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The seven rRNA operons in Escherichia coli each contain two promoters, rrn P1 and rrn P2. Most previous
studies have focused on the rrn P1 promoters. Here we report a systematic analysis of the activity and
regulation of the rrnB P2 promoter in order to define the intrinsic properties of rrn P2 promoters and to
understand better their contributions to rRNA synthesis when they are in their natural setting downstream of
rrn P1 promoters. In contrast to the conclusions reached in some previous studies, we find that rrnB P2 is
regulated: it displays clear responses to amino acid availability (stringent control), rRNA gene dose (feedback
control), and changes in growth rate (growth rate-dependent control). Stringent control of rrnB P2 requires the
alarmone ppGpp, but growth rate-dependent control of rrnB P2 does not require ppGpp. The rrnB P2 core
promoter sequence (—37 to +7) is sufficient to serve as the target for growth rate-dependent regulation.

To meet the requirement for protein synthesis as nutritional
conditions change, bacteria modulate ribosome synthesis pri-
marily by controlling transcription initiation from rRNA pro-
moters. Escherichia coli contains seven TRNA operons (17nA,
-B, -C, -D, -E, -G, and -H), each of which has two promoters,
rrn P1 and rrm P2, separated by ~120 bp (16). The rn P1 and
rrn P2 promoters have many sequence characteristics in com-
mon: near consensus —10 and —35 hexamers, separated by 16
bp, that bind the o subunit of RNA polymerase (RNAP) (16);
an A+T-rich region upstream of the —35 hexamer (UP ele-
ment) that increases transcription by binding the C-terminal
domains of the « subunits of RNAP (27, 28); and a G+C-rich
region (the discriminator) (38) between the —10 hexamer and
the transcription start site that is required for proper regula-
tion (4, 8, 15, 25) (see Fig. 1 for the rrnB P2 sequence).

Regulation of rRNA transcription initiation is often ana-
lyzed in terms of the responses of rRNA promoters to three
experimental situations. First, 77z P1 activity changes in pro-
portion to the steady-state growth rate (growth rate-dependent
control [12, 22; reviewed in reference 13]), coordinating the
number of ribosomes with the need for protein synthesis. Sec-
ond, rrn P1 activity changes in inverse proportion to changes in
rRNA gene dose (feedback regulation [14; reviewed in refer-
ence 13]), maintaining ribosome synthesis homeostatically.
Third, rel4-dependent inhibition of rrn P1 activity is observed
following amino acid starvation (stringent control [reviewed in
reference 6]), preventing an overinvestment of energy in ribo-
some synthesis when the substrates for protein synthesis are
unavailable.

The literature is less clear about the regulation of the rrn P2
promoters. Early studies indicated that r7n P2 promoters are
growth rate dependent (but less so than rrn P1 promoters) and
not stringently controlled (31-33), but subsequent studies sug-
gested the opposite, that r7n P2 promoters are not growth rate
dependent (12, 40) and are stringently controlled (11, 15, 19).
Studies employing rrnB P2-lacZ or rrmB P2-cat fusions as re-
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porters (12, 40) suggested that rrn P2 promoters are more
active than rrn P1 promoters, in contrast to conclusions based
on direct measurements of RNAs transcribed from »n P1 and
rrn P2 promoters (7, 20, 31, 40). Furthermore, inhibition of rrn
P2 promoters by transcription originating upstream from the
rrn P1 promoters (promoter occlusion [11]) qualifies conclu-
sions about the intrinsic activity and regulation of rrn P2 de-
rived from examination of constructs containing both promot-
ers (7, 19, 20, 31-33).

Here we systematically reinvestigated the activity and regu-
lation of rruB P2 by using newly constructed reporters of rnB
P2 promoter activity, as well as direct measurement of tran-
scripts by primer extension. We found that r7nB P2 is less active
during steady-state growth than we concluded previously and
that it is regulated in response to growth rate, amino acid
starvation, and rRNA gene dose. In addition, we show that
stringent control of rnB P2 requires ppGpp but that growth
rate-dependent regulation of rnB P2 does not require ppGpp.
The B P2 core promoter sequence is sufficient to serve as
the regulatory target for growth rate-dependent control.

MATERIALS AND METHODS

Media and growth conditions. Cells were grown at 30°C in Luria-Bertani (LB)
medium, brain heart infusion medium (Difco), or either M9 (21) or morpho-
linepropanesulfonic acid (23) minimal medium containing 0.4% glucose or glyc-
erol, with or without 0.8% Casamino Acids (Difco) plus tryptophan (40 pg/ml).
When required, ampicillin (Sigma) was included at 100 pg/ml. To induce a
stringent response, the serine analog serine hydroxamate (1 mg/ml; Sigma) was
added to an exponentially growing culture supplemented with amino acids (37).

Strains. The strains and plasmids used in this study are listed in Table 1.
Antibiotic resistance cassettes replacing the rel4 and spoT genes were transduced
into \ lysogens by using phage P1vir (10). All promoter derivatives were gener-
ated by PCR from plasmids containing a wild-type promoter(s). Primers for the
PCR were designed to include an EcoRI site at the upstream junction of the
promoter sequence and a HindIII site at the downstream junction. The PCR
products were cleaved with EcoRI and Hindlll, ligated into plasmid pRLG770
(29), sequenced, and then cloned into bacteriophage A derivatives containing
lacZ to form promoter-lacZ fusions as previously described (26). In all lacZ
fusion constructs (referred to as system 1 [26]), the DNA sequence downstream
from the indicated promoter fragment is identical and derives from #rp-lac DNA
sequences. Promoter constructs are named by the endpoints of the DNA frag-
ments used for their construction, where +1 is the transcription start site. rrnB P2
utilizes multiple transcription start sites; +1 refers to the most frequently utilized
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TABLE 1. Strains, plasmids, and promoter constructs
used in this study

Sptlr:sl:;i?ir Genotype or description Source
Strains

VH1000 MG1655 pyrE lacl lacZ (RLG3499) 9

CF1693 relA251::kan spoT207::cam (RLG857) 10, 39

RLG3848 VH1000 ArrmB P1(—61 to +50)-lacZ This work

RLG3851 VH1000 ArrmB P2(—37 to +7)-lacZ This work

RLG3863 VH1000 NrrnB P2(—52 to +7)-lacZ This work

RLG3866 VH1000 ArrnB P2(—37 to +7)-lacZ relA spoT  This work

RLG3871 VH1000 N\rrnB P1P2(—152 of P1 to +7 of This work
P2)-lacZ

RLG3897 VH1000 B P2(—112 to +7; C-5A, A-4T,  This work
C-3A)-lacZ

RLG3898 VH1000 B P2(—112 to +7; This work
Cins—15)-lacZ

RLG3914 VH1000 B P2(—112 to +21)-lacZ This work

RLG3915 VH1000 MrnB P2(—112 to +7; This work
C+5G,C+7G)-lacZ

RLG4296 VH1000 N\rrnB P2(—68 to +7; This work
C+5G,C+7G)-lacZ

RLG4757 VH1000 N\rrmB P1(—152 to +50)-lacZ This work

RLG4993 VH1000 MacUVS5 (=59 to +36)-lacZ This work

RLGS5014 VH1000 N\rrmB P2(—112 to +7)-lacZ This work

RLG6982 VH1000 NrrmB P2(—112 to +7)-lacZ relA This work

Plasmids

pRLG770 General transcription vector 29

pRLG3858  pRLG770 rrnB P1 (—152 of P1 to +7 of P2)  This work

pRLG3859  pRLG770 rrmB P2 (=52 to +7) This work

pRLG3865 pRLG770 rrmB P2 (=37 to +7) This work

pRLG3890 pRLG770 rrmB P2 (—112 to +7; C-5A, This work
A-4T,C-3A)

pRLG3893  pRLG770 rrnB P2 (—112 to +7; Cins—15) This work

pRLG3895  pRLG770 rrmB P2 (—112 to +21) This work

pRLG3896  pRLG770 rrmB P2 (—112 to +7; This work
C+5G,C+7G)

pRLG4871  pRLG770 rrnB P2 (=112 to +7) This work

pNO1301 pBR322 expressing an intact 77nB operon 14

pNO1302 pNO1301 with 2.4-kb deletion within 16S and 14
23S genes

site, a C residue 7 bp downstream from the —10 hexamer (Fig. 1; H.D.M. and
R.L.G., data not shown).

The rrnB P2-lacZ fusion described previously (12) was constructed by cleavage
of rrnB DNA with FnuDII, ligation with a HindIII linker, and then fusion of this
fragment to a N\ phage arm containing lacZ. This resulted in an 7nB P2 promoter
with the downstream DNA sequence 5'-CCCGGGGAAGCTT. . .-3', beginning
with position +1. This sequence differs from the wild-type nmB P2 sequence by
C-to-G transversions at +5 and +7 (Fig. 1).
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In vivo B-galactosidase assays. Cultures of lysogens containing promoter-lacZ
fusions were started (A4 of ~0.02) from fresh colonies and shaken at 30°C for
about 4 generations to an A, of ~0.35, and B-galactosidase activity was mea-
sured following sonication as previously described (12, 21).

In vivo primer extension. Cultures of lysogens containing promoter-lacZ fu-
sions were started from fresh colonies (starting A4, of ~0.02) and shaken at
30°C for about 4 generations to an A4, of ~0.35. RNA was extracted by a boiling
lysis procedure, and reverse transcription was performed as previously described
(15, 35). Note that the absolute activities of promoters making different RNAs
are not comparable, since the efficiency of extension by reverse transcriptase
varies on different templates. To ensure that any differences in RNA levels
observed at different growth rates did not result from changes in RNA half-life,
half-lives were measured directly after addition of rifampin. No differences in
RNA half-life were detected (data not shown). Furthermore, control promoters
whose activities did not change with growth rate when examined by using pro-
moter-lacZ fusions but that had the same mRNA sequences as the growth
rate-dependent promoters examined here did not change with growth rate when
examined by primer extension (data not shown).

Feedback assays. A multicopy plasmid containing an intact rnB operon coding
for functional 168, 23S, and 5S rRNAs (pNO1301) or an r7nB operon coding for
nonfunctional 16S and 23S rRNAs (pNO1302) was transformed into lysogens
carrying promoter-lacZ fusions. Cultures were shaken at 30°C in M9 medium
supplemented with glucose and ampicillin to an A4y, of ~0.35, and B-galactosi-
dase activity was measured as described above. As described in the figure leg-
ends, the activity of a promoter-lacZ fusion in a strain containing pNO1301 and
that of a promoter-lacZ fusion in a strain containing pNO1302 were compared
and the ratio was then normalized to that obtained from a control strain con-
taining a lacUV’5 promoter-lacZ fusion transformed with the same plasmids (12).

RESULTS

Sequence determinants for rrnB P2 activity. In order to
investigate the behavior of nB P2 systematically, we created a
series of rrmB P2-lacZ fusions containing promoter fragments
with different upstream endpoints and the same downstream
endpoint: —112 to +7, =52 to +7, and —37 to +7 (Fig. 1). We
measured the activities of these fusions at a relatively low
growth rate (i.e., when most of the rRNA transcription in the
cell originates from the rrn P2 promoters [see below and ref-
erence 31]). rnB P2 promoters with upstream endpoints of
—112 and —52 had similar activities and were fourfold more
active than the —37 to +7 construct (Fig. 2). The stimulatory
effect of the —37 to —52 region is consistent with the previous
finding that rrnB P2 contains an UP element; i.e., that the nnB
P2 sequence upstream of the —35 hexamer stimulates tran-
scription both in vivo and in vitro (27, 28). These results also
suggest that, unlike the r7n P1 promoters, which are activated
by the transcription factor Fis (29), rnB P2 does not require
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FIG. 1. Sequence of the 7nB P2 promoter region from —112 to +21. The most frequent 77nB P2 transcription start site is designated +1. The
—10 and —35 hexamers are indicated in bold, start sites are underlined, and the upstream (—112, —68, —53, and —37) or downstream (+7 and
+21) endpoints used for construction of lacZ fusions are indicated by Cor [J respectively. The —15C insertion is indicated by the symbol ~, and

substitutions are identified below the arrows.
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FIG. 2. Relative activities of r7nB P2 promoter variants. 3-Galac-
tosidase activities from single-copy rnB P2 promoter-lacZ fusions were
measured in M9 minimal medium containing 0.4% glycerol as a carbon
source. The B P2(—68 to +7; C+5G,C+7G) fusion is the construct
reported in reference 12. The average and standard deviation of at
least three independent experiments are shown for each promoter.

activation by a transcription factor that binds upstream of the
UP element.

The rmB P2-lacZ fusion used in our previous studies (12, 15)
was five- to sixfold more active than the P2(—112 to +7) or
P2(—52 to +7) fusion described above (Fig. 2). This construct
[now referred to as P2(—68 to +7; C+5G,C+7G)] contains a
different upstream endpoint and C-to-G transversions at posi-
tions +5 and +7 (i.e., downstream of the transcription start
site [Fig. 1 and Materials and Methods]). Since sequences
upstream of —52 did not appear to affect transcription, we
tested whether the difference in activity between the original
and new constructs resulted from the substitutions at +5 and
+7 by introducing these transversions into the P2(—112 to
+7)-lacZ fusion. The P2(—112 to +7; C+5G,C+7G) construct
was five- to sixfold more active than the wild-type P2(—112 to
+7) promoter (Fig. 2).

In theory, the increase in B-galactosidase activity could have
arisen from either an increase in mRNA half-life or a more
favorable RNAP-promoter interaction. We found that the
C+5G,C+7G mutations did not alter mRNA half-life in vivo,
but the mutations did alter characteristics of the open complex
formed with RNAP in vitro (data not shown; see Discussion).
Therefore, we now consider our previously constructed rrnB P2
promoter-lacZ fusion, P2(—68 to +7; C+5G,C+7G), to be a
mutant that does not accurately reflect wild-type promoter
interactions with RNAP. As a result, we reevaluated our pre-
vious conclusions concerning the regulation of the rmB P2
promoter (12, 15).

The rrnB P2 promoter is subject to growth rate-dependent
control. To evaluate growth rate dependence of transcription
from the mmB P2 promoter, cultures were grown in various
media supporting different steady-state growth rates and pro-
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moter activities were determined. The activities of promoter-
lacZ fusions containing the B P2 —37 to +7, =52 to +7, or
—112 to +7 sequence increased at least threefold over a four-
fold range of growth rates (Fig. 3A to C). Promoter-lacZ fu-
sions with an r7nB P2 downstream endpoint of +21 (with an
upstream endpoint of either —112 [Fig. 3D] or —37 [data not
shown]) exhibited regulation similar to that of 7rnB P2 promot-
ers with a downstream endpoint of +7, suggesting that these
junctions represent wild-type promoter behavior. These regu-
lation patterns are quite different from those exhibited by the
control lacUV5 promoter (Fig. 3E) or by the mutant promoter
construct P2(—112 to +7; C+5G,C+7G) (Fig. 3F and refer-
ence 12; see also reference 40). These results suggest that
sequences upstream from —37 or downstream from +7 are not
required for growth rate-dependent regulation of 7rnB P2 and
that the substitutions at +5 and/or +7 affect properties of the
rmB P2 promoter that are important for its regulation (see
Discussion).

Previous studies of rnB P1 revealed a number of features in
the core promoter important for regulation, including the
length of the spacer (16 bp) between the —10 and —35 hex-
amers and the identity of the sequence in the discriminator
region between the —10 hexamer and the transcription start
site (4, 8). We constructed mutations in the 7nB P2 spacer or
discriminator region to determine whether changing these fea-
tures would alter regulation of this promoter. Either a 1-bp
insertion in the rrnB P2 spacer, P2(—112 to +7; Cins—15), or
a 3-bp substitution in the discriminator region, P2(—112to +7,
C—5A,A—4T,C—3A), significantly reduced growth rate regu-
lation of the promoter (Fig. 3G and H), suggesting that similar
sequence features in rrn P1 and rrn P2 might contribute to their
regulation.

Growth rate-dependent regulation of the rrnB P2 promoter
in tandem with rruB P1. In their natural setting in rRNA
operons, the rrn P2 promoters are located about 120 bp down-
stream from the rrn P1 promoters. To measure the activities of
rrnB P2 when it is alone or in tandem with r7nB P1, we directly
measured RNA synthesis by using quantitative primer exten-
sion. Transcription from the isolated »nB P2 promoter in-
creased as a function of growth rate (Fig. 4A), in agreement
with the results obtained with lacZ fusions. However, in the
presence of transcription from mnB P1 (promoter activity il-
lustrated in Fig. 4B), rrnB P2 promoter activity did not increase
with growth rate and actually decreased slightly (Fig. 4A).
These results are consistent with previous indications (11) that
when the 77n P2 promoter is in its natural setting, its activity is
occluded by transcription originating from rrn P1. Occlusion is
most apparent when nnB P1 activity is greatest, i.e., at high
growth rates, and is sufficient to mask the intrinsic growth rate
dependence of rrnB P2.

We next measured whether a lacZ fusion to a DNA frag-
ment containing the intact r7nB P1P2 region would report the
sum of the two isolated promoter activities (Fig. 4C). The
isolated rrnB P1 and rrnB P2 promoters were each growth rate
dependent (although to different extents [31]). As expected
from the results shown in Fig. 4A, the activity of the tandem
rrmB P1P2-lacZ fusion at low growth rates reflected the sum of
the activities from the isolated promoters (Fig. 4C, dashed
line), since occlusion of nB P2 is negligible when rrnB P1 is
least active. In contrast, at high growth rates, the activity of the



VoL. 185, 2003

A B

REGULATION OF E. COLI rmB P2 PROMOTER 31

Cc D

2.0
P2 (-37 to +7) P2 (-52 to +7) P2 (-112to+7) o P2 (-112 to +21)
Fy )
2157 T T T -
0 ©
£l
55107 T o T T -
e3 ° o >
05 | ! -. .. -
o
0.0 - . . . . . . .
0.6 1.2 0.6 1.2 0.6 1.2 0.6 1.2
doublings/hr
2.0 E F G H
' lacUV5 (-59 to +36)  |P2 (-112 to +7; P2 (-112to +7; P2 (112 to +7;
> C+5G,C+7G) Cins-15) C-5A,A-4T,C-3A)
$15 1 T T T .
= (o]
8 | g
B 5 1.0 1 oo S, G/OO’QM 9/8/0’80/0 T o .
® 5 °
£ 0.5 | I I I .
S
0.0 y v v v . . v v
0.6 1.2 0.6 1.2 0.6 1.2 0.6 1.2

doublings/hr

FIG. 3. Promoter activities as a function of growth rate. B-Galactosidase activities were measured at different growth rates, obtained by growing
cells in different media as described in Materials and Methods: M9 medium with 0.4% glycerol, M9 medium with 0.4% glucose, M9 medium with
0.4% glycerol plus 0.8% Casamino Acids plus tryptophan, M9 medium with 0.4% glucose plus 0.8% Casamino Acids plus tryptophan, and LB
medium. Linear regressions were drawn by using SigmaPlot 5.0 (Jandel Scientific). The endpoints of the wild-type and mutant 7nB P2 promoter
fragments used to construct the fusions are indicated in the panels. The lacUVS5 promoter-lacZ fusion shown in panel E has been described
previously (12). To enable visual comparison of the slopes, the activity of each promoter was normalized to a value of 1.0 at a growth rate of 0.9
doubling per hour (8). Strain designations and observed promoter activities (in Miller units) at a growth rate of 0.9 doubling per hour are as follows:
A, RLG3851, 784 = 34 U; B, RLG3863, 1,749 = 72 U; C, RLG5014, 1,958 = 236 U; D, RLG3914, 4,189 = 252 U; E, RLG4993, 408 + 66 U;
F, RLG3915, 7,211 = 300 U; G, RLG3898, 3,167 + 281 U; H, RLG3897, 2,240 = 104 U. Data from at least two independent experiments are

shown for each construct.

rrmB P1P2 fusion was substantially lower than that of the sum
of the two isolated promoters (Fig. 4C, dashed line), consistent
with the observed occlusion of rrnB P2 by rrnB P1 under these
growth conditions (Fig. 4A). We conclude that the lacZ fusion
to the tandem rRNA promoters accurately reports expression
from the intact rrnB P1P2 promoter region, describing the sum
of the activities from the rnB P1 promoter and the occluded
rmB P2 promoter.

rrnB P2 is stringently controlled but does not require ppGpp
for growth rate-dependent control. To determine whether the
rrnB P2 promoter is stringently controlled, we used primer ex-
tension to measure its expression following amino acid starva-
tion in a wild-type strain. Figure SA shows that transcription
from wild-type rnmB P2 was strongly inhibited, as reported
previously for nB P1 (11, 15, 19). The rrnB P2 promoter with
an altered discriminator sequence, P2(—112 to +7; C—5A,
A—4T,C—3A), was inhibited only slightly (15, 38), and inhibi-
tion of wild-type rnB P2 did not occur in a rel4 mutant (Fig.

5A). Thus, the results confirm previous conclusions (11, 15, 19,
35) that rnB P2 is stringently controlled by the rel4 product,
ppGpp.

ppGpp concentrations change inversely with growth rate (6,
30). To determine whether ppGpp is required for growth rate-
dependent control of #nB P2, we measured the activity of an
B P2-lacZ fusion at different growth rates in a wild-type
strain and in a strain lacking the two genes capable of ppGpp
synthesis, rel4 and spoT. Growth rate regulation of rrnB P2 was
very similar in the mutant and wild-type strains (Fig. 5B),
indicating that a regulator(s) other than ppGpp is sufficient to
maintain normal levels of transcription from rrnB P2 in steady-
state growth. However, we have not ruled out the possibility
that ppGpp, when present, contributes to this regulation.

Increased rRNA gene dose reduces transcription from rrnB
P2. Total rRNA synthesis is gene dose independent, because
transcription from individual rRNA operons is reduced in in-
verse proportion to the increase in rRNA gene number (14). It
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FIG. 4. Transcription from rrnB P2 in the presence and absence of
rrnB P1. (A) RNA transcribed from rrnB P2 promoter-lacZ fusions

was measured directly by primer extension from lysogens grown in
morpholinepropanesulfonic acid medium supplemented with 0.4%
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was shown previously that 77nB P1 promoter-lacZ fusions were
inhibited by the presence of extra rRNA operons on multicopy
plasmids, while the mutant rnB P2 promoter-lacZ fusion
P2(—-68 to +7; C+5G,C+7G) was unaffected (12). To deter-
mine whether the wild-type rrnB P2 promoter is feedback reg-
ulated, we compared the activities of wild-type P2(—112 to +7)
and two mutant promoter-lacZ fusions, P2(—112 to +7; C+5G,
C+7G) and P2(—112 to +7; C—5A,A—4T,C—3A), in the pres-
ence of a multicopy plasmid harboring an intact r7nB operon or
control plasmids (see the legend to Fig. 6 and reference 12).
The wild-type rrnB P2 and rrnB P1 promoters were inhibited
about 30 and 50%, respectively, while the mutant »nB P2
promoters were inhibited less than 10% by the presence of
extra TRNA operons (Fig. 6). Thus, #nB P2 promoter activity
is feedback regulated, although to a lesser extent than rrmB P1.

DISCUSSION

rrn P2 promoters are regulated. We have shown that the
rmB P2 promoter (in the absence of mnB P1) has intrinsic
regulatory characteristics similar to those of the rn P1 pro-
moters. rrnB P2 activity increases with growth rate, core pro-
moter sequences are sufficient for this growth rate-dependent
regulation, and ppGpp is not required for this control. Fur-
thermore, rmnB P2 is feedback inhibited by the presence of
extra TRNA operons and is stringently controlled (11, 15).
Thus, our studies suggest that both the »n P1 and rn P2
promoters are coordinately regulated (although not to the
same extent). As a consequence of being regulated to different
degrees, the rrn P1 and rn P2 promoters have different func-
tions: the r7n P1 promoters are most responsible for the large
amounts of rRNA required during rapid growth, while the rn
P2 promoters are responsible for most of the rRNA expression
that occurs at low growth rates (Fig. 4B and reference 31).

In some previous studies (18, 41), changes in B P2 pro-
moter activity with growth rate and amino acid limitation were
attributed to changes in the concentration of free RNAP. We
suggest that this conclusion is not likely to be correct, since (i)
UP elements reduce the concentration of RNAP required for
transcription (26), yet growth rate-dependent regulation of
rmB P2 was not affected by deletion of its UP element (Fig. 3);

glycerol, 0.4% glucose, or 0.4% glucose plus 0.8% Casamino Acids
plus tryptophan or in LB medium. Symbols: @, RLG5014, rmB
P2(—112 to +7); ¥, RLG3871, rruB P1P2(—152 of P1 to +7 of P2).
The average and standard deviation of at least three independent
experiments are shown. Promoter activities are expressed in arbitrary
units. (B) RNA transcribed from rmB P1, in the context of the rmB
P1P2(—152 of P1 to +7 of P2) promoter-lacZ fusion, was measured
directly by primer extension from lysogens grown in the same media
used for the experiment whose results are shown in panel A. The
average and standard deviation of at least three independent experi-
ments are shown. Promoter activity is expressed as a percentage of
maximum promoter activity. Absolute promoter activity should not be
compared to that of #nB P2 (see Materials and Methods). (C) B-
Galactosidase activities from the same promoter-lacZ fusions de-
scribed in panels A and B and from an rmB Pl-lacZ fusion. Symbols:
@, RLG3871, rnB P1P2(—152 of P1 to +7 of P2); m, RLG4757, rrmB
P1(—152 to +50); ¥, RLG5014, rrnB P2(—112 to +7). The average of
two independent experiments is shown for each promoter. The dashed
line is a plot of the sum of the activities from the isolated rrnB Pl-lacZ
and B P2-lacZ fusion constructs.
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FIG. 5. rmB P2 is stringently controlled but does not require
ppGpp for growth rate-dependent regulation. (A) RNA transcribed
from rrmB P2 promoter-lacZ fusions was measured directly by primer
extension following amino acid starvation induced by serine hydrox-
amate addition to a culture growing exponentially in LB medium (A,
of ~0.3). The identity of the r7nB P2 promoter and the strain back-
ground are indicated for each sample. Symbols: ®, RLG5014, wild-
type (WT) rrnB P2(—112 to +7); m, RLG3987, mutant rrnB P2(—112
to +7; C—5A,A—4T,C—3A); ¥, RLG6982, wild-type rrnB P2(—112 to
+7) in a relA strain. The average and standard deviation of three
independent experiments are shown. (B) B-Galactosidase activity from
an rrB P2 core promoter-lacZ fusion, P2(—37 to +7), as a function of
growth rate in wild-type and rel4 spoT mutant strains. Symbols: V¥,
RLG3851, wild-type strain; @, RLG3866, rel4 spoT mutant strain.
Data from two independent experiments are shown for each strain.

(ii) rrnB P2 activity was unaffected by conditions that should
reduce the effective RNAP concentration within the cell (i.e.,
by the presence of multicopy plasmid pNO1302, whose tran-
scription titrates out RNAP [reference 2 and data not shown]);
and (iii) 7nB P2 activity was affected by conditions that do not
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FIG. 6. rrnB P2 promoter activity is inhibited by the presence of
extra rRNA operons. Lysogens containing promoter-lacZ fusions were
transformed with a multicopy plasmid containing either an intact rrnB
operon (pNO1301) or an rnB operon containing a large deletion in
the 16S and 23S rRNA genes (pNO1302). Promoter activity is ex-
pressed as the ratio of the B-galactosidase activity from a promoter-
lacZ fusion in a strain containing pNO1301 to that in a strain contain-
ing pNO1302 and then normalized to the value obtained from a
control lacUVS5 promoter as previously described (12). RLG4993,
lacUVS5 (=59 to +36); RLG3848, rmB P1 (—61 to +50); RLG5014,
rmB P2(—112 to +7); RLG3987, rrnB P2(—112 to +7; C—5A,A—4T,C
—3A); RLG3915, rrnB P2(—112 to +7, C+5G,C +7G). The average
results and standard deviations of experiments with three independent
transformants are shown.

alter the cell’s RNAP concentration (i.e., by the presence of
multicopy plasmid pNO1301 [Fig. 6 and references 2, 11, 26,
and 30]). Thus, the activity of rnB P2 is unlikely to be a valid
indicator of the free cellular RNAP concentration.

Mechanism of regulation of rrn P2 promoters. The rrnB P2
promoter forms a relatively short-lived open complex with
RNAP (H.D.M. and R.L.G., unpublished data), accounting for
its sensitivity to inhibition by ppGpp (3). However, since rrmB
P2 is growth rate dependent even in rel4 spoT mutant strains,
mechanisms in addition to those involving ppGpp must con-
tribute to control of the rrn P2 promoters. One mechanism
contributing to regulation of the mn P1 promoters involves
sensing of changing initiating nucleoside triphosphate concen-
trations (4, 5, 9, 35). nnB P2 responds to changing concentra-
tions of its initiating nucleoside triphosphate, primarily CTP, in
vitro and in vivo (H.D.M and R.L.G., unpublished data). We
suggest, therefore, that when the rrn P2 promoters are respon-
sible for most rRNA synthesis, ribosome production is deter-
mined, at least in part, by CTP levels.

The small DNA-binding proteins Fis and H-NS affect the
activity of the rrn P1 promoters in vitro and in vivo (1, 29, 36).
We tested r7nB P2 promoter activity in strains with fis or sns
deleted in vivo and observed that r7nB P2 activity was increased
in both mutants (data not shown). However, neither protein
has been implicated in direct negative control of rn P2 pro-
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moters (e.g., see reference 36). Since r7nB P2 promoter activity
is regulated homeostatically (Fig. 6), it is likely that the in-
crease in B P2 promoter activity in the strain lacking fis
results indirectly from the loss of activation of r7n P1 (feedback
derepression [13]). In contrast, the activities of numerous pro-
moters have been shown to increase in Ans strains (34). Further
work is required to determine whether the effect of 4ns on rrnB
P2 promoter activity is specific and/or direct.

The loss of regulation of the 7nB P2 promoter that resulted
from the transversions at +5 and +7 was somewhat unexpect-
ed, since sequences downstream of +1 that affect regulation of
rrn P1 promoters have not been identified (8). The C+5G and
C+7G mutations increase the half-life of the rmnB P2 open
complex in vitro (H.D.M. and R.L.G. unpublished), consistent
with the model in which regulation of 77nB P2 results from its
intrinsic kinetic characteristics. Since RNAP clamps down on
the template in the downstream region of the transcription elon-
gation complex (17) and this region is protected by RNAP in
footprints of transcription initiation complexes (24), it is possible
that direct contacts of RNAP with DNA are affected by the
mutations at +5 and/or +7. We will address the molecular
mechanism of regulation of 7nB P2 in a subsequent report.
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