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Previously, spontaneous rifampin resistance mutations were isolated in cluster I of the rpoB gene, resulting
in amino acid replacements (Q469R, H482R, H482Y, or S487L) in the Bacillus subtilis RNA polymerase �
subunit (W. L. Nicholson and H. Maughan, J. Bacteriol. 184:4936-4940, 2002). In this study, each amino acid
change in the � subunit was observed to result in its own unique spectrum of effects on growth and various
developmental events, including sporulation, germination, and competence for transformation. The results
thus establish the important role played by the RNA polymerase � subunit, not only in the catalytic aspect of
transcription, but also in the regulation of major developmental events in B. subtilis.

The antibiotic rifampin (RIF) is a potent inhibitor of pro-
karyotic transcription initiation (33) and has long been used
both to study bacterial transcription and as a highly clinically
effective drug, particularly for the treatment of the infectious
diseases tuberculosis and leprosy, caused by Mycobacterium
tuberculosis and Mycobacterium leprae, respectively (22). Resis-
tance to RIF (Rifr) arises from mutations in the rpoB gene
encoding the � subunit of RNA polymerase (11), and the
majority of Rifr mutations occur within a short (�100 bp)
region within rpoB, designated cluster I in Escherichia coli (11,
28). Cluster I homologues have also been studied in a number
of bacteria outside the enteric paradigm, including M. tuber-
culosis (7, 13, 24, 29, 31, 34, 36), Streptomyces spp. (8, 9), and
Bacillus subtilis (2, 10, 16, 25).

Several lines of evidence indicate profound fundamental
connections between RIF resistance, RNA polymerase struc-
ture and function, and global gene expression. First, RIF has
long been known to specifically block transcription initiation
but not elongation (33). In the recently elucidated three-di-
mensional structure of RNA polymerase, the RIF binding site,
including cluster I, was localized to the � subunit in the DNA-
RNA channel, �12 Å downstream from the active site; RIF
binding apparently physically blocks initiation when the nas-
cent transcript is 2 to 3 nucleotides (nt) long (4, 15).

Second, in addition to the Rifr phenotype, additional effects
on gene expression have been noted in bacteria carrying mu-
tations in rpoB cluster I. For example, binding of guanosine
tetraphosphate (ppGpp) to RNA polymerase has long been
recognized as an important modulator of global gene expres-
sion during growth, stationary phase, and the stringent re-
sponse (reviewed in references 27 and 37). Although the exact
location of the ppGpp binding site on RNA polymerase is at

present unknown, it may reside in close proximity to the RIF
binding site, because (i) in E. coli, Rifr mutations were isolated
in rpoB which alleviated the toxic and growth-inhibitory effects
of artificially induced ppGpp overproduction (32); (ii) certain
mutations in cluster I of the B. subtilis rpoB gene confer both
Rifr and hypersensitivity of B. subtilis RNA polymerase to the
transcription termination factor NusG (10); and (iii) in Strep-
tomyces lividans and Streptomyces coelicolor, Rifr mutants have
been isolated which mimic postexponential phase- and strin-
gent response-mediated antibiotic production, even in relA
mutants that are unable to synthesize ppGpp (8, 9). From the
analysis of a large number of Rifr mutant Streptomyces spp., a
spectrum of stringent response mimicry was noted; certain
amino acid changes within cluster I of rpoB led to strong
mimicry of the stringent response and to elevated antibiotic
production, whereas other mutant alleles exhibited weak or
unapparent physiological effects (8, 9).

Third, we recently reported that for B. subtilis different phys-
iological environments can lead to differences in the spectrum
of spontaneous Rifr mutations in rpoB (16). We noted in re-
viewing the literature that the spectrum of spontaneous Rifr

mutations obtained from vegetative cells of B. subtilis (10) was
very different from that obtained from Rifr clinical specimens
of M. tuberculosis taken from human tuberculosis cases (7), and
we demonstrated that spores of B. subtilis 168 exhibited a
spectrum of spontaneous Rifr mutations that was not only
distinct from that of vegetative B. subtilis cells but also resem-
bled the spectrum seen in clinical M. tuberculosis isolates (16).
Thus, it appeared that the cell’s physiological or developmental
state could alter the spectrum of spontaneous Rifr mutations
occurring in cluster I of rpoB.

It has been well established that the developmental cycle of
B. subtilis, consisting of postexponential-phase gene expres-
sion, sporulation, dormancy, and germination, is controlled in
large part at the transcriptional level (reviewed in references
19 to 21). Prior evidence suggested that at least one mutation
in rpoB cluster I can affect development. Rothstein et al. (25)
isolated a Rifr B. subtilis mutant which exhibited a tempera-
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ture-sensitive sporulation phenotype, and the mutation re-
sponsible, rfm2103, was later identified as causing the amino
acid change H482Y in cluster I of the B. subtilis RNA poly-
merase � subunit (2). With a more extensive collection of
cluster I rpoB mutations causing Rifr in hand (16), we initiated
a systematic set of investigations to determine the effects of
cluster I mutations on various aspects of the B. subtilis devel-
opmental cycle. We report in this communication that muta-
tions in rpoB cluster I exert a number of both position-specific
and allele-specific alterations in the expression of global regu-
lons, such as those controlling growth, competence, sporula-
tion, and germination.

The Rifr rpoB alleles studied in this work arose spontane-
ously from either vegetative cells or spores of B. subtilis strain
168, and their nucleotide and deduced amino acid sequences
have been described (16). To ensure that the phenotypes ob-
served in this study resulted directly from the rpoB alleles
tested, we PCR amplified all alleles from the spontaneous Rifr

mutants (12, 16) and transferred them by transformation (3,
16, 30) into the common host background of B. subtilis strain
MH5636, a generous gift from Marion Hulett (23). Strain
MH5636 carries an engineered rpoC gene which expresses a
6-histidine-tagged version of the RNA polymerase �� subunit,
which does not appear to interfere with normal RNA polymer-
ase functioning (reference 23 and our unpublished observa-
tions). In all cases, the presence of the correct rpoB alleles in
MH5636 was confirmed by PCR amplification and sequencing
(12, 16).

Growth rates of Rifr mutants. The effect of rpoB mutations
on the exponential growth rate was determined by the cultiva-
tion of wild-type strain WN547 and all of its Rifr derivatives
(Table 1) in Luria-Bertani (LB) medium (14) in triplicate at
37°C and by calculation of the average doubling times of the
cultures. The wild-type parental strain and the Rifr mutants
carrying the Q469R, H482R, and H482Y rpoB alleles exhibited
doubling times ranging from 29 to 35 min (Fig. 1), which were
not significantly different at a P value of 0.01 by analysis of
variance (ANOVA). However, strain WN761, carrying the
S487L mutation, grew significantly more slowly, with an aver-
age doubling time of 43 min (Fig. 1). The doubling times of
strains carrying the rpoB mutations H482R, H482Y, and S487L
were unaffected by the addition of RIF (50 �g/ml) to the LB

medium (Fig. 1). However, the average doubling time of the
strain carrying the Q469R mutation increased from 35 to 42
min in LB medium plus RIF, to more closely resemble the
slower growth rate characteristic of the S487L-bearing strain
(Fig. 1). Thus, it appeared that mutations at three closely
spaced positions within rpoB cluster I exhibited three distinct
phenotypes: (i) mutations H482R and H482Y did not affect the
growth rate, (ii) mutation S487L caused a RIF-independent
reduction in the growth rate, and (iii) mutation Q469R caused
a RIF-dependent reduction in the growth rate (Fig. 1).

Competence of Rifr mutants. The expression of competence
for transformation in B. subtilis is the result of a complex
network of environmental and quorum-sensing signal trans-

TABLE 1. Bacterial strains used for this study

Strain Genotype and/or phenotype Source or descriptiona (reference)

168 trpC2 Laboratory stock
MH5636 (WN547) trpC2 pheA1 cat 6His-rpoC; Cmr Marion Hulett (23)
WN729 trpC2 rpoB-S487L; Rifr Spontaneous Rifr mutant of 168 (16)
WN736 trpC2 rpoB-Q469R; Rifr Spontaneous Rifr mutant of 168 (16)
WN737 trpC2 rpoB-H482R; Rifr Spontaneous Rifr mutant of 168 (16)
WN738 trpC2 rpoB-H482Y; Rifr Spontaneous Rifr mutant of 168 (16)
WN758 trpC2 pheA1 rpoB-Q469R cat 6His-rpoC; Rifr Cmr 1.78-kb rpoB-Q469R PCR product

from WN7363MH5636; Rifr

WN759 trpC2 pheA1 rpoB-H482R cat 6His-rpoC; Rifr Cmr 1.78-kb rpoB-H482R PCR product
from WN7373MH5636; Rifr

WN760 trpC2 pheA1 rpoB-H482Y cat 6His-rpoC; Rifr Cmr 1.78-kb rpoB-H482Y PCR product
from WN7383MH5636; Rifr

WN761 trpC2 pheA1 rpoB-S487L cat 6His-rpoC; Rifr Cmr 1.78-kb rpoB-S487L PCR product
from WN7293MH5636; Rifr

a Arrows denote transfers of donor DNA into recipient strains by transformation.

FIG. 1. Growth rates of isogenic strains carrying the indicated rpoB
alleles in LB medium (white bars) or LB medium plus Rif (hatched
bars). Data are expressed as average doubling times in minutes �
standard deviations (n � 3). Data that were not significantly different
(P 	 0.01 by ANOVA) were placed into the same group (groups are
indicated by lowercase letters). w.t., wild type.
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duction pathways leading ultimately to transcriptional regula-
tion of the genes encoding DNA uptake and processing pro-
teins (reviewed in reference 6). In order to test the possible
effects of rpoB mutations on competence, we cultivated the
parent strain WN547 and all of its isogenic Rifr derivatives in
the GM-I/GM-II competence medium system (3, 30) and
tested them for the ability to be transformed by chromosomal
DNA prepared from strain 168 to prototrophy for the pheA1
marker (Table 2). In a separate experiment, all strains were
also tested for their efficiency of transformation to prototrophy
for the trpC2 marker, using 50 ng of plasmid pTRP-H3, which
carries part of the cloned trpC� gene in plasmid pBR322 (1,
35), as donor DNA, with essentially identical results (data not
shown).

As observed previously with LB medium (Fig. 1), strain-
specific growth patterns of the Rifr mutants were also present
with GM-I competence medium containing tryptophan and
phenylalanine. Firstly, all strains immediately initiated expo-
nential growth upon aeration in GM-I medium, with the no-
table exception of strain WN761(rpoB S487L), which lagged
for �3 h before commencing exponential growth. The wild-
type parent strain and the strains carrying the Q469R and
S487L mutations grew in GM-I medium with doubling times of
�45 min, whereas the strains carrying the H482R and H482Y
mutations grew slightly more slowly in GM-I medium (Table
2). All strains grew in GM-I medium to optical densities of
	86 Klett units before entering stationary phase, again with
the notable exception of strain WN761 carrying the S487L
mutation, which grew to an optical density of only 48 Klett
units (Table 2). The mutant strains carrying rpoB alleles
Q469R, H482R, and H482Y exhibited between 2 and 3 orders
of magnitude lower transformation efficiencies for the pheA
marker (Table 2) or the trpC marker (data not shown) than did
the isogenic wild-type parental strain WN547, indicating that
these mutations in rpoB interfered with the proper expression
of competence in B. subtilis. Interestingly, in strain WN761
carrying the S487L rpoB allele, no Phe� or Trp� transformants
were detected above background revertants (Table 2), indicat-
ing that the S487L Rifr rpoB mutation led to a profound defect
in the expression of competence.

Sporulation of Rifr mutants. Sporulation in B. subtilis is
another complex developmental process which relies on pre-
cise control of both the timing and compartmentalization of
transcription (reviewed recently in references 5, 20, and 21).
The notion that mutations in the B. subtilis RNA polymerase �
subunit could affect cellular differentiation can be traced to the

isolation and characterization of a Rifr rpoB mutation, desig-
nated rfm2103 (H482Y), which was observed to cause a tem-
perature-sensitive defect in sporulation (25). To test the effect
on sporulation of the various rpoB mutations used in this study,
we grew wild-type parent strain WN547 and each of the iso-
genic Rifr strains at 37 and 48°C in liquid Schaeffer’s sporula-
tion medium (SSM) (26) or SSM plus RIF, and the efficiency
of sporulation was quantified by determination of the ratio of
heat-resistant (80°C, 10 min) spores (S) to total viable cells (V)
from 24-h cultures, as described previously (18). The wild-type
parental strain WN547 sporulated efficiently at 37°C in SSM
(S/V � 0.79) (Table 3). Isogenic strains carrying the Q469R,
H482Y, and S487L mutations sporulated at slightly lower ef-
ficiencies at 37°C than did the parent (with S/V values ranging
from 0.4 to 0.6) in either SSM or SSM plus RIF (Table 3), but
the sporulation frequencies of these mutants were not signifi-
cantly different from the wild-type parent by ANOVA. In con-
trast, the strain carrying the H482R mutation consistently
sporulated at a significantly lower frequency (P � 0.014) in
either SSM (S/V � 0.13) or SSM plus RIF (S/V � 0.12) than
did the wild-type parent (Table 3). Thus, it appeared that the
H482R rpoB mutation interfered with, but did not abolish,
efficient sporulation at 37°C.

To test whether the rpoB mutations conferred a tempera-
ture-sensitive sporulation phenotype, we also sporulated the
above strains in either SSM or SSM plus RIF at 48°C and
determined their sporulation efficiencies. We observed that the
sporulation efficiency of the wild-type parental strain WN547
was slightly but not dramatically reduced at 48°C, to an S/V
value of 0.24 (Table 3). The sporulation efficiency at 48°C was
also slightly reduced, to an S/V value of �0.2, in the isogenic
Rifr strain carrying the Q469R mutation, and no difference was

TABLE 2. Effect of rpoB mutations on competencea

Strain (rpoB allele)
Doubling time in

GM-I medium
(min)

Optical density at t0
in GM-I medium

(Klett units)

No. of
PheA�

transformants
(per ml)

Total CFU/ml
Transformation

efficiency relative
to wild type

WN547 (wild type) 45 94 1,325 1.20 
 108 1.0
WN758 (Q469R) 45 86 34 2.06 
 108 0.015
WN759 (H482R) 57 130 8 1.24 
 108 0.006
WN760 (H482Y) 51 100 44 3.08 
 108 0.013
WN761 (S487L) 45 48 0 2.4 
 107 �0.004

a One milliliter of competent cells, prepared in GM-I or GM-II medium containing 50 �g of tryptophan and phenylalanine per ml, was transformed with 50 ng of
chromosomal DNA purified from strain 168, and PheA� transformants were selected.

TABLE 3. Effect of rpoB mutations on sporulation at 37 and 48°Ca

Strain rpoB allele

Sporulation efficiency (S/V)b

37°C 48°C

SSM SSM � Rif SSM SSM � Rif

WN547 Wild type 0.79 0.24
WN758 Q469R 0.47 0.52 0.22 0.23
WN759 H482R 0.13 0.12 0.009 0.011
WN760 H482Y 0.55 0.56 0.008 0.004
WN761 S487L 0.55 0.53 0.69 0.67

a Data are averages of two independent experiments which differed by �10%.
b S/V, spore titer/viable titer, determined at 24 h.
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observed when the Q469R mutant was sporulated in the pres-
ence or absence of RIF (Table 3). Sporulation of the Rifr strain
carrying the S487L allele was also not impaired at 48°C; in fact,
the S487L mutant appeared to sporulate slightly more effi-
ciently at 48°C than at 37°C (Table 3). In sharp contrast, strains
carrying rpoB alleles H482R and H482Y were severely im-
paired in sporulation at 48°C, with S/V values that were 10 to
100 times lower than those at 37°C (Table 3). These results
confirmed the original observation that the rfm2103 allele, also
an H482Y mutation, results in a temperature-sensitive sporu-
lation phenotype (25). It is interesting that both the H482R
and H482Y mutations caused a sporulation defect at 48°C, but
only the H482R allele also demonstrated decreased sporula-
tion efficiency at 37°C (Table 3). Therefore, the proper expres-
sion of sporulation regulons was altered in an allele-specific
manner by amino acid substitutions in the � subunit at position
H482. In none of the strains tested was there a difference

observed in the frequency of sporulation in the presence or
absence of RIF added to SSM at 50 �g/ml (Table 3).

Germination of Rifr mutants. The germination and out-
growth of B. subtilis spores are yet more complex developmen-
tal processes, the success of which is dependent upon correct
timing and compartmentalization of transcription. The success
of germination, however, relies on the products of two sets of
genes: the expression of one gene set is necessary during ger-
mination itself and the other is needed during the previous
round of sporulation (reviewed in references 5, 17, and 19). In
order to test if rpoB alleles conferring Rifr exerted effects on
spore germination, we performed the following experiment.
All Rifr mutants were sporulated at 37°C in either SSM or SSM
plus RIF, and spores were purified by buffer washing and heat
shock (18) to remove vegetative cells. Serial 10-fold dilutions
of spores were plated in duplicate on LB medium plus RIF (or
on LB medium in the case of the wild-type parent strain

FIG. 2. Spore germination of Rifr mutants and their wild-type (w.t.) parental strain. Germinated spore titers after 24 h at 48°C (hatched bars)
or after a shift from 24 h at 48°C to an additional 24 h at 37°C (black bars) are depicted, normalized to the germinated spore titers of parallel plates
of the same strain after 24 h of incubation at 37°C (white bars). Plus and minus signs indicate that spores were produced by growth in SMM in
the presence or absence, respectively, of RIF (50 �g/ml). Strains are identified by the amino acid alteration in rpoB. Results are from two
independent experiments performed in duplicate, from which the data differed by �10%.
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WN547) and incubated for 24 h at 37 and 48°C, and the
resulting titers were compared (Fig. 2).

Spores of all strains germinated efficiently on LB medium
plus RIF plates at 37°C, and spores of the wild-type parent
strain WN547 germinated nearly as efficiently at 48°C as they
did at 37°C (Fig. 2). Spores of Rifr strains harboring rpoB
alleles H482R and H482Y also germinated well at either 37 or
48°C, regardless of whether they had been sporulated in the
presence or absence of RIF (Fig. 2). In contrast, spores of the
strain harboring the Q469R allele were temperature sensitive
for germination, showing a titer that was nearly 4 orders of
magnitude lower at 48°C than that at 37°C (Fig. 2). However,
the temperature-sensitive germination defect of the Q469R
mutant could be rescued to a nearly wild-type level simply by
shifting the plates from 48 to 37°C and incubating them for an
additional 24 h (Fig. 2). Interestingly, the preparation of
Q469R spores in the presence of RIF resulted in an �2-log
increase in germination efficiency at 48°C, which could be
rescued still further, to near-wild-type germination efficiency,
by shifting from 48 to 37°C (Fig. 2). Spores of the mutant
carrying the S487L allele exhibited yet a third distinct germi-
nation phenotype, in that they were severely temperature sen-
sitive for germination, having a 	4 orders of magnitude lower
titer at 48°C than at 37°C, regardless of whether the S487L
mutant had been sporulated in the presence or absence of RIF
(Fig. 2). Again, as seen with the Q469R mutant, the S487L
mutant could also be rescued to nearly the wild-type level of
germination efficiency by shifting the plates from 48 to 37°C
and incubating them for an additional 24 h (Fig. 2). Thus,
mutations conferring Rifr, located at three closely spaced po-
sitions within cluster I of rpoB, exerted three dramatically
different effects on spore germination. Furthermore, the tem-
perature-sensitive germination phenotype of Rifr mutants was
observed to be reversible by shifting of the spores from the
restrictive to the permissive temperature. At present, we do
not know if these germination defects resulted from alterations
in the expression of germination-essential genes expressed dur-
ing germination, during the previous round of sporulation, or
both.

Collectively, the data presented in this communication indi-
cate that alterations in closely linked amino acids residing
within rpoB cluster I (Q469, H482, and S487) not only confer
Rifr, but also exert a range of effects on major developmental
events in B. subtilis. In our experience, the Q469R allele is the
most frequently isolated spontaneous Rifr mutation from B.
subtilis vegetative cells, while the S487L allele is the most
frequently isolated mutation from spores; the H482Y and
H482R alleles are isolated from both spores and vegetative
cells at roughly equivalent frequencies (16). In addition to the
Rifr phenotype, all the mutant strains described here had the
following in common: they demonstrated 2- to 3-log lower
transformation efficiencies than the isogenic wild-type parent
(Table 2), and their sporulation efficiencies were not affected
by the presence or absence of RIF in the sporulation medium
(Table 3). Surprisingly, apart from these common phenotypes,
each amino acid change in rpoB cluster I resulted in its own
unique spectrum of effects.

Q469R. Growth of the Q469R mutant in LB or GM-I me-
dium was essentially indistinguishable from that of the isogenic
wild-type parent strain, but this mutant was unique in that its

growth rate was slower in LB medium plus RIF. The Q469R
mutant sporulated as well as the wild type at either 37 or 48°C,
but its germination at 48°C was severely impaired. Interest-
ingly, the temperature-sensitive germination defect of the
Q469R mutant was alleviated somewhat if spores of the strain
were prepared in the presence of RIF (Fig. 2).

H482R and H482Y. With codon 482 of rpoB, we had the
opportunity to compare the physiological effects of replacing H
with either a basic (R) or an aromatic (Y) amino acid. Con-
sidering the rather dramatic chemical differences the amino
acid changes would be predicted to confer, both mutants be-
haved remarkably similarly. Both mutants grew at the same
rate as the wild type in LB medium, and growth was not slowed
in LB medium plus RIF. However, in GM-I medium, both
H482R and H482Y mutants grew more slowly than, but to the
same final density as, wild-type cells. Both mutants were se-
verely defective in sporulation at 48°C. In the case of the
H482Y mutant, our results confirmed the original observation
of Rothstein et al. (25) that this rpoB allele caused a temper-
ature-sensitive sporulation phenotype. Germination, in con-
trast, was not affected in either mutant. In fact, the only dif-
ference that we could detect between the two alleles was that
the H482R, but not the H482Y, mutant had a slightly but
significantly reduced sporulation efficiency at 37°C (Table 2). It
is interesting that both mutations at H482 caused sporulation,
but not germination, to be temperature sensitive, exactly op-
posite of the effect caused by the Q469R mutation.

S487L. Unlike the other mutants, growth of the S487L mu-
tant was slower than that of the wild type in LB medium.
However, in contrast to the Q469R mutant, growth of the
S487L mutant was not further slowed in LB medium plus RIF.
The result for the growth of the S487L mutant in GM-I me-
dium deserves some preliminary explanation. In the GM-I/
GM-II transformation protocol, cultures are inoculated into a
tube containing GM-I medium, incubated overnight at room
temperature without aeration, and then introduced into a flask
and aerated vigorously at 37°C (3). Thus, culture growth is
initiated by an abrupt upshift in both temperature and oxygen-
ation. Whereas the wild-type parent and other mutant strains
responded to this upshift by immediately commencing expo-
nential growth, the S487L mutant lagged for �3 h, indicating a
problem in dealing with a temperature and/or oxygen upshift.
However, once growth in GM-I medium commenced, the
S487L mutant grew at the wild-type rate, but only to half the
optical density of the other cultures, before entering stationary
phase. This defective growth of the S487L mutant in the GM-
I/GM-II system may contribute to its apparently complete in-
ability to be transformed to either Phe� or Trp�. Similar to the
Q469R mutant, the S487L mutant sporulated well at either 37
or 48°C (in fact, it was perhaps somewhat better at sporulation
than the wild type at 48°C) but was severely temperature sen-
sitive for germination. Unlike the Q469R mutant, however,
germination of the S487L mutant at 48°C was not improved by
prior sporulation of the strain in the presence of RIF (Fig. 2).

Studies of developmental transcription in B. subtilis over the
past 3 decades have concentrated mainly upon the regulatory
roles of transcription accessory factors (i.e., repressors and
activators) and the sigma subunit of RNA polymerase (20, 21);
components of the RNA polymerase core enzyme have largely
been considered catalytic rather than regulatory elements.
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However, the results reported here clearly establish the impor-
tance of the RNA polymerase � subunit for the properly reg-
ulated expression of major developmental regulons in B. sub-
tilis. At present, the exact mechanism(s) involved is obscure,
but it is certainly amenable to experimental elucidation. We
are directing current experiments toward a definition of how
various Rifr mutations in cluster I affect in vivo expression of
the complete B. subtilis transcriptome and individual relevant
genes during growth, competence development, sporulation,
germination, and other physiological conditions. We predict
that such studies will lead to the identification of key develop-
mental genes whose expression is altered in rpoB mutants and
which are thus dependent upon the regulatory function of
rpoB. In addition, as can be seen in Table 1, we constructed our
set of isogenic Rifr strains with future in vitro studies in mind
by moving the various rpoB mutations into the background of
B. subtilis strain MH5636, thus facilitating rapid purification of
the histidine-tagged RNA polymerase holoenzyme containing
Rifr � subunits for in vitro transcription and structure-function
studies.

We thank Marion Hulett for the generous donation of strain
MH5636.
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