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Gene transcription is regulated by controlling either
the promoter activity of the DNA template or the promoter selectivity of RNA polymerase. A number of
regulatory proteins are involved in these processes,
which bind to either the transcription signals on DNA
or the RNA polymerase. Several lines of evidence indicate that many DNA-binding transcription factors
also exert their regulatory functions through interaction with the RNA polymerase after they bind to the
DNA. The molecular communication between RNA
polymerase and transcription factors is therefore a key
element in the determination of promoter selection
pattern, irrespective of apparent differences in the mechanism of promoter-RNA polymerase-transcription
factor ternary complex formation. The variation in
transcription rate between genes within a single cell
is thus determined by the intracellular levels of individual transcription factors.
Molecular Contacts between RNA Polymerase and
Transcription Factors
Replacement of

(J

subunit

RNA polymerase of Escherichia coli is composed of
core enzyme with subunit structure a2~W and one of
the multiple species of (J subunits (Burgess, 1976; Yura
and Ishihama, 1979). The promoter selectivity of RNA
polymerase holoenzyme is controlled by either replacement of 0 subunit or association with one of a variety of accessory transcription factors (for review, see
Ishihama, 1988). Until now, seven different species of
o subunit have been identified in E. coli. The major
70
0, 0
(with a molecular mass of 70 kDa), transcribes
most of the house-keeping genes expressed in exponentially growing cells, while other 0 subunits are responsible for transcription of genes expressed under
specific growth conditions (mostly stress conditions)
or at specific growth phases such as stationary phase
(reviewed by HeImann and Chamberlin, 1988).
Sequence analysis of major and minor 0 factors
from a variety of organisms indicated that four conserved regions, i.e., regions 1 to 4 starting from the Nterminus, exist in the 0 family of proteins (except for
(54). At present it is believed that the C-terminus-proximal region 4 is involved in recognition of the pro-

moter - 35 singal while the promoter - 10 interacts
with region 2 (Hellmann and Chamberlin, 1988). A
region upsteram from and overlapping region 2 participates in the protein-protein contact between (J and
core enzyme (Lesley and Burgess, 1989). Studies using
hybrid 0 subunits and hybrid promoters indicated that
these two elements responsible for recognition of the
promoter - 10 and - 35 could function independently
of one another (R. Hayward, personal communication). In collaboration with Hayward and his colleagues, detailed analysis of the role of each conserved
region is in progress using a set of mutant 0 subunits,
each carrying a deletion of one of the conserved regions.
Attempts are being made to search for other, still
unidentified 0 subunits. For this purpose, we synthesized antibodies against a synthetic peptide with the
sequence conserved at the 0 subunit region 2.2. These
antibodies crossreacted with a number of E. coli proteins besides the known 0 subunits (Fujita et aI., 1976).
These immunologically cross reacting proteins were
purified and sequenced at their N-terrninal regions.
Probes for mapping and cloning the genes were designed based on the known amino acid sequences.
Another set of probes was also prepared, with the nucleotide sequences conserved between different 0 subunits. Some genes hybridizable to these probes have
been isolated and sequenced (R. Hayward, personal
communication).
Interplay with transcription factors

A number of accessory proteins have been identified, which specifically interact with RNA polymerase
(reviewed by Ishihama, 1990). For instance, we have
identified about ten different molecular species from
RNA polymerase complexes (reviewed by Ishihama,
1988, 1990). After isolation, these proteins rebind to
RNA polymerase holoenzyme or core enzyme. Two
translation factors, IF-2b (initiation factor) and EF-Tu
(elongation factor) bind to the holoenzyme and influence its promoter selectivity in transcription of the
genes for translation and transcription apparatuses.
DnaA, an essential factor for the initiation of chromosome replication, also binds to the holoenzyme but
its possible influence on RNA polymerase function
is not known yet. Two heat-shock proteins, GroE and
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DnaK, interact with RNA polymerase, but the specificity of these interactions is still unclear because these
heat shock proteins bind to denatured proteins and
enhance protein folding. Two protein factors, Rho and
NusA, affecting transcription termination bind to and
fo rm complexes with core enzyme.
Factor CD is a low molecular weight protein that
is tightly bound to RNA polymerase. It remains
bound even after dissociation of q subunit by phosphocellulose column chromatography, but can be dissociated by treatment with urea at concentrations higher than 2 M. RNA polymerase devoid of (t) factor
is insensitive to inhibition by ppGpp, the signaling
molecule involved in stringent control (Igarashi et al.,
1989), suggesting that (t) is involved in either binding
ppGpp or controlling ppGpp binding to RNA polymerase.
Initiator tRNA~let seems to act as a transcription
factor for RNA polymerase. Both charged and uncharged tRNA are non-specific inhibitors of RNA synthesis, since they compete with DNA for RNA polymerase binding. However, tRNA7 et enhances transcription
of genes for components of the transcription and
translation apparatuses, provided that it is charged
with fMet (Nomura el al., 1986).

Search for transcription factors
The modulation of the promoter selectivity of RNA
polymerase plays an esse ntial role in global switching
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of transcription pattern upon sudden change in growth conditions. In order to search for yet unidentified
transcription factors, we tried to isolate RNA polymerase complexes from E coli cells growing under various
stress conditions and in various growth phases. For
instance, we isolated three novel forms of RNA polymerase from stationary-phase E coli cells (Ozaki et
al., 1991). These RNA polymerases exhibited promoter
selection patterns different from that of the exponential growth phase RNA polymerase (Ozaki et at., 1992).
House-keeping promoters are recognized by the logphase RNA polymerase better than the stationaryphase enzymes. Multiple mechanisms seem to be involved in this modulation of RNA polymerase during
the growth phase transition from exponential to stationary growth, including loss or gain of accessory
transcription factors (Ozaki el al., 1992) and covalent
modification of core enzyme subunits (cited by Ishihama, 1988).
RNA Polymerase-Transcription Factor Communication
on DNA

Subunit-subunit contact within RNA polymerase
RNA polymerase core enzyme is assembled seqentially in the order: 2u ~ U2 ~ U2~ ~ U2~W (premature
core enzyme) ~ E (active core enzyme) (Ishihama,
1981). Activation of the inactive premature core enzyme is enhanced in the presence of 0 subunit. We
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Figure 1. Functional maps of RNA polymerase subunits. E. coli RNA polymerase is composed of four different subunits,
a, ~, Wand o. Results of the functional mapping on each subunit polypeptide, carried out in this laboratory, are summarized.
Mapping of the 13' and (J subunits is in progress (for details see text).
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have canied out systematic studies to map the functional sites on each subunit polypeptide, including the
sites involved in subunit-subunit contact. Up to the
present time, we have found that the C-tenninal proximal one-third of ~ subunit (Glass et at., 1988) and
the N-terminal proximal two-thirds of a subunit (Igarashi et al., 1990a; Hayward et at., 1991) are involved
in the assembly of core enzyme (Fig. 1). Subunit (J
binds to the extreme end of the ~ subunit (Glass et
al., 1986) as well as to the W subunit (Fukuda et al.,
1974).
RNA polymerase-CRP communication on DNA
E. coli cells carry a set of genetic regulatory systems
to respond to various stres es. Environmental stimuli
are monitored by sensor proteins receiving signals,
which are then t ansduced into the regulatory proteins.
The gene regu latory proteins can act by binding to
either RNA polymerase or DNA signals. Several lines
of evidence indicate that these DNA-binding transcription factors also interact with RNA polymerase on
the DNA template.
When E. coli cells are grown in a non-glucose carbon source, adenylate cyclase is activated leading to
accumulation of high concentrations of cyclic AMP
(cAMP). Addition of glucose causes an immediate decrease in cAMP level (the glucose effect, or catabolite
repression). cAMP binds to its receptor protein, CRP,
which ultimately binds to a specific DNA sequence
at or near the promoters of the catabolite-sensitive
operons and activates transcription initiation fro m
these promoters.
The location of cAMP-CRP binding sites relative
to the respective promoters varies from gene to gene.
Fo r instance, cAMP-CRP binds to -60 on the lac
promoter while it binds to - 40 on the gal promoter.
In the course of functional mapping of the a subunit,
we found that RNA polymerases reconstituted in vitro
from C-terminally truncated a subunits are fully active
in the synthesis of RNA, and moreover are activated
by cAMP-CRP for transcription of gal (Igarashi et al.,
1991), but are totally inactive in transcription of lac
even in the presence of cAMP-CRP (Igarashi and
Ishihama, 1991). Several lines of evidence have been
obtained, which indicate direct protein-protein contact
between CRP and the a subunit, including DNasefootprinting (H. Buc, personal communication) and
transfer of CRP-bound fluorescence (R. Ebright, personal communication); and this contact was not observed using the mutant RNA polymerases containing
the C-terminally truncated a subunits. Thus, two mechanisms of molecular communication between RNA
polymerase and CRP seem to exist, depending on the
location of CRP binding site relative to promoter. Recent studies of CRP, indicating alternative contact sites
for RNA polymerase dependent on the prometers,
confirm and complement our conclusion (Bell et al.,
1990).
Communication between RNA polymerase and other
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transcription factors
Analysis of the RNA polymerase subunit(s) and domain(s) involved in the molecular communication
with DNA-binding transcription factors was then extended to regulatory proteins which form two component regulatory networks.
The EnvZ-OmpR system is responsible for adaptation of E. coli cells to osmolarity change. The sensor
EnvZ monitors the change in environmental osmolarity and regulates the activity of OmpR, the regulatory
molecule of the amp regulon, by controlling phosphorylation level. The activated OmpR protein binds to
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Figure. 2. Multiple contact sites between RNA polymerase
and transcription factors. The C-terminal region of RNA
polymerase a subunit is involved in interaction with various
transcription factors that bind to the target sites located upstream from the promoter - 35. Transcription factors that bind
to the target sites overlapping the promoter interact with
as yet unidentified contact site(s) other than the contact site
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upstream target sites of the ompC gene, and activates
transcription initiation. The mutant RNA polymerases
containing C-terminally deleted a subunits were unable to transcribe the ompC gene even in the presence
of activated OmpR protein (Igarashi et al., 1991). This
observation indicates that OmpR interacts with the
C-terminal region of RNA polymerase a subunit for
transcription activation of the omp regulon genes.
PhoB, the regulatory protein in the two-component
PhoR-PhoB system, is activated by phosphorylation
with the protein kinase PhoR, which senses the concentration of phosphate in media. The activated PhoB
binds near the promoter - 35 signal of all the genes
involved in the pho regulon, and allows transcription
initiation. In this case, transcription by the a-subunit
mutant RNA polymerases could be activated by
phosphorylated PhoB protein (Igarashi et al., 1991),
indicating that the C-terminal region of a is not needed for transcription activation by PhoB.
In the light of all our results, we proposed that the
contact site I for RNA polymerase-transcription factor
interaction is located at the C-terminal region of a
subunit (Fig. 2). Transcription factors that bind to target sites located from the promoter, such as CRP on
lac and OmpR on ompC, interact with this site. On the
other hand, those that bind to target sites which overlap with the promoter do not require the site I but
interact with the as yet unidentified contact site II.
Suppressor mutations of the activation-defective mutant PhoB have been mapped on the region 4 of 0 7
implying that the contact site II for RNA polymerasetranscription factor interaction is located in the 0 subunit region 4 (K Makino, personal communication).
Fine mapping on RNA polymerase subunits of the
two contact sites with various transcription factors is
in progress.
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