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Alignment of sigma 54-dependent promoters indicates conservation of two sequence elements. Six nucleo-
tides in the downstream 212 element were mutated individually to each nonconsensus nucleotide. mRNA levels
were measured in vivo for each promoter under strongly activating conditions. The results showed that the con-
sensus sequence was not the strongest promoter. Instead, the 212 consensus element consists of two subre-
gions that behave differently when mutated. Single changes in the upstream TTT consensus subregion can lead
to increases in transcription, whereas single changes in the downstream GC(A/T) can lead to decreases in tran-
scription. Selected double mutations with changes in both subregions were constructed and studied in vivo. No
double mutation increased promoter strength, and some decreased it. Mutant promoters were also assayed
under nonactivating conditions in vivo. No mRNA was detected in 23 of the 24 promoters tested. However, one
double mutant showed substantial levels of transcript, indicating that the 212 sequence was capable of speci-
fying basal transcription under nonactivating conditions. Overall, the results show that the 212 region has
multiple roles in transcription in vivo, including modulating both basal and induced RNA levels.

Sigma 54 is an alternative sigma factor that binds the com-
mon bacterial core RNA polymerase and converts it into an
enhancer-dependent enzyme (15, 16, 35). It targets promoters
with recognition elements centered near positions 224 and
212 (19, 20). When sigma 54 holoenzyme initially binds to
such promoters, it fails to melt the DNA and thus remains in
an inactive state (2, 21, 22, 26). Activation occurs when a mod-
ified activator protein binds the remote enhancer and loops to
the bound polymerase, causing it to melt the DNA (3, 8, 22, 25,
29). Transcription then proceeds from this open complex.

DNA binding by sigma 54 polymerase is complex. Sigma 54
alone has a low affinity for most promoters but can bind to the
Rhizobium meliloti nifH promoter in the absence of core RNA
polymerase (2). Core polymerase association increases the
DNA-binding affinity, allowing occupancy on other promoters
(5). The main DNA-binding determinants are in the C-termi-
nal portion of sigma 54 (27, 37). However, several other parts
of the protein make important contributions to DNA recogni-
tion (7). Candidate subregions of sigma involved in DNA bind-
ing have been identified (6, 11, 13, 30). These regions of sigma
have not been assigned definitively to the recognition of par-
ticular elements within the promoter.

Recognition of the promoter 224 element appears to be
dominant for DNA binding. That is, there are no examples
where sigma 54 mutant complexes form but do not protect the
224 region in a footprinting experiment (14, 37). By contrast
numerous mutations exist, both in sigma and in DNA, that
allow binding to occur but interfere specifically with protection
of the 212 element. These bound complexes that are defective
in 212-element recognition are typically of lower affinity (33).
Despite the occupancy of the promoter by the holoenzyme,

such complexes often are defective in function, implying that
212 interactions have functions in addition to binding to DNA.

Other lines of evidence confirm that the 212 region has
multiple effects in sigma 54-dependent transcription. Changes
in this region are known to be associated with changes in
transcription level (1, 4, 17, 28). The sequence at 212 can
determine how sensitive the promoter is in vivo to a particular
activator (4, 23). In vitro transcription studies showed that
certain 212 sequences tend to promote leaky “bypass” expres-
sion in the absence of an activator (34). Consistent with these
multiple potential roles of the 212 region is the fact that
several separated parts of the sigma 54 polypeptide appear to
cooperate to recognize the 212 region (7, 27). Despite the
apparent multifunctional role of the 212 region there have not
been systematic studies of the effects of changing 212 region
sequences.

For these reasons, we have investigated the effects of chang-
ing each residue in the 212 region to each other residue. The
effects of the changes were assayed by measuring mRNA levels
in vivo. The results showed that the consensus 212 sequence
was only intermediate in promoter strength. The data also
showed that the 212 region consists of two subelements, each
of which could have an independent role in transcriptional
control.

MATERIALS AND METHODS

Plasmid construction and site-directed mutagenesis. The plasmid pBR-M12
was constructed by replacing the tetracycline gene of pBR322 with the M12
promoter fragment from pFC50-M12 (9). Plasmid pBR322 was cut with EcoRI
and AvaI (New England Biolabs) to separate the 1,008-bp tetracycline gene
region from the main body. The large fragment of pBR322 was purified by
agarose gel electrophoresis, and the AvaI site was made blunt by using Klenow
enzyme (New England Biolabs). Plasmid pFC50-M12 was digested with EcoRI
and EheI (New England Biolabs) to release a 1,236-bp fragment containing the
functional glnH promoter region, initial coding sequences, and the previously
inserted T7 early terminator. The purified fragment was ligated with the pBR322
main-body fragment to create plasmid pBR-M12. The M12 mutant promoter was
created previously by point mutation of T to G at 214 in the glnHp2 promoter
(9).

The QuikChange site-directed mutagenesis kit (Stratagene) was used to in-
troduce single mutations in the 212 consensus sequence of the M12 promoter in
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Epicurian Coli XL1-Blue supercompetent cells. The presence of mutations was
confirmed by sequencing.

Cell growth and RNA analysis. pBR-M12 and its derivatives were transformed
into a PcnB2 strain (with the pcnB gene deleted) to maintain low copy numbers.
Cells were grown overnight in Luria broth (LB) medium and then diluted 1:20
into 3 ml of either LB or G-gln (500 ml of G-gln medium contains W salts [5.25
g of K2HPO4, 2.25 g of KH2PO4, 0.215 ml of 1 M MgSO4], 0.4% glucose, 1.0 ml
of thiamine [10.0 mg/ml], and 1 g of L-glutamine) containing 100 mg of ampicillin/
ml. When the cells reached an optical density at 600 nm of 0.4 to 0.6, they were
collected and RNA was extracted with the RNeasy kit (Qiagen) and eluted in a
total volume of 30 ml. Sample volumes were adjusted slightly to use the same
number of cells in separate experiments.

Samples (12 ml) were taken for mRNA analysis. Primer extension with reverse
transcriptase (RT) (Promega) was done with the 32P-labeled oligonucleotide
primer GCCAGGGTCAGTGCAGCCA, complementary to the glnH transcript.
The 86-nucleotide radioactive cDNA was sized on a 6% urea polyacrylamide gel
with sequencing markers and corresponded to expectations based on in vitro
transcription (34). Amounts were quantified with a PhosphorImager (Molecular
Dynamics).

RESULTS

Derivation of the consensus and construction of mutant
promoters. To update the consensus sequence for sigma 54
promoters, we aligned the sequences for 16 confirmed promot-
ers from Escherichia coli, Salmonella typhimurium, and Kleb-
siella pneumoniae (4, 10, 12) (Fig. 1). The lower portion of the
figure shows those nucleotides that are conserved in at least
half of the promoters. The analysis confirms that recognition is
likely to involve two sequence-conserved blocks. These are
CTGGCACA, from 221 to 228 (the 224 region), and ATT
TGC(A/T)T, from 211 to 218 (the 212 region). (The num-
bering system used here is based on glnHp2 and differs from
that used for some individual promoters due to minor varia-
tions in the location of the transcription start site.) We note
that the centers of these two blocks are separated by 10 bp,
suggesting that they are centered on the same face of the DNA
helix.

This is consistent with prior alignments (19) but suggests
more extended conservation of sequence. In this study of the
212 region we chose to modify the central hexanucleotide
sequence. This includes bases identified previously as “consen-
sus,” with the addition of a single upstream T that prior studies
have implicated in sigma recognition (2).

The starting plasmid (pFC50-M12) for this work contains a
promoter with the hexanucleotide consensus (9). This M12

promoter is a derivative of glnHp2 in which the T at 214 has
been changed to the consensus G. Nucleotide 212 in this
promoter is an A, which is slightly better conserved than T at
this position in the collection shown in Fig. 1. The M12 pro-
moter retains the natural upstream binding sites for activator
NtrC (also called NR1) as well as the intervening IHF binding
sites. A segment of the initial glnH coding region is also re-
tained.

In the experimental scheme for making changes in the con-
sensus sequence, a large set of mutant promoters are studied,
each carried in by the vector, which is a multicopy plasmid. In
order to minimize potential titration of required transcription
factors by the plasmid, two conditions were used. First, a PcnB2

host strain was used, which greatly reduces copy numbers (18).
Second, the promoter insert of pFC50-M12 was transferred to
pBR322 to form pBR-M12, which has a lower copy number
than the original pUC-based vector. Two experiments demon-
strated that the low copy number was achieved. First, PcnB2

cells transformed with pFC50-M12 could not grow when plated
on 1/10 the amount of ampicillin required to prevent wild-type
growth. Second, agarose gel analysis showed a 10-fold reduc-
tion in the amount of DNA (pFC50-M12 or pBR-M12) iso-
lated from the PcnB2 host. Based on these and other experi-
ments we estimate that there are two or three copies of the
plasmid per cell. As this is substantially less than the number of
sigma 54 regulatory regions on the chromosome, we infer that
there will be little perturbation of metabolism by factor titra-
tion.

Seventeen changes were introduced by site-directed mu-
tagenesis into the central TTTGCA of the 212 region of the
M12 promoter contained on this vector (Table 1). These in-
cluded changes to each nonconsensus nucleotide at each po-
sition (position 212 was not changed from the more conserved
A to the less conserved T). The goal was to measure the
mRNA levels associated with each of these 17 promoters and
thereby deduce the importance of each nucleotide.

mRNA production from singly mutated promoters. We first
measured mRNA from cells transformed with the consensus
glnH-M12 promoter in different media. The purpose was to
identify the media giving the highest and lowest mRNA signals.

FIG. 1. Alignment of 16 available sigma 54-dependent promoters from three
related bacteria (1, 10, 12, 19). The consensus nucleotides and their frequency of
appearance are indicated below the alignment. The 224 and 212 regions that
contain these consensus elements are boxed, with the consensus nucleotides
shown in boldface.

TABLE 1. In vivo mRNA levels from promoter M12
and its derivativesa

Promoter 212 region mRNA ratio (6 SD)

M12 59. . .TTTGCA. . .39 1
T-17G 59. . .GTTGCA. . .39 1.8 6 0.1
T-17C 59. . .CTTGCA. . .39 0.9 6 0.2
T-17A 59. . .ATTGCA. . .39 1.0 6 0.1
T-16G 59. . .TGTGCA. . .39 1.6 6 0.2
T-16C 59. . .TCTGCA. . .39 1.1 6 0.3
T-16A 59. . .TATGCA. . .39 1.0 6 0.3
T-15G 59. . .TTGGCA. . .39 1.6 6 0.9
T-15C 59. . .TTCGCA. . .39 1.8 6 0.3
T-15A 59. . .TTAGCA. . .39 2.6 6 0.7
G-14C 59. . .TTTCCA. . .39 0.5 6 0.4
G-14A 59. . .TTTACA. . .39 0.9 6 0.2
G-14T 59. . .TTTTCA. . .39 0.6 6 0.4
C-13G 59. . .TTTGGA. . .39 1.1 6 0.2
C-13A 59. . .TTTGAA. . .39 1.1 6 0.1
C-13T 59. . .TTTGTA. . .39 0.3 6 0.3
A-12G 59. . .TTTGCG. . .39 0.4 6 0.3
A-12C 59. . .TTTGCC. . .39 0.9 6 0.2

a Data are normalized to M12 levels. The means and standard deviations
shown are from three to seven independent RNA preparations. Changes to
nonconsensus nucleotides are underlined.
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The transformed cells were diluted from overnight cultures in
rich media. The cells were grown to mid-log phase in four
media that differ in nitrogen availability: LB medium with
excess nitrogen, glucose minimal medium supplemented with
either arginine (W-Arg) (31) or glutamine (G-Gln) (24), and
glycerol minimal medium supplemented with glutamate (36).
The amount of promoter-specific mRNA was estimated by
hybridizing a small DNA primer complementary to the initial
glnH mRNA sequence and copying it with RT. Because the
cells are expected to require glnH operon function for growth
on certain media, the endogenous glnH promoter is present on
the chromosome; the RT products include those from this
single-copy gene. Figure 2 shows the signal obtained on G-Gln
medium for nontransformed cells (lane host) and cells trans-
formed with the glnH-M12 fusion (lane M12). The signal from
the M12 promoter on the plasmid is taken as the difference
between these two signals.

PhosphorImager analysis was used to determine the amount
of promoter M12 transcription in the various media. Transcrip-
tion was highest on G-Gln medium and lowest (undetectable)
on LB, consistent with expectations based on the availability of
nitrogen. In the initial studies we use the high-activation po-
tential G-Gln medium.

The 17 promoters were individually transformed, and mRNA
production was studied as described above. Examples of mRNA
assays from six promoters are shown in Fig. 2. As can be seen
in these examples, some 212-region changes from the M12
consensus lead to decreases in transcription. Obvious examples
are G-14C (i.e., the G at position 14 changed to a C), C-13T,
and A-12G. Each of these mRNA signals is less intense than
M12 and only slightly above the background signal from the
endogenous host glnH gene. Other mutant promoters behave
differently. Mutation C-13A shows little change in mRNA
level. T-17G shows an increased mRNA level compared to that
of the M12 consensus promoter.

The mRNA signals were somewhat variable, and for that
reason mRNA was assayed from each of the 17 promoters be-
tween three and seven times. Identical numbers of cells were
used for each experiment, and each experiment included a
parallel sample from the M12 promoter plasmid. The mRNA
signal levels for the various promoters were normalized to the
M12 levels from the same experiment. The resulting mean
(6 standard deviation) signals are collected in Table 1.

The results show that at least four promoter mutations cause
increases in transcription: T-17G, T-16G, T-15C, and T-15A.
In addition, at least three promoter mutations cause decreases
in transcription: G-14C, C-13T, and A12-G. It is obvious from
these data that the consensus sequence is neither the best nor
the worst promoter at directing high mRNA levels. The vari-
ation caused by the introduction of single-point mutations is
eight- to ninefold, increased about 2.6-fold by T-15A and de-
creased 3.3-fold by C-13T.

The effect of changing each consensus nucleotide is shown in
Fig. 3. The data indicate that changing the upstream and down-
stream parts of the 212 consensus leads to quite different

consequences. When the upstream TTT segment is mutated
the resulting promoter either produces more mRNA or is
unaffected. When the downstream GCA segment is mutated
the resulting promoter either produces less mRNA or is unaf-
fected. We infer that the 212 consensus sequence element
contains two subelements which have the potential to behave
differently in mRNA production.

Effects of double mutations in which both subelements are
mutated. Some of the above-mentioned results are expected
based on prior studies, and some are not. The data indicate
that the effects of the T stretch may be particularly complex in
that changes could lessen sigma binding but enhance transcrip-
tion (1). The deleterious effect of mutating the highly con-
served 213C to T is unsurprising. However, the lack of effect
of G and A substitutions at this most highly conserved position
is unexpected. One possible explanation is that these 213 sub-
stitutions show no effect because they are made in the context
of an otherwise consensus promoter. To test this idea, we made
double mutants D1 and D2, in which the C-13A mutation was
coupled with substitutions for the highly conserved T at posi-
tion 215 (the sequence is shown in Fig. 4A). For these mu-
tants, and other double mutants discussed below, the mRNA was
compared to that of the M12 promoter. This allowed the com-
parison of levels from double and single mutations.

The results show that in the context of a nonconsensus
promoter the C-13A change has a strong effect and leads to
significant reductions in transcription (Fig. 4B). This is true for
both mutants D1 and D2, which have approximately two-thirds
the RNA level of the M12 consensus promoter. The reduction
due to the 213 change is even stronger than that illustrated
here, as it is made in the context of nonconsensus promoters
that have mRNA levels higher than that of the consensus M12
promoter. That is, the single 213 position substitution leads
to a three- to fourfold lowering of mRNA levels in the con-
text of the nonconsensus promoters T-15C and T-15A (Ta-
ble 1). Thus, the 213 nucleotide is clearly important, as ex-
pected from its conservation. Apparently, its importance can
be masked in the context of an otherwise consensus promoter.
The complex relationship between the two halves of the se-
quence from 217 to 212 will be discussed further below.

FIG. 2. Autoradiograph of primer extension products of mRNAs with vari-
ous promoters in strongly activating G-Gln medium. “Host” refers to nontrans-
formed cells, and the signal is from the endogenous glnH gene.

FIG. 3. The effect on mRNA levels of single substitutions at each position in
the M12 consensus promoter. Changes that increase transcription are shown
above the axis, and those that decrease transcription are shown below the axis;
the height of each bar represents the ratio of RNA to that of M12. The solid bars
represent statistically significant differences from M12, as indicated in Table 1.
The nucleotide change associated with each mutant promoter is indicated below
each bar.
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Previously, we raised the possibility that these 212-region
sequences may play an additional role beyond specifying the
level of RNA made during activating conditions. In vitro-tran-
scription experiments showed that a nonconsensus promoter
could be leakier than a consensus promoter; that is, in the
absence of an activator the nonconsensus promoter produced
more RNA, albeit at rather low levels (34). To see if this could
be true in vivo, we measured RNA levels from all the promot-
ers by using LB medium, where the consensus promoter pro-
duced no detectable RNA (Fig. 4, lanes M12). No single-point
mutations led to detectable RNA under these conditions, in-
dicating that none of the sequences give leaky transcription
(data not shown).

We extended these experiments to learn if double mutations
could lead to leaky transcription in vivo. Four additional dou-
ble mutations were made, each including a substitution at po-
sition 215 and an additional change in the downstream half of
the promoter element (Fig. 4A). Each of these promoters was
used to drive mRNA production on nonactivating LB medium.
The results with the six double mutations are shown in Fig. 4.

The results show that one double mutation (Fig. 4C, lane
D3) leads to production of mRNA under nonactivating condi-
tions. To confirm that this mRNA is sigma 54 dependent, we
transformed D3 and the M12 control into strain ymc109, which
lacks sigma 54. Figure 4D shows that the D3 signal is not pro-
duced in this strain in LB medium, in contrast to the result
obtained in the strain containing sigma 54 and as expected for
a sigma 54-dependent transcript.

Quantitation of D3 mRNA in LB medium shows that the
level is fairly substantial, as it is about 1/10 of the amount of

RNA made by the consensus M12 promoter under fully acti-
vated conditions (Fig. 4C, G-Gln). This D3 promoter, as well
as the promoters D4, D5, and D6, produces mRNA amounts
on fully activated G-Gln medium that do not differ dramati-
cally from that of M12 (data not shown). Thus, promoter D3 is
still inducible but the ratio is only about 10-fold, as the basal
level is high. Because mRNA from M12 is not detectable under
nonactivating conditions (Fig. 4C and D), we cannot quantify
the normal induction ratio; our best estimate is that it should
be at least 100-fold, but this is very uncertain. In any case, the
D3 double mutation creates a promoter with a high basal level
and a roughly normal induced level. This demonstrates a new
in vivo role for the 212-region promoter element: it can con-
trol the level of basal expression independently of the level of
induced expression.

DISCUSSION

These results imply that the 212 regions of sigma 54 pro-
moters have multiple and complex roles in transcription. In the
initial set of experiments each nucleotide in a central consen-
sus sequence was changed to each possible nonconsensus nu-
cleotide. mRNA production in vivo from each of the singly
substituted promoters was then measured. The results showed
that the consensus promoter sequence did not direct the high-
est level of transcription.

This result raises the question of why promoter 212 ele-
ments resemble TTTGC(A/T) more than any other sequence.
Of the 16 natural promoters surveyed, 3 matched this con-
sensus exactly, 7 had a single mismatch, and 6 had a double
mismatch. Each of these promoters needs to bind sigma 54
polymerase, and the 212 sequence plays an important second-
ary role in this binding (see the introduction). We speculate
that the various promoters retain significant resemblance to
the consensus so that they will have a sufficient number of
recognition determinants to achieve this binding. If so, the
consensus promoter would represent the tightest binder of
sigma (2). This, however, need not correlate with the highest
level of transcription. That is, as long as sigma can become fully
bound, other sequences would influence how much RNA
would be produced by the bound sigma 54 holoenzyme.

This view is supported by experiments showing that the
upstream and downstream halves of a consensus 212-region
promoter have the potential to function differently. When the
upstream TTT stretch was mutated a number of changes led to
increases in transcription. Interestingly, such an effect was ob-
served previously, although it seemed to depend on the nature
of the activator-promoter combination (1). This was never
observed in the downstream GCA stretch; the sequence be-
haved more according to expectation in that changes to non-
consensus nucleotides often led to decreases in transcription. It
is known that a change to create the consensus TTT sequence
can increase the affinity of sigma for DNA (2). One possible
explanation for these properties of the TTT sequence is that
the sequence can help to attract sigma but the binding could be
too tight for optimal function (32) in the context of a fully
consensus promoter.

When mutations in the upstream and downstream halves of
the 212 region were combined, a variety of effects were ob-
served. None of the doubly mutated promoters showed mRNA
levels that exceeded consensus levels, even though the single
T-stretch mutations on which they were based had this prop-
erty. Some of the double mutations led to significantly lower
RNA levels. In view of the above considerations, it may be that
some minimal match to the consensus is needed to fully bind
the sigma 54 holoenzyme and some double mutations fail

FIG. 4. Transcription from double mutants in nonactivating and activating
media. (A) Sequences of the mutants. The changed nucleotides in each of the
double mutants are underlined. (B) Analysis of RNA from double mutants D1
and D2 in activating G-Gln medium. (C) Analysis of RNA from double mutants
in nonactivating LB medium. The induced transcripts from the consensus M12
promoter in activating G-Gln medium are shown for comparison. (D) Analysis of
RNA in a strain lacking (2) or containing (1) sigma 54 (rpoN).
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in this regard. In vitro studies are under way to test these
ideas.

Study of the double mutations also revealed a striking effect
of the 212 region on the regulation of induction. All of the
above studies applied to the functioning of the promoters on
G-Gln medium, which is the most strongly activating medium
of those surveyed. When the very rich medium LB was used no
mRNA was detected, as expected on such nitrogen-rich me-
dium. One double mutant, however, failed to fully restrict
RNA synthesis under these conditions of full nitrogen avail-
ability. In this case the repressive effects were sufficiently de-
fective to give rise to approximately 10% of the fully induced
level of RNA. This occurs despite the fact that the medium is
sufficiently repressing to keep NtrC so inactive that it fails to
direct any transcription of the consensus promoter. The result
demonstrates an additional role for certain 212-region se-
quences: keeping transcription levels low during conditions of
nitrogen availability.

Such leaky transcription has been observed in vitro under
specialized conditions and with protocols designed to optimize
transcription in the absence of activator activity (34). We pro-
posed in those studies that tight interactions between the 212
region of DNA and the N terminus of sigma 54 might be re-
sponsible for keeping basal transcription levels low. The pres-
ent results support that view, although it would require the
construction of many more multiply mutated promoters to
begin to define the sequences involved.

Thus, the diversity of sequences associated with the 212
regions of natural promoters can be seen as physiologically
appropriate in terms of diverse roles for this element. Pro-
moter 212 elements should exist that support the highest level
of activated transcription for genes that require such high
levels. The data suggest that such promoters may not match
the consensus in the upstream T stretch. Other promoters may
diverge further from the consensus in some cases to provide a
basal level of transcription for genes that need low-level ex-
pression even under conditions of nitrogen sufficiency. The
existing 212 sequences may be viewed as providing a balance
between the need for RNA upon activation and the need to
restrict it under nonactivating conditions. Further studies will
be required to learn how the 212-region sequences influence
this balance of competing requirements.
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