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We recently identified Escherichia coli RNA polymerase (RNAP) mutants (RNAP 3’ A215-220 and 3 RH454)
that form extremely unstable complexes with rRNA P1 (rrn P1) core promoters. The mutant RNAPs reduce
transcription and alter growth rate-dependent regulation of rrn P1 core promoters, because the mutant RNAPs
require higher concentrations of the initiating nucleoside triphosphate (NTP) for efficient transcription from
these promoters than are present in vivo. Nevertheless, the mutants grow almost as well as wild-type cells,
suggesting that rRNA synthesis is not greatly perturbed. We report here that the rrn transcription factor FIS
activates the mutant RNAPs more strongly than wild-type RNAP, thereby compensating for the altered
properties of the mutant RNAPs. FIS activates the mutant RNAPs, at least in part, by reducing the apparent
K, p for the initiating NTP. This and other results suggest that FIS affects a step in transcription initiation
after closed-complex formation in addition to its stimulatory effect on initial RNAP binding. FIS and NTP
levels increase with growth rate, suggesting that changing FIS concentrations, in conjunction with changing
NTP concentrations, are responsible for growth rate-dependent regulation of rrn P1 transcription in the
mutant strains. These results provide a dramatic demonstration of the interplay between regulatory mecha-

nisms in rRNA transcription.

rRNA transcription is the rate-limiting step in ribosome
synthesis and is subject to precise control by multiple regula-
tory systems (11, 19, 23). Since ribosome biosynthesis is an
energetically expensive process, it is coupled to the cell’s nu-
tritional status by being regulated in proportion to the cell’s
growth rate (growth rate-dependent control).

Multiple mechanisms contribute to rRNA transcription ini-
tiation. The seven rRNA operons are transcribed from tandem
promoters, P1 and P2, spaced about 120 bp apart (20). The P1
promoters are the targets of most of the known regulatory
signals affecting rRNA transcription initiation and are respon-
sible for growth rate-dependent regulation (17, 40). The best
studied of the rn P1 promoters, rnB P1 (Fig. 1), consists of
core promoter elements 10 and 35 bp upstream of the tran-
scription start site, recognized by the sigma subunit of RNA
polymerase (RNAP), and an UP element upstream of the —35
hexamer, recognized by the o subunit of RNAP (14, 35). In
addition, there are three binding sites for the transcription
factor FIS, centered at positions —71, —102, and —143 up-
stream of the rmB P1 start site (37).

rmB P1, rnD P1, and perhaps all 77 P1 complexes with
RNAP are unusually unstable. The stabilities of these pro-
moter complexes are increased in vitro by the binding of the
initiating nucleoside triphosphate (NTP) (GTP for mnD P1
and ATP for the other six n P1 promoters), whose concen-
tration increases with growth rate in vivo (15). We have sug-
gested, therefore, that there is a kinetic competition between
dissociation of the rrn P1 open complex and transcription ini-
tiation which is dependent on the concentration of the initiat-
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ing NTP, leading to growth rate-dependent control of rRNA
transcription (the NTP-sensing model) (7, 15). The core pro-
moter (i.e., from about position —40 to the transcription start
site) is sufficient for growth rate-dependent control of rnB P1
and »nD P1 transcription (6, 7).

We recently characterized two mutations, rpoCA215-220
and rpoBRH454 (in the genes for the B’ and B subunits of
RNAP, respectively) that strongly reduce rrn P1 core promoter
activity in vivo (7). The purified mutant RNAPs form less
stable complexes with #n P1 core promoters than wild-type
RNAP and as a result require even higher levels of the initi-
ating NTP than wild-type RNAP for efficient transcription in
vitro. The mutant RNAPs respond to changes in the concen-
tration of the initiating NTP in vitro, but NTP levels in cells
apparently are never high enough for rrn P1 core promoters to
reach normal activity in the mutants (7). Nevertheless, these
mutations are not lethal, and mutant cells grow nearly as well
as wild-type cells, despite the defects in 77n P1 core promoter-
RNAP interactions. The transcriptional defects in these mu-
tants were originally characterized using rrnB P1 and rrmD P1
promoter-lacZ fusions lacking the FIS binding sites normally
present in 77n P1 promoters, and we speculated that FIS might
compensate for the defects of the mutant RNAPs in vivo (7,
15).

FIS activates transcription from rrn P1 promoters (28, 37, 39,
45). At rrnB P1, where FIS increases transcription about five-
fold (8, 37), most activation is attributable to site I, where FIS
binds and interacts with the RNAP « subunit through surface-
exposed patches on the two proteins (9, 16). The FIS concen-
tration in vivo varies with growth phase and growth rate (5, 29,
30, 31), and occupancy of »nB P1 FIS sites varies with FIS
expression (3). However, neither the fis gene nor FIS sites are
required for growth rate-dependent control of the rmB Pl
promoter (6, 37). On the other hand, FIS is absolutely required
for growth rate-dependent control of several other promoters
(e.g., some tRNA promoters [13] and the promoter of the 4.5S
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FIG. 1. The rrnB regulatory region, including the P1 and P2 promoters. FIS binding sites, UP elements, —10 and —35 elements, transcription start sites (+1), and

the Nus factor binding site (BoxA) are indicated.

RNA gene [12]), and FIS is responsible for a major component
(but not all) of the growth rate-dependent regulation observed
for the leul” promoter (32, 36).

In this study, we have investigated the effects of FIS on rmnB
P1 transcription by the mutant RNAPs B’ A215-220 and B
RH454 in vivo and in vitro. We conclude that the mutant
strains grow nearly normally in spite of the altered properties
of their transcription initiation complexes, because FIS pro-
vides almost wild-type activity and regulation to rrn P1 pro-
moters. Our results suggest that 7n P1 promoters integrate
multiple signals, including changing NTP levels and changing
FIS levels, in order to regulate rRNA transcription initiation.
Furthermore, our results illustrate how regulation of ribosome
synthesis remains qualitatively unchanged in the face of sub-
stantial changes to the system components; i.e., the system is
robust.

MATERIALS AND METHODS

Bacterial strains and phages. The strains used in this work are listed in Table
1. RNAP mutations and the fis::kan allele were moved between strains by
bacteriophage P1 transduction (25). N phage monolysogens were constructed
essentially as described previously (17).

B-Galactosidase assays. Cultures were grown at 30°C, and growth rates were
varied using the media described previously (6, 7). For assays of 7nB P1 deriv-
atives, strains were streaked from single colonies on plates containing media that
supported growth rates lower than or equivalent to those supported by the media
used in the experiment. Cells were scraped from the plate and diluted in the
appropriate media, and after three to four generations of growth, mid-log-phase
cultures were harvested, washed, sonicated, and assayed for B-galactosidase as
described previously (7). All experiments were performed at least twice and on
different days, and errors were less than 10% of the mean values.

In vitro transcription. Multiple-round transcription reactions were performed
at 22°C as described previously (7), using a 0.2 nM concentration of a supercoiled
plasmid (pRLG597) (37) containing an rrnB P1 promoter (positions —154 to
+50), making a 220-nucleotide transcript terminated by rrnB T1T2 terminators.
The transcription buffer contained 115 mM NaCl (for Fig. 2), 100 mM NaCl (for

TABLE 1. Bacterial strains

Strain Genotype Reference(s) or source
MG1655 Wild type 4
MGAZB MG1655 lacA145 42
CAG4000 MG1655 AlacX74 D. J. Jin and C. Gross
RJ1617 MC1000 fis::kan767 22
CAG18500 MG1655 thi-39::Tnl0 42
RLG3381 MG1655 thi-39::Tn10 rpoCA215-220 7
RLG1829 MG1655 N\ rrnB P1 (—88 to +50)-lacZ 3,17
RLG1785 MGAZB X\ rrmB P1 (—154 to +50)-lacZ 8, 17
RLG1679 CAG4000 \ rrnB P1 (=88 to —37)-lac (=36 to +57)-lacZ 3,16
RLG1680 CAG4000 N\ rrnB P1 (—88 to —37 A-72)-lac (—36 to +57)-lacZ 16, 34
RLG3950 CAG18500 N\ rruB P1 (=61 to +50)-lacZ 7,37
RLG3993 RLG1829 thi-39::Tn10 This work
RLG3398 CAG18500 N\ rruB P1 (=154 to +50)-lacZ 17; this work
RLG3951 RLG3381 N rnB P1 (—61 to +50)-lacZ 7,37
RLG3994 RLG1829 thi-39::Tnl0 rpoC A215-220 This work
RLG3399 RLG3381 \ rmB P1 (—154 to +50)-lacZ 17; This work
RLG4076 RLG1784 thi-39::Tn10 rpoBRH454 7
RLG4329 RLG1785 thi-39::Tn10 rpoBRH454 This work
RLG3974 RLG3398 fis::kan-767 This work
RLG3971 RLG3399 fis::kan-767 This work
RLG3979 RLG1680 thi-39::Tnl0 This work
RLG3977 RLG1679 thi-39::Tn10 This work
RLG3980 RLG1680 thi-39::Tnl0 rpoCA215-220 This work
RLG3978 RLG1679 thi-39::Tn10 rpoCA215-220 This work
RLG1784 MGAZB X\ rrnB P1 (—61 to +50)-lacZ 9,17
RLG3982 RLG1784 thi-39::Tn10 rpoCA215-220 7
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TABLE 2. Activation by FIS in RNAP mutant strain backgrounds

rrmB P1 activity (Miller units)* with

Growth rate promoter endpoints:

RNAP allele

(doublings/h)
—61to +50 —88to +50 —154to +50
Wild type 1.29 2,297 (1.0) 8,811 (3.8) 10,822 (4.7)
rpoCA215-220 1.14 608 (1.0) 5,152(8.5) 8,927 (14)
rpoBRH454 1.05 716 (1.0) Not done 7,036 (9.8)

¢ Results are means from two or three experiments; the variation was less than
10%. The promoter activity relative to —61 to +50 in each strain background is
given in parentheses.

Fig. 3A and B), or 130 mM NacCl (for Fig. 3C and D); 40 mM Tris-acetate (pH
7.9); 10 mM MgCl,; 1 mM dithiothreitol; 100 wg of bovine serum albumin per
ml; 200 pM GTP; 200 pM UTP; 10 pM [a-*?P]CTP (5 pCi); and the ATP
concentrations indicated in the figure legends. Purified FIS protein (75 nM) was
preincubated with the template for 16 min before the reactions were initiated by
addition of wild-type or B’ A215-220 RNAP to 0.8 nM. The activities of the
wild-type and B’ A215-220 RNAPs were similar on the lacUV5 promoter (data
not shown). Reactions were allowed to proceed for 16 min before transcription
was stopped by the addition of loading solution (35), and electrophoresis, phos-
phorimaging, and quantitation were as described previously (7). Fits to data
points shown in Fig. 3 were made using SigmaPlot (Jandel Scientific).

We determined the apparent K, rps for transcription by mutant and wild-type
RNAPs in the presence and absence of FIS using solution conditions that
differed in NaCl concentration (see Results and Discussion); no single NaCl
concentration was found where accurate determinations could be obtained for
both enzymes. At 130 mM NaCl, where the apparent K, rp for transcription by
the wild-type RNAP could be quantified reliably, transcription by the mutant
RNAP in the absence of FIS was too inefficient at lower ATP concentrations for
accurate determination of an apparent K,p. Likewise, at 100 mM NaCl, where
the apparent K,rp for transcription by the mutant RNAP could be quantified
reliably, transcription by the wild-type RNAP in the presence of FIS was too
efficient even at lower ATP concentrations for accurate determination of an
apparent K, rp (data not shown).

Western analysis of FIS levels. Western analysis was performed essentially as
described previously (3). RLG1784 and RLG3982 (Table 1) were plated on a
medium supporting the lowest growth rate, and colonies were suspended in
appropriate media to an Agy, of 0.025 to 0.030. As described previously (3),
duplicate cultures were grown for three to four generations at different growth
rates; 1-ml aliquots were pelleted, resuspended, and boiled for 5 min; equivalent
Agoo units of lysate were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and the separated proteins were transferred to nitrocellulose
membranes and probed with polyclonal anti-FIS antibody (a generous gift from
R. Johnson, UCLA). Bound antibody was detected by enhanced chemilumines-
cence (Amersham), and bands were visualized by exposure to X-ray film and
quantified using optical scanning and ImageQuant software (Molecular Dynam-
ics). Purified FIS protein standards were used to calibrate the amounts of FIS
detected and to ensure that samples were within the linear detection range.

RESULTS

Upstream DNA sequences restore rrnB P1 transcription ac-
tivity in RNAP mutant strains. Transcription of r7n P1 pro-
moter-lacZ fusions lacking FIS binding sites is severely re-
duced in rpoCA215-220 and rpoBRH454 cells relative to wild-
type cells (7, 15). However, the mutant strains grow reasonably
well (doubling times are 80 to 90% of that of the wild type),
suggesting that rRNA synthesis is not strongly perturbed. Since
rrn P1 promoters in their natural context are activated by FIS
(37), we tested whether the presence of their normal FIS sites
would rescue the defects in transcription exhibited by nmB P1
core promoter-lacZ fusions in the mutant strains.

We compared the activities of rnB Pl-lacZ fusions without
FIS sites (positions —61 to +50), with only the proximal FIS
site (—88 to +50), and with all three FIS sites (—154 to +50)
in the wild-type and mutant strains (Table 2). The proximal
FIS site increased transcription 3.8-fold, and three FIS sites
increased transcription 4.7-fold in the wild-type strain, consis-
tent with previous observations (8). However, the effect of the
FIS sites was much greater in the mutant strains: e.g., in the
rpoCA215-220 mutant, the proximal FIS site increased tran-
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TABLE 3. Effect of FIS and rpoCA215-220 on activity of rrnB P1
(—154 to +50)

. - Growth rate Activity Relative

RNAP allele fis allele (doublings/h)  (Miller units)”  activity?
rpoCA215-220  Wild type 1.14 8,927 1.00
fist:kan 1.06 3,736 0.42
Wild type Wild type 1.29 10,822 1.00
fistkan 1.25 11,424 1.06

“ Results are means from two experiments; the variation was less than 10%.
® Fraction of activity in the background containing the wild-type fis gene for
each RNAP allele.

scription 8.5-fold, and three FIS sites increased transcription
14-fold, restoring almost full rnB P1 promoter activity. Thus,
the defect in transcription caused by the mutant RNAPs is
much greater for rrnB P1 promoters lacking FIS sites than for
rmB P1 promoters containing FIS sites.

FIS is responsible for the effect of upstream sequences on
rrnB P1 promoter activity in the rpoCA215-220 mutant. In the
previous section, we showed that upstream DNA sequences
containing FIS sites compensated for the negative effect of the
rpoB and rpoC mutations on rrmB P1 transcription. Consistent
with the conclusion that activation by FIS was responsible for
this effect of the upstream sequences in the RNAP mutant
strains, transcription of an mnB P1 promoter containing all
three FIS sites dropped by about 60% in a fis::kan rpoCA215-
220 double mutant compared to the rpoCA215-220 single mu-
tant (Table 3). The requirement for FIS for the effect of the
upstream sequence was further confirmed by measuring ex-
pression from an rrnB Pl-lacZ fusion containing a single-base-
pair deletion in FIS site I that eliminates FIS binding (—88
A—72 to +50) (37). This upstream sequence did not stimulate
rmB P1 transcription in the RNAP mutant strain (data not
shown).

In contrast to the reduced transcription from rnB P1 ob-
served in the fis::kan rpoCA215-220 double mutant strain, de-
letion of the fis gene did not reduce rnB P1 transcription
substantially in the wild-type strain (Table 3), consistent with
our previous reports (34, 37). This apparent paradox results
from an increase in rnB P1 core promoter activity in the
fist:kan mutant (34, 37). We have attributed this increase in
rmB P1 core promoter activity to the homeostatic nature of the
regulatory system(s) controlling mn P1 transcription; i.e.,
rRNA transcription is feedback regulated such that disruptions
that reduce ribosome synthesis increase r77n P1 core promoter
activity (19, 21). In the RNAP mutant strain, this feedback
response was not able to increase transcription from the rmB
P1 core promoter enough to compensate fully for the loss of
the fis gene (see Discussion).

Although rrnB P1 promoter activity decreases by about 60%
in the fis::kan rpoCA215-220 double mutant compared to the
rpoC single mutant, the double mutant grows only about 10%
slower than the rpoCA215-220 strain; i.e., the small growth
defect of the rpoC mutant strain is exacerbated only slightly by
the fis mutation (Table 3). To account for the double mutant
strain’s relative vigor, other mechanisms must increase rRNA
transcription to compensate for the reduced activity of rn P1
promoters (see Discussion).

Activation of 3’ A215-220 RNAP by FIS in vitro. The pres-
ence of FIS binding sites results in high 7nB P1 promoter
activity in the rpoCA215-220 strain. To further confirm that the
increased activation by FIS in vivo was direct, we examined
rrmB P1 transcription in vitro in the presence of purified RNAP
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FIG. 2. Activation of rrnB P1 transcription by FIS in vitro. The supercoiled
template contained rnB P1 positions —154 to +50. The reaction mixtures con-
tained 200 uM ATP and wild-type RNAP (lanes 1 and 2) or B’ A215-220 RNAP
(lanes 3 and 4) in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of FIS.
The transcripts derived from the nB P1 promoter and from the vector-encoded
RNA I promoter are indicated. Since the reaction conditions were identical in
each lane and the wild-type and mutant RNAPs had similar activities on a
non-FIS-activated promoter (see Materials and Methods), activation by FIS was
calculated directly from the relative amounts of 77nB P1 transcripts. Only one gel
is shown, but the experiment was performed multiple times with similar results.

and FIS. Under these conditions (see Materials and Methods),
FIS increased transcription by the wild-type RNAP about 2.0-
fold (Fig. 2, lanes 1 and 2), while it increased transcription by
the B’ A215-220 RNAP about 12-fold (Fig. 2, lanes 3 and 4),
resulting in similar overall promoter activity with the two en-
zymes (Fig. 2, lanes 2 and 4). Thus, as predicted from the
results obtained in vivo, FIS directly compensates for the de-
fect of the mutant RNAP by activating the mutant enzyme to
a greater extent than the wild-type enzyme.

Activation of transcription from the lac core promoter by
FIS in the rpoCA215-220 mutant. Although the mutant
RNAPs formed less stable open complexes than wild-type
RNAP at all promoters tested (7, 18; M. M. Barker, T. Gaal,
and R. L. Gourse, unpublished data), they reduced transcrip-
tion of only those promoters that formed intrinsically unstable
open complexes with wild-type RNAP (e.g., rnB P1). We pre-
dicted that the increased extent of activation by FIS observed
in the mutant strains would be limited to promoters with ki-
netic properties similar to those of rruB P1.

To test this hypothesis, we measured transcription from a
hybrid rrnB-lac promoter which was shown previously to be
activated by FIS in a wild-type strain (3). We compared the
activity of the hybrid promoter (which contains FIS site I and
the UP element from rmB P1 fused to the lac core promoter)
to that of an identical promoter with a A-72 FIS site (which
eliminates FIS binding) (37) in the rpoCA215-220 and wild-
type strains. FIS activated the rmB-lac hybrid promoter to
approximately the same extent in both the wild-type and the
mutant strains (3.9- versus 3.0-fold) (Table 4), in contrast to its
differential effect on the »nB P1 promoter in the same two
strains (Table 2). This result is consistent with the hypothesis
that the differential effect of FIS in the wild-type strain versus
the rpoC mutant strain is a function of a kinetic property of the
promoter interaction with RNAP, presumably the intrinsic in-
stability of the open complex.

FIS reduces the concentration of the initiating NTP needed
for rrnB P1 transcription in vitro. We next attempted to de-
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TABLE 4. Effect of rpoCA215-220 on activation of the lac core
promoter by fis

RNAP allele Promoter ~ FISsite P Oalactosidase  Activation
activity” ratio
Wild type rmB (A-72)-lac - 1,878 1.0
rmB-lac + 7,359 3.9
rpoCA215-220  rrnB (A-72)-lac - 2,560 1.0
rmB-lac + 7,614 3.0

¢ Results (in Miller Units) are means from two experiments; the variation was
less than 5%.

termine how FIS is able to activate r/nB P1 transcription by the
mutant RNAPs to a greater extent than by the wild-type
RNAP (Table 2; Fig. 2). Transcription initiation at rrnB P1
(and at other promoters) involves a series of steps in which
RNAP first forms a closed complex that then isomerizes
through a series of intermediates to an open complex capable
of transcription (34). We showed previously that FIS increases
closed-complex formation (8). However, closed-complex for-
mation at r7nB P1 is similar with mutant and wild-type RNAPs
in the absence of FIS (7), suggesting that this might not be the
step responsible for the differential effect of FIS on the mutant
RNAPs. On the other hand, the mutant and wild-type RNAPs
do differ in the stability of the open complexes they form at
rrnB P1, which results in an increase in the required initiating
NTP concentration for transcription with the mutant enzymes
(7, 15). We therefore tested whether FIS might reduce the
apparent Ky p for the initiating nucleotide in the mutants.

We measured the effect of FIS on transcription by 3" A215-
220 RNAP at different ATP concentrations, using conditions
that resulted in enough transcription in the absence of FIS for
accurate measurement even at low ATP concentrations (Fig.
3A). FIS increased transcription by B" A215-220 RNAP at all
ATP concentrations under these conditions but did so the most
at low ATP concentrations (Fig. 3A). We expressed transcrip-
tion as a fraction of that obtained at a saturating ATP concen-
tration (2 mM) in order to calculate apparent K ,-p values for
transcription by the mutant RNAP in the presence and ab-
sence of FIS (Fig. 3B). FIS greatly reduced the apparent K, p
needed for transcription initiation (from about 330 wM in the
absence of FIS to about 60 uM in the presence of FIS). We
conclude that FIS can affect both closed-complex formation (8)
and a later step in transcription initiation. FIS thereby com-
pensates for the decreased transcription exhibited by the mu-
tant RNAP on rrn P1 promoters in vitro in part by reducing the
concentration requirement for the initiating NTP.

We also determined the effect of FIS on the apparent K,rp
for transcription by the wild-type RNAP (Fig. 3C and D). FIS
also greatly reduced the apparent K, p for transcription by
wild-type RNAP (from about 240 uM in the absence of FIS to
about 30 wM in the presence of FIS). We conclude that FIS
can facilitate transcription by both the wild-type and the mu-
tant RNAPs in vitro by reducing the apparent K, rp.

We emphasize that the salt concentrations in the buffers
used for transcription with the two RNAPs were not identical
in these experiments (see Materials and Methods), nor do we
presume that these solution conditions are similar to those
present in growing cells. Thus, the apparent K,ps for tran-
scription by the two enzymes should not be compared directly,
nor should they be considered the absolute K,rps for tran-
scription initiation in vivo (see Discussion).

FIS is responsible for normal growth rate-dependent con-
trol of rrnB P1 transcription in rpoCA215-220 and rpoBRH454
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FIG. 3. Effect of FIS on initiating NTP levels required for »nB P1 transcription. (A) Transcription by the B’ A215-220 mutant RNAP at different ATP
concentrations. In vitro transcription was performed as described in Materials and Methods with 100 mM NaCl, using supercoiled plasmid templates containing the
rmB P1 (=154 to +50) promoter in the absence or presence of FIS. (B) Results from panel A normalized to those obtained with 2 mM ATP. The graphed data
represent averages from two experiments. The apparent K, rps in the absence and presence of FIS are about 330 and 60 uM, respectively. (C) Transcription by the
wild-type RNAP at different ATP concentrations. In vitro transcription was performed as described in Materials and Methods with 130 mM NaCl, using supercoiled
plasmid templates containing the rnB P1 (—154 to +50) promoter in the absence or presence of FIS. (D) Results from panel A normalized to those obtained with
2 mM ATP. The graphed data represent averages from two experiments. The apparent K ,rps in the absence and presence of FIS are about 240 and 30 wM, respectively.

mutants. We previously established that transcription of rmB
P1 promoters lacking FIS sites is growth rate dependent in
wild-type or in fis::kan strains (6, 7, 15, 17, 37) but that growth
rate-dependent regulation is substantially reduced in the rpoB
and rpoC mutant strains (7, 15). We proposed that the mech-
anism responsible for this regulation involves, at least in part,
rrm P1 sensing of the initiating NTP concentration in vivo,
consistent with the altered NTP-sensing properties of com-
plexes containing the mutant RNAPs observed in vitro (7, 15).
In the experiments shown in Fig. 4, we compared growth rate-
dependent regulation of »nB P1 promoters lacking FIS sites
with that of »nB P1 promoters containing FIS sites in the
RNAP mutant strains. The presence of FIS sites not only
increased r7nB P1 promoter activity at high growth rates (as
shown in Table 2) but also resulted in nearly normal growth
rate-dependent regulation of rrnB P1 (Fig. 4D to F). We con-
clude that FIS is an essential contributor to regulation of rrn P1

promoters in the RNAP mutant strains, although it is not
essential for this purpose in wild-type cells.

Previous studies from our lab and others have demonstrated
that the FIS concentration and the level of FIS-dependent
activation of the rrnB P1 promoter vary with growth conditions
in wild-type cells (3, 5, 29, 33, 44). To determine whether
changing FIS levels could contribute to growth rate-dependent
regulation of 77n P1 transcription in the RNAP mutant strains,
we examined FIS levels in cells grown in different media by
using Western blot analysis with an anti-FIS antibody (Fig. 5).
We found that FIS levels increased with growth rate similarly
in the wild-type and rpoCA215-220 mutant strains; i.e., the
rpoC mutation did not alter the expression of FIS. Thus, dif-
ferential FIS-dependent activation with growth rate could con-
tribute to the ability of FIS to restore growth rate-dependent
regulation to r7n P1 promoters in the RNAP mutant strains.

We showed above that FIS activates r7nB P1 transcription by
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FIG. 4. Effect of FIS on growth rate-dependent regulation of #7nB P1 transcription in wild-type (A and D), rpoCA215-220 (B and E), and rpoBRH454 (C and F)
strains. (A to C) Transcription from the r7nB P1 promoter without FIS sites (=61 to +50). (D to F) Transcription from the r7nB P1 promoter containing three FIS
sites (—154 to +50). Promoter activities were determined from B-galactosidase activities of promoter-lacZ fusions. Growth rates of cultures were varied as described

previously (7).

the B’ mutant RNAP in vitro in part by reducing the apparent
ATP concentration required for transcription initiation, and
we suggested that this brings the initiating Ky rp into a range
sufficient for transcription by the mutant RNAP in vivo. As-
suming that ATP and GTP concentrations change in the
RNAP mutant strains as they do in the wild-type strain (15), we
conclude that changing initiating NTP concentrations, in ad-
dition to changing FIS concentrations, likely contribute to
growth rate-dependent regulation of rrn P1 transcription in the
mutant strains.

DISCUSSION

Rescue of mutant RNAP function by FIS. We found previ-
ously that the intrinsic instability of mn P1 core promoter
complexes is responsible for their regulation with changing
initiating NTP concentrations and for their sensitivity to the
destabilizing effects of mutant RNAPs (7, 15). In the work
presented here, we propose that this intrinsic instability, exac-
erbated by the mutant RNAPs, leads to the increased extent of
activation by FIS in the mutant strains. The increased activa-
tion by FIS accounts for the almost normal rrn P1 transcription
and growth rate-dependent regulation observed in the mu-
tants.

In theory, FIS could increase rn P1 transcription with a
mutant RNAP by increasing open-complex formation (Kyzk/),
by decreasing open-complex dissociation, by decreasing the
NTP concentration required for transcription initiation, or by
some combination of these effects. We have shown previously
that FIS activates transcription of rrnB P1 by wild-type RNAP
in part by increasing the equilibrium constant for closed-com-
plex formation (i.e., by increasing Kj) (8) through direct con-

tacts with the C-terminal domain of the RNAP « subunit (9).
However, since the mutant RNAPs and the wild-type RNAP
had similar equilibrium binding constants for closed-complex
formation in the absence of FIS (7) and since the mutations are
unlikely to affect the interaction between FIS and the C-ter-
minal domain of the RNAP « subunit directly, we suggest that
the differential effect of FIS on the mutant versus wild-type
RNAPs is not likely to occur at this initial RNAP binding step.

Rather, the differential effect of FIS on the r7n P1 complex
containing the mutant RNAP is most likely attributable to an
effect on a step after initial closed-complex formation. Since
FIS reduces the apparent Kypp for binding of the initiating
ribonucleotide, which occurs in the open complex, we propose
that FIS stabilizes an intermediate concurrent with or after
strand opening, in addition to its effect on closed-complex
formation described above. This proposal is consistent with the
larger effect of FIS on the short-lived open complexes formed
by the mutant RNAPs than on complexes containing the wild-
type RNAP and with the fact that increasing the RNAP con-
centration did not alter the NTP concentration requirement
for rrmB P1 transcription in vitro (T. Gaal, W. Ross, and R. L.
Gourse, unpublished data). A role for FIS in kinetic steps after
closed complex formation has been proposed previously for
other promoters (r7nD P1 [39] and #yrT [26]). The effect of FIS
on rrnB P1 that we have described here and that proposed for
FIS on rruD P1 and tyrT could have a similar mechanistic basis.
However, our results do not rule out the possibility that FIS
could facilitate still other steps in the transcription mechanism.
In addition, we note that some effects of FIS differ from those
resulting from UP element-« interactions, since the latter did
not alter the ATP concentration requirement for rrnB P1 tran-
scription (Gaal et al., unpublished data).
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FIG. 5. Growth rate-dependent variation in FIS levels in wild-type and
rpoCA215-220 strains. (A) Western blot with anti-FIS antibody. Lanes 1 to 6, 40,
20, 10, 5, 2.5, and 1.25 ng of purified FIS protein, respectively. Lanes 7 to 10,
protein extracts from the wild-type strain grown at 0.56, 0.85, 0.93, and 1.32
doublings/h, respectively. Lanes 11 to 14, protein extracts from the rpoCA215-
220 strain grown at 0.59, 0.88, 0.96, and 1.12 doublings/h, respectively. Aliquots
of lysates representing equivalent numbers of cells (as determined from the
optical density) were loaded in each lane. (B) Amounts of FIS as a function of
growth rate. Quantitation is illustrated for two independent experiments, includ-
ing the one pictured in panel A, lanes 7 to 14, using the purified standards of FIS
protein in lanes 1 to 6 for calibration.

In the mutant strains, but not in the wild type (6, 37) FIS is
essential for efficient transcription of rrn P1 promoters and for
their regulation with growth rate. We ascribe this role in reg-
ulation in part to changing FIS concentrations with growth rate
(Fig. 5) and thus to differential occupancy of the rn P1 FIS
sites. In addition, since FIS brings the apparent Kyrp of the
mutant RNAP into the range where changes in NTP concen-
trations would most likely affect rrn P1 transcription, rn P1
regulation in the mutant strains also would be accomplished in
part through the changes in NTP concentrations that accom-
pany changes in growth rate.

We do not propose that the apparent K,ps derived from
the in vitro transcription experiments reported here are the
absolute binding constants in vivo; the apparent K, 1ps derived
from these experiments are far below the millimolar ATP
concentrations present in vivo (reference 15 and references
therein). However, the ATP concentration needed for rmnB P1
transcription initiation in vitro is extremely sensitive to cation
concentration and to template supercoiling (15), both of which
greatly affect the lifetime of the open complex, which is crucial
in determining the Kyp (15). In fact, maximal »nB P1 tran-
scription in vitro requires initiating NTP concentrations that
are in the millimolar range when the reactions are performed
with high salt concentrations and/or on linear templates. The
relevance of the relative K,1ps determined for rrn P1 tran-
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scription in vitro to transcription in vivo is supported strongly
by the effects of artificial manipulation of ATP and GTP con-
centrations in vitro and in vivo (15) and by the correlation
between the behaviors of the mutant RNAPs in vitro and in
vivo (7, 15).

Role of FIS in growth rate-dependent control in wild-type
strains. We have shown previously that deletion of the rnB P1
FIS sites or disruption of the fis gene has little effect on growth
rate-dependent regulation of rrnB P1 transcription in wild-type
strains (6, 37). Furthermore, the high occupancy of rrm P1
promoters with wild-type RNAP when NTP levels are maximal
limits the potential for stimulation by FIS at high growth rates
(Table 2) (J. A. Appleman, T. Gaal, M. S. Bartlett, W. Ross,
and R. L. Gourse, unpublished data). Although seemingly par-
adoxical, the ability of FIS to rescue regulation of 77z P1 pro-
moters in the mutant strains and yet to be dispensible for this
purpose in wild-type strains is consistent with the results de-
scribed above: the kinetic characteristics of the 77nB P1 com-
plex are different in wild-type and RNAP mutant strains. FIS
can thus affect the mutant RNAPs more than the wild-type
RNAP and can confer growth rate-dependent regulation on
rrn P1 transcription in the mutant strains. Nevertheless, the
changing FIS concentrations that occur with growth rate in
both wild-type and mutant strains and the effect of FIS on the
apparent K,ps of both the wild-type and mutant initiation
complexes suggest that FIS could potentially contribute to the
regulation of rruB P1 transcription under some conditions in
wild-type strains, in conjunction with other regulatory mecha-
nisms.

The data presented here also reinforce the previously rec-
ognized importance of FIS in growth rate-dependent control of
other promoters. Some promoters are likely to owe their
growth rate-dependent regulation almost entirely to changing
FIS levels. Candidates for such promoters would be some
tRNA promoters (13, 27) and the promoter for the 4.5S RNA
(12), all of whose regulation is almost completely lost when FIS
sites are deleted or in strains lacking the fis gene. Growth
rate-dependent control of some other promoters may be at-
tributable to the combined effects of changing FIS levels and
changing NTP concentrations (or to the effects of other mech-
anisms). Candidates for such promoters would be those tRNAs
whose growth rate-dependent regulation is aberrent, but not
completely lost, in the absence of FIS sites or in strains lacking
the fis gene (13, 27, 32, 36, 38). Finally, growth rate-dependent
control of some promoters is likely to be independent of FIS.
Candidates for such promoters would be tRNAs whose regu-
lation is completely unaffected in fis::kan strains or which con-
tain no FIS binding sites (13, 27).

Growth rate-dependent control of FIS levels. The control of
FIS expression has been studied extensively, and it appears to
be complex. The promoter region of the fis operon contains
binding sites for known regulatory proteins (integration host
factor, FIS, and cyclic AMP receptor protein), and at least
some of these clearly affect expression (5, 33, 44). In addition,
the FIS promoter is sensitive to ppGpp levels; i.e., it displays a
stringent response dependent on the rel4 gene product (30),
but it is still subject to growth phase regulation in the complete
absence of ppGpp (5).

Since changing FIS levels most likely contribute to growth
rate-dependent regulation of r7n P1 transcription in the RNAP
mutants, we investigated the expression of FIS promoter-lacZ
fusions in the wild-type and RNAP mutant strains (M. S. Bart-
lett and R. L. Gourse, unpublished data). We found that tran-
scription from the FIS core promoter (positions —36 to +7)
was growth rate dependent and was unaffected by the rpoB and
rpoC mutations. This suggests that the mechanism responsible



1976 BARTLETT ET AL.

for growth rate-dependent regulation of the FIS promoter
differs from that for r7n P1 promoters. Further studies will be
required to understand whether growth rate-dependent regu-
lation of FIS expression is determined primarily at the tran-
scription level and, if so, whether transcription of the fis gene
is affected by changing NTP concentrations.

rRNA transcription regulation is robust. Our results em-
phasize the resiliency of bacterial cells to the effects of muta-
tion; i.e., like the bacteriophage lambda genetic switch (24),
the rRNA transcription system is extremely robust. We have
reported previously that although FIS activates rRNA tran-
scription (as determined from the effects of FIS binding site
mutations in vivo and in vitro), deletion of the fis gene does not
reduce rTRNA synthesis (34, 37). This apparent contradiction
can be explained by an observed increase in rrn P1 core pro-
moter function in fis::kan strains, an increase attributable to a
feedback mechanism(s) that compensates for loss of FIS-de-
pendent activation. We emphasize that the interpretation of
effects of FIS binding site mutations is straightforward, be-
cause FIS binding site mutations reduce transcription of only
the reporter constructs in which they are located and, unlike fis
gene mutations, the site mutations do not have pleiotropic
effects on cell metabolism that complicate interpretation of
transcriptional outputs.

We report here that not only does the cell compensate for
the loss of FIS-dependent activation caused by fis gene muta-
tions, but conversely FIS compensates for altered NTP sensing
at rrn P1 core promoters caused by rpoB or rpoC mutations.
Thus, FIS and NTPs can each regulate r7n P1 transcription
independently, but changes in one can alter effects resulting
from the other.

The mechanism(s) responsible for feedback regulation of
rRNA transcription has not been identified. It is possible that
multiple mechanisms could contribute to this homeostatic reg-
ulation, with different mechanisms responding to particular
stimuli. We have proposed previously that adjustments in cel-
lular NTP levels could provide one such mechanism for feed-
back control of rRNA transcription (15). We are currently
investigating whether changes in cellular NTP levels could
account for the increase in rrn P1 core promoter activity ob-
served in the fis::kan strain. However, since FIS apparently
plays a role (direct or indirect) in additional cell functions that
affect rRNA transcription (e.g., see references 41 and 43),
identifying the specific mechanism(s) responsible for the feed-
back response of rrn P1 promoters that results from the loss of
the fis gene presents a complex challenge for the future.

Since double mutants containing deletions of the fis gene
and rpoCA215-220 have rn P1 promoter activity reduced by
60% yet display growth defects only slightly greater than cells
mutated in either single gene (Table 3), another regulatory
mechanism must prevent rRNA underproduction under these
circumstances. Furthermore, although rmnB P1 transcription
was reduced in the fis::kan rpoCA215-220 double mutant, we
note that this 60% reduction in transcription did not result in
transcription as low as that of an r7nB P1 promoter lacking FIS
sites in the RNAP mutant strain. Thus, an unidentified mech-
anism may also be responsible for partial derepression of the
rmB P1 promoter in the double mutant. Our results illustrate
how potential components of the rRNA transcription machin-
ery can be unmasked when other mechanisms contributing to
transcription are eliminated.

In summary, our present view is that regulation of rRNA
transcription is affected by multiple trans-acting factors that
regulate rrn P1 promoter activity, e.g., FIS, NTPs, and ppGpp
(10, 15, 18). However, regulatory roles for additional cis- and
trans-acting factors cannot be excluded. For example, the nn
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P2 promoters likely play a crucial role in upshifts (40; Apple-
man et al., unpublished data). Nus factors are required to
prevent premature rRNA transcription termination (11), and it
has been reported that the histone-like protein H-NS affects
rRNA promoter activity during the transition to stationary
phase (1, 2). The results reported here provide a dramatic
example of the interplay between some of these regulatory
factors during rRNA transcription.
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