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The b subunit of prokaryotic RNA polymerase shares significant sequence similarity with its eukaryotic and
archaeal counterparts across most of the protein. Nine segments of particularly high similarity have been
identified and are termed segments A through I. We have isolated severely defective Escherichia coli RNA
polymerase mutants, most of which are unable to support bacterial growth. The majority of the substitutions
affect residues in one of the conserved segments of b, including invariant residues in segments D (amino acids
548 to 577), E (amino acids 660 to 678), and I (amino acids 1198 to 1296). In addition, recessive-lethal
mutations that affect residues highly conserved only among prokaryotes were identified. They include a
substitution in the extreme amino terminus of b, a region in which no substitutions have previously been
identified, and one rpoB mutation that truncates the polypeptide without abolishing minimal polymerase
function in vitro. To examine the recessive-lethal alleles in vitro, we devised a novel method to remove
nonmutant enzyme from RNA polymerase preparations by affinity tagging the chromosomal rpoB gene. In vitro
examination of a subset of purified recessive-lethal RNA polymerases revealed that several substitutions,
including all of those altering conserved residues in segment I, severely decrease transcript elongation and
increase termination. We discuss the insights these mutants lend to a structure-function analysis of RNA
polymerase.

Cellular RNA polymerase is a key enzyme in gene expres-
sion and regulation. It not only carries out transcription but
functions as a central receptor, integrating environmental sig-
nals to regulate gene expression. Identification and dissection
of structurally and functionally important domains in the en-
zyme are necessary for an understanding of these processes.
The most thoroughly studied cellular RNA polymerase is

that of Escherichia coli. Bacterial RNA polymerases are mul-
tisubunit enzymes that exist in two forms. The core RNA
polymerase (a2bb9) carries out elongation and termination,
whereas holoenzyme (a2bb9s) carries out initiation (for a re-
view, see reference 3). Both the b and b9 subunits of E. coli
RNA polymerase exhibit a high degree of sequence conserva-
tion over their entire length when compared with their eukary-
otic counterparts (1, 8, 36). In the case of b, nine highly con-
served segments have been identified, with an average identity
of roughly 35% and an average similarity of roughly 70% (36).
Given this extensive homology, a structure-function analysis of
the E. coli enzyme should provide insight into the organization
of all cellular RNA polymerases, as well as into those features
of RNA polymerase function that are specific to prokaryotes.
Because of the complexity of this essential enzyme, progress

in determining its structural features has necessarily been slow.

Low-resolution pictures of both E. coli and Saccharomyces
cerevisae RNA polymerases have been provided by two-dimen-
sional crystallographic studies (6, 7). These studies indicate
that the enzyme contains a channel with dimensions that could
accommodate double-stranded nucleic acid and branches with
dimensions that could accommodate single-stranded nucleic
acid (6).
A higher-resolution picture of specific features of polymer-

ase structure comes from genetic studies and cross-linking
analysis. Cross-linking studies have permitted identification of
the regions of RNA polymerase capable of interacting with the
transcript’s 39 terminus or a priming nucleotide analog. By
using a procedure that selectively detects bound priming nu-
cleotide analogs capable of reacting with an [a-32P]nucleoside
triphosphate (NTP) substrate (9, 10), Grachev and coworkers
found that amino acid residues 1065 and 1237 of the b subunit
are within 3 Å (0.3 nm) of the 59 phosphate on the priming
nucleotide during initiation (24). Interestingly, these two resi-
dues are located in regions highly conserved among all RNA
polymerases. Site-directed changes of highly conserved resi-
dues around residue 1065 confirm that this region is important
for RNA synthesis by the enzyme (32). Recently, cross-linking
studies using chimeric rifampin-nucleotide compounds found
that Lys-1065, positions 22 and 23 of the template DNA, a
portion of s, and bound rifampin, whose principal contacts
localize to residues 500 to 575 of b, are all within 15 Å (1.5 nm)
of each other in the open complex (25).
Genetic studies have localized the regions of RNA polymer-

ase interacting with rifampin and streptolydigin, two small mol-
ecules with distinct effects on transcription (11, 14), and have
identified regions of RNA polymerase that affect termination.
Four distinct regions of the b polypeptide give rise to Rifr
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mutants, suggesting that the binding site for rifampin is com-
posed of distinct segments of the polypeptide (14, 20). Strep-
tolydigin appears to contact both b and b9 (34). The contacts
for streptolydigin in b appear to consist of a single set of
contiguous amino acids (residues 543 to 546) located between
two of the domains (residues 507 to 533 and residues 563 to
572) implicated in binding rifampin (11, 35). Mutations affect-
ing termination are located in many regions of RNA polymer-
ase. Many Rifr mutants exhibit altered termination properties.
In addition, a generalized approach involving the use of plas-
mids carrying discrete mutagenized intervals of rpoB (encoding
the b subunit of RNA polymerase) or rpoC (encoding the b9
subunit of RNA polymerase) identified mutations in several
intervals of b and b9 that alter termination at intrinsic termi-
nators (19, 41). Features of the b subunit of RNA polymerase
are diagrammed in Fig. 1.
In the present report, we describe the use of a terminator

probe vector carrying a complex terminator to search for mu-
tants exhibiting increased terminator read-through. Contrary
to expectation, most of the mutants we obtained did not exhibit
increased terminator read-through. Because these mutations
conferred severe defects in RNA polymerase function, as
judged by the inability of the mutant alleles to support cell
growth, we characterized them further. Almost all of them
occurred in highly conserved regions of RNA polymerase. Af-
ter using a novel method to recover RNA polymerases with
recessive-lethal mutations, we found that several of the muta-
tions had profound effects on the elongation and termination
functions of the enzyme when it was assayed in vitro. We
discuss the implications of these mutant enzymes with regard
to a structure-function analysis of RNA polymerase.

MATERIALS AND METHODS

Chemicals and enzymes. Hydroxylamine, isopropyl-b-D-thiogalactopyranoside
(IPTG), heparin, human immunoglobulin G (IgG)-agarose, and heparin-agarose
(type I) were purchased from Sigma. T4 DNA ligase, Klenow fragment, and
restriction enzymes were purchased from New England Biolabs. Ultrapure nu-
cleoside triphosphates and calf intestinal alkaline phosphatase were purchased
from Boehringer Mannheim. DEAE-cellulose (DE52) was purchased from
Whatman. [a-32P]UTP was purchased from DuPont-NEN, and [a-32P]GTP was
purchased from Amersham. Low-melting-point agarose and gelase were pur-
chased from Epicentre Technologies. Amplitaq was purchased from Perkin-
Elmer Cetus. Sequenase version 2 was purchased from U.S. Biochemicals.
Strains and plasmids used. The strains and plasmids used in this study are

listed in Table 1.
General bacterial techniques and media. Cells were grown in Luria-Bertani

(LB) broth or SOC broth with shaking; growth of cultures was monitored by
measuring the change in optical density (OD) at 600 nm.
LB broth, SOC broth, LB agar plates, and MacConkey galactose agar plates

were made as described previously (33). Where indicated, ampicillin (50 mg/ml),
tetracycline (10 mg/ml), and kanamycin (30 mg/ml) were added.
T7 D111 phage DNA was prepared following the protocol for l DNA prep-

aration, with MC1061 as a host (33).
Calcium shock transformations and electroporations were performed as de-

scribed previously, and transformants were plated directly for ampicillin selec-
tion or after outgrowth for 45 min for tetracycline selection (21, 43).
Construction of pPLT7. The terminator probe vector pES4 has been previ-

ously described (13). In brief, this pBR-based vector encodes the rrnA P1 pro-
moter directing transcription of galK. The rrnB T1 and TIS2 terminators are
interposed between the promoter and galK. These terminators do not allow
sufficient expression of GalK to confer a galK1 phenotype in galK mutant E. coli.
pPLT7 is identical to pES4 except that it contains the pACYC origin of

replication and the tet gene in place of the pBR origin of replication and the bla
gene. This construct was necessary to screen rpoB or rpoBC-encoding mutant
plasmids with a pUC origin of replication. To construct pPLT7, a 2.5-kb EcoRI-
NdeI fragment of pES4 carrying the rrnA P1 promoter, the rrnB T1 and TIS2
terminators, and the galK gene was ligated onto an EcoRI-XmnI vector fragment
of pACYC184. The overhangs from NdeI and XmnI digestion were repaired with
the Klenow fragment of DNA polymerase I prior to EcoRI digestion.
Mutagenesis and screening of rpoB and rpoBC. Plasmids pRL385 and pPLT2

encode rpoB and rpoBC, respectively. Aliquots (14 mg) of pPLT2 DNA were
subjected to hydroxylamine mutagenesis for 30, 60, and 90 min as described
previously (29). Bisulfite mutagenesis of gapped duplex derivatives of rpoB-
encoding pRL385 was described previously (18).

To screen for RNA polymerase alleles capable of altering expression of galK
from GalK reporter plasmid pES4 or pPLT7, 50 ng of mutagenized DNA was
electroporated into strain N100 containing either pES4 or pPLT7. Transfor-
mants were plated on MacConkey galactose indicator plates and incubated for 16
to 40 h at 378C.
Mapping strategy. pRL385 encodes rpoB under the control of the lac pro-

moter. The initial selection of mutants was performed without repression; how-
ever, subsequent mapping and reconstruction were performed in the presence of
lacIq to prevent accumulation of suppressors on the mutant rpoB and rpoBC
plasmids.
The following restriction fragment mapping strategies were used to locate the

mutations. To determine whether the mutations isolated on pPLT2 were in rpoB
or rpoC, a BglII fragment was deleted from each mutant plasmid. This removes
most of rpoC while leaving rpoB intact. The resulting deletion derivatives were
tested for the ability to confer the mutant phenotype. To map mutations within
rpoB, the following restriction fragments, which span the gene, were exchanged
between mutant and wild-type copies of rpoB:BamHI-StyI (263 bp), StyI-BstXI
(791 bp), BstXI-HpaI (1,193 bp [within this fragment lies the 237-nucleotide BclI
fragment which was also used for mapping]), HpaI-BstEII (1,466 bp; one muta-
tion mapped within this large fragment and was then mapped to a 149-bp
HpaI-RsrII fragment), and BstEII-SacI (420 bp). During the course of the map-
ping, alleles generated on pPLT2 were transferred to pRL385. The smallest
restriction fragment capable of conferring the mutant phenotype was sequenced
to identify all mutations present, and the otherwise wild-type rpoB plasmids
carrying these fragments were retained as reconstructed versions of the mutant
alleles of pRL385.
rpoB complementation analysis. Strain RL585 encodes a nonpolar amber

mutation in the chromosomal rpoB locus and a temperature-sensitive suppressor
tRNA; therefore, this strain produces functional b at 368C but not at 428C (18,
28). Each unique reconstructed mutant allele was transformed into RL585 via
electroporation. Transformants were purified on selective media, and the puri-
fied alleles were individually inoculated into 5 ml of LB broth. The cultures were
grown to an OD of ;0.1, and 10-fold serial dilutions of each culture were plated
at 36 and 428C.
Construction of strain RL656. Strain RL656 was constructed to facilitate

purification of RNA polymerase containing plasmid-encoded mutant b subunits.
It contains a chromosomal rpoB gene tagged with a 234-amino-acid insertion
consisting of four IgG-binding domains of Staphylococcus aureus protein A
(SPA) inserted between Leu-998 and Glu-999.
RL656 was derived from CY15001 (42) by selection for strong rifampin resis-

tance after transformation with plasmid pRW237rpoB5142(Rifr, SPA). After
screening for loss of the plasmid by selecting for ampicillin sensitivity, the pres-
ence of the SPA insertion was confirmed by gel electrophoresis of whole-cell
lysates to visualize the larger b subunit. This strain was transduced to D(recA-
srl)306 srl::Tn10 as described previously (17).
The rpoB5142 gene (Rifr, SPA) was first constructed by using the plasmid

pRL385rpoB6(HY526, SR643, Rifr) (17). This rifampin resistance allele is a
spontaneous pseudorevertant of the strong hypotermination rifampin resistance
allele rpoB2(HY526) (14, 42). This plasmid was altered to contain an XhoI site
between Leu-998 and Glu-999 by oligonucleotide-directed mutagenesis of CTG
GAG to CTCGAG. This yielded plasmid pRL385rpoB5140. An XhoI-SalI frag-
ment encoding domains D, A, B, and C of SPA was created from pRIT2 (27) by
PCR with the custom primer 59CACCTCGAGGCTGATGCGCAACAAAATA
ACTTC (the underlined triplet corresponds to Ala-57 of SPA) and a primer
hybridizing downstream from the SalI site in pRIT2, followed by digestion with
XhoI and SalI. This fragment was ligated into the XhoI site of pRL385rpoB5140
to produce pRL385rpoB5142. rpoB5142 was then excised from pRL385 by di-
gestion with BamHI, production of blunt ends with Klenow polymerase, and
digestion with SacI. This fragment was ligated between the NcoI site (ends
blunted with Klenow fragment) and the SacI site of pRW204, a derivative of
pTrc99c (2) that contained a 450-bp fragment of M13 phage encoding its single-
stranded origin of replication in the pTrc99c NsiI site, to yield pRW237rpoB5142.
Purification of RNA polymerase. The chromosomal rpoB locus in strain RL656

contains an SPA insert and a rifampin resistance mutation. The insertion does
not interfere with the function of the resulting RNA polymerase, and it allows
selective removal of polymerase carrying chromosomally encoded b from poly-
merase carrying plasmid-encoded b. Mutant alleles carried on pRL385 were
transformed into a lacIq derivative of strain RL656. Transformants were purified
on selective media; colonies were inoculated directly into 500 ml of LB broth and
grown with shaking at 378C. Upon reaching an OD of ;0.15 (;16 to 20 h after
inoculation), IPTG was added to a final concentration of 0.7 mM, and growth
was continued to an OD of ;0.6. Cells were harvested, quickly frozen in tubes
in a dry ice-ethanol bath, and stored at 2808C. A sample of plasmid DNA was
isolated from each pellet and sequenced to verify the mutant allele on the
plasmid.
RNA polymerase was isolated from each cell pellet as described previously

(18) with minor modifications. Prior to use, heparin-agarose and human IgG-
agarose were washed four times with fourfold volumes of TEGD plus 0.3 M NaCl
and TEGD plus 0.6 M NaCl, respectively. The step iv extract was dialyzed over
a 2-h period against two 100-fold volumes of TEGD buffer plus 0.3 M NaCl and
applied in batch to heparin agarose for 1 h with gentle rotation. The resulting
slurry was poured into a 12-ml disposable column, the buffer was allowed to run
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FIG. 1. Location of the amino acid changes within the b subunit of RNA polymerase. (A) Landmarks in the b subunit, including regions that display conservation
between prokaryotic and eukaryotic homologs. Conserved segments A to I consist of the following residues in b: A, 83 to 106; B, 134 to 108, C, 438 to 453; D, 548 to
577; E, 660 to 678; F, 793 to 828; G, 859 to 889; H, 1047 to 1118; and I, 1198 to 1296. Of the residues within these segments, 43% are identical between E. coli and
yeast homologs; conservative changes account for an additional 30%. (B) Locations of amino acid changes relative to these landmarks. Mutations that alter residues iden-
tical in E. coli and yeast homologs are underlined. (C) A partial sequence comparison for conserved segments D, E, and I. Of the 17 alleles in this study, 13 have at least one
mutational change in one of these segments, indicated in boldface. Of those 13, 6 alter residues identical in all organisms listed; an additional 2 truncate the carboxy
terminus, deleting residues identical in all organisms listed. These eight alleles are underlined. One other allele, indicated in italics, alters a residue that is identical in
five of the six organisms listed. Three of the remaining five affected residues are part of multiple mutations. CPV, cowpox virus; H. halobium, Halobacter halobium;
DM, Drosophila melanogaster; RPB2, Saccharomyces cerevisiae RNA polymerase 2 homolog; CHL, chloroplast; RPOB, Escherichia coli RNA polymerase b subunit.
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out of the column, and the column bed was washed with 10 ml of TEGD plus 0.3
M NaCl. The RNA polymerase was eluted from the heparin-agarose with TEGD
plus 0.6 M NaCl, and the eluate from the column was incubated three successive
times for 1 h with 100 ml of human IgG-agarose with gentle rotation. DEAE-
cellulose chromatography and storage of product were as described previously
(18). Prior to storage, all manipulations were performed at 48C.
To estimate the efficiency of removal of the SPA-containing RNA polymerase,

we took advantage of the Rifr marker on the allele to assay the percentage of
rifampin-resistant transcription. Reconstruction experiments using wild-type
RNA polymerase and varying amounts of SPA-containing polymerase from
RL656 demonstrated that as little as 1% contaminating enzyme could be de-
tected in these RNA polymerase preparations. RNA polymerase preparations
from the strains with the mutant alleles routinely displayed no detectable ri-
fampin-resistant transcription; however, the mutant RNA polymerase prepara-
tions generally displayed 50 to 100% of the activity displayed by the wild-type
preparation. This indicates that SPA-containing RNA polymerase accounted for
less than 2% of the total RNA polymerase in these preparations.
Elongation assays on T7 D111 template. Elongation rate measurements on the

T7 D111 template were performed as described previously with minor modifi-
cations (5). In brief, the assay measures the time required to incorporate ribo-
nucleotides into a long transcript, which initiates at the single s70 promoter
present on the T7 D111 template and terminates with 80% efficiency at the T7
terminator located 6 kb downstream of the promoter. Open-complex formation
was synchronized by preincubating RNA polymerase (1 mg) with 40 mg of T7
D111 DNA and all reagents except nucleotides at 378C. Transcription was ini-
tiated by the addition of prewarmed NTPs to 0.4 mM each, including [a-32P]UTP
(at a specific activity of 1,000 to 3,000 cpm/nmol), and heparin (to 50 mg/ml),
which limits transcription to a single round. Aliquots (20 ml) were sampled onto
DEAE filters over a time course such that at least six time points fell before and
at least six fell after the population of polymerase molecules had traversed the T7
terminator. Estimates of elongation rate were made in triplicate and generally
varied by less than 8%. This assay has been used extensively to measure elon-
gation rate for two reasons: (i) the length of the transcript (6 kb) minimizes
contributions from promoter clearance and allows multiple rate determinations
of the transcription event, and (ii) the time required to reach the terminator
provides a second measure of the elongation rate, which permits direct compar-
ison of the activities of the RNA polymerase preparations. Two preparations
with comparable specific activities will incorporate roughly the same amount of
radioactivity upon traversing 6 kb of template.
PCR amplification. Templates for assaying termination efficiency were ampli-

fied by PCR as described previously (41), using plasmids generously provided by
M. Chamberlin.
Termination assays. The derived T7 A1 promoter used in this study encodes

the following initially transcribed region: 11 AUCGAGAGGGACACGGGG
GAU 121. Providing substrates ApU, ATP, GTP, and CTP will cause a popu-
lation of RNA polymerase molecules to stall at position 120. These stalled
complexes are formed in order to synchronize transcription for subsequent
manipulations—in this case, to limit transcription of a terminator-containing
template to a single round. Termination reactions were performed as specified
previously with the following modifications (41). Formation of A20 complexes
was performed at the following nucleotide concentrations: 200 mM ApU; 25 mM
(each) ATP, GTP, and CTP; and 36 Ci of [a-32P]GTP per mmol. A20 complexes
were extended with ATP, CTP, and GTP at 125 mM each, UTP at 100 mM, and
heparin at 50 mg/ml. Radioactivity present in terminated and read-through bands
was quantitated with a Molecular Dynamics phosphorimager. Because the A20
complexes have a 50% G content, and because the relative amount of labeled
GTP was sixfold higher during A20 formation than during transcript elongation
and termination, the specific activity of the first 20 bases of each transcript was
estimated to be 12-fold higher than in the remainder of each transcript. Percent
read-through was therefore calculated by correcting for length and specific ac-
tivity in the terminated and read-through bands and then using the following
formula: percent read-through 5 (moles of read-through transcript)/(moles of

read-through transcript 1 moles of terminated transcript). Estimates of percent
read-through were made in triplicate and generally varied by less than 2%.

RESULTS

Isolation of RNA polymerase mutants. To obtain RNA poly-
merase mutants altered in termination, we used the terminator
probe plasmids pES4 and pPLT7. These GalK expression vec-
tors differ only in their replication origin and antibiotic resis-
tance genes (see Materials and Methods) and contain two
strong terminators, one intrinsic and one rho dependent, in-
terposed between the rrnA P1 promoter and the galK structural
gene. E. coli galK mutants carrying these plasmids produce so
little galactokinase that they give rise to white colonies on
MacConkey galactose plates. RNA polymerase mutants with
increased terminator read-through can be identified because
they give rise to red colonies on these indicator plates. We
chose this vector because its termination signals are strong and
termination requires the auxiliary factors rho and NusA (13).
Few of our existing mutants influenced these termination sig-
nals, suggesting that any mutants isolated would predomi-
nantly constitute a new class.
Increased terminator read-through is expected to be

codominant with the wild type, permitting us to screen for this
phenotype in merodiploid cells encoding wild-type RNA poly-
merase subunits on the chromosome and mutant subunits on a
plasmid. Two different mutant-plasmid banks were used to
obtain mutations in rpoB and rpoC. We used a bisulfite-mu-
tagenized rpoB library, which contains contiguous mutagenized
intervals of rpoB ranging in size from 200 to 500 bp, to assess
whether defined intervals of rpoB were involved in the speci-
fied phenotype. Note, however, that we sometimes identified
mutations outside of the interval targeted for mutagenesis (Ta-
ble 2). We also screened hydroxylamine-mutagenized plasmid
DNA carrying both rpoB and rpoC for functionally altered
mutants. The latter approach extended the analysis by includ-
ing rpoC. In addition, hydroxylamine increases the range of
affected residues. Both hydroxylamine and bisulfite cause C-
to-T transitions. However, because hydroxylamine mutagene-
sis is carried out on a double-stranded template, cytosines on
both strands are subject to mutagenesis.
We screened 80,000 transformants carrying hydroxylamine-

mutagenized rpoBC plasmid DNA and 15,000 transformants
from each bisulfite-mutagenized rpoB interval for increased
expression of galactokinase as judged by red color on Mac-
Conkey galactose plates. We found no candidates that were
red on MacConkey galactose after short incubation times, as
would be expected for a true termination-defective mutant.
However, we identified 35 candidates from each mutagenesis
protocol that exhibited pink to red phenotypes after extensive

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant markers Source or
reference

CAG 324 GalK2 RecA2 23
CAG 5200 CAG 324; pES4 38
CAG 5270 CAG 324; pPLT7 38
RL 585 MX 1494 supD43,74(Ts) rpoBcl(Am) 17
RL 656 W3110 D(recA-srl) srl::Tn10 rpoB5142 (Rifr; SPA insert) 38
CAG 5434 RL 656; pPLT13 (lacIq) 38
pES4 Terminators rrnBT1 and tIS2 interposed between the rrnAP1 promoter and the galK reporter in a pBR plasmid; bla 13
pPLT7 Reporter construct from pES4 carried in pACYC; tet 38
pRL385 rpoB under lacZp control in pUC119; bla 17
pPLT2 9.7-kb NcoI-SspI fragment carrying rpoB and rpoC expressed from the upstream rplJ promoter inserted in

pACYC184; tet
38

pPLT13 Mini-F supplying lacIq; kan 38

5266 TAVORMINA ET AL. J. BACTERIOL.



incubation of the plates (.36 h). Seven of the 35 candidates
obtained from hydroxylamine mutagenesis and 28 of the 35
candidates obtained from bisulfite mutagenesis demonstrated
linkage of this novel phenotype to the mutagenized plasmid
and were studied further. All 35 mutants depend on both the
GalK expression vector and the presence of galactose in the
medium for manifestation of the phenotype. To characterize
these unanticipated mutants and determine if any actually ex-
hibited termination deficiency, we mapped and sequenced all
35 mutations and then purified representative mutant RNA
polymerases.
Mapping and sequencing revealed that the mutations are

located in conserved regions of rpoB. Plasmid pPLT2 contains
both rpoB and rpoC. To determine whether any of the muta-
tions generated in this plasmid were in rpoC, we deleted a
2.6-kb internal fragment of rpoC. This deletion did not destroy
the mutant phenotype of any isolate (see Materials and Meth-
ods), indicating that all seven of the hydroxylamine-generated
mutations were located in rpoB.
Many of the mutants proved to be inviable (see below),

making classic genetic approaches to mapping difficult. We
therefore located the mutations within rpoB by molecular
methods. Mutations were mapped by exchanging restriction
fragments between mutant and wild-type plasmids to obtain
reconstructed genes with a single mutagenized interval that
conferred a mutant phenotype (see Materials and Methods for
a description of the restriction fragments exchanged). The
entire mutagenized interval was then sequenced to identify the
mutational changes conferring the phenotype.
The changes identified in the 35 rpoB mutants characterized

are indicated in Table 2. In some cases, the reconstructed
mutational changes did not account for the entire phenotype.
For example, the reconstructed clone encoding the GS1249

change identified in mutant HA5 did not exhibit as severe a
plate phenotype as HA5 itself. We have not yet located and
sequenced the additional mutations that contribute to the com-
plete phenotype in these cases. In some cases, we obtained a
family of mutants, all of which contained the same mutation
and some of which also contained additional mutations (for
example, see clones B8-1 and B12-4 in Table 2). In these cases,
we have characterized mutants encoding the single mutation in
common among the isolates. Three cases (B10-1, B12-3, and
B13-5) contained multiple mutations within a single interval.
We have not reconstructed them as single alleles. Instead, the
characterization described in this report were performed on
the multiple mutants. Characterization of the 35 mutants re-
sulted in the identification of 17 different reconstructed alleles
in the b subunit (Table 2; Fig. 1B). Six of these alleles, HY526,
HY551, TI563, SF788, HY1237, and AV1277, have been pre-
viously isolated (14, 18).
Alignment of prokaryotic and eukaryotic RNA polymerase

sequences indicates that the b subunit of prokaryotic RNA
polymerase shares significant sequence similarity with its eu-
karyotic counterparts across most of the protein. Nine seg-
ments with a particularly high degree of conservation, exhibit-
ing about 70% similarity, have been designated segments A
through I (Fig. 1A). Of the 17 mutants described in this report,
13 exhibit changes in one of the highly conserved segments, D,
E, or I (Fig. 1B and C). Six of the 13 mutational changes,
TI563, GD566, HY1237, GS1249, GD1266, and EK1272, alter
a residue that is identical in all 22 prokaryotic and eukaryotic
homologs examined, and many of the others alter residues
exhibiting conservative substitutions among homologs. The
changes in the other four mutants are located in regions that
are conserved among prokaryotes (Fig. 1B). The fact that these
mutations are located in such highly conserved regions of the

TABLE 2. Mutational changes isolated

Original isolate Reconstructed allelec

Namea No. of
isolates Identified sequence changes GalK

expressionb Sequence change GalK
expressionb

Wild type NAd NA 2 NA 2
HA-6 2 GD566 1 GD566 1
HA-5 1 GS1249 11 GS1249 1
HA-4 1 GD1266 11 GD1266 1
HA-1 3 EK1272 11 EK1272 1
B10-1 1 SF4 PF25 LF28 11 SF4 PF25 LF28 1
B7-1 4 HY526 1 HY526 1
B7-6 1 HY526 AV532 1 HY526 1
B7-7 1 HY551 11 HY551 11
B7-4 3 TI563 11 TI563 11
B12-3 1 SF574 SF712 1 SF574 SF712 1
B12-2 1 SF662 11 SF662 11
B8-1 6 AV676 AV683 RC687 11 AV676 1
B12-4 2 AV676 1 AV676 1
B9-2 3 TI757 PS769 SF788 1 SF788 1
B13-2 1 HY1237 AV1284 AV1285 11 HY1237 1
B13-5 1 AV1245 AV1277 11 AV1245 AV1277 11
B13-1 1 Q*1264 11 Q*1264 11
B13-4 1 Q*1268 11 Q*1268 11
B13-3 1 Q*1314 11 Q*1314 11

a Isolates are designated as follows: HA, hydroxylamine mutagenesis, followed by isolate number; B, bisulfite mutagenesis, followed by the number of the interval
targeted for mutagenesis and then the isolate number. The mutagenized intervals in the bisulfite-mutagenized plasmid bank correspond to b-subunit amino acid
residues 1 to 74 (interval 1), 75 to 196 (interval 2), 197 to 262 (interval 3), 262 to 340 (interval 4), 341 to 433 (interval 5), 434 to 492 (interval 6), 493 to 571 (interval
7), 572 to 736 (interval 8), 737 to 846 (interval 9), 847 to 935 (interval 10), 936 to 1138 (interval 11), 1139 to 1223 (interval 12), and 1224 to 1342 (interval 13).
b GalK expression was assayed by colony color on MacConkey galactose plates after incubation at 378. 2, white after 30 h; 1, pink after 16 to 30 h; 11, red after

16 to 30 h.
cWhere possible, single mutational changes that demonstrate a mutant phenotype replaced multiple mutational changes isolated in the screen. The SF788 and

HY1237 mutations were previously obtained as single mutational changes and were utilized here (18). The remainder of the reconstructed alleles were made for this
study.
d NA, not applicable.
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b subunit suggests that they alter residues with important roles
in RNA polymerase function.
Many of these mutants are inviable. The rpoB mutants de-

scribed in this report were isolated in trans from a wild-type
copy of rpoB. To determine whether the mutant RNA poly-
merases are capable of supporting growth in the absence of the
wild-type RNA polymerase, we used RL585, a strain of E. coli
that encodes a nonpolar amber mutation in the chromosomal
copy of rpoB and a temperature-sensitive suppressor tRNA. In
this strain, s, a, and b9 are made at all temperatures but
functional b is made only at low temperature, permitting us to
determine whether the plasmid-encoded mutant b subunit
could provide all functions necessary for growth at 428C. Of the
17 alleles tested, 15 were unable to restore growth at high
temperature (Table 3). Furthermore, many of these alleles
interfere with growth in the presence of wild-type RNA poly-
merase (Table 3). The fact that the vast majority of the mu-
tants we isolated had recessive-lethal mutations and that some
had a partial dominant-negative phenotype provided further
evidence that the mutations alter residues that are functionally
or structurally important for RNA polymerase. We therefore
turned to further characterization of the mutant polymerases
in vitro.
Purification of the mutant RNA polymerases. To obtain an

RNA polymerase preparation essentially free of the wild-type
RNA polymerase, we purified the mutant RNA polymerases
from a strain in which the chromosomal copy of rpoB contains
an SPA insertion in the nonessential hinge region of the pro-
tein as well as a mutation that confers resistance to rifampin
(RL656; see Materials and Methods). The SPA insertion per-
mits elimination of wild-type RNA polymerase by affinity chro-
matography on IgG-agarose, and the rifampin resistance allele
allows one to assay for extent of contamination by determining
the fraction of transcription that is rifampin resistant. We rou-

tinely find that following purification, .98% of the RNA poly-
merase is mutant (see Materials and Methods).
We purified RNA polymerase from the 11 mutants isolated

in this study that had not been described previously. Three of
these preparations were subsequently eliminated. SF662 was
eliminated because it could not be propagated without acquir-
ing revertants, even under conditions in which expression of
the mutant subunit should be significantly repressed. Two ad-
ditional alleles, which truncate the b peptide at positions 1264
and 1268, were eliminated because the mutant proteins were
difficult to purify. These two mutant proteins consistently
yielded 5% or less mutant RNA polymerase.
Elongation rate of mutant RNA polymerases. The T7 D111

template has been used extensively to characterize the elonga-
tion rate of RNA polymerase (5, 11, 15). Es70 transcription on
this template initiates from a single promoter and terminates
with about 80% efficiency approximately 6 kb downstream
from the initiation site. Determining the time it takes the
polymerase to reach this terminator in a synchronized tran-
scription assay permits a rough estimation of the elongation
rate of RNA polymerase. An example of data generated in this
assay, shown in Fig. 2A, indicates that under standard experi-
mental conditions (378C and 0.4 mM each nucleotide), wild-
type RNA polymerase required about 4 min to reach the ter-
minator whereas GD1266 required over 30 min to traverse the
6 kb. In addition to GD1266, four other mutant RNA poly-

FIG. 2. The elongation rates of mutant RNA polymerases. (A) Example of a
typical T7 elongation assay comparing transcription by wild-type polymerase to
that of the GD1266 mutant. (B) Elongation rates of the wild type and five mutant
RNA polymerases assayed under standard conditions (378C, 0.4 mM each NTP).
(C) Elongation rates of the wild type and three mutant RNA polymerases
assayed at 308C and 0.1 mM each NTP.

TABLE 3. Growth phenotypes of mutants

rpoB allelea Plating efficiency in
RL585 at 428C/368Cb

Growth inhibition by
mutant allelesc

Wild type 0.5–1.0 2
SF4/PF25/LF28 ,0.005 2
HY526 0.5–1.0 2
HY551 ,0.005 2
TI563 ,0.005 2
GD566 ,0.005 1
SF574/SF712 ,0.005 2
SF662 ,0.005 11
AV676 ,0.005 1
SF788 0.5–1.0 2
HY1237 ,0.005 111
AV1245/AV1277 ,0.005 11
GS1249 ,0.005 11
Q*1264 ,0.005 11
GD1266 ,0.005 1
Q*1268 ,0.005 11
EK1272 ,0.005 2
Q*1314 ,0.005 11

a The rpoB allele is carried on plasmid pRL385.
b Because RL585 does not produce wild-type RNA polymerase at 428C, the

efficiency of plating at 428/368 reflects the ability of the mutant alleles to support
growth in the absence of wild-type RNA polymerase.
c Inhibition of growth of a wild-type strain (CAG324) by plasmid-encoded

mutant RNA polymerase alleles (dominant-negative phenotype), assayed by
time of appearance of visible colonies on MacConkey galactose plates at 308C.2,
22 h; 1, 26 h; 11, 30 h; 111, 36 h. Similar trends were observed on LB agar
for all alleles except HY551, which grew significantly more slowly than the wild
type on that medium.
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merases elongated significantly more slowly than did the wild
type (Fig. 2B). One of these mutants, GD566, was also exam-
ined at nucleotide concentrations twice those believed to exist
in vivo (5.4 mM ATP, 2.2 mM GTP, 2.8 mM UTP, and 1.4 mM
CTP). Although GD566 elongated more slowly (50% of the
wild-type rate), the magnitude of the defect was reduced about
twofold compared with that exhibited at 0.4 mM each NTP
(data not shown). The other three RNA polymerases elon-
gated at rates that were indistinguishable from that of the wild
type at 0.4 mM each NTP (data not shown). In addition, their
elongation rates were indistinguishable from that of the wild
type when the sensitivity of the assay was increased by using
lower nucleotide concentrations (Fig. 2C).
Termination phenotypes of mutant RNA polymerases. It has

previously been found that mutant polymerases respond dif-
ferently to different terminators (16, 18, 41). We therefore
used eight different terminators, including rrnBT1, the intrinsic
terminator present in pES4, to characterize the termination
properties of the purified rpoB mutants.
Two of the mutant RNA polymerases displayed increased

read-through. SF574/SF712 exhibited a significant increase in

read-through at six out of eight terminators (Fig. 3A). Most
importantly, it exhibited a fivefold increase in read-through at
rrnBT1, which may be sufficient to explain the isolation of
SF574/SF712 in our screen. A second allele, SF4/PF25/LF28,
the first RNA polymerase mutation located in the extreme N
terminus of b, exhibited a slight increase in read-through at
several terminators; however, it is questionable whether this is
sufficient to confer the in vivo phenotype observed (Fig. 3B).
Of the remaining six mutant polymerases, one had termina-

tion properties identical to those of the wild type (Fig. 3C).
The other five exhibited large increases in termination (Fig. 3D
to H). They were the same five polymerases that displayed
severe elongation defects (Fig. 2). In many cases, termination
was increased 30- to 50-fold and essentially no read-through
transcript could be observed.
To test whether the defects of the mutant RNA polymerases

were related to interaction with NusA, a protein that often
enhances termination, we examined polymerase interaction
with NusA in vitro. Extracts containing the mutant poly-
merases were bound to NusA immobilized on Affigel and
eluted with a salt gradient. In general, we saw no reproducible
differences in elution between wild-type and mutant RNA
polymerases from these columns (37). One possible exception
was Q*1314. This polymerase bound well to the column but
appeared to elute at a lower salt concentration than did the
wild type, suggesting that defective interaction with NusA may
contribute to the phenotype of Q*1314 (37).
Q*1314 and SF4/PF25/LF28 are located in regions con-

served among prokaryotes but not eukaryotes. To further char-
acterize the phenotypes of Q*1314 and SF4/PF25/LF28, we
asked whether they were altered in interaction with NusG and
rho. In assays performed by the Platt laboratory, it was shown
that SF4/PF25/LF28 and Q*1314 are indistinguishable from
the wild type in NusG- and rho-mediated termination at the
trpt9 terminator (26a).

DISCUSSION

We have described 17 new alleles of rpoB. These alleles are
predominantly located in highly conserved regions of b and,
with two exceptions, are not capable of supporting cellular
growth. These characteristics suggested that the mutant poly-
merases were worthy of detailed in vitro analysis. We devised
a novel method for purifying mutant RNA polymerases even
though coexpression of a fully functional RNA polymerase is
necessary for viability. This method allowed purification of
most of the mutant RNA polymerases. It failed in only two
cases (Q*1264 and Q*1268) in which very little mutant protein
was recovered. Analysis of the mutant polymerases in vitro
indicated that most exhibit severe defects in RNA polymerase
function. We discuss below possible reasons for the isolation of
these mutants and the insights into RNA polymerase function
that these mutants provide.
Mutant isolation. Our screen was set up to identify RNA

polymerase mutants with reduced termination. The terminator
probe plasmid pES4 contains two strong terminators inter-
posed between the rrnA P1 promoter and the galK gene. Al-
leles of RNA polymerase with reduced termination should
exhibit increased expression of galactokinase and consequently
red colony color on MacConkey galactose plates. Our initial
characterization of the mutants had suggested to us that they
were not proficient at reading through the terminators on the
pES4 plasmid. Whereas NusA mutant cells known to read
through these terminators exhibited red colonies on MacCon-
key galactose after only 10 h, our mutant cells required 36 h to
give a pink-red phenotype. The fact that none of the rpoB

FIG. 3. Termination of eight mutant RNA polymerases relative to the wild
type (WT). Each mutant polymerase was assayed on a panel of eight different ter-
minators in a single-round assay. The termination capacity of each RNA polymerase
was determined by quantifying the amount of radioactivity in the read-through
and terminated RNA species. In each panel, termination of wild-type RNA
polymerase is represented by open squares and that of the mutant RNA poly-
merase is indicated by open triangles. (A) SF574/SF712; (B) SF4/PF25/LF28; (C)
Q*1314; (D) GD566; (E) AV676; (F) GS1249; (G) GD1266; (H) EK1272.

VOL. 178, 1996 rpoB ALLELES AFFECTING CRITICAL RESIDUES IN b 5269



mutant strains exhibited a significant increase in galactokinase
expression (data not shown) is consistent with their slow pro-
duction of red color. However, we note that it is difficult to
directly measure activity of the mutant enzyme in vivo because
measurements must be conducted in merodiploid cells and
depend upon relative levels of mutant and wild-type enzyme.
The color change on MacConkey galactose plates requires the
presence of the pES4 plasmid and galactose as a carbon
source, indicating that cellular production of galactokinase
contributes to the phenotype. However, enhanced color
change in the mutant cells could still be an indirect effect of
severely deleterious RNA polymerase mutations that altered
stationary-phase physiology. Among the possible alterations
that could lead to red color on MacConkey galactose plates are
(i) increased permeability due to partial cell lysis or improper
assembly of membrane components that created a more acidic
environment around the colonies, (ii) a membrane-indepen-
dent change in cellular pH during late stationary phase that
mimicked fermentation of galactose, and (iii) an event result-
ing in increased plasmid replication, increased rrnA P1-pro-
moted initiation, or increased galK transcription or translation
late in stationary phase in mutant cells.
Termination behavior of mutant RNA polymerases. Only

two alleles (SF574/SF712 and HY526) exhibit a significant
increase in terminator read-through. HY526 has previously
been isolated several times (14, 42) and exhibits the highest
read-through of any rifampin resistance mutation on a wide
spectrum of terminators (16). Three additional alleles, TI563,
SF788, and SF4/PF25/LF28, exhibit slight increases in read-
through at some terminators (18) (Fig. 3B). The increased
read-through displayed by SF4/PF25/LF28 is particularly note-
worthy, for this represents the first demonstration that the
extreme amino terminus of b may play a role in termination.
We find it interesting that we did not identify more mutants
exhibiting increased terminator read-through, either in this
screen involving rrnBT1 or in those involving other terminators
(18). Although it is dangerous to extrapolate from negative
results, one possible explanation is that mutations dramatically
increasing read-through are deleterious to the cell.
Five mutants, GD566, AV676, GS1249, GD1266, and

EK1272, exhibited moderate to severe increases in termination
at all eight intrinsic terminators examined. Given the complex
nature of the termination process, different steps could be rate
limiting at different terminators. Thus, the pattern of response of
the mutant polymerases to the panel of terminators is one means
of assessing whether the mutants affect similar steps in termina-
tion. By this criterion, the defect in AV676 is mechanistically
distinct from that in the other four mutant polymerases.
Relationship between elongation and termination. The pro-

cess of termination is complex and involves interactions be-
tween polymerase and (i) the nascent transcript, (ii) DNA
regions both upstream and downstream of the terminator re-
gion, and (iii) elongation and termination factors (13, 26, 30,
31, 39, 40). The observation that the altered termination prop-
erties of the slowly elongating RpoB8 polymerase and the
quickly elongating RpoB3595 polymerase at rho-dependent
terminators can be eliminated by restoring their elongation
rates to normal suggests that there is a kinetic component to
termination efficiency at rho-dependent terminators (12). The
fact that the nucleotide concentration can influence the pat-
tern and efficiency of termination at intrinsic terminators also
suggests that there is a kinetic component to these termination
events (22).
The termination phenotypes of the mutants described in this

report provide further evidence of a link between elongation
rate and termination at intrinsic terminators. Five of the mu-

tants identified in this screen had very slow elongation rates.
Four of these polymerases also terminated significantly better
than the wild type at all eight terminators examined; the fifth
terminated significantly better than the wild type at six of these
terminators. Despite the fact that we neither selected nor
screened for increased termination, some of the mutants ex-
hibited as much as a 20- to 50-fold reduction in read-through
at many terminators, far greater than that exhibited by any
existing termination-proficient mutants. Furthermore, we have
shown that intragenic second-site suppressors of AV676 simul-
taneously restore both elongation and termination to the wild-
type rates (38). Taken together, our results suggest that the
strong correlation we observe between reduced elongation rate
and enhanced termination is significant.
How general is the correlation between elongation rate and

termination proficiency? One of our groups (R.L.) has exam-
ined intrinsic termination for a number of rpoB and rpoC
mutants, most of which have smaller defects in elongation rate
than the mutants described above (41). In general, there is a
correlation between slower elongation and increased termina-
tion, although it is not absolute and is not manifest for all
terminators examined. However, some of these mutants are
exceptions to this correlation (41). These mutants will be partic-
ularly interesting to study further, as their particular defects may
override the coupling between elongation and termination.
Why might elongation rate influence termination proficiency

at intrinsic terminators? A conformational change in the poly-
merase may be required for termination. Since termination is
limited to relatively few sites, the template positions permitting
this conformational change may be limited. If the polymerase
elongates slowly, there may be a high probability that it com-
pletes the conformational change before leaving the locale
where it is possible. Alternatively, there may simply be a kinetic
competition between the elongation and termination processes
at potential termination sites.
Contributions of the mutants to a structure-function anal-

ysis of b. Sequence comparisons indicate that nine small re-
gions of b (called segments A to I) (Fig. 1) are highly con-
served among prokaryotic and eukaryotic homologs. Arg-1065
(segment H) and His-1237 (segment I) have been identified as
residues capable of cross-linking to the 59 phosphate on a
priming nucleotide, leading to the proposal that these two
segments are likely to be involved in some way in the nucleo-
tide addition reaction. Genetic support for the involvement of
segment H in the catalytic process comes from the work of
Goldfarb and collaborators (32), which shows that mutants
with an alanine substitution at or around amino acid 1065
usually have a decreased rate of elongation, exhibit altered
patterns of abortive initiation, and may be impeded in the
transition to productive elongation. A mutant with an alanine
substitution at amino acid 1237 in region I also exhibits an
altered pattern of abortive initiation and may be impeded in
the transition to elongation, although the effects appear to be
less severe (24). Our work provides additional genetic support
for the involvement of segment I in this same process. The
HY1237, GS1249, GD1266, and EK1272 mutations isolated in
this study affect residues in the vicinity of the amino acid 1237
cross-link that are completely conserved among all rpoB ho-
mologs. We have characterized the transcription phenotypes of
the last three and find that they all elongate much more slowly
than wild-type polymerase. In fact, their elongation defects are
among the most severe that have yet been documented. Our
results do not permit a mechanistic interpretation of this de-
fect. However, they are certainly consistent with the idea that
some or all of these residues participate in the intrinsic cata-
lytic function of the enzyme.
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The N and C termini of b are conserved among prokaryotes
but not among their eukaryotic counterparts. We have identi-
fied recessive lethal mutations in both the N and C termini,
indicating that these regions are essential for polymerase func-
tion. We do not yet understand the nature of the defects of
these mutant polymerases. RNA polymerase from both the
N-terminal mutant SF4/PF25/LF28 and the mutant Q*1314,
which has a C-terminal truncation that removes 28 amino
acids, showed normal yields in RNA polymerase preparations,
implying that the mutated subunits are stable and assemble
well. Their content of s was in the same range as other poly-
merase preparations, indicating that affinity for s is not dra-
matically altered. In addition, they exhibited essentially normal
interaction with rho and NusG and normal rates of elongation.
Further studies are planned to characterize the contribution of
these regions of the polypeptide to RNA polymerase function.
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