
doi:10.1016/j.jmb.2008.01.042 J. Mol. Biol. (2008) 377, 551–564

Available online at www.sciencedirect.com
Still Looking for the Magic Spot: The
Crystallographically Defined Binding Site for ppGpp
on RNA Polymerase Is Unlikely to Be Responsible
for rRNA Transcription Regulation

Catherine E. Vrentas, Tamas Gaal, Melanie B. Berkmen,
Steven T. Rutherford, Shanil P. Haugen, Wilma Ross
and Richard L. Gourse⁎
Department of Bacteriology,
University of Wisconsin-
Madison, 1550 Linden Drive,
Madison, WI 53706, USA

Received 29 November 2007;
received in revised form
15 January 2008;
accepted 16 January 2008
Available online
26 January 2008
*Corresponding author. E-mail addr
rgourse@bact.wisc.edu.
Present addresses: M. B. Berkmen

Chemistry and Biochemistry, Suffolk
Temple Street, Boston, MA 02114, U
Muscle Gene Expression Group, 50
NIH, Bethesda, MD 20892, USA.
Abbreviations used: ppGpp, colle

nucleotides guanosine pentaphosph
tetraphosphate; RNAP, RNA polym
NTP; GTP, guanosine 5′-triphosphat
albumin; NTP, nucleoside 5′-triphos
5′-triphosphate; UTP, uridine 5′-trip

0022-2836/$ - see front matter © 2008 E
Identification of the RNA polymerase (RNAP) binding site for ppGpp, a
central regulator of bacterial transcription, is crucial for understanding its
mechanism of action. A recent high-resolution X-ray structure defined a
ppGpp binding site on Thermus thermophilus RNAP.We report here effects of
ppGpp on 10 mutant Escherichia coli RNAPs with substitutions for
the analogous residues within 3–4 Å of the ppGpp binding site in the
T. thermophilus cocrystal. None of the substitutions in E. coli RNAP
significantly weakened its responses to ppGpp. This result differs from the
originally reported finding of a substitution in E. coli RNAP eliminating
ppGpp function. The E. coli RNAPs used in that study likely lacked
stoichiometric amounts of ω, an RNAP subunit required for responses of
RNAP to ppGpp, in part explaining the discrepancy. Furthermore, we found
that ppGpp did not inhibit transcription initiation by T. thermophilus RNAP
in vitro or shorten the lifetimes of promoter complexes containing
T. thermophilus RNAP, in contrast to the conclusion in the original report.
Our results suggest that the ppGpp binding pocket identified in the cocrystal
is not the one responsible for regulation of E. coli ribosomal RNA tran-
scription initiation and highlight the importance of inclusion ofω in bacterial
RNAP preparations.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

The unusual nucleotides guanosine pentapho-
sphate and tetraphosphate (guanosine-3′,5′-bispy-
rophosphate), collectively referred to here as ppGpp
(“magic spot”), are signaling alarmones produced in
bacterial cells by the ribosome-associated synthase
RelA and/or the hydrolase/synthase SpoT.1 The
concentration of ppGpp is inversely proportional to
the cellular growth rate and increases rapidly in
response to nutritional downshifts and starvation.1,2

Together with the cofactor DksA, ppGpp can regu-
late cellular promoters either negatively or posi-
tively. In Escherichia coli, it directly inhibits the
synthesis of ribosomal RNAs (rRNAs), tRNAs, and
some mRNAs3,4 and it directly and indirectly stimu-
lates the synthesis of several amino acids and a
d.
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552 Binding Site for ppGpp on RNAP
number of other important gene products required
for growth, stress responses, and pathogenesis in
E. coli and other bacteria.5–9 Following amino acid
starvation (when the substrates for translation are
unavailable), direct and indirect effects of ppGpp on
transcription initiation help the bacterial cell adjust
to its nutritional status by reducing production of
ribosomes and increasing amino acid biosynthesis
and transport.8,10,11

In E. coli, ppGpp acts directly on RNA polymerase
(RNAP) by decreasing the lifetime of competitor-
resistant complexes formed between RNAP and all
promoters studied to date.12 At most promoters, this
does not lead to inhibition of transcription, because
RNAP escapes into its elongation mode before
ppGpp significantly reduces the occupancy of the
promoter complex. However, because ribosomal
RNA (rRNA) promoters form intrinsically very
short-lived complexes with RNAP, there is a kinetic
competition between DNA strand collapse and
addition of the initial NTP (iNTP) during transcrip-
tion initiation at these promoters.12 In support of
this model for control by ppGpp, there is a strong
correlation between promoters that are inhibited by
ppGpp and those that form short-lived complexes
with RNAP.12–14

The 17-kDa DksA protein is required for full regu-
lation of transcription initiation by ppGpp at rRNA
promoters. DksA binds in the secondary channel of
RNAP and greatly amplifies effects of ppGpp on
transcription initiation in vitro and in vivo.4,15 Like
ppGpp, DksA decreases the lifetime of complexes
formed by promoters with E. coli RNAP and inhibits
transcription from rRNA promoters in vitro.4 DksA
and ppGpp together strongly and synergistically
inhibit rRNA promoters directly and stimulate a
class of amino acid biosynthetic promoters both
directly and indirectly.8,10

Despite our understanding of the effects of ppGpp
on the kinetics of transcription initiation by E. coli
RNAP, the structural basis by which ppGpp affects
the kinetics of promoter–RNAP complexes is not
well understood. Identification of the ppGpp bind-
ing site on RNAP would contribute greatly to our
understanding of the mechanism of ppGpp action.
Several attempts have been made previously to
determine the ppGpp binding site on E. coli RNAP.
Mutations that conferred resistance to high levels of
ppGpp in vivowere mapped to rpoB, the β subunit of
RNAP, but were not localized further.16 Analysis of
fluorescence quenching upon addition of ppGpp to
RNAP suggested that ppGpp binds to a single site
on RNAP.17 A cross-link to 8-azido-ppGpp was
identified within the C-terminal half of β.18 A cross-
link between 6-thio-ppGpp and RNAP was loca-
lized to the N-terminal ∼102 residues of β′.19 One
interpretation of these seemingly conflicting results
is that ppGpp resides at an interface of β and β′.
More recently, an X-ray structure of Thermus

thermophilus RNAP in complex with ppGpp placed
the ppGpp binding site adjacent to, but not over-
lapping, the RNAP active site (Fig. 1a).20 Two dif-
ferent orientations of ppGppwere present in the two
complexes in the cocrystal's asymmetric unit, with
ppGpp “flipped” in one complex relative to the
other. The 5′-diphosphate was located closer (prox-
imal) to the active-site Mg2+ in one orientation, and
the 3′-diphosphate was closer to the active-site Mg2+

in the other orientation. Nevertheless, the same
RNAP residues contacted the same three specificity
determinants in ppGpp (the two diphosphates and
the guanine base) in both ppGpp orientations. No
contacts with the ribose were observed.
The residues contacting ppGpp in the T. thermo-

philus cocrystal are highly conserved in E. coli RNAP,
far from the N-terminal region of β′ in E. coli RNAP
proposed to cross-link to ppGpp.19–23 It was claimed
that T. thermophilus RNAP responded directly to
ppGpp in vitro, and that an N458S substitution in the
β′ subunit of E. coli RNAP, corresponding to a resi-
due contacting ppGpp in the T. thermophilus RNAP
cocrystal, decreased the ability of the promoter com-
plex to respond to ppGpp.20 Finally, it was proposed
that the guanine base in ppGpp pairs directly with
cytosines on the nontemplate DNA strand in the
open complex, just upstream of the transcription
start site.
Several observations led us to reevaluate the sig-

nificance of the ppGpp binding site defined in the
T. thermophilus RNAP cocrystal for regulation of
E. coli RNAP. First, the E. coli RNAPs used in the
previous mutational analysis of the ppGpp binding
site were prepared by overexpression of the α, β,
and β′ subunits in vivo.20,24 RNAPs prepared by this
method are grossly undersaturated with the ω
subunit of RNAP. We have shown previously that
RNAPs lacking ω, either because they were pre-
pared by this method or because the strain used to
prepare RNAP lacked the gene encoding ω, were
not inhibited by ppGpp in vitro.25 Since the wild-
type and mutant E. coli RNAPs used for testing the
biological significance of the ppGpp binding site
identified in the T. thermophilus cocrystal lacked ω,20

conclusions based on comparisons of their responses
to ppGpp were subject to question.
Second, recent studies indicate that the site of

ppGpp binding in the T. thermophilus RNAP cocrystal
can accommodate a number of negatively charged
molecules. Not only can ppGpp bind in two different
orientations, but this site overlaps a binding site
for an nucleoside 5′-triphosphate (NTP) in yeast
Pol II and T. thermophilus transcription elongation
complexes26–28 as well as a binding site for the antibi-
otic tagetitoxin.29 It is unclear whether this NTP bind-
ing site plays a role in initiation complex formation,30
but these results nevertheless are consistent with the
possibility that ppGpp might be occupying a posi-
tively charged pocket in the cocrystal, but not the
pocket physiologically significant for regulation of
transcription initiation.
Third, although relA homologs are present in

most or all bacterial genomes, not all bacterial
RNAPs respond directly to ppGpp. ppGpp synth-
esis is induced in Bacillus subtilis, as in E. coli, in
response to amino acid deprivation, concurrent with
a large decrease in rRNA transcription.31 However,



Fig. 1. ppGpp binding site in T. thermophilus RNAP. (a) The T. thermophilus ppGpp–RNAP X-ray structure20 (PDB code
1SMY) is displayed using PyMol (DeLano Scientific). Subunits are colored as follows: ω, dark purple; αI, yellow; αII,
green; β, cyan; β′, pink; σ, orange. ppGpp is in yellow spacefill. (b) T. thermophilus RNAP amino acids in close proximity to
ppGpp (E. coli RNAP residue numbering). ppGpp is in yellow stick form. Mg2+ ions predicted to be coordinated by the
proximal and distal (with respect to the active site) ppGpp diphosphates are shown as white spheres. Residues predicted
to contact the guanine base of ppGpp (β′N458, β′ E925, and β′ Q929) are in red spacefill, to contact the distal phosphates
(β′ K598 and β′ Q504) are in green, to contact the proximal phosphates (β′ R731 and β R1106) are in dark blue, and to
contact a ppGpp-coordinated Mg2+ (β E813) is in magenta. Substitutions were made for each of these residues and for β
E814 and β′ K599 (see the text), but the T. thermophilus residues corresponding to these amino acids are not pictured
because they do not contact ppGpp in the cocrystal. T. thermophilus residues corresponding to the E. coli amino acids in the
figure are in parentheses: β′ N458 (N737), β′ Q504 (R783), β′ K598 (K908), β′ R731 (R1029), β′ E925 (E1231), β′ Q929
(Q1235), β R1106 (R879), and β E813 (E685).
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554 Binding Site for ppGpp on RNAP
in contrast to its direct inhibition of E. coli RNAP,
ppGpp only indirectly inhibits transcription by
B. subtilis RNAP, probably by reducing the concen-
tration of guanosine 5′-triphosphate (GTP), the
initial NTP for initiation at all 20 B. subtilis rRNA
promoters.31 A recent study concluded that ppGpp
also decreases T. thermophilus transcription in-
directly.32 Therefore, not only is it unclear that the
binding site identified in the T. thermophilus RNAP–
ppGpp complex represents the one responsible
for regulating transcription in E. coli, but it is also
unclear whether the ppGpp binding site identified
in the T. thermophilus RNAP–ppGpp cocrystal is
biologically significant even in that organism.
These uncertainties prompted us to test whether

the site in E. coli RNAP analogous to the ppGpp
binding site in the T. thermophilus RNAP cocrystal is
the one responsible for effects of ppGpp on E. coli
rRNA transcription initiation. Single and multiple
substitutions were constructed for residues pre-
dicted to make either direct or indirect contacts with
ppGpp through a bound Mg2+. None of the substi-
tutions reduced the responses of RNAPs (containing
ω) to ppGpp, either in the presence or in the absence
of DksA. Furthermore, ppGpp did not compete with
the initiating NTP for binding to E. coli RNAP in
vitro, nor did ppGpp inhibit transcription initiation
by T. thermophilus RNAP in vitro. Taken together, our
results indicate that models for the mechanism of
transcription regulation by ppGpp, DksA, and ω
based on the position of ppGpp in the T. thermophilus
RNAP cocrystal should be reevaluated.
Results

Choice of substitutions in the ppGpp binding
pocket

A sequence alignment of E. coli and T. thermophilus
RNAP was used to identify E. coli amino acid resi-
dues analogous to those contacting ppGpp in the
cocrystal. Ten mutant RNAPs with substitutions for
residues within 3–4 Å of ppGpp were constructed
and purified (see Materials and Methods and Fig. 1).
The mutant RNAPs are designated by the wild-type
amino acid before the number of the residue in the
appropriate E. coli subunit, followed by the identity
of the altered amino acid. Eight RNAPs contained
single or multiple substitutions in the β′ subunit
(N458S, Q504E, Q504Y, K598A/K599A, R731A,
E925A, Q929A, K598A/K599A/E925A), and two
RNAPs contained changes in the β subunit
(E813A/E814A, R1106A) (Fig. 1b; the numbers of
the analogous residues in T. thermophilus RNAP, as
well as the ppGpp determinant contacted by these
amino acids in the structure, are provided in the
figure legend). Three of these residues (β′ Q504,
β′ R731, and β R1106) are in the “basic rim” that
surrounds the NTP phosphates for substrate load-
ing in the T. thermophilus transcription elongation
complex.26
The alanine substitutions removed all side-chain
atoms beyond Cβ and thus all potential side-chain
contacts of that residue to ppGpp. β′ N458S was
created rather than β′ N458A for comparison with
the effects of the substitution reported previously.20

β′ Q504E was used because this negatively charged
glutamate substitution would be predicted to
interfere with contact(s) to the negatively charged
ppGpp phosphates. β′ Q504Y was created because
the tyrosine side chain would be predicted to cause
a steric clash with ppGpp phosphates. Since β′
K598 in E. coli RNAP is adjacent to another lysine,
K599, we constructed a double substitution, β′
K598A/K599A, to prevent potential compensation
by one lysine side chain for the other. The same
double substitution was also made in conjunction
with β′ E925A, eliminating three potential H-bonds
to ppGpp. Finally, we also tested the double-
substitution mutant β E813A/E814A, since the
cocrystal predicted that β E813 contacted a magne-
sium ion coordinated by the ppGpp proximal
phosphates.

Substitutions in the binding pocket defined in
the T. thermophilus cocrystal do not weaken the
response of E. coli RNAP to ppGpp

We tested the effects of ppGpp on transcription
initiation by each of the mutant RNAPs, using a
supercoiled plasmid template containing the rRNA
promoter rrnB P1 and a control promoter, RNA-I.
All but two of the mutant RNAPs, β E813A/E814A
and β R1106A, were active in transcription. ppGpp
(at 400 μM) inhibited transcription at least threefold
with each of the catalytically active RNAPs (Fig. 2a),
and inhibition was specific to rrnB P1 for all but β′
Q929A RNAP (see Discussion).
Since potential effects of the loss of a side chain–

ppGpp contact might have been masked at the
high ppGpp concentration used in Fig. 2a, inhibi-
tion of rrnB P1 at a range of ppGpp concentrations
was measured for each RNAP (representative gels
and plots for wild-type and a mutant RNAP are
shown in Fig. 2b and c; plots for other transcrip-
tionally active RNAPs are in Supplementary Fig. 1;
and the averages and standard deviations for the
effects of ppGpp on transcription in multiple
experiments are provided in Table 1). This allowed
not only a more precise estimate of the fraction of
transcription at saturating ppGpp concentrations
(column 2, Table 1), but also calculation of a half-
maximal inhibitory ppGpp concentration, the IC50
(Fig. 2c; column 3, Table 1). For wild-type RNAP
at 30 °C, the IC50 was ∼25 μM ppGpp, in agreement
with the IC50 obtained previously.12 In no case
(including the β′ N458S RNAP concluded pre-
viously to be deficient in responding to ppGpp20)
was the IC50 for a mutant RNAP greater than
that for wild-type RNAP. In fact, several mutants
had an IC50 ratio less than 1.0 relative to wild-
type RNAP, indicating that the mutant RNAP was
more sensitive to ppGpp than the wild type.
Some of the substitutions also increased the extent



Fig. 2. Effects of RNAP substitu-
tions on transcription inhibition by
ppGpp. (a) Transcription inhibition
at saturating ppGpp concentration
(400 μM). Multiround transcription
from the rrnB P1 and RNA-I pro-
moters on plasmid pRLG6798 was
performed as described (see Materi-
als and Methods). Lanes±ppGpp
are from the same gel in the same
experiment. WT, wild-type E. coli
RNAP. (b) Transcription was as
described in (a) but with 0 to
400 μM ppGpp with wild-type and
β′ E925A RNAP. (c) Determination
of IC50 for ppGpp and mutant
RNAPs. Transcription from rrnB
P1 in the experiment shown in (b)
was normalized to transcription
from RNA-I at each ppGpp concen-
tration (to correct for errors in gel
loading) and expressed as a fraction
of transcription without ppGpp.
The plot allows calculation of the
maximal extent of inhibition by
ppGpp and the IC50 (ppGpp con-
centration at which inhibition is
half-maximal). Plots for other tran-
scriptionally active mutants are in
Supplementary Fig. 1, and the data
are compiled in Table 1.
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of inhibition by saturating ppGpp concentrations
(Tables 1 and 2). It is possible that these substi-
tutions might reduce the energy barrier needed
for making the ppGpp-induced conformational
changes in the enzyme, thus increasing the
apparent effects of ppGpp. In any case, in contrast
to the conclusions of the previous study,20 we
conclude that ppGpp inhibits transcription initia-
tion by E. coli RNAPs containing single or multiple
substitutions in the ppGpp binding site identified
in the cocrystal.
The half-lives of competitor-resistant complexes
formed by mutant RNAPs are decreased by
ppGpp

As indicated above, ppGpp decreases the lifetimes
of competitor-resistant complexes formed between
E. coli Eσ70 and all promoters that have been
assayed.12 Since promoter-specific effects of ppGpp
on three of the mutant RNAPs could not be quan-
tified by transcription inhibition (β R1106A, β
E813A/E814A, and β′ Q929A; see Table 1 legend),



Table 1. Effects of substitutions in RNAP on transcription
inhibition by ppGpp

RNAP substitution
(E. coli numbering)

Relative transcription
at saturating ppGppa

Relative IC50
(mutant IC50/
WT IC50)

b

WT RNAP 0.32±0.05 1
β′ Q504E 0.35±0.02 0.59±0.13
β′ Q504Y 0.36±0.05 0.60±0.14
β′ K598A/K599A 0.22±0.02 0.71±0.20
β′ N458S 0.20±0.01 0.45±0.04
β′ R731A 0.24±0.04 0.36±0.03
β′ E925A 0.20±0.06 0.91±0.43
β′ K598A/K599A/E925A 0.32±0.02 0.99±0.19

WT, wild type.
a Transcription at saturating ppGpp is relative to that without

ppGpp as illustrated in Fig. 2 and as described in Results and
Materials andMethods. Saturating ppGpp concentration is that at
the plateau in the plots shown in Fig. 2 and Supplementary Fig. 1.
Reported errors are from at least three experiments. Results for
the β′ Q929A holoenzyme are not included in the table because
the inhibition by ppGpp was too strong to be quantified and was
not specific to rrnB P1 (see Fig. 2a).

b Calculation of the IC50 (the concentration of ppGpp at which
inhibition is half-maximal) is described in Results and Fig. 2
legend. The relative IC50 is the IC50 for the mutant RNAP/IC50 for
wild-type RNAP.
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we examined the responses to ppGpp of these
mutant RNAPs (as well as five others) using a pro-
moter complex lifetime assay that did not require
that the enzyme be catalytically active. Complexes
formed by the lacUV5 promoter and each of the eight
mutant RNAPs were challenged with heparin, a
competitor for RNAP, and the fraction of complexes
Table 2. Effects of substitutions in RNAP on reduction of
complex half-life by ppGpp

Substitution
(E. coli RNAP
numbering)

Relative
lifetime
without
ppGppa

Relative
lifetime

at saturating
ppGppb

Relative IC50
(mutant IC50/
WT IC50)

c

WT RNAP 1 0.47±0.08 1
β′ Q504E 0.99±0.11 0.48±0.04 1.56±0.20
β′ K598A/K599A 1.14±0.08 0.40±0.08 0.57±0.00
β′ N458S 0.90±0.08 0.40±0.02 0.43±0.13
β′ R731A 1.86±0.12 0.40±0.03 0.25±0.02
β′ E925A 1.68±0.10 0.24±0.05 0.92±0.20
β′ Q929A 1.23±0.10 0.26±0.06 0.46±0.10
β E813A/E814A 0.76±0.02 0.36±0.00 0.60±0.14
β R1106A 0.98±0.10 0.32±0.02 0.52±0.15

a Half-lives were measured on the lacUV5 promoter using a
filter-binding assay as described in Materials and Methods and
Fig. 3 legend. Reported half-lives are from at least two titrations,
each including five or more ppGpp concentrations.

b The values reported are the lifetimes of the promoter
complexes at saturating ppGpp concentration relative to the
same complexes without ppGpp, taken from the plateau values
on plots such as those illustrated in Fig. 3 and Supplementary Fig.
2. The reported values are from the same experiments as the
intrinsic half-lives (i.e., without ppGpp).

c The relative IC50 is the concentration of ppGpp resulting in a
half-maximal decrease in complex lifetime with the mutant
RNAP, relative to that with the wild-type RNAP. The half-lives
were taken from plots such as those shown in Fig. 3 and
Supplementary Fig. 2, representing two or more determinations
at each ppGpp concentration.
bound to filters was plotted versus time. The time
required for half of the complexes to dissociate
was determined at a range of ppGpp concentrations
for the wild-type and mutant RNAPs (Fig. 3 and
Supplementary Fig. 2).
Fig. 3. Effects of ppGpp on promoter complex lifetime
of wild-type and β′ N458S mutant RNAP. Fraction of
lacUV5 complexes remaining as a function of time after
heparin addition at different ppGpp concentrations (see
Materials and Methods). Semilog plots for representative
experiments: (a) wild-type RNAP, (b) β′ N458S RNAP. (c)
Half-lives at each ppGpp concentration. Comparisons of
the relative complex half-lives for wild-type RNAP and
the other mutant RNAPs are shown in Supplementary Fig.
2 and the data are compiled in Table 2.



Fig. 4. Inhibition of mutant RNAPs by ppGpp in the
presence of DksA. Single-round transcription was per-
formed as described (see Materials and Methods) with
neither ppGpp nor DksA (first lane in each panel), with
ppGpp alone (100 μM; second lane in each panel), with
DksA alone (third lane in each panel; for concentrations,
see Materials and Methods), or with both together (fourth
lane in each panel). WT, wild-type RNAP. β′ N458S, β′
E925A, and β′ Q929A RNAPs (not shown) exhibited
transcription elongation defects, resulting in some incom-
plete extension products under these conditions (see
Materials and Methods).
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The averages and standard deviations for the
effects of ppGpp on the half-lives of promoter com-
plexes containing each of eight mutant RNAPs are
provided in Table 2. The intrinsic lifetimes of the
complexes formed by the mutant RNAPs (i.e.,
without ppGpp) were all within approximately
twofold of that with wild-type RNAP; column 2,
Table 2). In agreement with previous results,12

ppGpp decreased the half-lives of the complex
made with wild-type RNAP approximately twofold
at a saturating concentration of ppGpp (∼200 μM)
(Fig. 3). Similar results were obtained with β′N458S
RNAP (Fig. 3b and c), the one mutant RNAP
examined previously20 (see Discussion). Saturating
concentrations of ppGpp also decreased the half-
lives of the complexes formed by the seven other
mutant RNAPs that were tested, and the effects were
at least as great as with the wild-type and β′ N458S
RNAPs (column 3, Table 2; for additional plots, see
Supplementary Fig. 2).
In agreement with previous results,12 the concen-

tration of ppGpp at which its effect on complex
lifetime was half-maximal (the IC50) was∼17 μM for
wild-type RNAP (Fig. 3a and c). The IC50 was also
determined for each mutant RNAP (Fig. 3b and c;
Supplementary Fig. 2) and expressed relative to the
IC50 for wild-type RNAP (column 4, Table 2). For all
but one mutant (β′ Q504E RNAP), the relative IC50
was as low as or lower than that for the wild-type
complex; that is, the same or a lower concentration
of ppGpp was needed to reduce the lifetime of the
mutant complex. For β′ Q504E RNAP, there was a
slight (∼50%) increase in the ppGpp concentration
required for the half-maximal effect on complex
lifetime, but this small increase, even if statistically
significant, apparently has no functional conse-
quence for transcription inhibition; see Table 1). In
conjunction with the results of the transcription
inhibition experiments (Fig. 2, Table 1, Supplemen-
tary Fig. 1), we conclude that none of the side-chain
contacts to ppGpp predicted by the T. thermophilus
RNAP–ppGpp cocrystal are required for effects of
ppGpp on E. coli RNAP–promoter complexes.

RNAP mutants respond to ppGpp in the
presence of DksA

We demonstrated previously that the effect of
ppGpp on transcription initiation is strongly ampli-
fied by DksA in vitro and in vivo.4 Therefore, we
addressed the formal possibility that side-chain con-
tacts to ppGpp identified in the T. thermophilus co-
crystal might be utilized by E. coli RNAP when
DksA is present, although they are dispensable for
ppGpp function in the absence of DksA. Represen-
tative results from transcription of rrnB P1 by five
of the mutant RNAPs are shown in Fig. 4 under
conditions where the synergistic effects of ppGpp
and DksA could be observed, since the independent
effects of each alone were small (i.e., at relatively
low salt concentrations that resulted in relatively
stable promoter complexes; see also Materials and
Methods).
At concentrations where little or no inhibition was
observed with ppGpp by itself (second lane in each
panel) and where DksA by itself inhibited rrnB P1
transcription only about twofold (third lane in each
panel), DksA and ppGpp together much more
strongly inhibited transcription (fourth lane in each
panel). Thus, for each of the five RNAPs tested, side-
chain contacts to ppGpp identified in the T. thermo-
philus cocrystal are dispensible for ppGpp function
in the presence of DksA.

The iNTP and ppGpp do not compete for binding
to RNAP during transcription initiation

The ppGpp binding site on T. thermophilus RNAP
overlaps site(s) that have been proposed for sub-
strate binding on the pathway to the active site
during transcription elongation.26–28 If ppGpp bind-
ing also overlapped an entry site for the first NTP
(iNTP) into the open complex, this might lead to
competition and an increase in the iNTP concen-
tration needed for transcription initiation. Since rrnB
P1 (but not RNA-I) activity is very sensitive to the
concentration of the iNTP, ATP,33 we measured
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transcription from a plasmid containing these
promoters at increasing ATP concentrations in the
presence or absence of a high concentration of
ppGpp (1 mM). As expected, transcription from
rrnB P1 (but not from RNA-I) increased as the ATP
concentration increased, and ppGpp inhibited rrnB
P1 (but not RNA-I) activity at each ATP concentra-
tion. However, ppGpp did not affect the relative
increase in transcription from rrnB P1 at each ATP
concentration (Fig. 5a). These results suggest that
ppGpp does not affect NTP entry into E. coli RNAP
Fig. 5. Tests of competition between ppGpp and the
iNTP. (a) ppGpp does not change the effect of the
concentration of the first NTP on transcription from rrnB
P1. Multiround transcription from plasmid pRLG6798
containing rrnB P1 was performed with or without 1 mM
ppGpp at increasing concentrations of ATP (the iNTP) and
plotted relative to transcription at 125 μM ATP. (b) iNTP
concentration does not affect relative inhibition by ppGpp.
Representative gel showing multiround transcription
from rrnB P1 at increasing concentrations of ppGpp with
125 or 1500 μM ATP. (c) Transcription from (b) at each
ppGpp concentration is plotted as a fraction of transcrip-
tion without ppGpp.
during transcription initiation, whatever the path-
way by which the iNTP approaches the active site.
We also examined whether a high concentration of

the iNTP would compete with binding of ppGpp
and decrease its effect on RNAP. At increasing con-
centrations of ppGpp, transcription inhibition was
measured at a relatively low (125 μM) and a rela-
tively high (1500 μM) concentration of ATP (Fig. 5b).
The extent of inhibition by ppGpp at saturating
ppGpp concentration and the ppGpp concentration
required for half-maximal inhibition were virtually
identical at both ATP concentrations (Fig. 5c).
Although these results do not address the identity
of the binding site of ppGpp on E. coli RNAP
directly, they do not support a competitive inhibi-
tion mechanism for ppGpp function during tran-
scription initiation.

ppGpp affects the lifetime of the promoter
complex independent of the identity of the bases
at promoter positions −1 and −2

It was suggested previously20 that the position of
ppGpp in the cocrystal with T. thermophilus RNAP
provided a potential mechanism to explain the
effects of ppGpp on the promoter complex:base
pairing of ppGpp directly with nontemplate strand
C residues at positions −1 and/or −2 in ppGpp-
sensitive promoters such as rrnB P1. Therefore, we
tested whether mutations at C-1, C-2, or both pre-
vented effects of ppGpp on rrnB P1 promoter com-
plexes, using the half-life assay to evaluate ppGpp
function. As summarized in Table 3, ppGpp de-
creased the lifetimes of all the mutant promoter
complexes at least as much as it decreased the life-
time of the wild-type promoter complex. These data,
in conjunction with several other lines of evidence
(see Discussion), do not support the proposal that
ppGpp pairs with C-1 or C-2 in rrn P1 promoter
complexes in order to inhibit transcription initiation.
Whether ppGpp actually decreases transcription
initiation depends on a promoter's intrinsic kinetic
properties: only those promoters that make short-
lived competitor-resistant complexes with RNAP
are subject to inhibition (see Introduction and Ref.
14). Since several of the substitutions for C-1 and C-2
increased the absolute lifetime of the rrnB P1 pro-
moter complex14 (Table 3), the effect of ppGpp on
transcription initiation from the mutant promoters
was not tested directly.

T. thermophilus RNAP is not inhibited by ppGpp
like E. coli RNAP in vitro

Our previous studies showed that not all bacterial
RNAPs are inhibited directly by ppGpp.31 Since the
RNAP–ppGpp cocrystal contained T. thermophilus
RNAP, we investigated whether ppGpp affects
T. thermophilus RNAP function in the same manner
as E. coli RNAP.
Transcription from a T. thermophilus rRNA pro-

moter by T. thermophilus RNAP was inhibited only
slightly, if at all (1.3-fold±0.2), by 1 mM ppGpp



Table 3. Effect of ppGpp on lifetimes of promoter complexes containing substitutions at positions −1 and/or −2

Plasmid Promotera −2b −1c
Half-lifed

−ppGpp (s) +ppGpp (s) ±ppGppe

pRLG3733 rrnB P1 WT C C 25 15 0.61±0.06
pRLG6755 rrnB P1 C-1G C G 84 51 0.60±0.10
pRLG6754 rrnB P1 C-2G G C 64 42 0.66±0.02
pRLG7752 rrnB P1 AA A A 326 123 0.38±0.05
pRLG7753 rrnB P1 GG G G 97 47 0.48±0.02
pRLG7754 rrnB P1 TT T T 551 223 0.40±0.19

a Promoter is named by the identity of the base on the nontemplate strand at positions −1 and −2.
b Identity of nontemplate base at −2.
c Identity of nontemplate base at −1.
d Half-lives were determined as described in Materials and Methods.
e The values and standard deviations are the averages from three separate ratios of the half-lives in the presence of ppGpp to those in

the absence of ppGpp.
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(Fig. 6a), and this slight inhibition was observed
with the RNA-I promoter as well, indicating it was
not promoter-specific. Similar results were obtained
at a variety of solution conditions (i.e., different
Fig. 6. Effect of ppGpp on transcription initiation by
T. thermophilus RNAP. (a) ppGpp (1 mM) does not inhibit
transcription by T. thermophilus RNAP. Multiround
transcription from pRLG6770 was measured in 170 mM
NaCl transcription buffer at 65 °C on a supercoiled
template carrying the T. thermophilus 16S rRNA promoter
and vector-derived RNA-I promoter (see Materials and
Methods). (b) ppGpp (1 mM) does not reduce the lifetime
of a promoter complex containing T. thermophilus RNAP.
Representative plots show the fraction of heparin-
resistant complexes containing T. thermophilus RNAP
and the RNA-I promoter on a supercoiled plasmid as a
function of time after heparin addition (55 °C in 100 mM
KCl transcription buffer; see Materials and Methods). The
mean ratio of the observed half-lives with/without
ppGpp was 0.84±0.17 (three experiments).
temperatures and salt concentrations; data not
shown).
We also measured the effect of ppGpp on the half-

life of promoter complexes formed by T. thermophilus
RNAP. The half-lives of complexes containing
T. thermophilus RNAP with the RNA-I promoter,
λPR (a phage promoter), and a synthetic promoter,
−35 con34 were unaffected by ppGpp (Fig. 6b and
data not shown), in contrast to the conclusion
reached previously (in Ref. 20; see Discussion). Pro-
moter complexes formed by RNAP from another
Thermus species, T. aquaticus, were also unaffected by
ppGpp (data not shown). In addition, we note that
dksA homologs are not apparent in the T. thermo-
philus and T. aquaticus genome sequences. Taken
together, our results indicate that E. coli RNAP and
T. thermophilus RNAP respond quite differently to
ppGpp.
Discussion

Substitutions in E. coli RNAP that should have
eliminated single or multiple contacts to ppGpp
bound at the site identified in the cocrystal failed to
reduce transcription inhibition by ppGpp in the
presence or absence of DksA or to alter the effect of
ppGpp on promoter complex lifetime. In general,
we expected five- to greater than fivefold defects in
ppGpp function from substitutions contributing to
the functionally significant ppGpp binding site. For
example, the responses of RNAP to the small ligands
microcin and rifampicin have been studied in detail;
single amino acid substitutions in these binding
pockets increased the IC50 5- to 100-fold.35,36
Binding sites for some small ligands display a
degree of plasticity, causing smaller than expected
effects of certain mutations.26 However, in most
cases, substitutions such as those reported here that
alter the charge of a side chain, remove a side-chain
interaction, or create a steric clash strongly decrease
ligand binding.37

We observed no increases in the concentrations of
ppGpp required for inhibiting each of the 10 mutant
E. coli RNAPs tested, we observed no competition of
ppGpp with the iNTP during transcription initiation
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from an E. coli rRNA promoter complex, and we
found that ppGpp did not affect transcription
initiation by T. thermophilus RNAP. Taken together,
our results strongly suggest that the ppGpp binding
site in the T. thermophilus RNAP–ppGpp cocrystal is
unlikely to be the one responsible for direct inhi-
bition of E. coli transcription initiation. Rather, the
presence of ppGpp at this position in the cocrystal
may reflect simply that ppGpp shares binding deter-
minants with NTPs and that the positively charged
NTP binding pocket in T. thermophilus RNAP can
bind ppGpp under the conditions used for cocrystal
formation.
Although relA is widely distributed among bac-

teria1 and ppGpp has been identified even in
chloroplasts,38 ppGpp does not appear to function
in the same manner in all organisms. Consistent
with the hypothesis that the T. thermophilus ppGpp
binding pocket identified in the cocrystal is not the
one responsible for promoter-specific regulation, it
was reported recently that ppGpp concentrations in
T. thermophilus are insufficient to affect transcription
initiation directly.32 Rather, these investigators
proposed that control of T. thermophilus rRNA tran-
scription by ppGpp in vivomight work indirectly by
reduction of GTP levels, similar to the mechanism
suggested for control of B. subtilis rRNA synthesis.31

Therefore, T. thermophilus RNAP may not be the ap-
propriate model system for determining the location
of the ppGpp binding site to E. coli RNAP.
ppGpp reduced the synthesis of some abortive

products by T. thermophilus RNAP at high ppGpp
and very low NTP concentrations.20 We (Ref. 12 and
data not shown) and others39 have observed com-
petition between ppGpp and substrate NTPs with
E. coli RNAP at high ppGpp/NTP ratios, and small
effects of ppGpp on transcription elongation have
been reported in the literature.40 This competitive
effect on elongation is not the promoter-specific
mechanism for rRNA transcription inhibition by
ppGpp that occurs during the stringent response in
E. coli, but could, in principle, result from binding
of ppGpp to the site in RNAP defined by the
T. thermophilus cocrystal.
Although none of the RNAP substitutions re-

duced effects of ppGpp on transcription initiation,
β′ Q929A RNAP, and to a lesser degree β′ N458S
RNAP, resulted in promoter-nonspecific inhibition
by ppGpp, suggesting that these substitutions might
allow ppGpp to affect transcription elongation.
β′ Q929 is in the trigger loop, which is central to
the mechanism of nucleotide incorporation during
transcription elongation,27,41 and β′ N458 affects
deoxyribo- versus ribonucleotide discrimination.42

We suggest that by binding to RNAP at the site
identified in the cocrystal, ppGppmay compete with
NTP incorporation when the latter is severely com-
promised by mutation.
Our conclusion that the β′ N458S mutant RNAP

responded at least as well as wild-type RNAP to
ppGpp in both promoter complex lifetime and
transcription inhibition assays for ppGpp function
in vitro directly contradicts the conclusion reached
previously.20 We suggest that neither the wild-type
nor the mutant E. coli promoter complexes were
actually affected by ppGpp in the previous work
(Fig. 4b in Ref. 20), since the overall slopes were
virtually superimposable in the presence and
absence of ppGpp (small differences in times of
sample processing can lead to large differences in
apparent slopes estimated from only the initial time
points). We further suggest that there is a relatively
straightforward explanation for the failure to ob-
serve a response to ppGpp by the RNAPs used in the
previous report: those RNAPs were made by over-
expression of core RNAP subunits without concur-
rent overexpression of theω subunit.Wehave shown
previously that RNAP made in this manner lacks
ω and is therefore unable to respond to ppGpp.25

Therefore, in addition to its implications for the
mechanism of ppGpp action, our findings highlight
the importance of inclusion of ω in preparations of
RNAP (unless an ω requirement has been ruled out
explicitly).
We found that nontemplate C residues at positions

−1 and/or −2 are not required for ppGpp to reduce
the lifetimes of rrn P1 or λPR promoter complexes
(Table 3 and data not shown). These results also
contradict results reported by Artsimovitch et al.20

We suggest that the absence of an effect of ppGpp
on promoter complexes lacking C residues at −1
and/or −2 reported in the previous study was not
indicative of a requirement for these bases for a
response to ppGpp. Rather, we suggest that neither
the wild-type nor the mutant promoters responded
to ppGpp in the previous report because the RNAP
lacked ω.20 We also showed previously that an rrnB
P1 promoter with a C-1T substitution was still
strongly inhibited in vivo following amino acid star-
vation,43 and that ppGpp reduced the half-lives of
other promoter complexes lacking C residues at C-1
and/or C-2.12 Furthermore, the proposed path of
the nontemplate strand in the ppGpp base-pairing
model appears inconsistent with models based on
the T. aquaticus RNAP cocrystal with fork-junction
promoter DNA21,44 and on recent cross-linking
studies.14 These models place nontemplate strand
bases −1 and −2 quite distant from the position
of ppGpp defined in the T. thermophilus RNAP
cocrystal.
The previous report20 also concluded that ppGpp

reduced the half-life of promoter complexes
formed by T. thermophilus RNAP, in contrast to
the results reported here (Fig. 6). Reexamination of
Fig. S3B in Ref. 20, however, suggests that the
presence of ppGpp did not actually change the
responses of promoter complexes formed by
T. thermophilus RNAP. The reported half-life curves
were biphasic, and a difference in slope was ob-
served only after 90–99% of the complexes in the
population had decayed. We suggest that the dif-
ference in slope attributed to an effect of ppGpp
may have resulted from a low signal-to-noise ratio
at that point in the decay curve, or that ppGpp
affected only some small subpopulation of com-
plexes in the reaction.
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Based on the position of ppGpp defined in the
cocrystal, it was suggested that acidic residues at
the tip of the coiled-coil of DksA (the cofactor that
occupies the secondary channel of RNAP; Ref. 15;
I. Toulokhonov and R.L.G., unpublished data) repo-
sition a Mg2+ ion coordinated to ppGpp. This model
thereby suggested a mechanism for DksA action.15

However, we note that DksA affects RNAP func-
tion even in the absence of ppGpp.4 Therefore, we
suggest that if the mechanism of DksA action in-
cludes repositioning a Mg2+ ion by the DksA coiled-
coil tip, this does not depend on the presence of
ppGpp. In any case, since the functionally signifi-
cant ppGpp binding site in E. coli RNAP does not
appear to be located at the position defined by the
T. thermophilus cocrystal, the proposed model for
DksA function15 requires reevaluation.
A subset of the substitutions in β and β′ reported

here reduced the effect of DksA on E. coli RNAP
(data not shown), necessitating inclusion of high
DksA concentrations in some of the transcription
reactions (Fig. 4 legend). These results will be pub-
lished separately as part of an investigation of the
RNAP determinants of DksA function. These amino
acids in RNAP may be important for DksA binding,
either directly or indirectly, although they do not
define the functionally significant ppGpp binding
site in E. coli RNAP.
The central role of ppGpp in the regulation of

bacterial gene expression, its importance in bacterial
pathogenesis, and its usefulness as a model system
for understanding allosteric control of RNAP by
small molecules justify continued interest in identi-
fying the ppGpp binding site in E. coli RNAP. The
discovery that the ppGpp binding site identified
in the cocrystal is unlikely to be the one responsible
for regulating rRNA transcription in E. coli was a
necessary first step, but it is only the first step, in the
solution to this problem.
Materials and Methods

RNA polymerases

Strains and plasmids are listed in Supplementary Table
1. Wild-type RNAPs were purified by standard proce-
dures or by overexpression of core RNAP subunits as
described below for the mutant RNAPs (see also Ref. 25).
No differences were observed among the wild-type prepa-
rations in any of our assays. We emphasize that enzymes
purified without overexpression of RNAP subunits are
sensitive to inhibition by ppGpp, and RNAP purified by
overexpression of subunits is sensitive to inhibition by
ppGpp so long as ω is co-overexpressed with the other
core subunits in vivo or purified ω is reconstituted with the
overexpressed core RNAP in vitro.25

Mutant RNAPs, with the exception of Q504E (see
below) were purified by overproduction of α, β, and β′
from plasmids pIA299 or pIA333 carrying rpoA, rpoB,
and rpoC under T7 promoter control.21 pIA299 encodes
C-terminal hexahistidine-tagged β′, and pIA333 encodes
N-terminal hexahistidine-tagged β. Substitutions were
made by oligonucleotide-directed mutagenesis, with
silent restriction sites introduced adjacent to the mutations
to facilitate screening. The mutagenized regions were
always subcloned into unmutagenized pIA299 or pIA333,
and the subcloned region was sequenced to confirm that
only the desired changes were present. Plasmid DNAs
were analyzed for the desired mutation at the time of
induction.
RNAP purification after overexpression of RNAP

subunits has been described.25 Briefly, the ω subunit was
added in 10-fold molar excess to overexpressed core
RNAP by incubation at 30 °C for 30 min. σ70 was added to
overexpressed core RNAP in twofold molar excess by
incubation at 30 °C for 30 min. For β′ K598A/K599A core
RNAP, the mutant β′was expressed with wild-type α and
β from a pIA299 derivative in BL21λDE3, and ω was co-
expressed from plasmid pCDFω.25 RNAP containing his-
tagged β′ Q504E was purified as holoenzyme from a
plasmid encoding only the β′ subunit.36 Since the other
subunits were not overproduced in this case, supplemen-
tation with ω was not necessary.
Wild-type T. thermophilus RNAP was provided by D.

Vassylyev (University of Alabama-Birmingham), purified
without overexpression as described previously.23 The
presence of a protein migrating at the size expected for ω
was confirmed by SDS-PAGE.
In vitro transcription assays

Since effects of substitutions in β and β′were evaluated
from assays for ppGpp function and not from assays
measuring direct binding of ppGpp to RNAP, the tran-
scription or filter-binding activity of a mutant RNAP is
always expressed as a ratio to the activity of the same
enzyme in the absence of ppGpp, and the effect of ppGpp
on wild-type RNAP was always measured in parallel.
Some mutant RNAPs (β E813A/E814A and β R1106A)
were catalytically inactive, and others (β′ N458S and β′
Q929A) had reduced transcription activities even in the
absence of ppGpp and/or produced shorter transcripts in
addition to the full-length product under some solution
conditions. Given the locations of these substitutions in
RNAP and their roles in catalysis and/or elongation, these
effects were not unexpected (see Discussion).
Multiround transcription with E. coli RNAPs was

carried out in 40 mM Tris–HCl, pH 7.9, 10 mM MgCl2,
1 mM DTT, 0.1 mg/ml bovine serum albumin (BSA), and
170 mM NaCl at 30 °C.22 Concentrations of mutant
RNAPs were adjusted to provide about the same amount
of transcription from rrnB P1 as 10 nM wild-type RNAP,
although the concentration of wild-type RNAP did not
affect the magnitude of the effect of ppGpp (data not
shown). Reactions containing NTPs (200 μM ATP,
GTP, and cytidine 5′-triphosphate (CTP); 10 μM uridine
5′-triphosphate (UTP), and 1 μCi of [α-32P]UTP), 1 nM
supercoiled plasmid template carrying the rrnB P1 and
RNA-I promoters (pRLG6798, rrnB P1 end points and
−66 to +50; Ref. 22), and 0–400 μM ppGpp (TriLink
Biotechnologies) were initiated by addition of RNAP and
stopped after 30 min by addition of an equal volume of
urea stop buffer.25 Reactions were separated by gel
electrophoresis and analyzed by phosphorimaging.
For T. thermophilus RNAP, multiround transcription

was performed on a supercoiled plasmid pRLG6770.
This plasmid carries the RNA-I promoter and a
T. thermophilus rRNA promoter and was constructed by
annealing oligonucleotides with end points correspond-
ing to T. thermophilus rRNA promoter sequence −70 to
+15 (National Center for Biotechnology Information
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accession number AE017221; template strand sequence
1766683–1766768) and insertion into pRLG770.45 Reac-
tions were carried out for 15 min at 65 °C in transcription
buffer containing 170 mM NaCl or for 15 min at 60 °C in
transcription buffer containing 100 mM NaCl (with the
same results).

Promoter complex half-life assays

E. coli RNAP–promoter complex half-lives were mea-
sured by filter binding.12 lacUV5 promoter sequences
corresponding to −59 to +40 with respect to the tran-
scription start site were embedded within a DNA fragment
with end points from −140 to +68. The fragment was ex-
cised from pRLG4264,45 end-labeled with [α-32P]thymidine
5′-triphosphate, and 8–30 nM RNAP was incubated with
DNA for 17 min at 30 °C in transcription buffer containing
100 mM KCl and 0–200 μM ppGpp. After heparin (Sigma)
addition to 10 μg/ml, aliquots were removed at intervals
and filtered through nitrocellulose discs. The filters were
washed with 100 mM NaCl, 10 mM Tris–HCl, pH 8.0,
1 mM ethylenediaminetetraacetic acid, dried, and quanti-
fied by phosphorimaging. Half-lives at each ppGpp
concentration were determined from semilog plots of the
fraction of filter-retained complex at each time point. Time
zero was defined as 30 s after heparin addition. In the
absence of ppGpp, the lifetimes of the mutant complexes
were always within twofold of the lifetime of the wild-type
complex (Table 2). The relative effects of ppGpp were
very reproducible (Table 2), but the absolute lifetimes
of RNAP complexes varied slightly from day to day
(presumably from slight changes in solution conditions).
Therefore, the effect of ppGpp on each mutant RNAP was
always compared to the effect on wild-type RNAP in the
same experiment.
Half-lives of the E. coli RNAP–promoter complexes

reported in Table 3 were determined using transcription
as a readout. The fraction of competitor-resistant com-
plexes remaining at various times was determined
essentially as described in Ref. 12. RNAP (20 nM) was
added to 1 nM supercoiled plasmid template in 40 mM
Tris–HCl, pH 7.9, 10 mM MgCl2, 1 mM DTT, 0.1 mg/ml
BSA, 30 mM KCl, and 400 μM ppGpp (where indicated)
at 22 °C for 15 min. Heparin (40 μg/ml) was added at
time zero, and 10-μl aliquots were removed at intervals
from 10 s to 20 min to a tube containing 200 μM ATP,
200 μM GTP, 200 μM CTP, 10 μM UTP, and 1 μCi [α-32P]
UTP. After 15 min, reactions were stopped by addition of
an equal volume of urea stop buffer, and the transcripts
were separated by gel electrophoresis and quantified by
phosphorimaging. Differences in the absolute lifetimes of
the wild-type and mutant promoter complexes reported
here and those reported previously14 are likely attribu-
table to differences in solution conditions, as described
previously.12

Lifetimes of complexes formed with T. thermophilus
RNAP were also measured using transcription to monitor
the fraction of complexes remaining at times after heparin
(100 μg/ml) addition. Supercoiled plasmids carrying
RNA-I (and/or other promoters) were incubated with
RNAP for either 20 min in 40 mM Tris–HCl, pH 7.9,
10 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA, and 100 mM
KCl at 55 °C or 30 mMKCl at 65 °C (with the same results)
in the presence or absence of 1 mM ppGpp. After heparin
addition, aliquots were removed at intervals to an NTP
mixture (final 200 μMATP, GTP, and CTP; 10 μMUTP, and
1 μCi [α-32P]UTP) for 15 min. Reactions were stopped by
addition of an equal volume of urea buffer and analyzed
on gels (see above).
Effects of DksA on responses of RNAPs to ppGpp

To evaluate effects of ppGpp in the presence of DksA
(Fig. 4), low salt concentration conditions were used to
stabilize the promoter complex, resulting in only small
effects of either DksA or ppGpp alone on transcription.4,8

DksA and ppGpp together strongly inhibited transcrip-
tion under these conditions. Single-round transcription
reactions contained 1 nM supercoiled plasmid template
(pRLG6798, rrnB P1 endpoints −66 to +50) carrying the
rrnB P1 and RNA-I promoters, 40 mM Tris–HCl, pH 7.9,
10 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA, and 30 mM
NaCl at 30 °C. RNAP was added for 20 min, followed by
addition of heparin to 10 μg/ml, of ATP, GTP, and CTP
(200 μM each), UTP (10 μM), and 1 μCi of [α-32P]UTP for
30 min.4 ppGpp was present at 100 μM when indicated.
Different concentrations of DksAwere used with different
mutant RNAPs, since some of the substitutions affected
DksA function (see the text; β′ Q504E, 2 μM DksA;
β′ K598A/K599A and β′ R731A, 4 μM; β′ N458S,
β′ E925A, β′ Q929A, and wild-type RNAP, 0.5 μM). Reac-
tions were processed and analyzed as described above.
(The catalytically defective β E813A/E814A and βR1106A
RNAPs could not be evaluated using this assay; β′ Q929A
RNAP was inhibited too strongly by ppGpp alone under
these conditions to allow synergistic effects of DksA to
be evaluated; and β′ Q504Y RNAP and the triple mutant
were not tested).
iNTP–ppGpp competition assays

Effects of 125–1000 μM ATP (the first NTP in the
transcript) on rrnB P1 transcription were measured by
multiround transcription as described above with or
without 1 mM ppGpp. Reactions contained 50 μM
GTP, 25 μM CTP, 10 μM UTP, 1 μCi of [α-32P]UTP,
and ∼10 nM wild-type RNAP. Effects of 0–800 μM
ppGpp were determined by multiround transcription
from rrnB P1 at high (1500 μM) and low (125 μM) ATP
concentration.
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