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appropriate wild type than the wild types did from each
other.

RESULTS

Choice of mutants for analysis of growth rate dependence.
We have shown previously that the DNA sequences respon-
sible for growth rate control reside in the region between —4
and —48 upstream of the transcription start site (15; unpub-
lished experiments). Using the mutagenesis procedures de-
scribed in the accompanying paper (13), we isolated 290
different mutations in the RNA polymerase-binding site and
upstream activator sequences of the rrnB P1 promoter region
and examined the activities of 112. In order to examine the
positions responsible for regulation, we chose to analyze
substitution mutations at positions spanning almost the
entire region between —1 and —48. Since all seven P1 rRNA
promoters have 16 base pairs (bp) between the —10 and —35
consensus hexamers rather than 17-bp spacing which is
usually maximal for E. coli promoter activity, we also
analyzed the regulation of mutants with altered spacing. In
addition, we chose to investigate some promoters with more
than one change. Some of the promoter variants containing
multiple (two to four) changes exhibited large deviations
from wild-type activity and regulation (see below). In order
to determine whether the effects of these specific changes on
regulation are additive or whether they result from effects of
single mutations, the mutations will have to be examined
individually after reconstruction of the mutated fragments,
as described in the accompanying paper (13).

The activities of 50 promoters were examined at different
growth rates. This collection of 47 mutants and three wild-
type control constructs includes 28 single substitutions, 4
single insertions, 2 single deletions, 10 promoters with
multiple mutations, and 3 mutant constructs containing the
upstream activation sequence (UAS).

Comparison of slopes of activities at different growth rates.
We measured the activities of each mutant at a number of
different growth rates and derived the slopes of activity
plotted versus growth rate to calculate predicted activities at
three specific growth rates (Table 1). As discussed in the
Materials and Methods section, it is difficult to compare the
growth rate dependence graphs of promoters with different
intrinsic activities. In order to visualize the regulation of the
different mutants, the activities were scaled to the same
activity at a single growth rate. This procedure exaggerates
the experimental scatter in the measurements of mutants
with very low activities, such as the mutants with altered
—10 or —35 hexamers or deletions in the spacer region
between the two consensus sequences. Figure 2 shows the
growth rate dependence of selected mutants after their
activities were scaled at p = 0.9 to the same value. In Table
2, the slopes for all the mutants and the ratios of the mutant
to the wild-type slope are listed. While there was some
experimental scatter within the measurements of particular
fusions, it is obvious that certain promoters had slopes that
were radically different from that of the wild type.

Mutations in consensus hexamers. All mutants with
changes in the —10 or —35 hexamers were defective in
regulation. Five of the six substitutions away from the E. coli
consensus sequences (A-13G, T-14A, G-34T, T-35C, and
T-36G) resulted in large reductions in activity. These pro-
moters did not even maintain the ability to increase tran-
scription linearly with growth rate (negative slopes). The
T-33A substitution toward consensus resulted in a very large
increase in activity, but the promoter was still unregulated.
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Mutations in the spacer region between the consensus
hexamers. Several substitutions in the spacer region altered
regulation. For the most part, even when the effects on
regulation were substantial, there were relatively small al-
terations in promoter activity. Most noteworthy was the
region around —20. A double mutation, [C-19A,A-20C],
caused unregulated activity, while three mutants with other
changes in this vicinity, C-19T, A-20G, and racl45 (a 4-bp
change from —20 to —23) were more highly regulated than
the wild type. Some other mutants carrying mutations near
this region (C-17T, G-25T, and G-26T) were partially defec-
tive in regulation.

Mutations that changed the 16-bp spacer length resulted in
a loss of growth rate-dependent regulation, in the presence
or absence of the UAS. Insertions resulting in 17-bp spacers
increased activity, while deletions that resulted in 15-bp
spacers reduced activity.

Mutations upstream of the —35 hexamer and downstream of
the —10 hexamer. A few mutations in these regions had
minor effects on regulation (compared with the effects of the
mutations discussed above). Changes at —4, —6, and —37
fell into this category.

Mutants with multiple changes. The regulation of most
mutants with more than one alteration can be interpreted in
terms of the effects of one of the individual mutations. For
example, the losses of regulation in [C-4T,T-9G] and [G-
8A,A-10T,A-24G] are most likely due to the —10 hexamer
mutations. On the other hand, [C-19A,A-20C] carries a
mutation in a region where other changes alter regulation,
but single mutations at —19 and —20 (albeit in different
alleles) had positive effects on regulation, while the double
mutation caused a severe loss of growth rate dependence.
The [C-1T,C-15G] mutation also caused severe loss of reg-
ulation. As discussed in the accompanying paper (13), the
presence of restriction sites in the promoter region makes it
technically feasible to reconstruct single substitutions from
mutants with multiple changes.

DISCUSSION

Requirements for growth rate-dependent regulation. The
results of the experiments reported here define to a first
approximation the promoter determinants for growth rate
control of rrnB P1. There are undoubtedly other changes not
tested yet which will further our understanding of the
sequence requirements. However, the collection tested is
sufficient to show that the —10 and —35 hexamers, the 16-bp
spacing between the two hexamers, and the spacer sequence
itself are crucial components of the system responsible for
regulating this promoter. In addition, sequences just down-
stream of the —10 hexamer and just upstream of the —35
hexamer appear to play a lesser role in regulation.

The G+C-rich sequence just downstream of the —10
hexamer (termed the discriminator [44]) has been implicated
previously in growth rate regulation on the basis of sequence
conservation among stable RNA promoters (11, 43) and on
the basis of measurements at different growth rates of a
promoter with multiple mutations in this region (46). This
region has also been implicated in the stringent response in
vivo (24) and in responses to ppGpp in vitro (32, 42).

Other determinants of growth rate dependence have not
been identified previously, although it was clear that deter-
minants in addition to the G+C-rich sequence must be
present (15, 25). We found here that mutations at other
positions, in fact, had greater effects on growth rate regula-
tion than those in the G+C-rich sequence.

1sonb Aq 6T0Z ‘T2 JequanoN uo /610 wseql//:dny woll papeojumoq


http://jb.asm.org/

4868 DICKSON ET AL.

Like the G+C-rich sequence, parts of the spacer, the —10
and —35 hexamers, and the 16-bp spacing between the two
hexamers are all highly conserved among the P1 promoters
of the seven E. coli rRNA operons (27). Unlike the G+C-
rich sequence, however, these other determinants and the
spacer sequence are not as strongly conserved among tRNA
promoters (27). From gene dosage experiments, it appears
that tRNA operons are under the control of the same
negative feedback system that regulates rRNA promoters
(16, 17, 28, 39). Since their promoter sequences differ from
those of the rRNAs, it could be that tRNAs are regulated
slightly differently than rRNAs, consistent with the obser-
vation that there are small but reproducible differences
between rRNA and tRNA promoters in the level of repres-
sion observed in the gene dosage experiments cited above.
Additional experiments will be needed to address this ques-
tion.

Mechanism of growth rate regulation. Promoter mutations
leading to a loss of growth rate-dependent regulation in vivo
potentially belong to one or more of the following classes. (i)
The mutation could interfere with the interaction between
RNA polymerase (RNAP) and the promoter so that the
kinetic step originally affected by the regulator is no longer
the major contributor to the overall rate. (ii) The mutation
could directly alter an interaction between the promoter and
a regulatory molecule (whatever its identity). (iii) The DNA
segment containing the mutation could alter the conforma-
tion of the bound RNAP so that RNAP no longer interacts
normally with the effector. The phenotypes of the mutant
promoters suggest molecular mechanisms for growth rate
regulation that can be tested in vitro. Measurement of the
mutant promoters’ kinetic parameters in vitro under condi-
tions in which RNAP binding to rRNA promoters ap-
proaches physiologically relevant rates (14) could distinguish
between different molecular models independent of the
identity of the regulator.

The unregulated promoters can be grouped into three
categories: those with reduced activities, those with in-
creased activities, and those with activities relatively close
to the wild-type level. Mutations leading to drastically re-
duced activities, i.e., those in the —10 and —35 consensus
hexamers and those making 15-bp spacers, might fit in the
class of changes that affect not the regulatory interaction,
but the interaction of the promoter with RNA polymerase.
That is, the mutation might slow down one kinetic step
substantially, making the effect of the regulator on another
step less important to the overall rate.

The loss of regulation in the mutants with increased
activities (T-33A, insertions in the spacer) could result from
any of several possibilities. As with the promoters with low
activities, the high-activity, unregulated promoters could
have altered interactions not with the regulator, but with
RNA polymerase, i.e., these promoters could have altered
rate constants which make the effects of the regulator
inconsequential. A second possibility is that these promoters
could interact better with RNAP, so that an effector-
modified form of RNAP could no longer compete and
therefore exert effects on transcription. A third explanation
for the loss of regulation in these mutants could be that these
promoters have lost the requirement for a positive activator
(which is negatively regulated as growth rate decreases).
Finally, a fourth explanation for the loss of regulation is that
the target of a negative regulator (on the DNA or on the
RNAP) has been altered; the promoter is derepressed.

The mutations causing defects in regulation which are
most likely to involve altered interactions with a regulatory
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molecule are those in positions not normally considered as
participating in direct promoter-RNAP interactions, e.g.,
[C-1T.C-15G] and [C-19A,A-20C]. [C-19A,A-20C] showed
activity close to the wild-type level but had radically altered
regulation. The phenotype of this mutant might be a com-
posite of two effects: a promoter that is intrinsically less
active and that is unable to interact with a regulator and is
therefore derepressed. Alternatively, the mutations might
not change RNAP-regulator interactions directly, but could
change regulation by inducing changes in RNAP that prevent
RNAP-effector interactions, as recently proposed for
lambda pgyu-RNAP-repressor interactions (21). Two other
mutants also implicate this region of the spacer in regulation.
A 4-bp change at —20 to —23 (racl45) and two single
substitutions (C-19T and A-20G) had an altered growth rate
response.

Effects of proposed regulators in vitro. The experiments
discussed here do not address the identity of the negative
regulator of stable RNA promoters or the mechanism by
which that regulation is accomplished. Various models have
been suggested (reviewed in reference 34). A strict inverse
correlation between the rate of rRNA synthesis and ppGpp
concentration has been well established (3, 17, 36, 38), which
has led to the proposal that ppGpp is a mediator of both
stringent and growth rate control by inhibiting in some way
the productive interaction between rRNA promoters and
RNA polymerase. The determinants of growth rate control
described here clearly include the consensus sequences
involved in recognition by RNA polymerase and sequences
adjacent to the consensus hexamers. Therefore, models in
which a regulator (ppGpp and/or another factor) causes
changes in the DNA recognition properties of RNA poly-
merase are consistent with these results. However, other
models in which a regulator competes with RN A polymerase
for overlapping DNA sequences are clearly not excluded.

A common model for rRNA regulation is that there is a
ppGpp-dependent partitioning of RNAP into two conforma-
tions with different promoter selectivities (3, 45). Either the
ppGpp-modified form, which cannot recognize stable RNA
promoters, becomes predominant in the RNAP population,
making the unmodified form limiting, or the modified form
actively interferes with and inhibits transcription at stable
RNA promoters. We have argued that if this model is true,
then the ribosome concentration (free or translating) in some
way determines the ppGpp synthesis rate, by monitoring the
protein-synthetic capacity relative to the nutritional state of
the cell (34).

If ppGpp is sufficient to enact the partitioning of RNAP
into different forms, then there might be derepressed mutant
promoters (increased activity in vivo) which either are
transcribed normally by or are insensitive to the ppGpp-
modified form. These might have wild-type activities in vitro
and be unresponsive to the presence of ppGpp, while a
wild-type promoter would be inhibited by ppGpp in vitro. In
contrast, mutants with increased regulation might be more
sensitive to the presence of the effector in vitro.

Stringent control. We have not yet tested the mutant
promoter constructs for stringent control in vivo. It is likely,
although unproven, that both growth rate-dependent and
stringent control employ the same mechanism for control of
stable RNA synthesis (3, 38). Therefore, we would expect
that mutants identified here as unregulated would also be
defective in stringent control.

Role of —10 and —35 spacer region. As noted previously
(2a, 8,19, 20, 33), 17-bp spacing between the —10 and —35
regions is the consensus for E. coli promoters, and mutants
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carrying mutations away from the consensus usually show
decreased promoter activity. Therefore, it is a bit surprising
that rRNA promoters, possibly the most active promoters in
the cell, do not have 17-bp spacing. The results reported here
indicate that rRNA promoters must retain 16-bp spacer
length because it is required for regulation.

As shown here and in the accompanying paper (13),
increasing the spacer length from 16 to 17 bp dramatically
increased transcription rates. When the UAS was present,
however, transcription activity increased only slightly at
high growth rates but more at slower growth rates. The
implication is that the 17-bp spacer length brings the activity
close to the theoretical maximum, so that the UAS cannot
increase the activity much further. Activities of promoters
with deletions in the spacer, resulting in 15 bp between the
—10 and —35 hexamers, had substantially decreased activity
and were not regulated. Our interpretation is that 17-bp
spacing is maximal for promoter strength, but 16-bp spacing
is required for regulation. The UAS may have evolved
partially to compensate for the nonconsensus spacing.

Very few mutations that affect activity have been isolated
in the spacer sequence (30), consistent with the lack of
consensus bases in these positions (19). Spacer substitutions
that affect activity in A pgy have been ascribed to subtle
changes in DNA conformation (1, 2). The role of rrnB P1
spacer sequence and length in intrinsic promoter strength
and regulation will be clarified by analyses of the spacer
insertion and substitution mutants in vitro.

The importance of the spacer sequences as determinants
of regulation could be from effects on backbone conforma-
tion rather than on base contacts. In phage 434, some
operator positions are clearly conserved because of contacts
made to repressor and Cro amino acid residues, while other
conserved bases influence repressor- and Cro-binding affin-
ities not through contacts but through effects on DNA
conformation (22, 48). The trp repressor may specifically
recognize the-trp operator not through hydrogen bond or
nonpolar contacts between amino acid residues and bases,
but through interactions between the protein and the specific
conformation of the DN A backbone determined by the DNA
sequence of the operator (35). By analogy, then, it is possible
that the sequence determinants of regulation we have iden-
tified in the —20 region of rrnB P1 could result from
backbone contacts affecting the regulator (directly or
through RNAP) or from effects of those positions on pro-
moter conformation (1), transmitted to the —10 and —35
regions where contacts are made to RNAP, resulting in
effects on growth rate control.

Possible context effects. The results reported here are
consistent with those reported previously (15). For example,
there are positions that are shown here to be required for
control which are altered in lac-rrn, a hybrid promoter
constructed by substitution of lacUVS5 sequences for rrnB P1
sequences upstream of —20 which resulted in loss of regu-
lation (15). However, changes shown here to result in
control defects were among those altered in rac-245, rac-
356, and rrn-lac mutants, which were at least partially
regulated. Possible explanations for this apparent inconsis-
tency are that other positions that differ from rRNA pro-
moter sequences in these constructs compensate for the
effects of the changes at positions shown to be important
here. Such context effects have been documented in RNAP-
promoter interactions (18, 41) and in promoter-repressor
interactions (5).

Context effects most likely play a role in the loss of
regulation by the [C-19A,A-20C] double mutant as well,
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since individual substitutions at these positions (albeit in
other alleles) cause increases in regulation by themselves.
On the other hand, we predict that the deregulation of
[C-1T,C-15G] is primarily a function of the change at —15,
since a promoter construct without the —1 rrnB P1 sequence
([—154,—-4]) was regulated normally (15). To confirm this
suspicion, the two mutations must be separated and tested
individually.
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