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In this study we further defined the rifampin-binding sites in Escherichia coli RNA polymerase (RNAP) and
determined the relationship between rifampin-binding sites and the binding sites of other antibiotics, including
two rifamycin derivatives, rifabutin and rifapentine, and streptolydigin and sorangicin A, which are unrelated
to rifampin, using a purified in vitro system. We found that there is almost a complete correlation between
resistance to rifampin (Rifr) and reduced rifampin binding to 12 RNAPs purified from different rpoB Rifr

mutants and a complete cross-resistance among the different rifamycin derivatives. Most Rifr RNAPs were
sensitive to streptolydigin, although some exhibited weak resistance to this antibiotic. However, 5 out of the 12
Rifr RNAPs were partially resistant to sorangicin A, and one was completely cross-resistant to sorangicin A,
indicating that the binding site(s) for these two antibiotics overlaps. Both rifampin and sorangicin A inhibited
the transition step between transcription initiation and elongation; however, longer abortive initiation prod-
ucts were produced in the presence of the latter, indicating that the binding site for sorangicin A is within the
rifampin-binding site. Competition experiments of different antibiotics with 3H-labeled rifampin for binding to
wild-type RNAP further confirmed that the binding sites for rifampin, rifabutin, rifapentine, and sorangicin A
are shared, whereas the binding sites for rifampin and streptolydigin are distinct. Because Rifr mutations are
highly conserved in eubacteria, our results indicate that this set of Rifr mutant RNAPs can be used to screen
for new antibiotics that will inhibit the growth of Rifr pathogenic bacteria.

RNA polymerase (RNAP) is the sole enzyme responsible
for transcribing RNA from DNA template in eubacteria (3).
Because of its essential role in gene expression, RNAP has
been a target for antibiotic studies since its discovery in the
1960s. Several antibiotics inhibiting the functions of RNAP
have been discovered. Among them, rifampin, a derivative of
rifamycin (35), is the most important in clinical use (22, 33).
Rifampin is part of the standard therapy of tuberculosis (8)
which, after AIDS, is the leading cause of death by an infec-
tious agent worldwide (23, 32) and is also used in prophylaxis
of meningitis and against staphylococcal infections (19, 20).

Rifampin binds to RNAP with high affinity (Keq � 10�9 M
at 37°C) (39). The mode of action of rifampin has been studied
in most detail using Escherichia coli RNAP as a model system,
as the overall structure and function of RNAPs from different
eubacteria have been conserved. Rifampin inhibits RNAP’s
function by blocking the transition from transcription initiation
to transcription elongation (24). In the presence of rifampin,
RNAP can only synthesize short RNA oligomers, and it was
proposed that rifampin exerts a steric hindrance of RNAP
translocation along the nascent RNA path. Indeed, cross-link-
ing experiments have indicated that rifampin blocks the chan-

nel leading a nascent RNA out of the catalytic center of RNAP
(26).

Mutations in E. coli RNAP conferring rifampin resistance
(Rifr) were reported shortly after the antibiotic was discovered
(7, 30). Rifr mutations have been located exclusively on the
second largest subunit of RNAP, the � peptide, encoded by the
rpoB gene. Except for one located around the 5� end, most of
the Rifr mutations in E. coli are found in three clusters near the
middle of the rpoB gene and affect a limited amino acid seg-
ment of the � subunit (15, 21, 28, 36). Genetic evidence indi-
cates that amino acid residues in cluster I and cluster III
interact, forming the rif region (37). These mutations define
the rifampin-binding sites in RNAP genetically.

Recently, the crystal structure of Thermus aquaticus core
RNAP complexed with rifampin has been determined in
the presence of a high concentration of rifampin, because T.
aquaticus RNAP is naturally Rifr (4). Several conserved amino
acid residues in the rif region have been identified that interact
with the antibiotic, which adequately accounts for all known
Rifr mutants. Rifampin binds to the rif region of the � subunit,
which lies deep within the DNA-RNA channel. Clearly, the
critical location of the rif region in RNAP is responsible for the
multiple effects of Rifr mutations on different aspects of tran-
scription (13, 14, 18, 42).

Rifr mutants from E. coli RNAP potentially could be used as
a model system to screen new generations of antibiotics which
inhibit the function of Rifr mutants. It has been reported that
clinical Rifr isolates of a variety of pathogenic bacteria, includ-
ing Mycobacterium tuberculosis and Staphylococcus aureus, af-
fect a subset of the conserved amino acid residues within the rif
region in the � subunit of RNAP, further demonstrating that
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the rif region is well conserved among eubacteria (2, 31). A
new generation of rifamycins with improved pharmaceutical
properties has been developed (22, 29). Among them are ri-
fabutin and rifapentine. There are reports that Rifr mutant
RNAPs are only partially cross-resistant to rifabutin (6, 40). In
addition, a new macrolide polyether antibiotic, sorangicin A,
which has a different chemical structure from the rifamycins,
has been described to be an inhibitor of RNAP (11). Interest-
ingly, it was reported that Rifr mutant RNAP are partially
cross-resistant to sorangicin A (27, 34).

We are interested in further defining the rifampin-binding
sites in E. coli RNAP and in studying the mechanism(s) of
cross-resistance of Rifr mutant RNAP to different antibiotics.
In particular, we would like to know which amino acid resi-
due(s) in the rif region is responsible for the possible multiple
drug interaction site(s) in RNAP. Using a set of purified E. coli
Rifr mutant RNAPs described previously (15), we first studied
their ability to bind rifampin, because the effects of those E.
coli Rifr RNAP on the binding of rifampin have not been
analyzed. We then determined the effects of two rifamycin
derivatives, rifabutin and rifapentine, as well as two other an-
tibiotics unrelated to rifampin, sorangicin A and streptolydigin,
on the functions of these Rifr mutant RNAP and on the ri-
fampin binding of wild-type RNAP. The sites in RNAP that
are likely involved in interaction with sorangicin A within the
rif region are discussed.

MATERIALS AND METHODS

Materials. Nucleotides were from Boehringer Mannheim. 32P- or 3H-labeled
nucleotides were from Amersham or ICN. Poly(dA � dT) was from Sigma. Acti-
vated carbon Darco (100 mesh) was from Aldrich, and dextran T 70 was from
Pharmacia. Rifampin, rifapentine, and [3H]rifampin (152 mCi/mmol) were from
Lepetit, Italy. Rifabutin was a kind gift from Anthony R. Imondi, Adria Labo-
ratories, and sorangicin A was obtained from Hans Reichenbach, Gesellschaft
für Biotechnologische Forschung, Braunschweig, Germany. Streptolydigin was
obtained from Upjohn Co. The stock solutions of these antibiotics were prepared
in N,N-dimethyl formamide. The chemical structures of these antibiotics are
shown in Fig. 1. Plasmids were isolated by QIAGEN column (QIAGEN Inc.),
and DNA fragments were purified as described elsewhere (12). Phage T7A1
promoter was from a PvuII fragment of pRL418, which was a gift from Robert
Landick (University of Wisconsin—Madison). The DNA fragments containing
the gal and pyrBI promoters were previously described (12, 17). RNAPs were
purified from E. coli K-12 MG1655 derivatives by using Mono Q high-resolution
ion-exchange chromatography (9).

Bacterial strains and techniques. Mutants used in this study are in an E. coli
K-12 MG1655 background, originally obtained from Carol Gross’ lab. The rpoB
mutations were introduced into strain MG1655 by phage P1-mediated transduc-
tion using a linked Tn10 as described previously (25). The mutations are de-
scribed in Table 1.

Cells were grown in L broth (25). To determine the MICs of rifamycin deriv-
atives for wild-type and Rifr mutant strains, overnight cultures were diluted into
Luria-Bertani broth containing different concentrations of antibiotics, and cell
growth was followed at both 30 and 37°C. Spontaneous mutants conferring
sorangicin A resistance (Sorr) were selected by plating 2 � 108 to 5 � 108 cells
from overnight cultures on L broth plates containing 50 �g of sorangicin A/ml,
followed by incubation at 30 or 37°C for 24 to 48 h. To ensure independent
events, usually only one Sorr mutant was picked from each culture. The mutation
rate was about 2 � 10�8. The purified Sorr mutants were then scored for their
growth on L broth plates containing 50 �g of rifampin/ml. To score the Sorr

phenotype of the Rifr mutants, growth of the Rifr mutant strains on L broth
plates containing different amounts of sorangicin A ranging from 50 to 500 �g/ml
was determined.

In vitro transcription assays. The in vitro transcription assays were performed
essentially as described elsewhere (16). Reaction mixtures (100 �l) containing 40
mM Tris-HCl (pH 7.9), 50 mM KCl, 5 mM MgCl2, 0.1 mM dithiothreitol, 5%
glycerol, acetylated bovine serum albumin (100 �g/ml), poly(dA � dT) (2 �g), and

RNAP at �2 nM, with or without antibiotics, were preincubated for �10 min at
37°C. The reaction was started by the addition of ATP and UTP (final concen-
trations, 0.2 mM), including 1 �Ci of [3H]-labeled UTP, and stopped after 15 min
at 37°C by the addition of 1 ml of ice-cold 5% trichloroacetic acid. Transcription
was monitored by the incorporation of [3H]UTP into trichloroacetic acid-pre-
cipitable counts.

To analyze the transcription products in the presence of different antibiotics,
the transcription assays (in 20 �l) were performed essentially as described above,
except that different DNA templates were used and the antibiotic was present
during the preincubation period. ATP, GTP, and CTP were present at 0.2 mM
and UTP was at 0.02 mM, including �5 �Ci of 32P-labeled UTP. After 15 min,
reactions were terminated by addition of an equal volume of stop solution (95%
formamide, 20 mM EDTA, 0.1% bromophenol, and 0.1% xylene cyanol) and
analyzed on 24 and 8% sequencing gels (National Diagnostics) for productive
and nonproductive products, respectively, as described elsewhere (12). The tran-
scripts were visualized by autoradiography.

Determination of rifampin-RNAP complex. The rifampin-RNAP complexes
were monitored using the dextran-coated charcoal method (41), with some
modifications. The dextran-coated charcoal was prepared as described previously
(41) and stored at 4°C. For the binding assays, reaction mixtures (200 �l in a
siliconized microcentrifuge tube) containing 10 mM Tris-HCl (pH 8.0), 0.5 mM
dithiothreitol, acetylated bovine serum albumin (100 �g/ml), a fixed concentra-
tion of [3H]rifampin (�250 nM), and the indicated concentrations of RNAPs
were incubated for 10 min at 37°C. After adding 0.5 ml of ice-cold dextran-coated
charcoal, reaction mixtures were mixed well and centrifuged at 12,000 rpm for 2
min in an Eppendorf microcentrifuge. About 0.55 ml of supernatant was care-
fully transferred into a new microcentrifuge tube and subjected to centrifugation
again as described above. A 0.5-ml aliquot of clear supernatant was placed into
scintillation vials containing 10 ml of Aquasol liquid scintillation fluid and
counted with a scintillation counter for 1 min. Preliminary experiments showed
the binding of rifampin to RNAP was stoichiometric (�1:1), and the nonspecific
binding of rifampin to bovine serum albumin (0.1 mg/ml) was minimal (	3% of
the total rifampin remained in the charcoal supernatant). To determine the
inhibitory effects of different antibiotics on the binding of rifampin to wild-type
RNAP, the procedures as described above were used with the following excep-
tions: a fixed concentration of [3H]rifampin (�250 nM) and differing concentra-
tions of a second cold antibiotic were presented in the reaction mixture prior to
the addition of a fixed concentration of wild-type RNAP (�75 nM).

RESULTS

Binding and sensitivity to rifampin of different Rifr mutant
RNAP. Previously, the rif region was identified by sequencing
a large number of Rifr mutants of E. coli having a variety of
phenotypes. Thus, this rif region defines the rifampin-binding
site in RNAP genetically. However, there has been no system-
atic study of the effects of Rifr mutations affecting different
positions in the rif region on the binding of the antibiotic to
RNAP. We addressed this issue by determining the binding of
3H-labeled rifampin, as a function of protein concentration, to
12 highly purified, previously well-characterized mutant Rifr

RNAPs covering mutations in the three clusters of the rif
region (Fig. 2). In the binding assays, as described in Materials
and Methods, the concentration of [3H]rifampin (250 nM) was
fixed, whereas the concentrations of RNAPs were varied from
10 to 75 nM. We followed the binding of [3H]rifampin to
RNAP (RNAP � [3H]rifampin 7 RNAP-[3H]rifampin) by
using the dextran-coated charcoal method (41). In this proce-
dure, dextran-coated charcoal absorbs the free unbound
[3H]rifampin, since the antibiotic is a small molecule, whereas
the larger-sized RNAP-[3H]rifampin complex will remain in
the supernatant. The wild-type RNAP bound rifampin, and the
amount of bound rifampin increased in proportion to the
amount of RNAP added, as reported elsewhere (41). Under
the conditions used, the apparent Kd of the wild-type RNAP
for rifampin is estimated to be about 130 nM, which is in good
agreement with the Ki value (0.1 �M) reported previously (4).
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Interestingly, one Rifr mutant RNAP, R687H, was able to bind
rifampin as well as the wild-type RNAP in the assays. Six of the
12 Rifr mutant RNAPs (D507-511, Q513L, Q513P, S522F,
H526Y, and S531F, with approximate Kd values of 7, 20, 11, 8,
11, and 11 �M, respectively) barely bound [3H]rifampin above
the background, and there was essentially no increase in the

binding as the amounts of the proteins increased. One mutant
RNAP, P564L, with an approximate Kd of 5.0 �M, had mini-
mal rifampin-binding ability, as its bind curve slope was only
marginally above the background. The binding of rifampin to
other four Rifr mutant RNAP was reduced dramatically com-
pared to that of the wild-type RNAP, and the amount of

FIG. 1. Chemical structures of the different antibiotics used in the study. Rifampin (B), rifabutin (D), and rifapentine (C) are derivatives of
rifamycin (A), which consists of ansa bridge and naphthol ring. Sorangicin A (E) and streptolydigin (F) are unrelated to rifamycins.
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rifampin bound increased slightly as the concentration of en-
zyme increased. The degree of rifampin binding of these four
Rifr RNAPs was in the following order: T563P � 
532 (Kd

�1.5 �M) � R529C � D516N (Kd � 2.0 �M). It should be
noted that except for wild-type RNAP and the mutant RNAP
R687H, the binding activities of [3H]rifampin to other Rifr

mutant RNAPs were measured under those conditions in
which the concentration of [3H]rifampin (250 nM) used were
below their Kd values.

To determine whether the effects of the Rifr RNAPs on the
binding of rifampin correlate with their sensitivities to the
antibiotic, we measured transcription activity of each RNAP as
a function of the concentration of rifampin in an in vitro
transcription assay. The concentrations of the antibiotic which
inhibited RNA synthesis by 50% (IC50) are presented in Table
1 for the 12 Rifr mutant and the wild-type RNAPs. For the six
Rifr mutant RNAPs that did not bind rifampin, the IC50 values
were the highest (IC50 � 100 �g/ml). For the mutant RNAP
P564L, which only bound rifampin minimally, the IC50 was 15
�g/ml. For the four Rifr mutant RNAPs that did retain some
rifampin-binding activities, the IC50 values were lower (1.0 to
8.0 �g/ml) and in the order of T563P � 
532 	 R529C 	
D516N, which inversely correlates with their rifampin-binding
capacities (i.e., the higher the IC50 the lower the affinity for
rifampin). The only Rifr RNAP, R687H, that bound rifampin
as well as wild-type RNAP also had the same sensitivity to the
antibiotic as the wild-type RNAP (IC50 	 0.5 �g/ml) in the
assays.

These results from the in vitro transcription assays using the
highly purified RNAPs generally agree with the results ob-
tained previously by using partially purified mini preparations
of these Rifr RNAPs (15), with the exception of R687H.
R687H is the Rifr mutant that had the lowest resistance to
rifampin in vivo, and in the previous in vitro transcription
assays R687H exhibited only slight resistance to rifampin (15).

We also rechecked the rpoB3406 mutant cells, from which the
larger preparation of the R687H RNAP was purified in this
study, for their Rifr phenotype and other growth phenotypes,
and found that they could only grow on a broth plate contain-
ing �50 �g of rifampin/ml and were slow growers, temperature
sensitive, and cold sensitive, as previously described (14). Fur-
thermore, the purified R687H RNAP did exhibit some altered
properties in transcription initiation and elongation compared
to wild-type RNAP (unpublished data).

Cross-resistance of the Rifr mutant RNAPs to different an-
tibiotics. The sensitivities of different Rifr RNAPs to two other
rifamycins, rifabutin and rifapentine, and to streptolydigin and
sorangicin A, two molecules which have different chemical
structures (Fig. 1), were studied using the in vitro transcription
assays as described above. The IC50 of each antibiotic for each
of the 12 Rifr mutant and wild-type RNAPs are shown in Table
1. There was complete cross-resistance between rifampin, ri-
fabutin, and rifapentine. The extent of resistance for each
RNAP, as measured by IC50, was similar for the three rifamy-
cin derivatives. The mutant RNAP R687H, which was com-
pletely sensitive to rifampin in vitro, was also as sensitive to
rifabutin and rifapentine as the wild-type RNAP (Table 1).
The sensitivity of the wild-type and the different Rifr mutant
strains to the three rifamycin derivatives were also compared in
vivo, and the MICs for cell growth are presented in Table 2.
Essentially, there was a complete correlation between the in
vivo and in vitro results, with R687H being the only exception.
The R687H mutant exhibited a low-level resistance to all three
rifamycin derivatives tested in vivo but was sensitive to the
antibiotics in vitro (compare Table 1 and 2).

The IC50 value of streptolydigin for wild-type RNAP (2.5
�g/ml) was higher than that of the rifamycins (	0.5 �g/ml)
(Table 1). Although there were some small variations, most
Rifr mutant RNAPs had sensitivities to streptolydigin similar
to that of wild-type RNAP. Only the mutant RNAP 
532

TABLE 1. Resistance to different antibiotics of wild-type and different Rifr RNAPs in vitro

rpoB allele Amino acid
residue affected

IC50 (�g/ml)a

Rifampin Rifabutin Rifapentine Streptolydigin Sorangicin A

Wild type 	0.5 	0.5 	0.5 2.5 	0.1

Cluster Ib

3445 
507-511 �100 �100 75.0 4.5 0.8
101 Q513L �100 �100 �100 3.5 	0.1
8 Q513P �100 �100 �100 5.0 1.2
113 D516N 8.0 6.0 5.0 3.5 0.5
3595 S522F �100 �100 �100 3.5 1.2
2 H526Y �100 �100 �100 1.5 �100
3401 R529C 5.0 5.0 5.0 3.0 	0.1
114 S531F �100 �100 �100 5.0 	0.1
3449 
532 1.0 1.0 1.0 9.0 	0.1

Cluster IIb

3370 T563P 1.0 1.0 1.0 2.0 0.5
111 P564L 15.0 14.0 25.0 1.0 	0.1

Cluster IIIb

3406 R687H 	0.5 	0.5 	0.5 3.0 	0.1

a IC50 is defined as the concentration of an antibiotic resulting in a 50% inhibition of transcription activity of an RNAP, determined using poly(dA � dT) as described
in Materials and Methods.

b Cluster is a subregion within the rif region of the rpoB gene of E. coli (15).
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appeared to be significantly different from wild-type RNAP,
and it was more resistant to streptolydigin (IC50 � 9 �g/ml). In
this mutant, amino acid residue 532 of the � subunit of RNAP
is deleted; this may determine an altered interaction with
streptolydigin. Note that cross-resistance of Rifr and Stlr has
been reported in some of the rpoB mutants of S. aureus (27).

Sorangicin A inhibited transcription by wild-type RNAP
(IC50 	 0.1 �g/ml) (Table 1). Six of the 12 Rifr mutant RNAPs
were more resistant to the inhibitory effect of sorangicin A, and
the other six RNAPs were as sensitive to the antibiotic as was
the wild-type RNAP. There seems to be no correlation be-
tween the levels of resistance to rifampin and levels of resis-
tance to sorangicin A. Q513L and S531F, which were resistant
to high levels of rifampin (IC50 � 100 �g/ml), were as sensitive
to sorangicin A as wild-type RNAP. Among the six Rifr mutant
RNAPs that exhibited cross-resistance to the two antibiotics,
two RNAPs (T563P and D516N) which had low IC50 values to
rifampin also exhibited low IC50 values to sorangicin A (�0.5
�g/ml); three RNAPs (
507-511, Q513P, and S522F) which
were resistant to high levels of rifampin (IC50 � 100 �g/ml)
were only partially resistant to sorangicin A (IC50 � 1.2 �g/
ml); only one mutant RNAP, H526Y, was resistant to very high

levels of both antibiotics (IC50 � 100 �g/ml), exhibiting a
complete cross-resistance.

To determine whether these Rifr rpoB mutations also confer
resistance to sorangicin A in vivo, we checked the growth
phenotypes on L broth plates containing different amounts of
the antibiotic (Table 3). E. coli K-12 is rather impermeable to
sorangicin A, just as in the case of rifampin. Thus, the wild-type
rpoB� cells could grow on an L broth plate containing low
levels of sorangicin A (�20 �g/ml). Those rpoB mutants that
contained Rifr RNAPs sensitive to sorangicin A in vitro (Table
1) all behaved like the wild-type cells and could not grow on
the plates containing 50 �g of sorangicin A/ml, whereas the six
rpoB mutants that contained Rifr RNAPs resistant to sorangi-
cin A in vitro (Table 1) were all able to grow at this concen-
tration, exhibiting Sorr phenotypes. However, at higher con-
centrations of sorangicin A, some of these rpoB mutants failed
to grow, and only the H526Y mutant grew at the highest
concentration of sorangicin A tested (500 �g/ml). The extent
of resistance to sorangicin A of the six rpoB mutants is in the
following order: T563P 	 D516N � 
507-511 	 Q513P �
S522F 	 H526Y. This order from the in vivo results appears to
correlate well with the order from the in vitro results (compare

FIG. 2. Binding of [3H]rifampin to different RNAPs as a function of the concentrations of the proteins. Formation and determination of the
[3H]rifampin-RNAP complexes were as described in Materials and Methods. In each reaction mixture, the total concentration of [3H]rifampin
present was �250 nM and the concentration of each RNAP added was as indicated. The apparent Kd of each RNAP binding to rifampin is
indicated, with the exceptions of those designated by **, which have Kd values ranging from 7 to 20 �M (see text for details). The results presented
were from a typical set of assays. At least two sets of assays were performed for each enzyme, and similar results were obtained.
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Tables 1 and 3). Five additional previously described Rifr rpoB
mutants, D516V, �517DQ, R529S, L533P, and I572F, which
were not included in the IC50 experiments in vitro, were tested
for in vivo cross-resistance to sorangicin A; three of them were
partially cross-resistant to the antibiotic at relatively low levels
(�100 �g/ml) (Table 3). It is likely that the Rifr RNAPs from
these three rpoB mutants would also be resistant to relatively
low levels of sorangicin A in vitro.

To determine whether mutants selected on sorangicin A are
resistant to rifampin, we isolated 125 independent Sorr mu-
tants from MG1655, an E. coli K-12 strain. We screened the
Sorr mutants for their Rifr phenotypes and found that all of the
Sorr mutants simultaneously acquired the Rifr phenotype.
Therefore, in contrast to Rifr mutants, only some of which are
cross-resistant to sorangicin A, all Sorr mutants appear to be
cross-resistant to rifampin.

Effects of different antibiotics on the binding of rifampin to
wild-type RNAP. The cross-resistance of Rifr mutant RNAPs
to different antibiotics indicates that the binding sites for these
antibiotics are overlapping. We therefore expected those anti-
biotics to interfere with the binding of rifampin to wild-type
RNAP as competitive inhibitors. Thus, we compared the bind-
ing of [3H]rifampin to RNAP in the presence of a particular
nonradioactive antibiotic with that in the absence of the chal-
lenging antibiotic, and the effects of different antibiotics on the
binding of rifampin to wild-type E. coli RNAP are shown in
Fig. 3. When unlabeled rifampin was added to the reaction
mixture, the amount of radioactive rifampin bound to RNAP
was reduced in a concentration-dependent manner. When
equal amounts of unlabeled rifampin and [3H]rifampin were
present, radioactivity bound was reduced about 50% as ex-

TABLE 2. Sensitivity of wild-type and Rifr mutant strains to different rifamycin derivatives in vivo

rpoB allele Amino acid
residue affected

MIC (�g/ml)a

Rifampin Rifabutin Rifapentine

30°C 37°C 30°C 37°C 30°C 37°C

Wild type 4–8 8–16 4–8 1–4 4–8 16–32

Cluster I
3445 
507-511 �128 �128 �128 �128 �128 �128
101 Q513L �128 �128 �128 �128 �128 �128
8 Q513P �128 �128 �128 �128 �128 �128
113 D516N �128 �128 64–128 64–128 �128 �128
148 D516V �128 �128 128 �128 �128 �128
3051 �517DQ 128 �128 32–64 128 �128 �128
3595 S522F �128 �128 128 128 �128 �128
2 H526Y �128 �128 �128 �128 �128 �128
3401 R529C �128 �128 16–32 16–32 �128 �128
3402 R529S �128 �128 64–128 32–64 �128 �128
114 S531F �128 �128 �128 �128 �128 �128
3449 
532 �128 �128 64–128 64–128 �128 �128
3443 L533P �128 �128 128 �128 �128 �128

Cluster II
3370 T563P 64–128 �128 16–32 64 128 �128
111 P564L �128 �128 128 �128 �128 �128
7 I572F �128 �128 128 �128 �128 �128

Cluster III
3406 R687H 64 128 8–16 16 8–16 128

a The MIC values were determined as described in Materials and Methods.

TABLE 3. Resistance to sorangicin of different Rifr mutant strains
in vivoa

rpoB allele Amino acid
residue affected

Resistance to sorangicin A
at (�g/ml):

50 100 250 500

Wild type � � � �

Cluster I
3445 
507-511 � �/� � �
101 Q513L � � � �
8 Q513P � � �/� �
113 D516N � �/� � �
148 D516V � � � �
3051 �517DQ � �/� � �
3595 S522F � � �/� �
2 H526Y � � � �
3401 R529C � � � �
3402 R529S � � � �
114 S531F � � � �
3449 
532 � � � �
3443 L533P � � � �

Cluster II
3370 T563P � � � �
111 P564L � � � �
7 I572F � � � �

Cluster III
3406 R687H � � � �

a Cell growth was monitored after incubation for 24 h at 37°C on L broth plates
containing the specified amount of sorangicin A. �, colonies had the same size
as those on L broth plate without sorangicin A; �/�, colonies had significantly
reduced size (�50%) compared to that on L broth plate without sorangicin A; �,
no growth. All strains grew on Luria-Bertani medium in the absence of soran-
gicin A.
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pected. Streptolydigin had no effect on rifampin binding to
RNAP, indicating that the binding sites for the two antibiotics
are distinct. This is consistent with the reports that the muta-
tions conferring streptolydigin resistance are located at differ-
ent positions, although close to the Rifr mutations, in the �
subunit of RNAP (10, 36).

As expected, both rifabutin and rifapentine inhibited the
binding of rifampin to RNAP. However, they competed with
radioactive rifampin somewhat less effectively than rifampin
itself, requiring approximately sixfold and twofold excesses,
respectively, to inhibit rifampin binding by 50%. Interestingly,
sorangicin A inhibited the binding of rifampin very effectively.
A 50% inhibition of the binding of rifampin to wild-type
RNAP was achieved with about a 2.5-fold excess of sorangicin
A relative to the radioactive rifampin. Because the approxi-
mate Kd of rifampin binding to wild-type RNAP is 130 nM
(Fig. 2), it is estimated that the approximate Kd values for the
binding of rifabutin, rifapentine, and sorangicin A are 780, 260,
and 325 nM, respectively. Thus, the inhibition of rifampin
binding to RNAP by sorangicin A was almost as effective as
that of rifapentine and more effective than that of rifabutin.

Mode of action of sorangicin A. Although it was reported
that sorangicin A inhibits RNA synthesis (11), the step(s) at
which transcription is blocked by sorangicin A has not been
defined. We investigated whether the mode of inhibition by

sorangicin A is the same as that of rifampin by analyzing
transcription products from several DNA templates. In the
absence of any antibiotic, RNAP made both nonproductive
initiation products and productive full-length transcripts at sev-
eral DNA templates used in the assays (Fig. 4). Operationally,
rifampin inhibited the transition between transcription initia-
tion and transcription elongation, since RNAP only synthe-
sized abortive products (small-sized RNA oligomers) and pro-
duced no productive full-length transcripts from different
promoters in the presence of rifampin. In the presence of
sorangicin A, RNAP also made abortive products and made
none of the productive full-length transcripts from these DNA
templates. However, there were some noticeable subtle differ-
ences between sorangicin A and rifampin. For example, on a
poly(dA � dT) template, RNAP was able to make a few addi-
tional longer aborted products (5-mer and 6-mer) in the pres-
ence of sorangicin A, which were absent in the presence of
rifampin (mostly 3-mers were made with rifampin). This dif-
ference is not limited to the synthetic DNA template, because
RNAP also made an extra longer RNA oligomer (AAUUU) at
the pyrBI promoter in the presence of sorangicin A compared
to that in the presence of rifampin. Nevertheless, both rifampin
and sorangicin A prevented RNAP from entering the elonga-
tion mode. For comparison we also analyzed the transcription
products in the presence of other antibiotics. The same small-
sized RNA oligomers were made in the presence of the other
two rifamycins as in the presence of rifampin. Interestingly,
however, there was a subtle difference in the distribution of the
set of aborted products in the presence of rifabutin (for exam-
ple, more 4-mer and AAUU were made) compared to that in
the presence of rifampin or rifapentine, on both the pyrBI and
poly(dA � dT) templates. As expected, streptolydigin had no
effect on nonproductive initiation and only inhibited elonga-
tion, resulting in reduced production of the full-length tran-
scripts.

DISCUSSION

The analysis of a set of purified Rifr RNAPs covering the rif
region for their sensitivity and ability to bind rifampin estab-
lishes that there is a complete correlation between levels of
resistance to rifampin and reduced capacity to bind the anti-
biotic (Tables 1 and 2 and Fig. 2), with the exception of the
mutant RNAP R687H. This study confirms that the rifampin-
binding site(s) lies within the sites identified by these rpoB
mutations. The mutant RNAP R687H purified from the
rpoB3406 mutant was found to be as sensitive to rifampin and
as able to bind to rifampin as the wild-type RNAP. Note that
R687H is the only mutation mapping in the cluster III of the rif
region, which is far away from the other two clusters. However,
genetic evidence suggested that amino acid residue 687 inter-
acts with amino acid residue 529 of the � subunit of RNAP, a
site in cluster I of the rif region (37). Also, R687H is the only
mutant with the ability to grow on L broth plates containing
only very low concentrations of rifampin (15). It is possible that
such a weak resistance cannot be detected in our in vitro
assays. Alternatively, the R687H mutation might alter the per-
meability of cell walls.

Our results showed that the amino acid residues 507-511,
513, 522, 526, and 531 of the E. coli � subunit are important for

FIG. 3. Effects of different antibiotics on binding of [3H]rifampin to
wild-type RNAP. The experiments were performed essentially as de-
scribed in the legend to Fig. 2, with some modifications as described in
Materials and Methods. A fixed concentration of [3H]rifampin (�250
nM) and differing concentrations of a second nonradioactive antibiotic
(relative to the concentration of [3H]rifampin) (antibiotic concentra-
tion/[3H]rifampin concentration) were mixed prior to the addition of a
fixed concentration of wild-type RNAP (�75 nM). In the absence of
nonradioactive antibiotics, RNAP formed complexes with [3H]ri-
fampin; the value was designated as 1.0 (100%) binding. The remain-
ing fraction of the [3H]rifampin-RNAP complexes was plotted as a
function of increasing ratio of antibiotic concentration/[3H]rifampin
concentration in the assay mixtures. �, Rif rifampin; E Rfp, rifapen-
tine; ‚ Rfb, rifabutin; � Sor, sorangicin A; � Stl, streptolydigin. Since
the approximate Kd of wild-type RNAP binding to rifampin is 130 nM
(Fig. 2), to account for the observed inhibition curves approximate Kd
values for the binding of rifabutin, rifapentine, and sorangicin A were
estimated to be 780, 260, and 325 nM, respectively. The results pre-
sented were from a typical set of assays. At least two sets of assays were
performed for each antibiotic, and both assays were in close agree-
ment.
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the binding of rifampin, since changes in these positions lead to
a high level of resistance and no binding of rifampin (Fig. 5).
Intriguingly, among these residues, only three of the equiva-
lents in the T. aquaticus RNAP � subunit are in direct contact
with the rifampin in the structure of the T. aquaticus RNAP-
rifampin complex (4). On the other hand, changes in the amino
acid residues 516, 529, 532, and 563 of the E. coli � subunit

lead to a low level of resistance and fractional binding of
rifampin. However, among these, two of the equivalents in the
T. aquaticus RNAP � subunit are in direct contact with the
rifampin in the structure of the T. aquaticus RNAP-rifampin
complex. It is possible that the microenvironments of the rif
region are different in the two bacterial RNAPs, as the T.
aquaticus RNAP is Rifr and the E. coli RNAP is Rifs. A

FIG. 4. Transcription products in the presence of different antibiotics. Transcription was performed either in the absence (-) or in the presence
of a 50-�g/ml concentration of the indicated antibiotic as described in Materials and Methods. The nonproductive initiation products were analyzed
on a 24% gel, and the productive full-length transcripts were analyzed on an 8% gel, followed by autoradiography. R, rifampin; A, sorangicin A;
P, rifapentine; B, rifabutin; S, streptolydigin. The estimated abortive initiation products from each promoter in the presence of rifamycins and
sorangicin A are indicated.

FIG. 5. rif region of the E. coli RNAP � subunit. A graphic representation of the E. coli � subunit is shown, with the lightly shaded areas
indicating the evolutionally conserved regions A through I (1, 38) and the darkly shaded areas highlighting the four regions in which Rifr mutations
have been located: the N-terminal cluster (N) and clusters I, II, and III (15, 21, 28, 36). The sequence alignment for these four clusters from E.
coli and T. aquaticus is located below the diagram, with identical amino acids shaded in grey. The nature of the Rifr mutations is denoted as follows:

, deletion; �, insertion; circle, amino acid substitution. Only the substitutions for the Rifr mutations used in this study are shown. F, residue that
has direct contact to bound rifampin in T. aquaticus RNAP (4); E, residue that does not directly interact with bound rifampin due to distance. The
strength of [3H]rifampin binding is expressed as follows: open square, binding around baseline levels; lightly shaded square, binding slightly above
baseline; filled square, significant binding. An asterisk indicates binding equivalent to that of the wild-type RNAP. The strength of resistance to
sorangicin A of different Rifr mutants is similarly indicated, as follows: 
, low-level resistance; Œ, high-level resistance; no triangle, Sors.
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structural study of the E. coli RNAP-rifampin complex is nec-
essary for further understanding the rifampin-binding sites.

The studies of cross-resistance of different Rifr RNAPs to
several antibiotics and of the effects of different antibiotics on
rifampin binding to RNAP reveal the relationship between the
rifampin-binding sites and the other antibiotic-binding sites in
RNAP. We found that there is essentially a complete cross-
resistance between rifampin and two other rifamycin deriva-
tives. This is in contrast to other reports (6, 40). Our results
indicate that the binding sites for all three rifamycin derivatives
are the same in RNAP. However, the efficiencies in competi-
tion for rifampin binding sites are reduced by about two- and
sixfold relative to rifampin for rifapentine and rifabutin, re-
spectively. This correlates well with the fact that rifabutin has
a relatively larger modification on the naphthol ring of rifamy-
cin than rifapentine (Fig. 1). The MICs of the three rifamycin
derivatives to wild-type E. coli cells are essentially the same at
30°C, although it appears that some Rifr mutants exhibit lower
MICs of rifabutin than of the other two rifamycin derivatives in
vivo.

Although the chemical structures of rifampin and sorangicin
A are different (Fig. 1), the binding sites for these two antibi-
otics overlap since sorangicin A competes effectively for the
binding of rifampin to RNAP and their modes of action are
essentially the same. Indeed, recently the structure of the T.
aquaticus RNAP-sorangicin complex has been determined,
and it was found that rifampin and sorangicin bind RNAP in
the same � subunit pocket (5). While all Sorr mutants were
resistant to rifampin, only some of the Rifr RNAPs were re-
sistant to sorangicin A, indicating that the binding sites for
sorangicin A are within a subset of the rifampin-binding sites in
RNAP (Fig. 5). This conclusion is consistent with the subtle
differences in the synthesis of abortive initiation products in
the presence of different antibiotics (Fig. 4). It is possible that
sorangicin A-binding sites are further upstream of the active
center compared to the rifampin-binding site, so that sorangi-
cin A causes less steric hindrance than rifampin; thus, at some
promoters, a slightly larger RNA oligomer(s) can be synthe-
sized in the presence of sorangicin A than in the presence of
rifampin. Interestingly, most of the Rifr RNAPs that were
resistant to sorangicin A were only resistant at low levels (IC50

	 1.5 �g/ml) in vitro, indicating that residues 513, 516, 522,
563, and probably 572 of the � subunit of RNAP are only
peripherally involved in the binding of sorangicin A. Only one
mutant enzyme, H526Y, was resistant to a high level of soran-
gicin A (IC50 � 100 �g/ml), indicating that amino acid residue
526 of the � subunit of RNAP is critical in the binding of the
two antibiotics. The analysis of the three-dimensional struc-
tures of the two antibiotics complexed with E. coli RNAP
should shed light on the potential groups or structures in the
antibiotics that interact with the sites in the RNAP. Further-
more, because some of the Rifr mutant RNAPs are only par-
tially resistant to or sensitive to sorangicin A, this new antibi-
otic will be able to inhibit those Rifr mutant RNAPs both in
vivo and in vitro, a very desirable feature for some studies.

To develop a new generation of antibiotics that would inhibit
Rifr RNAPs is a challenging task. This study is an attempt to
understand the cross-resistance of Rifr RNAPs to different
antibiotics. Our work indicates the usefulness of this set of Rifr

RNAPs to counter-screen in the future for such new potential

antibiotics that have a mode of action different than that of
rifampin.

ACKNOWLEDGMENTS

We thank Hans Reichenbach for his special effort in sending us
sorangicin A and his interest in this study. We thank Angelo Borghi,
Lepetit, for his special preparation of [3H]rifampin. We also appreci-
ate the kind gifts of different antibiotics from various sources. We also
thank Monica Hui for reading the manuscript and preparation of
figures. Finally, we thank Seth Darst for the preprint of the paper on
the structure of the T. aquaticus RNAP-sorangicin complex during the
revision of the manuscript.

Ming Xu was a visiting scholar supported by a grant from Lepetit.

REFERENCES

1. Allison, L. A., M. Moyle, M. Shales, and C. J. Ingles. 1985. Extensive
homology among the largest subunits of eukaryotic and prokaryotic RNA
polymerases. Cell 42:599–610.

2. Aubry-Damon, H., C. J. Soussy, and P. Courvalin. 1998. Characterization of
mutations in the rpoB gene that confer rifampin resistance in Staphylococcus
aureus. Antimicrob. Agents Chemother. 42:2590–2594.

3. Burgess, R., B. Erickson, D. Gentry, M. Gribskov, D. Hager, and S. Lesley.
1987. Bacterial RNA polymerase subunits and genes. Elsevier Science Pub-
lishing, New York, N.Y.

4. Campbell, E. A., N. Korzheva, A. Mustaev, K. Murakami, S. Nair, A. Gold-
farb, and S. A. Darst. 2001. Structural mechanism for rifampicin inhibition of
bacterial RNA polymerase. Cell 104:901–912.

5. Campbell, E. A., O. Pavlova, N. Zenkin, F. Leon, H. Irschik, R. Jansen, K.
Severinov, and S. A. Darst. 2005. Structural, functional, and genetic analysis
of sorangicin inhibition of bacterial RNA polymerase. EMBO J. 24:674–682.

6. Cavusoglu, C., Y. Karaca-Derici, and A. Bilgic. 2004. In-vitro activity of
rifabutin against rifampicin-resistant Mycobacterium tuberculosis isolates
with known rpoB mutations. Clin. Microbiol. Infect. 10:662–665.

7. Ezekiel, D. H., and J. E. Hutchins. 1968. Mutations affecting RNA polymer-
ase associated with rifampicin resistance in Escherichia coli. Nature 220:276–
277.

8. Fisher, L. 1971. Rifampin—new and potent drug for TB treatment. Bull.
Natl. Tuberc. Respir. Dis. Assoc. 57:11–12.

9. Hager, D. A., D. J. Jin, and R. R. Burgess. 1990. Use of Mono Q high-
resolution ion-exchange chromatography to obtain highly pure and active
Escherichia coli RNA polymerase. Biochemistry 29:7890–7894.

10. Heisler, L. M., H. Suzuki, R. Landick, and C. A. Gross. 1993. Four contig-
uous amino acids define the target for streptolydigin resistance in the beta
subunit of Escherichia coli RNA polymerase. J. Biol. Chem. 268:25369–
25375.

11. Irschik, H., R. Jansen, K. Gerth, G. Hofle, and H. Reichenbach. 1987. The
sorangicins, novel and powerful inhibitors of eubacterial RNA polymerase
isolated from myxobacteria. J. Antibiot. (Tokyo) 40:7–13.

12. Jin, D. J. 1994. Slippage synthesis at the galP2 promoter of Escherichia coli
and its regulation by UTP concentration and cAMP receptor protein. J. Biol.
Chem. 269:17221–17227.

13. Jin, D. J., M. Cashel, D. I. Friedman, Y. Nakamura, W. A. Walter, and C. A.
Gross. 1988. Effects of rifampicin resistant rpoB mutations on antitermina-
tion and interaction with nusA in Escherichia coli. J. Mol. Biol. 204:247–261.

14. Jin, D. J., and C. A. Gross. 1989. Characterization of the pleiotropic phe-
notypes of rifampin-resistant rpoB mutants of Escherichia coli. J. Bacteriol.
171:5229–5231.

15. Jin, D. J., and C. A. Gross. 1988. Mapping and sequencing of mutations in
the Escherichia coli rpoB gene that lead to rifampicin resistance. J. Mol. Biol.
202:45–58.

16. Jin, D. J., and C. A. Gross. 1991. RpoB8, a rifampicin-resistant termination-
proficient RNA polymerase, has an increased Km for purine nucleotides
during transcription elongation. J. Biol. Chem. 266:14478–14485.

17. Jin, D. J., and C. L. Turnbough, Jr. 1994. An Escherichia coli RNA poly-
merase defective in transcription due to its overproduction of abortive ini-
tiation products. J. Mol. Biol. 236:72–80.

18. Jin, D. J., W. A. Walter, and C. A. Gross. 1988. Characterization of the
termination phenotypes of rifampicin-resistant mutants. J. Mol. Biol. 202:
245–253.

19. Kapusnik, J. E., F. Parenti, and M. A. Sande. 1984. The use of rifampicin in
staphylococcal infections—a review. J. Antimicrob. Chemother. 13(Suppl.
C):61–66.

20. Leung, M. J., A. D. Kell, and P. Collignon. 1998. Antibiotic guidelines for
meningococcal prophylaxis. Med. J. Aust. 169:396.

21. Lisitsyn, N. A., E. D. Sverdlov, E. P. Moiseyeva, O. N. Danilevskaya, and
V. G. Nikiforov. 1984. Mutation to rifampicin resistance at the beginning of
the RNA polymerase beta subunit gene in Escherichia coli. Mol. Gen. Genet.
196:173–174.

VOL. 187, 2005 MULTIDRUG RESISTANCE OF E. COLI RNA POLYMERASES 2791



22. Lounis, N., and G. Roscigno. 2004. In vitro and in vivo activities of new
rifamycin derivatives against mycobacterial infections. Curr. Pharm. Des.
10:3229–3238.

23. Marin, M., D. Garcia de Viedma, M. J. Ruiz-Serrano, and E. Bouza. 2004.
Rapid direct detection of multiple rifampin and isoniazid resistance muta-
tions in Mycobacterium tuberculosis in respiratory samples by real-time PCR.
Antimicrob. Agents Chemother. 48:4293–4300.

24. McClure, W. R., and C. L. Cech. 1978. On the mechanism of rifampicin
inhibition of RNA synthesis. J. Biol. Chem. 253:8949–8956.

25. Miller, J. F. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

26. Mustaev, A., E. Zaychikov, K. Severinov, M. Kashlev, A. Polyakov, V. Niki-
forov, and A. Goldfarb. 1994. Topology of the RNA polymerase active center
probed by chimeric rifampicin-nucleotide compounds. Proc. Natl. Acad. Sci.
USA 91:12036–12040.

27. O’Neill, A., B. Oliva, C. Storey, A. Hoyle, C. Fishwick, and I. Chopra. 2000.
RNA polymerase inhibitors with activity against rifampin-resistant mutants
of Staphylococcus aureus. Antimicrob. Agents Chemother. 44:3163–3166.

28. Ovchinnikov, Y. A., G. S. Monastyrskaya, S. O. Guriev, N. F. Kalinina, E. D.
Sverdlov, A. I. Gragerov, I. A. Bass, I. F. Kiver, E. P. Moiseyeva, V. N.
Igumnov, S. Z. Mindlin, V. G. Nikiforov, and R. B. Khesin. 1983. RNA
polymerase rifampicin resistance mutations in Escherichia coli: sequence
changes and dominance. Mol. Gen. Genet. 190:344–348.

29. Pattyn, S. R. 1987. Rifabutin and rifapentine compared with rifampin against
Mycobacterium leprae in mice. Antimicrob. Agents Chemother. 31:134.

30. Rabussay, D., and W. Zillig. 1969. A rifampicin resistent RNA polymerase
from E. coli altered in the beta-subunit. FEBS Lett. 5:104–106.

31. Ramaswamy, S., and J. M. Musser. 1998. Molecular genetic basis of anti-
microbial agent resistance in Mycobacterium tuberculosis: 1998 update. Tu-
ber. Lung Dis. 79:3–29.

32. Raviglione, M. C., D. E. Snider, Jr., and A. Kochi. 1995. Global epidemiology
of tuberculosis. Morbidity and mortality of a worldwide epidemic. JAMA
273:220–226.

33. Riva, S., and L. G. Silvestri. 1972. Rifamycins: a general view. Annu. Rev.
Microbiol. 26:199–224.

34. Rommele, G., G. Wirz, R. Solf, K. Vosbeck, J. Gruner, and W. Wehrli. 1990.
Resistance of Escherichia coli to rifampicin and sorangicin A—a comparison.
J. Antibiot. (Tokyo) 43:88–91.

35. Sensi, P., M. T. Timbal, and G. Maffii. 1960. Rifomycin IX. Two new
antibiotics of rifomycin family: rifomycin S and rifomycin SV. Preliminary
report. Experientia 16:412.

36. Severinov, K., M. Soushko, A. Goldfarb, and V. Nikiforov. 1993. Rifampicin
region revisited. New rifampicin-resistant and streptolydigin-resistant mu-
tants in the beta subunit of Escherichia coli RNA polymerase. J. Biol. Chem.
268:14820–14825.

37. Singer, M., D. J. Jin, W. A. Walter, and C. A. Gross. 1993. Genetic evidence
for the interaction between cluster I and cluster III rifampicin resistant
mutations. J. Mol. Biol. 231:1–5.

38. Sweetser, D., M. Nonet, and R. A. Young. 1987. Prokaryotic and eukaryotic
RNA polymerases have homologous core subunits. Proc. Natl. Acad. Sci.
USA 84:1192–1196.

39. Wehrli, W., J. C. Handschin, and W. Wunderli. 1976. Interaction between
rifampicin and DNA-dependent RNA polymerase of E. coli. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y.

40. Williams, D. L., L. Spring, L. Collins, L. P. Miller, L. B. Heifets, P. R.
Gangadharam, and T. P. Gillis. 1998. Contribution of rpoB mutations to
development of rifamycin cross-resistance in Mycobacterium tuberculosis.
Antimicrob. Agents Chemother. 42:1853–1857.

41. Wyss, E., and W. Wehrli. 1976. The use of dextran-coated charcoal for
kinetic measurements: interaction between rifampicin and DNA-dependent
RNA polymerase of Escherichia coli. Anal. Biochem. 70:547–553.

42. Zhou, Y. N., and D. J. Jin. 1998. The rpoB mutants destabilizing initiation
complexes at stringently controlled promoters behave like “stringent” RNA
polymerases in Escherichia coli. Proc. Natl. Acad. Sci. USA 95:2908–2913.

2792 XU ET AL. J. BACTERIOL.


