAA-3� primer, that was complementary to the tRNALys sequence (2, 8).

RESULTS AND DISCUSSION

Comparison of the tna operon features of E. coli and P.
vulgaris. In many eubacterial species, L-Trp induction of ex-
pression of the tna operon appears to have similar features.
Interestingly, L-Trp induction of the tna operon of P. vulgaris is
not as efficient as is induction of the tna operon of E. coli (15).
We compared the structural features of the tna operons of P.
vulgaris and E. coli with the objective of providing greater
insight into the regions of the operon that are essential for
L-Trp induction and how they function. As shown in Fig. 1A,
the genetic organizations of the tna operons of P. vulgaris and
E. coli are quite similar. In addition, both operons appear to
have the same regulatory elements (Fig. 1A). Since RNA struc-
tures and sequences in the tna leader region play a significant
role in L-Trp-induced expression of this operon (11, 14), the
predicted secondary structures of both leader RNA segments
were deduced (Fig. 1B). It can be seen in this figure, that
despite existing nucleotide sequence differences, our predic-
tions reveal three similar stem-loop structures in both leader
RNA sequences. (i) The initial structure, structure I, whose
function is unknown, is close to the 5� end of the tna operon
mRNA and contains the Shine-Dalgarno and start codon se-
quences for the leader peptide, TnaC. (ii) A second potential
structure contains the tnaC leader sequence (Fig. 1B, structure
II). In E. coli, this structure has been shown to be important in
synchronizing translation of the leader peptide coding region
with transcription of the structural genes of this operon (14).
(iii) The third stem-loop structure (Fig. 1B, structure III),
formed by sequences in between tnaC and tnaA, is believed to
be involved in the transcription termination event performed
by Rho factor (1, 11). These observations suggest that the
mRNA leader segments of these operons could fold similarly,
forming structures that play the same critical roles in tna
operon expression in both organisms. Most interestingly, com-
parison of the two tnaC coding sequences revealed several
differences, as well as similarities (Fig. 1C). Thus, tnaC of P.
vulgaris encodes a peptide that would be 10 residues longer
than TnaC of E. coli (Fig. 1C). Despite this size difference,
TnaC of P. vulgaris contains a core of residues—W20, D24,
L/I27, and P32 (shown in bold and italics)—that are also
present in TnaC of E. coli, KWFNIDXX(L/I)XXXXP, and are
essential for induction, both in P. vulgaris (Table 2) and in E.
coli (5). Interestingly, the number of residues separating the
Trp and aspartic residues, and their distance from the proline
residue, are the same in both organisms (Fig. 1C). This implies

FIG. 2. Analysis of the peptidyl-tRNA, TnaC-tRNA, accumulated
in vitro in translation assays. Translation reactions were carried out in
vitro using an E. coli S-30 preparation and various mRNAs containing
the genetic changes indicated. The mRNA containing tnaC of P. vul-
garis with the change �stop codon corresponds to a truncated mRNA
with a 3� end at the third nucleotide of the Lys34 codon. Northern blot
assays were performed using a 32P-labeled oligonucleotide comple-
mentary to E. coli tRNAPro (A and C) or tRNALys (B) sequences.
Accumulation of the peptidyl-tRNA was determined from reaction
mixtures containing the mRNAs indicated, in the presence or absence
of 2 mM L-Trp. The positions of the peptidyl-tRNAs, TnaC-tRNAPro,
and TnaC-tRNALys, as well as their corresponding free tRNAs, are
indicated with arrows. Pv, P. vulgaris; Ec, E. coli.
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that the mechanisms of peptide-mediated induction could be
similar in these two organisms. However, TnaC of P. vulgaris
contains two Lys residues following its conserved Pro32 resi-
due. If, as has been shown for E. coli, the action of L-Trp on the
ribosome translating tnaC of P. vulgaris is to inhibit release

factor catalysis of the translation termination reaction, then the
stalled TnaC-peptidyl-tRNA would have two Lys residues fol-
lowing its crucial Pro residue. Alternatively, if L-Trp induction
inhibits TnaC elongation at the TnaC Pro32 residue, or at the
first Lys residue, then peptide elongation rather than peptide
termination would be the event inhibited by the presence of
inducing levels of L-Trp. In either case, the resulting stalled
ribosome would protect the boxA and rut sequences, thereby
inhibiting Rho binding and action, as shown for E. coli (11).
Since each of these two possibilities is feasible, they required
experimental investigation (see below).

Features of the tnaC coding region of P. vulgaris essential for
Trp induction of tna operon expression. As previously men-
tioned, the tnaC coding region of P. vulgaris contains two Lys
codons, at codon positions 33 and 34, following its Pro32
codon, and preceding its presumed stop codon (Fig. 1C). To
explore how important these Lys codons, and other tnaC
codons, are for Trp induction of expression of the P. vulgaris
tna operon, plasmids containing coding region fusions between
tnaA of P. vulgaris, or tnaA of E. coli, and an E. coli lacZ gene
were used to examine the significance of their coding region
differences (see Materials and Methods). These derivative
plasmids were transformed into an E. coli strain lacking the
tnaA and lacZ genes, and �-galactosidase activity was mea-
sured in cultures of transformed cells grown in the presence or
absence of 1-methyl-Trp, as inducer. The results obtained are
summarized in Table 2. Replacing the P. vulgaris Lys33 and/or
Lys34 codons with Arg or Ile codons did not substantially affect
induction of tnaA-lacZ fusion expression by L-Trp (Table 2,
column 5; compare row 1 with rows 2 to 5). Similar results were
obtained in expression studies with a construct containing a
deletion removing these two Lys codons (Table 2, column 5;

TABLE 1. Oligodeoxynucleotides used to change specific codons in the tnaC genes examined in this study

tnaC source Change Oligodeoxynucleotide sequence

Proteus vulgaris K33R 5�-CGCCTTCTTCTTTCCTCGTAAATAATCCCTTTTCTATAC-3�
5�-GTATAGAAAAGGGATTATTTACGAGGAAAGAAGAAGGCG-3�

K33I 5�-CGCCTTCTTCTTTCCTATAAAATAATCCCTTTTC-3
5�-GAAAAGGGATTATTTTATAGGAAAGAAGAAGGCG-3�

K33R-K34R 5�-CGCCTTCTTCTTTCCTCGTCGTTAATCCCTTTTCTATAC-3�
5�-GTATAGAAAAGGGATTAACGACGAGGAAAGAAGAAGGCG-3�

K33I-K34I 5�-CGCCTTCTTCTTTCCTATAATATAATCCCTTTTCTATAC-3�
5�-GTATAGAAAAGGGATTATATTATAGGAAAGAAGAAGGCG-3�

�K33-34 5�-CGCCTTCTTCTTTCCTTAATCCCTTTTCTATAC-3�
5�-GTATAGAAAAGGGATTAAGGAAAGAAGAAGGCG-3�

TAA35TGA 5�-CTTCTTCTTTCCTAAAAAATGATCCCTTTTCTATACATATC-3�
5�-GATATGTATAGAAAAGGGATCATTTTTTAGGAAAGAAGAAG-3�

W20R 5�-CGTCAGATTGAAGAAACGGTTTAATATTGA-3�
5�-GAGTCAATATTAAACCGTTTCTTCAATCTGACG-3�

D24A 5�-GAAATGGTTTAATATTGCCTCTGAACTCGCCTTC-3�
5�-GAAGGCGAGTTCAGAGGCAATATTAAACCATTTC-3�

L27A 5�-ATATTGACTCTGAAGCCGCCTTCTTCTTTCC-3�
5�-GGAAAGAAGAAGGCGGCTTCAGAGTCAATAT-3�

P32A 5�-GAACTCGCCTTCTTCTTTCCTAAAAAATAATCCCTTTTC-3�
5�-GAAAAGGGATTATTTTTTAGGAAAGAAGAAGGCGAGTTC-3�

Escherichia coli W12R 5�-GTGTGACCTCAAAATGGTTCAATATTGACAAC-3�
5�-GTTGTCAATATTGAACCATTTTGAGGTCACAC-3�

D16A 5�-CTCAAAATGGTTCAATATTGCCAACAAAATTGTCGATCACC-3�
5�-GGTGATCGACAATTTTGTTGGCAATATTGAACCATTTTGAG-3�

P24A 5�-GTCGATCACCGCGCTTGATTTGCCTTC-3�
5�-GAAGGCAAATCAAGCGCGGTGATCGAC-3�

TABLE 2. �-Galactosidase levels of E. coli strains with plasmids
containing tnaC of P. vulgaris or tnaC of E. coli, followed by a

corresponding tnaA-lacZ gene fusiona

tnaC source tnaC change

�-Galactosidase activity
(Miller units)b

Induction
ratio

(�1MTrp/
�1MTrp)�1MTrp �1MTrp

Proteus vulgaris wt 300 � 70 2,300 � 76 8
K33R 320 � 66 2,500 � 66 8
K33I 340 � 73 3,000 � 54 9
K33R-K34R 310 � 56 2,450 � 86 8
K33I-K34I 340 � 60 3,400 � 65 10
�K33-34 550 � 80 7,000 � 75 13
TAA35TGA 320 � 76 2,500 � 66 8
W20R 90 � 26 110 � 76 1
D24A 100 � 26 200 � 20 2
L27A 110 � 26 670 � 23 6
P32A 200 � 26 250 � 26 1

Escherichia coli wt 300 � 760 12,300 � 106 41
W12R 120 � 36 110 � 26 1
D16A 150 � 30 200 � 20 1
P24A 110 � 32 170 � 23 1

a Cultures of the E. coli W3110 strain containing the pAVK9 (tnaC of Proteus
vulgaris) or pPDG100 (tnaC of E. coli) plasmid or its variants were grown in minimal
medium plus 0.2% glycerol and 0.05% acid hydrolyzed casein, with (�1MTrp) or
without (�1MTrp) 100 �g/ml DL-1-methyl-tryptophan, at 37°C. wt, wild type.

b �-Galactosidase assays (see Materials and Methods) were performed on
samples obtained from three independent experiments.
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compare row 1 with row 6). These results establish that the Lys
codons located 3� of the Pro32 codon of tnaC are not essential
for Trp induction of P. vulgaris tna operon expression. To
demonstrate that this induction depends on the TnaC peptide
features, we examined the effects of changing those codons
corresponding to positions of residues shown to be essential
for induction in E. coli (Table 2) (5). Replacing the Trp20,
Asp24, or Pro32 codon of tnaC of P. vulgaris reduced induction
of tnaA-lacZ expression (Table 2, column 5; compare row 1
with rows 8, 9, and 11); expression was reduced comparably to
that of the corresponding E. coli tnaC constructs (Table 2,
column 5; compare row 12 with rows 13 to 15). These results
show that Trp induction of P. vulgaris tna operon expression
depends on conserved, crucial features of the TnaC peptide
(5), but not on the two Lys residues following the essential
Pro32 residue of P. vulgaris TnaC.

L-Trp-induced ribosome stalling during translation of tnaC
mRNA of P. vulgaris. In E. coli, Trp induction of tna operon
expression involves inhibition of translation termination
during ribosome-mediated translation of tnaC mRNA (10).
The stalled ribosome contains the unreleased peptidyl-
tRNA, TnaC-tRNAPro, which accumulates, and can be de-
tected in vivo or in vitro, by standard Northern blotting pro-
cedures (2, 13). Experiments were therefore performed with
tnaC of P. vulgaris to determine if Trp induction also leads to
the accumulation of TnaC-tRNAPro (Fig. 2A). Translation re-
actions were performed in vitro using mRNAs containing only
the leader regions of the tna operons of P vulgaris and E. coli,
in the presence or absence of L-Trp (see Materials and Meth-
ods). The final products of each reaction were resolved using
gel electrophoresis, and molecules containing tRNAPro were
identified using an oligodeoxynucleotide complementary to a
specific tRNAPro sequence. We observed with tnaC mRNAs of
P. vulgaris that the presence of L-Trp induced the accumulation
of TnaC-tRNAPro (Fig. 2A, compare lane 1 with lane 2). As
expected, the same result was obtained with tnaC mRNAs of
E. coli (Fig. 2A, compare lane 3 with lane 4). However, the
accumulation of TnaC-tRNAPro was greater using E. coli mRNAs
than it was using P. vulgaris mRNAs (Fig. 2A, compare lane 2
with lane 4). Thus, ribosome stalling induced by L-Trp at the
tnaC Pro32 codon of P. vulgaris is reduced relative to the
stalling induced by L-Trp in tnaC of E. coli. These results agree
with the induction levels observed in vivo using tnaA-lacZ
fusions (Table 2). The induction level observed with P. vulgaris
tnaC was eightfold higher, while the induction level observed
with E. coli tnaC was approximately 41-fold higher (Table 2,
column 5; compare row 1 with row 12). Similar results were
obtained comparing tryptophanase induction in strains of P.
vulgaris with that of E. coli (15). Therefore, we conclude that
there is a correlation between the Trp-induced level of ribo-
some stalling at the P. vulgaris Pro32 codon position and ex-
pression of its tna operon. These findings suggest that L-Trp-
induced ribosome stalling at the Pro32 position could be the
mechanism used by P. vulgaris in regulating tna operon expres-
sion. However, the two Lys codons following the Pro32 codon
of P. vulgaris could also serve as sites of ribosome stalling. To
distinguish between these possibilities, Northern blot analyses
were performed on translation reactions carried out in vitro,
using an oligodeoxynucleotide complementary to a unique seg-
ment of the tRNALys sequence (Fig. 2B). Translation of tnaC

mRNA of P. vulgaris did not lead to the accumulation of any
peptidyl-tRNALys in the presence or absence of L-Trp (Fig. 2B,
compare lane 1 with lane 2). Thus, L-Trp does not induce
ribosome stalling at either the Lys33 or Lys34 codon. To verify
this approach, translation of a truncated tnaC mRNA of P.
vulgaris was also examined, which did not contain a stop codon
(the mRNA’s 3� end was at the third nucleotide of the Lys34
codon). As expected, translation resulted in the accumulation
of TnaC-tRNALys in the presence or absence of added L-Trp
(Fig. 2B, lanes 3 and 4). These results demonstrate that trans-
lation of the tnaC sequence of P. vulgaris can proceed beyond
its Pro32 codon. Most interestingly, the accumulation of TnaC-
tRNALys observed during translation of this stop codon-defi-
cient truncated tnaC mRNA was reduced in the presence of
L-Trp relative to the level observed in the absence of added
L-Trp (Fig. 2B, compare lane 3 with lane 4). Thus, L-Trp
probably does not induce ribosome stalling at either of the Lys
codons of tnaC mRNA but, rather, at the preceding Pro32
codon. That L-Trp can inhibit translation elongation during
translation of tnaC mRNA of E. coli has been shown previously
in studies of puromycin action (2, 11).

We also tested, in vitro, using tnaC of P. vulgaris, whether
TnaC-tRNAPro accumulation is dependent on its essential
tnaC codons (Fig. 2C). Replacing the conserved Trp20 codon
of tnaC mRNA with an Arg codon reduced the accumulation
of TnaC-tRNAPro in the presence of L-Trp (Fig. 2C, compare
lane 2 with lane 4). Similar results were obtained using tnaC
mRNAs with changes in the D24 and P32 codons (data not
shown). However, no effect on the accumulation of TnaC-
tRNAPro was observed during translation of mRNAs contain-
ing changes in the Lys codons located downstream of the P32
codon (Fig. 2C, compare lane 2 with lane 6 or 8). These findings
suggest that Trp-induced accumulation of TnaC-tRNAPro dur-
ing translation of tnaC mRNA of P. vulgaris depends on the
conserved codons located between the W20 and P32 codons
and that ribosome stalling on P. vulgaris tnaC mRNA is due to
L-Trp inhibition of translation elongation, at the tnaC Pro32
codon. Thus, L-Trp-induced ribosome stalling at the Pro32
codon of P. vulgaris tnaC appears to be responsible for tna
operon expression.

Conclusions. Comparison of L-Trp induction expression of
the tnaC operons of P. vulgaris and E. coli has established that
these operons share many essential features (Fig. 1). However,
significant differences exist. (i) L-Trp-induced expression of
tnaC is greater in E. coli than in P. vulgaris (Table 1 and Fig. 2)
(15). (ii) L-Trp binding to the translating ribosome inhibits
translation termination in E. coli (10), but inhibits translation
elongation in P. vulgaris (Fig. 2). We conclude that in both
organisms, the same conserved residues of the core TnaC
peptide (Table 1) instruct the translating ribosome to create an
L-Trp binding site in the ribosome at which bound L-Trp in-
hibits translation termination or elongation. The reduced in-
duction observed for the P. vulgaris tna operon relative to
induction of the E. coli tna operon (Fig. 2) may indicate that
L-Trp binding has less of an inhibitory effect on translation
elongation than it does on translation termination. Alterna-
tively, nonconserved features of the nascent TnaC peptide
could affect its folding within the ribosome, influencing L-Trp
binding, or alter interactions between the nascent peptide and
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the ribosome exit tunnel (19). Additional experiments will be
needed to distinguish between these possibilities.
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