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In previous studies, we have identified three promoters (P1, P2, and P3) in the regulatory region of the
Escherichia coli aroP gene (P. Wang, J. Yang, and A. J. Pittard, J. Bacteriol. 179:4206–4212, 1997). Both P1 and
P2 can direct mRNA synthesis for aroP expression, whereas P3 is a divergent promoter which overlaps with P1.
The repression of transcription from the major promoter, P1, has been postulated to involve the activation of
the divergent promoter, P3, by the TyrR protein (P. Wang, J. Yang, B. Lawley, and A. J. Pittard, J. Bacteriol.
179:4213–4218, 1997). In the present study, we confirmed the proposed mechanism of P3-mediated repression
of P1 transcription by studying the binding of RNA polymerase to the promoters P1 and P3 in vitro in the
presence and absence of TyrR protein and its cofactors. Our results show that (i) only one RNA polymerase
molecule can bind to the DNA fragment carrying the aroP regulatory region, (ii) RNA polymerase has a higher
affinity for P1 than for either P2 or P3 and binds to P1 in the absence of TyrR protein, (iii) in the presence of
TyrR protein and its cofactor, phenylalanine or tyrosine, RNA polymerase preferentially binds to P3, and (iv)
RNA polymerase does not respond to the activation-defective mutant TyrR protein TyrR-RQ10 and remains
bound to P1 in the presence of TyrR-RQ10 and either of the cofactors.

The transcription of the aroP gene, which codes for a mem-
brane protein responsible for the active transport of the three
aromatic amino acids into cells, is repressed by the TyrR pro-
tein in the presence of any one of the three aromatic amino
acids (12, 18). Previous genetic studies have identified the
binding site for the TyrR protein, which comprises a strong and
a weak TyrR box and is located downstream of the major
promoter, P1, of the aroP gene (2). Recently, we have reported
the identification of three promoters (P1, P2, and P3) in the
upstream region of the aroP gene. Both P1 and P2 promoters
can generate aroP mRNA, whereas the P3 promoter is a di-
vergent promoter that overlaps P1 (Fig. 1) (16). We have
shown that P2 is a minor promoter which contributes less than
20 percent of aroP expression in tyrR strains and that the
expression of P2 transcription is almost totally repressed by
TyrR and any of the cofactors.

Our studies have also shown that the transcription of the
major promoter, P1, is repressed as a result of activation of the
P3 promoter by TyrR protein (15). Although, in the presence
of 6 mM CaCl2, it is possible to demonstrate TyrR-mediated
activation of transcription from P3 in vitro, no significant tran-
scription from P3 can be demonstrated in vivo in the presence
or absence of TyrR (16). Based on these results, it has been
postulated that, in the presence of any of the cofactors, the
TyrR protein binds and forms a transcriptionally nonproduc-
tive complex with RNA polymerase at the P3 promoter, thus
inhibiting initiation of transcription from the P1 promoter (15).
Because of the relative positions of each of the three promot-
ers, it has also been suggested that the binding of one RNA

polymerase molecule to one promoter excludes the binding of
additional RNA polymerase molecules to other promoters in
the aroP regulatory region (16).

To study the molecular mechanism of P3-mediated repres-
sion of P1 transcription, we have carried out experiments in-
volving both a gel shift assay and DNase I footprinting in gel
slices. Our results show that the TyrR protein inhibits the
binding of RNA polymerase to the P1 promoter by recruiting
RNA polymerase to the P3 promoter and offer confirmation
for the previous model.

Analysis of protein-DNA complex formation by gel shift
assay. To test if the binding of an RNA polymerase molecule
at one promoter prevents the access of a second RNA poly-
merase molecule to any one of the other promoters, we carried
out a gel shift experiment. The 0.3-kb fragment containing the
wild-type aroP regulatory region (P11 P31) (Fig. 1) was la-
belled with 32P by filling in the restriction end using [a-32P]
dGTP, dATP, dCTP, dTTP, and Klenow enzyme. This aroP
fragment was then incubated with RNA polymerase (400 nM)
in the presence or absence of purified TyrR protein (200 nM)
and phenylalanine (1 mM). The reaction mixtures were then
analyzed by electrophoresis on a 5% native polyacrylamide gel.

The results of these experiments are shown in Fig. 2. When
only RNA polymerase was used, i.e., in the absence of TyrR, a
single RNA polymerase-DNA complex (complex B) was ob-
served. We have repeated this experiment using various con-
centrations of RNA polymerase (from 50 to 800 nM) and find
that although the amount of the RNA polymerase-DNA com-
plex increases with increasing amounts of RNA polymerase in
the reaction mixture, in every case only one band is seen
(results not shown), indicating that only one RNA polymerase
molecule can bind to one aroP fragment. When the TyrR
protein and phenylalanine were also added, two additional
complexes were seen. One complex (complex A), which trav-
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elled a little slower than complex B, was shown to comprise
DNA, TyrR protein, and RNA polymerase in DNase I foot-
printing in gel slice experiments (see the next section). The
other complex (complex C), which travelled a little slower than
native DNA, has been shown in separate experiments to com-
prise DNA and TyrR protein (results not shown). As expected,
in both cases, only the strong TyrR box is protected, indicating
that these two complexes contain a TyrR dimer. When tyrosine
was substituted for phenylalanine, the same mobility shift oc-
curred, indicating again the involvement of a dimer. It seems
likely that the complex of DNA, RNA polymerase, and TyrR
hexamer that would be expected to form in the presence of
tyrosine and ATP (20) may have been too large to enter the
gel. Similar experiments were carried out using DNA frag-
ments in which either P1 or P3 had been inactivated by muta-

FIG. 1. Nucleotide sequence of 320-bp DNA fragment containing the aroP regulatory region. The strong and weak TyrR boxes are shown in boldface. The 235
and 210 regions of the P1 and P2 promoters are overlined, and the 235 and 210 regions of the P3 promoter are underlined. The transcription start point for P1 is
indicated with an asterisk and 11, and the transcription start points for P2 and P3 are marked with asterisks. The mutations in the 235 region of P1 (from GTGCAT
to GCACAT) or P3 (from AAGACT to AACCAT) are also shown. The hypersensitive sites observed in DNase I footprinting in gel slice experiments using DNA
fragments labelled in the top strand are indicated with triangles. The open triangles indicate the hypersensitive sites caused by the binding of RNA polymerase to the
P1 promoter, and the filled triangles indicate the hypersensitive sites caused by the binding of RNA polymerase to the P3 promoter. The open bar shown above the
DNA sequence represents the region protected by RNA polymerase when bound at the P1 promoter, and the filled bar shown below the DNA sequence represents
the region protected by RNA polymerase when bound at the P3 promoter.

FIG. 2. Gel shift assay. The experiment was performed essentially as de-
scribed by Taylor et al. (14). The 32P-labelled aroP fragment (0.5 nM) was
incubated at 37°C for 25 min with RNA polymerase (400 nM) in the absence or
presence of purified TyrR protein (200 nM) and phenylalanine (1 mM) in 30 ml
of buffer which contained 5 mM Tris z Cl (pH 7.8), 3 mM magnesium acetate, 50
mM NaCl2, 6 mM CaCl2, 4% glycerol, 0.1 mM dithiothreitol, 0.1 mM EDTA, 0.2
mM ATP, and 0.25 mg of bovine serum albumin per ml. The incubation was
allowed to proceed for 25 min at 37°C before addition of 5 ml of dye mix (30%
glycerol, 60 mM EDTA, 0.15% xylene cyanol FF, 0.15% bromophenol blue). The
samples were immediately loaded onto a 5% polyacrylamide gel (acrylamide-
bisacrylamide, 37.5:1) containing 1 mM phenylalanine and 0.2 mM ATP.
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FIG. 3. DNase I footprinting in gel slices. The experiments were performed essentially as described by Straney et al. (13) and Hanamura and Aiba (3). Gel shift
experiments were carried out as described in the legend to Fig. 2. The free DNA band and the bands containing protein-DNA complexes were excised from the
polyacrylamide gel, and the resulting gel slices (about 30 ml) were each incubated at room temperature for 15 min in a solution (10 ml) containing 0.1 mg of DNase
I per ml, 10 mM Tris z Cl (pH 8.0), 2 mM dithiothreitol, 5% glycerol, and 0.5 mg bovine serum albumin per ml. The DNase I cleavage reaction was initiated by adding
5 ml of starting solution containing 50 mM MgCl2 and 50 mM CaCl2. After incubation at 37°C for 2 min, the reaction was terminated by the addition of 30 ml of stop
buffer containing 0.1 M EDTA and 0.15% SDS. The resulting DNA fragments were eluted from the gel slices and analyzed on a 6% sequencing gel against an A1G
ladder produced by the Maxam and Gilbert method (8). (A) DNase I footprinting in gel slice experiments carried out using the 0.3-kb DNA fragment (P11 P32)
containing only the functional aroP P1 promoter. (B) DNase I footprinting in gel slice experiments carried out using the 0.3-kb DNA fragment (P12 P31) containing
only the intact aroP P3 promoter.
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tion, and equivalent complexes were identified and subse-
quently used in gel slice experiments.

Analysis of various protein-DNA complexes by DNase I foot-
printing in gel slices. From our previous results, we would
expect that when RNA polymerase alone binds to DNA or
when it does so in the presence of TyrR protein but in the
absence of the effector phenylalanine or tyrosine, it should
bind predominantly to promoter P1. On the other hand, we
would expect that the addition of TyrR protein plus tyrosine or
phenylalanine should cause most of the RNA polymerase mol-
ecules to shift from P1 to P3. In order to test this hypothesis,
the various protein-DNA complexes from the gel shift exper-
iments were subjected to DNase I footprinting assays. In order
to ascertain whether this technique would allow us to discrim-
inate between RNA polymerase bound at promoter P1 or
promoter P3, we first used mutant DNA fragments in which
only P1 or P3 was active (these mutations are shown in Fig. 1).

The results obtained with these mutant fragments (P11 P32

and P12 P31) are shown in Fig. 3. Whereas the region pro-
tected by RNA polymerase is fairly similar for each of the
promoters, there are some important major differences. When
the RNA polymerase binds to P1, the region from 253 to 125
(for simplicity, the numbering of positions in this paper are all
relative to the 11 of P1) is protected and there are two dis-
tinctive hypersensitive bands at positions 251 and 252 (Fig.
3A). When the RNA polymerase binds to P3, it protects a
region from 253 to 121 (Fig. 3B). Unlike the protection
pattern for P1, there is only a single hypersensitive band in the
250 region, at 252 (Fig. 3B). Importantly there is an addi-
tional strong hypersensitive band at position 13 (Fig. 3B).
Since in any one gel involving the wild-type fragment, we may
have a mixture of some DNA molecules with RNA polymerase
bound at P1 and others with RNA polymerase bound at P3, the
existence of the P3-specific hypersensitive band should provide
a dominant marker that can be used to measure binding to P3
in the presence or absence of binding to P1. Similarly, the
presence of RNA polymerase molecules bound to P1 can be
detected by the presence of the hypersensitive band at 251.

We next carried out the same footprinting experiments using
a wild-type fragment (P11 P31) and RNA polymerase in the
presence and absence of TyrR protein and one or the other of
its cofactors. These results are shown in Fig. 4. As can be
clearly seen, in the absence of TyrR protein, the protection
pattern is identical to that observed for P1. However, in the
presence of TyrR protein and tyrosine or phenylalanine, the
appearance of the strong hypersensitive band at 13 clearly
indicates that a significant number of molecules of RNA poly-
merase are now binding to P3. By observing the loss of the
hypersensitive band at 251 we can conclude that in the pres-
ence of tyrosine nearly all of the RNA polymerase molecules
have moved to P3, whereas in the presence of phenylalanine,
although there is a clear indication of binding of RNA poly-
merase to P3, one can also detect some molecules binding to
P1. A cartoon which summarizes the results of these experi-
ments is shown in Fig. 5.

In the above experiments, the DNA fragments had been
labelled at the 39 end of the top strand. The experiments were
also done using fragments labelled in the bottom strand. In the
experiment involving the P12 P31 fragment and RNA poly-
merase, two distinct hypersensitive bands at 23 and 110 were
observed (data not shown). These two P3-specific hypersensi-
tive bands were not present when the P11 P32 fragment was
used (data not shown). With the wild-type fragment (P11

P31), neither band was present in complexes involving RNA
polymerase alone but both were present in complexes involving
RNA polymerase and TyrR protein with either phenylalanine

FIG. 4. DNase I footprinting in gel slice experiments carried out using the
0.3-kb DNA fragment containing the wild-type aroP regulatory region (P11

P31). The experimental conditions are as described in the legend to Fig. 3.
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or tyrosine (data not shown). These results add further confir-
mation for the postulated shift from P1 to P3 in the presence
of TyrR protein and phenylalanine or tyrosine.

A tyrR mutant, which codes for an altered TyrR protein
containing an arginine-to-glutamine change at position 10, has
previously been isolated (21). This mutant TyrR protein, TyrR-
RQ10, is completely defective in activation of transcription
from both the mtr and tyrP13 promoters (21, 22) and is also
unable to repress transcription from the aroP P1 promoter
(15). To see if the inability of TyrR-RQ10 to repress P1 results
from the failure of this mutant protein to recruit RNA poly-
merase to P3, we repeated the DNase I footprinting in gel slice
experiment using the purified TyrR-RQ10 protein and the
DNA fragment carrying the wild-type aroP regulatory region.
The results shown in Fig. 6 clearly show that, while TyrR-RQ10
maintains the ability to bind to the TyrR box region, it fails to
recruit RNA polymerase to the divergent P3 promoter.

Discussion. The results from the gel shift assay show that
only one RNA polymerase molecule is able to bind to one
DNA fragment carrying the upstream region of the aroP gene.
In vitro analysis of the protein-DNA complexes, using the tech-
nique of DNase I footprinting in gel slices, reveals that RNA
polymerase has a higher affinity for P1 than for P2 and P3 and
occupies the P1 promoter region in the absence of TyrR pro-
tein. However, in the presence of TyrR protein and cofactors,
RNA polymerase binds to the P3 region by cooperative inter-
action with TyrR molecules bound at the TyrR boxes. As the
complexes used in these experiments appear to have involved
TyrR dimers rather than hexamers, the general very weak pro-
tection of the downstream weak TyrR box is not unexpected.

The results of these in vitro experiments provide direct ev-
idence in support of the model positing that the TyrR protein
represses transcription initiation of the aroP P1 promoter by
recruiting RNA polymerase to the divergent P3 promoter,
thereby excluding the binding of RNA polymerase to P1. Al-
though both tyrosine and phenylalanine were shown to be
involved in TyrR-mediated recruitment of RNA polymerase to
the P3 promoter, tyrosine had a greater effect than phenylal-
anine. This observation agrees with previous findings obtained
from in vivo experiments, that the level of TyrR-mediated
repression of P1 transcription by tyrosine is greater than that
by phenylalanine (16). The failure of RNA polymerase to be
activated to bind to P3 in response to the mutant TyrR protein,
TyrR-RQ10, indicates that the same amino acid residue (argi-
nine-10) which plays a critical role in TyrR-mediated activation
of the mtr and tyrP13 promoters (21, 22) is also involved in the
recruitment of RNA polymerase to the P3 promoter of the
aroP gene.

In these results, we do not detect any involvement of the P2
promoter. Since it is located 21 bases downstream of P1, RNA
polymerase binding to P2 would give a quite distinctive pattern
of protection. Although in the absence of TyrR protein, P2 is
transcribed as efficiently as P1 from supercoiled templates in
vitro (16), the same is not true from linear templates where
transcription from P2 is only about 1/10 of that from P1 (un-
published results). Since linear DNA fragments were used in
these experiments, the failure to detect binding of RNA poly-
merase to P2 agrees with the earlier observations. It should
also be noted that P2 is a much weaker promoter than P1 in
vivo (16).

FIG. 5. Cartoon depicting results from the DNase I footprinting in gel slice experiments. (a) RNA polymerase binds only to the P1 promoter (P11 P32). The
protection pattern shows two hypersensitive bands at 252 and 251. (b) RNA polymerase binds only to the P3 promoter (P12 P31). The protection pattern shows the
loss of the hypersensitive band at 251 and the gain of a new strong hypersensitive band at 13. (c) In the absence of TyrR, RNA polymerase binds selectively to the
P1 promoter on a wild-type aroP fragment (P11 P31) (same pattern as for panel a). (d) In the presence of TyrR and tyrosine, RNA polymerase binds selectively to
the P3 promoter on a wild-type aroP fragment (P11 P31) (same pattern as for panel b). (e) Mixture of molecules with RNA polymerase bound either to P1 or to P3
on a wild-type aroP fragment (P11 P31) in the presence of TyrR and phenylalanine (combined patterns of panels a and b).

5470 NOTES J. BACTERIOL.



Repression of transcription from procaryotic promoters can
be achieved via different mechanisms. In many cases, repres-
sion involves direct competition between a repressor and RNA
polymerase for access to a promoter. More recently, it has
been demonstrated in several systems such as those involving
GalR, KorB, and the P4 protein of phage f29 that a repressor
and RNA polymerase can bind simultaneously to a promoter
(1, 9, 19). In these cases, the repressors act to inhibit either the
isomerization of closed-to-open complex or promoter clear-
ance. The negative regulation of some other procaryotic tran-
scription systems has been shown to involve a divergent pro-
moter (3–7, 17). In these systems, the molecular mechanism of
autoregulation of the Escherichia coli crp gene is most analo-
gous to that of the TyrR-mediated repression of the aroP P1
promoter (3). By using a variety of in vitro approaches, Hana-
mura and Aiba (3) have demonstrated that the cyclic AMP
(cAMP)-cAMP receptor protein complex bound at a site
downstream of the crp promoter activates transcription of a
divergent promoter and this stimulation of transcription results
in a blockage of transcription initiation from the crp promoter.
The divergent promoter of crp is transcriptionally productive
both in vivo and in vitro upon stimulation by the cAMP recep-
tor protein and cAMP (3, 10, 11), whereas the divergent aroP
promoter is virtually nonproductive in vivo in both the pres-
ence and absence of TyrR protein and its cofactors (16).
Preliminary results suggest that the transcriptional nonproduc-
tivity of the aroP P3 promoter is important for effective repres-
sion of P1 transcription (data not shown).
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