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The P1 promoters of the seven Escherichia coli rRNA operons contain recognition sequences for the RNA
polymerase (RNAP) holoenzyme containing sigma 70 (Ec”®), which has been shown to interact with and initiate
transcription from rrn P1 promoters in vivo and in vitro. The rrn P1 promoters also contain putative
recognition elements for Eo>, the RNAP holoenzyme responsible for the transcription of heat shock genes.
Using in vitro transcription assays with purified RNAP holoenzyme, we show that Eo*? is able to transcribe
from the rrnB P1 promoter. Antibodies specific to o”° eliminate transcription of rrnB P1 by Ec”° but have no
effect on Eo*2-directed transcription. Physical characterization of the Ec*2-rrnB P1 complex shows that there
are differences in the interactions made by Eo’® and Ec®? with the promoter. Ec*> responds to both
Fis-mediated and factor-independent upstream activation, two systems shown previously to stimulate rrnB P1
transcription by Ec’®. We find that Eo*? is not required for two major control systems known to regulate
rRNA transcription initiation at normal temperatures in vivo, stringent control and growth rate-dependent
control. On the basis of the well-characterized role of Eo>? in transcription from heat shock promoters in vivo,
we suggest that Eo>2-directed transcription of rRNA promoters might play a role in ribosome synthesis at high

temperatures.

In eubacteria, initiation of transcription is mediated by
sigma, a subunit of RNA polymerase (RNAP) required to
form the RNAP-promoter complex. In Escherichia coli, the
RNAP holoenzyme containing sigma 70 (Ec”°) is responsible
for the initiation of transcription of the majority of genes in
the cell under normal growth conditions. Comparison of
sequences from 263 E. coli promoters known or presumed to
be recognized by Ea’° has revealed a consensus recognition
sequence which contains the nucleotide hexamers TTGACA
at approximately —35 and TATAAT at approximately —10
relative to the transcriptional start site (18, 19).

Alternative sigma factors were first discovered in Bacillus
subtilis (29) and later found in E. coli and Streptomyces spp.
(16, 17, 20, 28, 54). These alternative sigma factors bind to
core RNAP and reprogram the enzyme to initiate transcrip-
tion at promoters that have sequences different from those
recognized by the primary holoenzyme. The alternative
sigma factors direct transcription of subsets of genes that
respond to various environmental or nutritional changes,
such as heat shock and nitrogen limitation, or they direct cell
development (e.g., in Bacillus or Streptomyces spp.).

The rrnB P1 promoter in E. coli is similar to the other six
rm P1 promoters in that it contains an almost perfect Ec”
consensus. The interaction of Ec’® with the rmB P1 pro-
moter has been characterized extensively in vitro (14, 26,
35). rrB P1 also contains sequences that strongly resemble
recognition elements for the RNAP holoenzyme containing
o2, Eo2, which is responsible for the transcription of heat
shock genes.

At least 11 promoters that are known to be transcribed by
Eo? have been found in E. coli. The consensus sequence for
recognition by Eo>? slightly resembles the Ea”° consensus in
that there is a conserved TTG motif in the —35 region and an
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AT-rich element in the —10 region. However, the Eo>? —10
consensus is characterized by a run of C residues not
common to Ea”° promoters (5, 6).

In this report, we show that Eo>? recognizes and initiates
transcription from r7nB P1 in vitro. Antibodies specific to a”°
eliminate transcription of 77nB P1 by Ec”° but have no effect
on Eg*2-directed transcription. Eo’® and Eo”? use the same
transcriptional start site. However, footprinting of the Eg”*-
mB P1 comylex reveals some differences in the interactions
made by Ea’® and Eo? with the promoter. Eo”2 responds to
the two modes of upstream activation characterized for Eo”°
at rrmB P1: factor-independent activation (26, 38) and Fis-
mediated activation (34, 41). These results indicate that
upstream activation is not limited to Ea’°, consistent with
the idea that activation occurs through another subunit of
core RNAP or through a conserved part of sigma.

As a first approach to determining the role of Ec*? in
rRNA transcription in vivo, we tested the effect of deletion
of the Eo”? gene on two major control systems known to
regulate TRNA transcription initiation at normal growth
temperatures (36). Neither growth rate-dependent regulation
nor stringent control requires Eo®2. On the basis of the in
vitro transcription of 77nB P1 with Ec>2 and the known role
of this holoenzyme in transcription from heat shock promot-
ers in vivo, we suggest that Eo®>-directed transcription of
rRNA promoters might play a role in ribosome synthesis
during conditions of environmental stress, for example at
high temperatures.

MATERIALS AND METHODS

Enzymes and proteins. Purified Eo’° and monoclonal anti-
body 3D3 (anti-o’®) were provided by Richard Burgess,
Dayle Hager, Scott Lesley, and Nancy Thompson (Univer-
sity of Wisconsin). Purified Eo®? was provided by David
Straus and Carol Gross (University of Wisconsin). Restric-
tion enzymes were purchased from New England Biolabs.
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Moloney murine leukemia virus reverse transcriptase was
purchased from Epicentre Technologies.

DNA templates. 77nB plasmids used for transcription and
footprinting assays contained either rruB P1 or rrmB P2
promoter fragments in vector pRLG770 (41). The »mB P1
promoter used contained sequences from —87 to +50
(pPRLG1616 [35]). The rrnB P2 promoter (about —80 to +250
relative to the P2 start site) was cloned as an EcoRI-HindIII
fragment into pRLG770 to make plasmid pRLG965. Plasmid
pJET40 was obtained from Jim Erickson and Carol Gross
and contains the dnaK P1 promoter in a pUC19 derivative
(10). The rrmB P1 and P2 transcripts terminate at an rrnB T1
terminator; the dnaK P1 transcript terminates at the spot42
terminator (23).

In vitro transcription assays. Equimolar amounts of Ec”?
and Eo” were used unless otherwise stated. Absolute pro-
tein concentrations are reported. The Eo”° preparation was
approximately 40% active in promoter binding (26). While
the specific activity of Eo>? was not determined, and there-
fore it is not valid to compare transcription by the two
preparations quantitatively, the activity of the Eo>> prepa-
ration on the dnaK P1 promoter indicates that the Eo*2
pre;)aration’s activity is roughly comparable to that of the
Eo’® preparation. Reactions (10 ul) shown in Fig. 2 and 9
were performed at 37°C with DNA concentrations of 0.5 nM
and RNAP concentrations of 5.0 or 2.5 nM, in a buffer
containing 30 mM KCl, 40 mM Tris-acetate (pH 7.9), 10 mM
MgCl,, 1 mM dithiothreitol, and 100 pg of bovine serum
albumin per ml (KCl buffer). The concentrations of nucle-
otides were 5 pCi each of [a->’PJUTP and [a->’P]CTP, 500
wM ATP, 50 pM GTP, and 10 pM each CTP and UTP.
Transcription was stopped with the addition of 5 pl of 3x
transcription stop buffer (30% glycerol, 3x Tris-borate-
EDTA buffer [37], 3% sodium dodecyl sulfate, 30 mM
Na,EDTA [pH 8.0], 0.05% xylene cyanol FF, 0.025% bro-
mophenol blue, 7 M urea) (34), and the entire sample was
electrophoresed on a 6% acrylamide-bisacrylamide (30:1)-7
M urea denaturing gel and dried on a Savant gel dryer.

For in vitro transcription experiments, anti-¢’® 3D3 anti-
body (47) was purified from contaminating RNase by adsorp-
tion to protein A-agarose (Repligen). Fifty nanograms of
Eo’® or Eo”? was preincubated in KCl buffer (see above) on
ice for 60 min with 1.3 pg of antibody in phosphate-buffered
saline; 70-ng amounts of plasmid DNA and nucleotides (as
specified above) were added to initiate reactions. The final
concentrations of reactants were 5.0 nM RNAP, 1.0 nM
DNA, and 500 nM antibody. Transcription proceceded for 15
min at 37°C in a total volume of 20 pl and was stopped by the
addition of 10 pl of 3x transcription stop buffer. Samples
were electrophoresed as described above.

In vitro transcription reactions for testing Fis-dependent
activation (Fig. 8) were performed as described previously
for Eo”° (41), with the following two modifications: a lower
concentration salt buffer (100 mM NaCl) and a higher
concentration of RNAP (1.0 nM) were used in the presence
of Eo*2. While these changes allow visualization of tran-
scripts in the lanes without Fis, they reduce the apparent
effect of Fis somewhat relative to that observed in our
previous studies (34, 41). Likewise, the fold activation of
Eo*2 by the upstream activation region (UAR) in the absence
of Fis (Fig. 9) should not be compared quantitatively with
that reported previously for Eoc’° on rrmB P1 (34), since the
active concentrations of the two holoenzyme preparations
were not identical.

Primer extension of in vitro transcription products for
determination of start sites. Transcription with nonradioac-

J. BACTERIOL.

tive nucleotides (500 pM ATP and CTP; 200 pM UTP and
GTP) was performed in KCl buffer (see above) for 15 min at
37°C, using 25 nM RNAP and 2 nM plasmid template. The
reaction was initiated by addition of RNAP and stopped by
the addition of an equal volume of water-saturated phenol-
chloroform-isoamyl alcohol (24:24:1; pH 5.0), after which
the mixture was subjected to vigorous vortexing. The aque-
ous layer was added to 2 volumes of ice-cold 100% ethanol
and was precipitated in the presence of 25 pg of glycogen
(Boehringer Mannheim). The precipitate was washed with
80% ethanol, dried, and resuspended in 10 pl of distilled
water. Two microliters of the sample was combined with 2 pl
(2 to 3 pmol) of a y->?P-labeled sequencing primer (5'-
GCTACGGCGTTTCACTTC-3') which anneals to a region
upstream of the rrnB T1T2 region of plasmid pRLG770 (41).
Annealing was performed in a buffer containing 40 mM
Tris-Cl (pH 7.5), 50 mM NaCl, and 14 mM MgCl, in a final
volume of 14 pl by heating to 85°C for 2 min followed by
slow cooling to 37°C for 1 h. The mixture was ethanol
precipitated at —20°C overnight. The entire sample was used
for primer extension in a final volume of 20 ul with Moloney
murine leukemia virus reverse transcriptase (Epicentre
Technologies) in the buffer supplied by the manufacturer.
After 30 to 60 min at 48°C, reactions were stopped by the
addition of 15 pl of formamide loading solution (Pharmacia),
and products were loaded on a 12% acrylamide-8 M urea
sequencing gel. Sequence markers were prepared with the
same primer and plasmid used in transcription, as described
previously (34).

Footprinting. Reaction mixtures contained 25 nM Eo”2 or
Eo™, 500 uM ATP, and 50 pm CTP (high-pressure liquid
chromatography purified; Pharmacia). Heparin (10 pg/ml,
final concentration) was added before cleavage or modifica-
tion except where noted.

(i) DMS footprinting. Complexes containing RNA poly-
merase and rnB P1 promoter fragments were formed in 30
mM potassium glutamate—40 mM Tris-acetate (pH 7.9)-10
mM MgCl,-0.5 mM dithiothreitol-100 pg of bovine serum
albumin per ml (KGlu buffer [27]) and modified with dime-
thyl sulfate (DMS; 0.4 pl); 9 pl of 5xX DMS gel loading buffer
(50% glycerol, 2.5x Tris-borate-EDTA buffer, 0.3 mg of
yeast RNA per ml, 1.6 M B-mercaptoethanol, 0.05% xylene
cyanol FF, 0.025% bromophenol blue) was added, and
samples (20 pl) were electrophoresed on a 4% acrylamide gel
in 0.5x TBE buffer for 50 min at 200 V to separate the
RNAP-DNA complexes from free DNA. After autoradiog-
raphy, the complexes were excised from the gel, electro-
eluted, and ethanol precipitated. Samples were resuspended
in 100 pl of 1 M piperidine, heated at 90°C for 30 min, dried
under vacuum, and resuspended in distilled water, and
equivalent amounts of radioactivity were mixed with 5 pl of
formamide gel loading solution, heated briefly at 90°C, and
electrophoresed on an 9.6% acrylamide—8 M urea—0.5x TBE
gel at 2,000 to 2,500 V. Gels were dried and autoradio-
graphed with intensifying screens.

(ii) Hydroxyl radical footprinting. Complexes were formed
in KGlu buffer (see above). Hydroxyl radical cleavage was
then performed in a reaction volume of 20 pl (35). Reactions
were stopped by the addition of 6 ul of 5x OH gel loading
buffer (50% glycerol, 2.5x Tris-borate-EDTA buffer, 0.05%
xylene cyanol FF, 0.025% bromophenol blue) and immedi-
ately electrophoresed as described above. The RNAP-pro-
moter complexes were excised and eluted from the gel by
diffusion, phenol extracted, and ethanol precipitated. Sam-
ples were resuspended in distilled water, and equivalent
amounts of radioactivity were mixed with 3.5 ul of forma-
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mide gel loading solution and electrophoresed on denaturing
gels as described above.

(iii) KMnO, footprinting. Potassium permanganate
(KMnO,) footprinting was performed in KCI buffer (see
above) essentially as described previously (35). In the exper-
iment shown (Fig. 6), heparin was not added to Eo*?
complexes. It was not necessary to separate bound from free
DNA to visualize the KMnO, modifications.

Growth rate dependent regulation and stringent control
assays. For measurement of growth rate control, cells were
grown at 30°C in defined medium described previously, and
RNA/protein ratios were determined (12). For measurement
of stringent control, cells were grown in morpholinepropane-
sulfonic acid (MOPS) medium and labeled as described
previously (12) except that starvation was induced by addi-
tion of valine (100 pg/ml).

Bacterial strains. RLG1980 is MC4100 [araD139 AargF-
lacU169 rpsL150 thiAl relAl fibB5301 deoCl ptsF25 rbsR
gInF/Tnl0 (ginF208) rhoD]. RLG2800 is a rel4* derivative
of MC4100 constructed by P1 transduction. RLG2802
(rpoH::kan relA* suhX401) was constructed from KY1603
(MC4100, rpoH::kan relAl suhX401) and P1 transduction.
Strains lacking Eo™ fail to grow at temperatures above 20°C
(56) unless the product of the groE gene is expressed by
virtue of an ISI element inserted upstream (25). KY1603
contains an IS] element upstream of the groE gene, allowing
growth at moderate temperatures. RLG1973 is an rpoH™
derivative of KY1603 constructed by P1 transduction, gen-
erously provided by R. Barber and C. Gross.

RESULTS

Initial observation. Figure 1A illustrates the basic organi-
zation of the rrnB P1 promoter region. Comparison of the
DNA sequence of this region with the Ea? promoter con-
sensus sequence shows that the 7mB P1 promoter has 5 of 8
matches to the Eo”2 consensus in the —10 region and 6 out of
12 matches at —35 (Fig. 1B). In fact, each of the seven rrn P1
promoter regions shows homology to the Eo”? consensus
(Fig. 1C). The Eo”? consensus overlaps the Ec’° consensus.

Eo*? initiates transcription from the rrnB P1 promoter in
vitro. To determine whether the presence of the Ec”2 con-
sensus contained within the »nB Pl promoter has any
functional significance, we performed in vitro transcription
assays with Ea”? (Fig. 2). A specific Eo®® transcript of
approximately the same size as that obtained with Eo”® was
observed from the rrmB P1 promoter. On the other hand,
only Ec*? and not Ec’® made a transcript from the dnaK P1
promoter, and only Ec’® and not Ec*? produced an RNA 1
transcript from the plasmid origin of replication.

Because of the relatively low level of 77nB P1 transcription
by Eo®?, we confirmed that the transcription product did not
result from contaminating Eo”° by transcribing 77nB P1 with
Eo*? in the presence of antibody to ¢’°. The anti-o”°
monoclonal antibody 3D3 (47) was previously shown to
inhibit transcription of the lacUVS promoter in a cougled
transcription-translation system without affecting Ec”? or
Eo”* transcription (22). Addition of the 3D3 antibody inhib-
ited transcription by Ec’° from the r7nB P1 promoter but had
no effect on Eo>? transcription from rmB P1 or dnaK P1
(Fig. 3). Control experiments with the Eo’°-dependent r7mB
P2 and lacUVS5 promoters, which do not contain sequences
resembling the Eo”> consensus, indicated that anti-o”° inhib-
ited transcription and that neither rrmB P2 (Fi§. 3) nor
lacUVS5 (data not shown) was transcribed by Eo>2.

Eo*? and Eo”? initiate transcription from the same position.
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FIG. 1. Structure of the rRNA promoter region. (A) Schematic
representation of the r7nB P1 promoter region. The region contain-
ing the —10 and —35 consensus hexamers recognized by Ea”° is
indicated as the core promoter. The UAR includes Fis sites I, II, and
III and the DNA sequences required for factor-independent activa-
tion (FIA). (B) Sequence of the rmB P1 promoter from —60 to +10,
with consensus sequences for Ea’° (above 77nB P1) and Eo? (below
rmB P1). Matches to consensus bases are indicated. Consensus
sequences are from reference 18 for Eo’® and from references 5 and
6 for Eo*2. The transcription initiation site (+1) is indicated. (C)
f;ﬁuences of the seven E. coli rrn P} promoter regions. Matches to

2 consensus bases are boxed.

Although the Eo’® and Eo®? products from the in vitro
transcription assays appeared to be the same size, slight
differences in the start site of transcription would not have
been detected. Therefore, we determined the transcript start
site by using primer extension from in vitro transcription
products generated by Ea’® and Eo*’. For both holoen-
zymes, almost all transcription in multiple-round assays
starts at the ninth base from the —10 consensus hexamer
(Fig. 4), in agreement with the position identified previously
in vivo (2, 8), with a minor amount of initiation at the A
residue at —3.

Ec”? and Eo”° differ in their interactions with rrnB P1. We
characterized the Eo*?-7rnB P1 complex by using base-
specific and backbone-specific footprinting reagents. DMS
and KMnO, are footprinting reagents which have been used
to characterize protein-DNA complexes in vitro and in vivo
(1, 44-46). DMS methylates the N-7 of guanine residues in
the major groove and the N-3 of adenines in the minor
groove. KMnO, modifies single-stranded or structurally
abnormal pyrimidines. Hydroxyl radicals are used to probe
backbone interactions (51).

(i) DMS modification. Positions protected from methyla-
tion by Eo>? overlap but are not identical to the positions
protected by Ec” (Fig. 5). The guanine at position —5 is
very slightly enhanced in the presence of Eo*2 but is strongly
enhanced with Eo’°, whereas the G at —7 is methylated
more efficiently with Eo>? than with Ec”°. In addition, the G
residues at —15 and —16 are protected in the presence of
Eo®? but not Ec”’, and the G at —32 is protected from
methylation by Ec”° but not by Eo*2. There is a comparable
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FIG. 2. Multiple-round transcription reactions containing Eo>2
or Eo™. Reactions were performed in KCl buffer (see Materials and
Methods) on supercoiled plasmid DNAs containing the rrnB P1 or
dnaK P1 promoter or lacking test promoters (vector). The approx-
imate transcript sizes are 220 bases for 77nB P1 and 350 bases for
dnaK Pl. The holoenzyme used is indicated above each lane.
Transcripts are identified with arrows. The transcript labeled RNA
I originates from the plasmid vector (33).

degree of enhanced methylation in the presence of both
holoenzymes at positions +4G and —37G.

(ii) KMnO, modification. Substantial differences between
the two complexes formed with the two holoenzymes are

rrnBP1 rrBP2  dnaKP1
anti-o70 = 4 F = 4 F = i = = L
Ec: 70 70 70 32 32 32 70 70 32 32 32
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FIG. 3. Transcription reactions containing Eo*? or Eg’® per-
formed in the presence of anti-o” antibody. 7nB P1, rrmB P2, and
dnaK P1 promoters were used as templates. The holoenzyme used
is indicated above each lane. Transcripts are identified with arrows.
Presence (+) or absence (—) of the anti-o”° antibody is indicated.

2 + lanes contain degradation products from minor RNase
contamination of the antibody, one of which migrates to a position
near the RNA I transcript in the Ec™ lanes.
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FIG. 4. Determination of transcription start sites. Primer exten-
sion was performed on transcription products made from the rmB P1
promoter on supercoiled plasmid pRLG1616 by Ec*? or Ea”° (see
Materials and Methods). Markers were made by sequencing pRLG
1616 (with T7 DNA polymerase) using the same primer. Volumes of
extension products were adjusted to load equal amounts of radioac-
tivity. The holoenzyme used is indicated above the relevant lane.

observed on the bottom strand (Fig. 6B). With Ec"°, the T at
—3 is very weakly modified relative to the T residues at —10,
—11, and —13, while with Ec*?, there is a much greater
amount of modification at —3 relative to —10, —11, and —13.
In addition, there are minor differences in the modification

Ec32
Ec70

<
B
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e

FIG. 5. DMS footprints of Ea*2 or Ea” on rmB P1 fragments. The
bottom strand (labeled at the EcoRlI site at —87) is shown. The lines
indicate positions discussed in the text. The holoenzyme used is
indicated above the relevant lane. Lane G+A, sequencing ladder
prepared by the method of Maxam and Gilbert (31); lane —, no RNAP.
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FIG. 6. KMnO, footprints of Ea*2 or Ec’® on rrnB P1 fragments.
(A) Top strand (labeled at the HindIII site at +50); (B) bottom strand
(labeled at the EcoRI site at —87). Lines indicate positions discussed
in the text. The holoenzyme used is indicated above the relevant
lane. Duplicate samples are shown. Binding and modification for
samples in lanes d and f in each panel were performed at 48°C. It is
not clear why some C residues within the single-stranded region are
not modified in the presence of Eo®2, since single-stranded pyri-
midines are usually modified to some extent by KMnO,.

patterns on the top strand (Fig. 6A). With Eo>? bound, the T
at —9 is modified to a greater extent than is the T at —12,
while the opposite is true in the presence of Ec”°.

(iii) Hydroxyl radical cleavage. The protection profiles for
the two holoenzymes are similar (Fig. 7) except that the
backbone positions from about —18 to —14 are not protected
by Eo”? but are protected by Ea’®. The —53 region is
protected equally by both forms of RNAP. Factor-indepen-
dent activation of rrnB P1 has been correlated with a strong
hydroxyl radical protection by Ec’° centered at —53 on the
bottom strand (34, 35).

The fact that the complexes formed with the two holoen-
zyme preparations exhibit differences in their footprints
further supports the conclusion that transcription of 77nB P1
by Ec>? does not result from contaminating Ec”°.

Eo*? responds to upstream activation. The UAR of the
rmB P1 promoter extends from approximately —154 to —40
(15, 26, 38) and has two components. Fis-dependent activa-
tion involves the binding of Fis protein to three sites in the
UAR between —154 and —60 (41). Factor-independent acti-
vation involves the —60 to —40 region, which directly
interacts with RNAP (26, 34, 35, 38, 40).

Fis was found to activate Eo>? transcription from rnB P1
(Fig. 8). Eo*? also responds to factor-independent activa-
tion. That is, the level of transcription by 2 from a
template containing rmB P1 sequences from —87 to +50
(+UAR) was significantly greater than that from a template
containing sequences only to —50 (—UAR) (Fig. 9).

Eo*? is not required for growth rate-dependent or stringent
control of rRNA transcription. The low amounts of Ec>? in
cells grown at moderate temperatures make it unlikely that
the heat shock RNAP plays a role in regulation of rRNA
transcription under these conditions, for example by com-
peting with Ec”° for rRNA promoters. However, to address
this question rigorously, we determined whether the two
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FIG. 7. Hydroxy] radical footprints of Ec*? or Eo™ on rmB P1
fragments. The bottom strand (labeled at the EcoRI site at —87) is
shown. The holoenzyme used is indicated above the relevant lane.
Lane G + A, sequencing ladder prepared by the method of Maxam
and Gilbert (31); lane —, no RNAP. The source of the band at +1 in
the lanes containing RNAP is unknown.

major regulatory mechanisms regulating rRNA synthesis
function normally in a strain which makes no Ea*2.

Expression of the groE gene product allows strains lacking
a functional rpoH gene to grow at moderate temperatures
(25). Therefore, we were able to examine whether a strain
which makes no Eo”2 nevertheless regulates rRNA synthe-
sis. Figure 10 shows that growth rate-dependent regulation,
as inferred from the increase in RNA/protein ratios in cells
grown at different growth rates, is the same within error for
a wild-type strain, one expressing the groE gene product by
virtue of an IS insertion, or one lacking Eo>2 (and express-
ing GroE).

Cells shut off rRNA transcription immediately following

FIS — —+ + +

rrnB P1 —»

e e———— —

FIG. 8. Fis-dependent transcription activation of Ec>2. Multiple-
round transcription reactions containing Ec>? and 0 or 100 nM Fis
were performed on supercoiled plasmid DNA containing the rrnB P1
promoter as described in Materials and Methods. Replicate lanes are
shown.
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FIG. 9. Factor-independent transcription activation of Ed>2.
Multiple-round transcription reactions were performed in low-salt
buffer as described in Materials and Methods with 2.5 nM Eo*2 on
0.5 nM supercoiled plasmid DNA containing the 7rnB P1 promoter
with (—87,+50) or without (—50,+50) the UAR. Duplicate samples
are shown.

amino acid starvation in a response requiring a functional
relA gene product (3). Figure 11 shows that rpoH::kan cells
starved for amino acids shut off rRNA transcription (as
inferred from reduced incorporation of 3PQ, into RNA) in
the manner characteristic of stringent control. Therefore,
neither growth rate-dependent regulation nor stringent con-
trol appears to require Ec>? function.

DISCUSSION

rrnB P1 is transcribed by two holoenzymes. The similarity
of the rrnB P1 promoter sequence to that recognized by the
heat shock RNAP prompted us to test whether Eo>? could
bind and transcribe this promoter in vitro. We found that
although transcription of rrnB P1 by Eo? is weaker than that
by Ea’® under these solution conditions, Eo* binds specif-
ically in footprinting assays and initiates transcription from
rmB P1 in vitro. Furthermore, Ec>2 responds to both Fis-
mediated and factor-independent activation.

Several genes in E. coli are transcribed by more than one

RNAP holoenzyme. For example, the operon encoding o™
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FIG. 10. Growth rate-dependent regulation of rRNA transcrip-
tion in strains lacking Eo*2. RNA/protein ratios were measured from
cells grown in different media (12). Curves represent the linear
regressions of measurements made in at least two experiments.
Each panel represents a different strain. (A) RLG2800 (wild type),
RNA/protein = 1.06 (+ 0.29); (B) RLG2802 (strain deleted for rpoH
but expressing the product of the groE gene), RNA/protein = 0.88
(% 0.35); (C) RLG2804 (rpoH™* but expressing the product of the
groE gene), RNA/protein = 1.33 (% 0.48).
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FIG. 11. Stringent control of rRNA transcription in strains lack-
ing Eo*. Incorporation of radioactive phosphate into RNA after
amino acid starvation was measured as described previously (12).
Filled circles represent incorporation in cells starved for isoleucine
at 5 min by addition of valine; open circles represent incorporation
in unstarved cells. Radioactive P; was added at 0 min. 3?P counts
incorporated into trichloroacetic acid-precipitable material were
corrected for the optical density of the culture at each time point.
(A) RLG2800 (wild type); (B) RLG2802 (strain deleted for rpoH but
expressing the product of the groE gene); (C) RLG2804 (rpoH* but
expressing the product of the groE gene); (D) RLG850 (rel4251
[12]), illustrating that the shutoff of RNA synthesis under these
conditions is dependent on the rel4 gene product.

(rpoD) is preceded by tandem Eo’® promoters and by an
Eo*? promoter directly upstream of the rpoD gene itself (49).
The gene for o*? (rpoH) is transcribed by two holoenzymes,
Eo” and EoF (11). The ginrALG operon contains a cyclic
AMP (cAMP)-cAMP receptor protein (CRP)-dependent
Eo’® promoter and an NTRC-dependent Ea™* promoter (39).

The overlapping nature of the Eo’ and E¢*? binding
regions in the rrnB P1 promoter regions is more unusual for
E. coli. However, several genes with promoter regions
containing overlapping holoenzyme specificities have been
noted in B. subtilis. The ctc, spoVG, and P43 promoters
contain overlapping consensus regions for at least two
different RNAP holoenzymes (21, 53). The transcriptional
start sites for the two holoenzymes are identical in P43 and
ctc (21, 48, 53) and are separated by 10 bp in the spoVG
promoter (21).

Activation of Eo>? transcription. Both Fis-mediated acti-
vation and factor-independent activation are extremely sen-
sitive to the orientation of the activating region with respect
to the RNAP binding site (34). The overlap of the Eo*2 and
Eo” binding sites in the 7nB P1 promoter allows both
holoenzymes to utilize the upstream activation system. We
note that the degree of upstream activation is dependent on
reaction conditions and RNAP concentration in vitro. There-
fore, we cannot predict the fold activation of Eo*-directed
transcription from the 77nB P1 promoter in vivo at this time.

Eo*? responds to both Fis-mediated and factor-indepen-
dent activation. This is the first direct demonstration of
activation of Eo>? transcription. This result implies that
activation is not mediated by the same elements of RNAP
responsible for promoter discrimination. Upstream activa-
tion must be mediated by regions conserved between o7° and
o2 or by other RNAP subunits, consistent with recent
evidence implicating the C terminus of the alpha subunit in
factor-independent activation (40).

Similarities between rrnB P1-Ec>? and heat shock promot-
er-Eo*?> complexes. DMS modification patterns specific to
each holoenzyme are observed around the —10 region of
rmB P1. For example, a strongly enhanced methylation at
—7G and protections at —15G and —16G are observed in the
Eo2-rmB P1 footprint but not in the Eo"-rmB P1 footprint.
We note that this pattern is quite similar to that observed by
Cowing and Gross (7) in the Eo*-groE promoter complex.
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Eo*? and Eo’° protect the —50 region of rmB P1 to the
same extent. An interaction of E¢’® with the —50 region of
rmB P1 has been correlated with factor-independent activa-
tion (34, 35, 40). The hydroxyl radical footprints of Ea>>
bound to three heat shock promoters (groE, dnaK P2, and
rpoD P..) are similar to that of rmB Pl, including the
interactions with the —50 regions (32). A relationship be-
tween these interactions and promoter activity has not been
investigated in these heat shock promoters.

Does Eo*2 play a role in rRNA transcription in vivo? We
have shown that transcription of rRNA promoters by Eo>?
does not play a role in two major regulatory mechanisms
known to control rRNA synthesis in cells grown at moderate
temperatures. However, it seems likely that transcription of
rRNA by Eo*? is not fortuitous and does play some role in
cell physiology. For example, it is conceivable that Eo**-
directed rRNA transcription is required for recovery from
brief exposure to extremely high temperatures (48 to 55°C) in
order to make new ribosomes. At temperatures in this range,
Eo” is inactivated (11), and rRNA and ribosomes are
degraded (50).

Thus far, there is no direct evidence that Ea>? plays a role
in rRNA transcription in vivo. TRNA transcription has been
examined during or after heat shock at 40 to 42°C. Transient
decreases in rRNA synthesis have been reported following
shifts to 40 to 42°C, correlating with a rapid increase in
ppGpp levels (30, 42, 43). These changes are obscured by
increases in the RNA chain elongation rate due to the higher
temperature (43). Zengel and Lindahl (55) and Condon et al.
(4) have also reported only very small changes in rRNA
transcription after a shift to 42°C. More significantly, the
rRNA synthesis rate was not substantially altered in an rpoH
mutant (55). However, since Eo”® is not inactivated at 42°C,
it is unlikely that a contribution to total rRNA synthesis by
Eo>? would have been detected in any of these experiments.
It will be of interest to examine effects of TOH on rRNA
transcription at temperatures at which Ec’ is no longer
active.

Factors other than temperature, such as ethanol addition,
treatment with puromycin or nalidixic acid, or viral infec-
tion, lead to a heat shock response (9, 13, 24, 52). To our
knowledge, a role for Eo®? in rRNA transcription under
these conditions has not been investigated.

Determining whether Eo>? plays a role in rRNA transcrip-
tion in vivo will depend upon identification of an Ea*-rmB
P1 interaction in the cell. Identification of distinct in vivo
transcription products and identification of in vivo footprints
are two methods that have been used to examine specific
promoter-RNAP interactions in the cell. Eo®*> and Eg™®
initiate transcription from the same position at 7nB P1 in
vitro, but Eo”2-specific patterns were observed from in vitro
footprinting analyses with DMS and KMnO,. Therefore, in
vivo footprints in combination with 77nB P1 promoter muta-
tions which reduce or eliminate binding by either Eo>? or
Eo’® might provide direct evidence for rmB P1 promoter-
Eo*? interactions in vivo.
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