
Introduction

Unlike in eukaryotes, in bacterial cells the process
of transcription of all genes is mediated by a single
enzyme, RNA polymerase, which consists of the
core (2 alpha (á) subunits, beta (â), beta’ (â’) and
omega (ù) subunits) and one of several sigma (��
factors, whose actual number varies between bac-
terial species (Gourse et al. 2006). This enzyme
is actually responsible for production of primary
transcripts of virtually every gene, but prokaryotic
transcripts, similarly to the transcripts in
eukaryotic cells, may be modified post-
transcriptionally by a template-free addition of A
residues at their 3’ ends. In bacteria, this
polyadenylation process is catalyzed mostly by
the enzyme called poly(A) polymerase I

(or PAP I), encoded in Escherichia coli by the
pcnB gene (Sarkar 1997). Another enzyme re-
sponsible for RNA synthesis in prokaryotes is
primase, which synthesizes primers during DNA
replication (Kornberg and Baker 1992).

Mechanisms of actions of all prokaryotic RNA
synthesizing enzymes were studied extensively,
and general schemes of processes operating during
transcription, RNA polyadenylation and primer
synthesis have been established. Such schemes in-
volve also the control of these reactions in re-
sponse to various physiological conditions.
They included the following specific assumptions.
First, RNA polyadenylation may cause more rapid
degradation of transcripts but has a limited role in
regulation of gene expression in response to
changing physiological conditions. Second,
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the formation of primers is an indispensable, but
rather hardly controllable, reaction in DNA repli-
cation. Third, the only target for direct action of
guanosine tetraphosphate (ppGpp), an alarmone
of the bacterial response to amino acid starvation
(the stringent response) is RNA polymerase, and
this nucleotide acts independently of any other
factors. Fourth, specific inhibitors of RNA poly-
merase, rifamycins, sterically block the extension
of nascent RNA beyond 3 nucleotides. Fifth, posi-
tive regulation of transcription initiation is medi-
ated generally by proteins that bind upstream of
the promoter. Sixth, the efficiency of transcription
antitermination, mediated by the bacteriophage
lambda (�� N protein and a battery of host pro-
teins, depends on several factors that build the
antitermination complex, but not on the transcrip-
tion start site.

However, results of recent studies indicated
that these 6 schemes, listed above, are not always
true, and the newly discovered regulatory mecha-
nisms occur in bacterial cells. We discuss these
mechanisms in this review. It is likely that they
will have a high impact not only on basic research
but also on development of new biotechnological
tools for more precisely controllable systems of
recombinant gene expression.

Regulation of gene expression by RNA

polyadenylation

For many years, specific RNA polyadenylation
at its 3’ end was considered unique to eukaryotic
mRNAs. However, one should notice that bacte-
rial poly(A) polymerase was described 45 years
ago (August et al. 1962). This discovery appar-
ently has been overlooked, most probably due to
technical problems in demonstrating the presence
of poly(A) tails at the ends of short-living bacterial
transcripts. Nevertheless, subsequent studies, ini-
tiated by the discovery of the structural gene
(pcnB) for poly(A) polymerase I (PAP I) in E. coli

(Cao and Sarkar 1992), demonstrated that
prokaryotic RNAs are also polyadenylated.

Although 2 different enzymatic activities of
poly(A) polymerases were discovered in E. coli,
PAP I has been shown to be responsible for over
90% of polyadenylation in E. coli cells (O’Hara
et al. 1995; Mohanty and Kushner 1999).

In contrast to eukaryotic cells, RNA
polyadenylation in bacteria leads to its quicker
degradation rather than stabilization (Regnier and
Arraiano 2000). This was demonstrated for vari-
ous specific transcripts, whose half-life increased
significantly in pcnB mutants (O’Hara et al. 1995;

Xu and Cohen 1995; Szalewska-Pa³asz et al.
1998a; Blum et al. 1999).

Despite a demonstrated role for poly-
adenylation in RNA degradation, it was suspected
that only a relatively low number of gene tran-
scripts undergo this modification (Sarkar 1996).
Thus, a speculative role in gene expression of ad-
dition of poly(A) tails at 3’ ends of RNAs would
be restricted to a very limited number of genes.
A recent report by Mohanty and Kushner (2006)
indicates that this is not the case. By using
macroarray analysis, they have demonstrated that
transcripts of over 90% open reading frames
(ORFs) are polyadenylated in exponentially grow-
ing cultures of E. coli. Therefore, if poly-
adenylation plays any role in the control of gene
expression in response to different physiological
conditions, most of genes could be regulated by
polyadenylation-dependent mechanisms.

Another important discovery made by
Mohanty and Kushner (2006) is that Rho-inde-
pendent transcription terminators serve as poly-
adenylation signals for PAP I. Moreover, it ap-
pears that the transcripts that terminated at
�-dependent terminators may be polyadenylated
by polynucleotide phosphorylase (PNPase),
which acts here as a synthetase, and which may ac-
tually be PAP II. This activity was demonstrated
previously but neither gene nor protein was identi-
fied. This is an important contribution to our un-
derstanding of signals for prokaryotic RNA
polyadenylation, in addition to previous proposals
by Feng and Cohen (2000) and Yehudai-Resheff
and Schuster (2000), who concluded that the pres-
ence of single-strand segments at either 5’ or 3’
end and monophosphorylation at an unpaired 5’
terminus stimulate this modification.

Although Mohanty and Kushner (2006) dem-
onstrated that a vast majority of RNAs undergo
polyadenylation, their work did not answer the
question whether this modification is important in
the regulation of gene expression under various
physiological conditions. One of the first insights
suggesting that this may be the case, came from
studies on a short transcript of bacteriophage �,
called oop RNA. This transcript acts as an
antisense RNA for mRNA of the cII gene, which
codes for one of crucial proteins in the regulation
of the lysis-versus-lysogenization decision of the
phage. Since the efficiency of expression of the cII
gene and stability of the cII protein play an impor-
tant role in this regulation, demonstration that oop
RNA is polyadenylated by PAP I (Wróbel
et al.1998) and that this modification results in its
decreased stability (Szalewska-Pa³asz et al.
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1998a), might suggest that a polyade-
nylation-dependent control of cII synthesis may
occur. However, if RNA polyadenylation plays in-
deed a regulatory role in gene expression, the ac-
tivity or level of poly(A) polymerase in cells
should be modulated under certain physiological
conditions, such that stability of various RNAs
could be regulated in response to environmental
factors.

Experimental evidence for this hypothesis has
been provided recently. Two transcripts, including
oop RNA, were shown to be polyadenylated more
efficiently in slowly growing cells than in rapidly
growing bacteria (Jasiecki and Wêgrzyn 2003).
Moreover, intracellular levels of PAP I varied in
inverse proportion to bacterial growth rate.
This may result from a specific control of the pcnB

gene expression at the stages of transcription, as
there are at least 3 promoters located upstream of
this gene (Jasiecki and Wêgrzyn 2006a), and
translation (Binns and Masters 2002). Further-
more, PAP I is phosphorylated in E. coli, which
significantly influences the activity of this enzyme
(Jasiecki and Wêgrzyn 2006b). PAP I is located in
both the cytoplasm and cell membrane (Jasiecki
and Wêgrzyn 2005), thus any factors affecting
specific localization of molecules of the pcnB

gene product may indirectly cause alterations in
expression of other genes.

Despite all the arguments described above,
which strongly suggested that RNA poly-
adenylation may regulate the expression of genes
in response to changing physiological conditions,
the evidence that this modification directly con-
trols protein levels by modulating mRNA stability
has been reported only recently. Namely, Joanny
et al. (2007) demonstrated the poly(A)-dependent
regulation of expression of the glmS gene in
E. coli. Therefore it is likely that RNA poly-
adenylation is indeed an important regulatory pro-
cess in the physiological control of gene
expression.

(p)ppGpp controls DNA replication through

regulation of RNA synthesis

Living under the challenging conditions of the en-
vironment, bacteria have developed sophisticated
global regulatory systems that allow them to adapt
rapidly to the stress in order to survive. One pre-
dominant mechanism is the stringent response that
regulates energetically unfavorable processes that
would otherwise compromise the survival of bac-
terial cells.

The effector molecules of the stringent re-
sponse, described nearly 40 years ago (Cashel and
Gallant 1969), are the unusual nucleotides
guanosine-tetraphosphate (GDP 3’-diphosphate)
and guanosine-pentaphosphate (GTP 3’-diphos-
phate), collectively referred to as (p)ppGpp.
In E. coli, 2 paralogous enzymes can synthesize
these alarmone molecules: synthetase I (relA gene
product) and synthetase II (encoded by spoT)
(Hernandez and Bremer 1991; Xiao et al. 1991;
Gentry and Cashel 1995). The activity of ribo-
some-associated synthetase RelA is turned on dur-
ing amino acid starvation (Haseltine and Block
1973; Schreiber et al. 1991), while SpoT is capa-
ble of dual, opposing activities: it functions as the
major degrader of (p)ppGpp in the cell (Sy 1977;
Heinemeyer and Richter 1977), but also is profi-
cient in (p)ppGpp synthetase activity upon carbon
starvation and specific stress conditions
(Hernandez and Bremer 1991; Murray and Bremer
1996).

Escherichia coli relA mutants are unable to
produce (p)ppGpp during amino acid starvation
due to inactive (p)ppGpp synthetase I and the un-
responsiveness of synthetase II to these conditions
(Borek et al. 1956; Fill and Friesen 1968; Murray
and Bremer 1996). As a result, stable RNAs are
produced in the cells regardless of amino acid
shortage, a phenotype referred to as a “relaxed re-
sponse”. Double mutants of relA and spoT, on the
other hand, cannot produce (p)ppGpp under any
conditions, resulting in lower stress survival (Xiao
et al. 1991).

While E. coli and other Gram-negative bacteria
from � and � subdivisions of proteobacteria
(Mittenhuber 2001) usually have 2 distinct en-
zymes responsible for (p)ppGpp turnover, a single
bifunctional protein is typically found in other
bacteria, e.g. Bacillus subtilis, Streptococcus
equisimilis, Mycobacterium tuberculosis
(Wendrich and Marahiel 1997; Mechold et al.
1996; Avarbock et al. 1999). Notably, some para-
sitic bacteria (Treponema pallidum, Chlamydia
species, Rickettsia prowazekii) as well as
archaebacteria do not contain any genes responsi-
ble for ppGpp synthesis (Mittenhuber 2001).

One major role of (p)ppGpp is to balance
translational capacity to the lower levels needed
under amino acid limitation by mediating
down-regulation of stable synthesis of RNA:
rRNA and tRNA (Cashel et al.1996). However, the
stringent response can also be triggered by other
nutrient limitations, such as carbon and nitrogen
starvation, and by multiple physicochemical
stresses and growth arrest. As one of the most
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far-reaching effectors, its major role is an immedi-
ate response to the unfavorable conditions.

(p)ppGpp participates in coordination of the
fundamental cell process – DNA replication. Ele-
vated levels of ppGpp (not necessarily accompa-
nied by amino-acid starvation) lead to inhibition
of replication initiation at oriC in E. coli (Guzman
et al. 1988; Schreiber et al. 1995; Herman and
Wêgrzyn 1995). One of the proposed mechanisms
of ppGpp-mediated control of replication is affect-
ing the expression level of the dnaA gene, encod-
ing the initiator protein, DnaA (Chiaramello and
Zyskind 1990; Zyskind and Smith 1992). Plasmid
DNA replication is typically under negative regu-
lation of the stringent response (Wêgrzyn 1999),
although molecular mechanisms underlying this
inhibition are known only for few plasmids.
ColE1-type plasmid replication regulation during
the stringent and relaxed response is controlled by
the interaction between antisense RNAI and
tRNA; alteration in the cellular level of uncharged
tRNA (decreased during the stringent response
due to inhibition of tRNA transcription) affects the
interaction and, subsequently, replication initia-
tion (Wróbel and Wêgrzyn 1998; Wang et al.
2006). For lambda plasmid replication initiation,
in addition to the arrangement of host and phage
proteins, transcription initiated from major lytic
bacteriophage � promoter, pR, is absolutely nec-
essary for transcriptional activation of ori� (Tay-
lor and Wêgrzyn 1995). Inhibition of � plasmid
replication during the stringent response occurs
due to direct down-regulation of pR promoter ac-
tivity by (p)ppGpp (Szalewska-Palasz et al. 1994).
For both replicons, ppGpp affects replication
through influencing transcription (of tRNA for
ColE1 and from pR promoter for lambda plasmid).

Inhibition of Bacillus subtilis chromosome
replication during stringent response involves
post-initiation processes: replication forks can
stop at the specific sites 100–200 kbp upstream
and downstream from the origin (Levine et al.
1991). Replication termination protein (Rtp) was
proposed to mediate this replication arrest (Levine
et al. 1995; Autret et al. 1999). However, a very re-
cent report (Wang et al. 2007) presents evidence
that replication elongation arrest can occur regard-
less of the fork position along the chromosome.
More importantly, in vivo and in vitro data indi-
cate that the stringent response effectors, ppGpp
and, even to a greater extent, pppGpp, directly af-
fect the replication machinery. The target protein
is primase, the dnaG gene product, an essential
component of the replication complex (Wang et al.

2007). Inhibition of the synthetic function
of primase is responsible for fork arrest at any time
during elongation, since it depletes DNA polymer-
ase of RNA primers necessary for replication of
the lagging strand. However, the effect is revers-
ible: replication forks remain undisrupted, provid-
ing a rapid start of replication when nutritional
status allows it. This indicates that the specific
RNA synthesis upon replication is an exception-
ally useful checkpoint, arresting replication in the
adverse conditions. The stringent response serves
here as an indicator of these conditions, coordinat-
ing replication with cellular resources. Moreover,
it is an indication that (p)ppGpp can exert its regu-
latory role not only by interaction with RNA poly-
merase, but also with primase. However, it
remains yet unknown whether the (p)ppGpp-me-
diated control of replication elongation is unique
to B. subtilis or it is a general mechanism of regu-
lation.

ppGpp and DksA – partners in regulation of

gene expression

Initiation of transcription is the primary level
at which (p)ppGpp exerts its regulatory role.
The transcription enzyme of E. coli, RNA poly-
merase holoenzyme, consists of the catalytic core
enzyme and one of the alternative ó-factors that
confer differential promoter selectivity and recog-
nition to the different forms of the holoenzyme in
the cell (Burgess et al. 1987). (p)ppGpp directly
interacts with this enzyme to modulate its proper-
ties (Chatterji et al. 1998; Toulokhonov et al.
2001). The structural studies have identified resi-
dues of the â- and â’-subunits that co-ordinate
ppGpp binding near the active site of the enzyme
(Artsimovitch et al. 2004). The most renowned ef-
fect of stringent response is a direct effect of
ppGpp on stable RNA synthesis. Direct inhibition
of transcription from various promoters by ppGpp
has been reported (Kajitani and Ishihama 1984;
Cashel et al. 1996; Barker et al. 2001; Potrykus
et al. 2002). In particular, for rRNA promoters,
further destabilization of intrinsically unstable
open complexes by (p)ppGpp leads to immediate
down-regulation of transcription and has an im-
portant additional effect for the global distribution
of RNA polymerase in the cell. However, promot-
ers that form very stable open complexes can also
be inhibited by ppGpp, e.g. bacteriophage � pR
promoter (Potrykus et al. 2002). Thus, different
mechanisms have been proposed to explain the
negative regulation by ppGpp. This includes not
only open complex formation and stability but
also formation of the first phosphodiester bond,
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promoter clearance, and pausing during transcrip-
tion elongation (Potrykus et al. 2002; Wagner
2002; Jores and Wagner 2003; Artsimovitch et al.
2004).

In addition to down-regulation of stable RNA
synthesis, transcription from a number of promot-
ers that control the expression of genes involved in
survival and stress adaptation, as well as alterna-
tive nutrient metabolism, is stimulated by
(p)ppGpp. This group consists of a subgroup of
promoters dependent on the housekeeping ó70 fac-
tor (Xiao et al. 1991; Nystrom 1994; Kvint et al.
2000a) as well as promoters recognized by the al-
ternative ó-factors: stationary phase óS-factor
(Gentry et al. 1995; Farewell et al. 1998; Kvint
et al. 2000b), heat shock factor óH (Jishage et al.
2002) and óN (Sze and Shingler 1999; Carmona
et al. 2000).

Regulation of rRNA transcription in bacteria
upon adverse conditions for years was known to
be controlled mainly by ppGpp. The effect ob-
served in vitro, usually was greatly amplified in
vivo. Recent publications have brought attention
to the DksA protein that plays an important role in
regulation by (p)ppGpp (Paul et al. 2004). DksA
was characterized previously as a suppressor of
dnaKJ mutation, while dksA deletion resulted in
pleiotropic effects including chaperon function,
virulence, and quorum sensing (Kang and Craing
1990; Webb et al. 1999; Branny et al. 2001). Re-
cently, DksA has been described as a transcription
factor, indispensable for rRNA transcription regu-
lation: in the absence of DksA function, rRNA
promoters do not respond to ppGpp in vivo (Paul
et al. 2004). DksA was shown to interact directly
with RNA polymerase, binding within the second-
ary channel (NTP entrance) and protruding into
the active site cleft of the enzyme (Perederina et al.
2004). DksA decreases the half-life of the open
complexes formed upon transcription initiation
and amplifies the ppGpp effect by, among others,
stabilization of ppGpp binding to RNA polymer-
ase (Paul et al. 2004; Perederina et al. 2004).
Not only negative effects of ppGpp are amplified
by DksA: the positive influence of DksA on the in
vivo and in vitro transcription from amino-acid
synthesis promoters and virulence factor has been
reported (Paul et al. 2005; Sharma and Payne
2006). Thus, DksA works as a co-factor for
(p)ppGpp, synergistically amplifying the effect of
ppGpp, depending on specificity of the given pro-
moter. Notably, DksA is an unusual transcription
factor, acting through direct interaction with tran-
scription machinery without DNA binding.

The position of the binding site as well as the
structure of DksA suggested overall similarity to
transcription elongation factors, GreA and GreB.
Notably, DksA acts antagonistically to GreA at ri-
bosomal promoters (Potrykus et al. 2006). GreB,
while over-expressed, was shown to fulfill some
of DksA roles in transcription (Rutherford et al.
2007). This suggests that the balance of interac-
tions between the proteins binding to RNA poly-
merase can serve as a precise regulator of rRNA
transcription in the cell.

The discovery of DksA brings new insight into
transcription control by small regulators that bind
RNA polymerase, serving as cofactors for other
elements of the control. Subsequent studies indi-
cated that dksA genomic and functional homologs
are widely present in bacterial world, suggesting
this regulation mechanism to be ubiquitous
(Perron et al. 2005; Viducic et al. 2006; Sharma
and Payne 2006).

In addition to ppGpp, DksA functions were

shown to be required for efficient ó54 transcription
in vivo (Bernardo et al. 2006). However, these fac-
tors have no apparent effect on reconstituted in vi-
tro �54-transcription, suggesting an indirect
mechanism of the control (Laurie et al. 2003;
Bernardo et al. 2006). Severely reduced transcrip-
tion from Po in the absence of ppGpp could be
suppressed by the series of mutations in rpoBCD

genes, encoding subunits of RNA polymerase.

The suppression mechanism for ó70 mutants was

explained by defects in the ability to compete with

ó54 for core RNA polymerase (Laurie et al. 2003).
Core RNA polymerase mutants (rpoBC) are de-

fective in 2 properties combining for their sup-

pressor phenotype: relative competitiveness with

ó-factors in favor of ó54, and innate stability of the
polymerase-promoter complex (Szalewska-Pa³asz
et al. 2007). The latter mimics the effect of ppGpp
and DksA for stringently regulated promoters.
Based on these observations, a passive mechanism
was proposed to explain the regulation of ó54-me-

diated transcription. This control depends on the

global consequences of potent negative effects of

DksA and ppGpp on transcription from stringently

regulated powerful ó70-dependent promoters. Dra-
matic down-regulation of transcription from

rRNA promoters as the coordinated effect of

ppGpp/DksA leads to the increase in cellular

availability of core polymerase for association

with ó factors (Bernardo et al. 2006; Szalewska-

Pa³asz et al. 2007). This mechanism can contribute

to the global model of indirect effect of
ppGpp/DksA regulation. Already previously,
ppGpp was proposed to act as a master regulator
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of adaptive transcription through favoring com-

petitive association of alternative ó-factors for

core RNA polymerase to adjust the relative
holoenzyme pools to nutritional and stress de-
mands (Jishage et al. 2002; Laurie et al. 2003;
Nystrom 2004; Magnusson et al. 2005).
The model was primarily founded on the observa-
tions that (p)ppGpp dependency of promoters rec-
ognized by �S and �H can be suppressed by either
mutations in housekeeping �70 factor that render it
less competitive against other -factors for limiting
core RNA polymerase, or decreasing the level
and/or availability of �70 in vivo (Jishage et al.
2002). Although the synergistic effect of DksA
and ppGpp on these promoters has not been tested,
it is conceivable that a passive model of control of
the internal balance of transcription machinery
components could be at least in part applied to
their regulation. All this makes both (p)ppGpp and
its cofactor DksA one of the most far-reaching
bacterial global regulatory signals employed to
control cellular processes both directly and indi-
rectly to combat unfavorable conditions upon bad
times of nutritional and physicochemical stress
that are common in natural environments
(Shingler 2003).

New insights into mechanisms of RNA

polymerase action and its inhibition

The process of transcription initiation at bacterial
promoters is a complex reaction, in which several
stages can be distinguished. The 3 major steps are:
binding of RNA polymerase holoenzyme to the
promoter sequence, isomerization from the closed
complex (in which template DNA is still kept as
a double-stranded structure) to the open complex
(with partially denatured regions of the promoter
region), and promoter clearance (also called pro-
moter escape, when RNA polymerase starts to
synthesize a transcript and leaves the promoter)
(Browning and Busby 2004).

Results of recent studies, using advanced and
sophisticated technologies, made undoubtedly
breakthroughs in our understanding of the mecha-
nism of action of bacterial RNA polymerase.
The older scheme, according to which, during the
stage of promoter clearance, RNA polymerase
moves relative to DNA as an inchworm (so called
“inchworming”), appears to be not valid. Using
single-molecule DNA nanomanipulations, includ-
ing fluorescence resonance energy transfer to
monitor distances within single molecules of abor-
tively initiating transcription initiation complexes,
it was demonstrated that initial transcription pro-

ceeds through the scrunching mechanism. In this
model, RNA polymerase remains fixed on pro-
moter DNA and pulls downstream DNA into itself
and past its active center (Kapanidis et al. 2006;
Revyakin et al. 2006).

Another interesting discovery was the demon-
stration that the extent of stable DNA wrapping by
RNA polymerase in the open complex depends on
the sequence of the promoter and upstream of this
region, and requires the � subunit of this enzyme
(Cellai et al. 2007). The intriguing conclusion is
that the extensive stable DNA wrapping in the
open complex, described previously for the
bacteriophage � pR promoter (Rivetti et al. 1999),
is not a general feature of RNA polymer-
ase-promoter open complexes.

Breaking old schemes occurred also when
mechanisms of inhibition of RNA polymerase ac-
tivity by antibiotics from the rifamycin group were
investigated in detail. Previous studies, which led
to the description of the Thermus aquaticus core
RNA polymerase structure in complex with
a commonly used antibiotic from this group,
rifampicin (Campbell et al. 2001�� provided a base
for the model in which this antibiotic binds to a site
on the � subunit and sterically blocks synthesis of
an RNA product longer than 3 nucleotides. How-
ever, some results of experimental studies could
not be easily explained by such a mechanism, as-
suming the simple steric hindrance. This applies
to: (i) inhibition of the first phosphodiester bond
formation in the presence of rifampicin (McClure
and Cech 1978), (ii) the existence of rifampicin-
resistant mutants, in which substitutions result in
changes distant from the antibiotic-binding site
(Jin and Gross 1988), (iii) rifampicin-dependent
inhibition of GreA-facilitated cleavage and
pyrophosphorolysis in binary complexes
(Altmann et al. 1994), (iv) the existence of rpoB

mutants, coding for RNA polymerase � subunits
that are resistant to rifampicin and rifapentin but
sensitive to rifabutin (Williams et al. 1998;
Wichelhaus et al. 2001), and (v) differential resis-
tance to rifampicin of RNA polymerase
holoenzymes containing �70 and �32 subunits
(Wêgrzyn et al. 1998).

The resolution of the discrepancies between
observations listed above and the model of the
general action of these antibiotics, i.e.
rifamycin-mediated steric block of RNA synthesis
came from studies on structures of complexes of
rifabutin and rifapentin with Thermus

thermophilus RNA polymerase holoenzyme.
These structures show distinct interactions of the

286 A. Szalewska-Pa³asz et al.



antibiotics with the � factor (Artsimovitch et al.
2005). Therefore, a new model has been proposed,
in which a rifamycin-induced signal is transmitted
to the RNA polymerase active site and slows down
the catalyzed reaction of RNA synthesis
(Artsimovitch et al. 2005). This model is compati-
ble with all the results reported to date, including
those suggesting that binding of various � factors
may differentially influence the structure of the
core of RNA polymerase, thus resulting in differ-
ences in rifampicin sensitivity of various
holoenzymes (Wêgrzyn et al. 1998). In this light it
is worth mentioning that different effects of
rifampicin on transcription from promoters de-
pendent on different � factors in Streptomyces

coelicolor have been reported recently (Newell
et al. 2006).

Stimulation of promoter activity by binding

of transcription factors downstream

of the transcription start site

It is believed that, in contrast to eukaryotic sys-
tems, regulation of transcription initiation in bac-
teria is achieved mainly by negative control, i.e.
actions of repressors that block the initiation of
RNA synthesis at promoters. Nevertheless, more
and more results indicate that the positive control
of prokaryotic transcription initiation, mediated
by specific activators, plays a very important role
in the physiological regulation of gene expression
in response to changing environmental conditions
(Browning and Busby 2004).

Although a common topology for bacterial and
eukaryotic transcription initiation has recently
been proposed (Travers and Muskhelishvili 2007),
major differences in the mechanisms of transcrip-
tion regulation between these groups of organisms
have been considered. One of them is a binding
site for positive regulators of transcription.
In eukaryotes, proteins that activate particular pro-
moters can bind either upstream or downstream of
the transcription start site (numbered +1 for the
first nucleotide of the newly synthesized RNA
strand). On the other hand, a vast majority of
prokaryotic transcription activators were found to
bind at various positions upstream of the promoter
(Browning and Busby 2004). Therefore, finding
that there is a group of transcription factors bind-
ing downstream of the activated promoters in bac-
teria can be considered a significant input.

Perhaps one of the best-characterized prokaryotic
activators of transcription, which can bind down-
stream of the transcription start site, is the E. coli

DnaA protein. In fact, this protein has been dis-
covered as an initiator of DNA replication, and its
role in transcription regulation has been demon-
strated significantly later (Messer and Weigel
1997, 2003). Although at least several promoters
can be specifically activated by DnaA, one of them
appears to be very specific. The pR promoter of
bacteriophage � was shown to be stimulated by
DnaA both in vivo and in vitro (Wêgrzyn 1995;
Szalewska-Pa³asz et al. 1998b). Interestingly, the
binding of DnaA to specific DNA sequences
(DnaA boxes), which is absolutely required for the
transcription stimulation, occurs downstream of
the promoter (Szalewska-Pa³asz et al. 1998a).
Moreover, at least 2 weak DnaA- binding motifs
are necessary for this binding (Konopa et al.
1999); this requirement is fulfilled near the pR pro-
moter, where 2 weak DnaA boxes are located at
positions about +20 and +200 relative to the tran-
scription start site.

DnaA-mediated stimulation of transcription
from pR plays a very important physiological role
in bacteriophage � development as a major regula-
tory process in the control of the phage DNA repli-
cation (Szalewska-Pa³asz et al. 1998c). Trans-
cription initiated at pR appears to be a signal trig-
gering bidirectional DNA replication at ori� (for
reviews, see Taylor and Wêgrzyn 1995; Wêgrzyn
and Wêgrzyn 2005). This transcriptional activa-
tion of the origin plays a crucial role in the switch
from an early (	) to a late (�) mode of
bacteriophage � DNA replication (Barañska et al.
2001; Narajczyk et al. 2007a).

The mechanism of the DnaA-mediated activa-
tion of transcription from pR has been investigated.
Results of genetic experiments suggested that
DnaA interacts with the RNA polymerase � sub-
unit, which is consistent with the DNA binding
site near this promoter and a general model for po-
sitions of particular RNA polymerase subunits
during transcription initiation (Szalewska-Pa³asz
et al. 1998b). Further studies demonstrated that
DnaA is an unusual activator, as it positively regu-
lates transcription from pR by stimulation of
2 steps in transcription initiation: RNA polymer-
ase binding to the promoter region and promoter
escape (Glinkowska et al. 2003). Interestingly,
changes in the distance between the transcription
start point and the first DnaA box by 5 and 10 bp
and alterations in the orientation of these boxes did
not abolish the stimulation of transcription by
DnaA, but the efficiency of the promoter activa-
tion was different for various mutations. There-
fore, it was suggested that formation of higher
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order nucleoprotein structures, involving DNA
looping, may be necessary for effective stimula-
tion of pR by DnaA (Glinkowska et al. 2003). No-
tably, at high concentrations, DnaA acts as a
repressor of pR rather than an activator because of
inhibition of RNA polymerase binding to the pro-
moter region (Glinkowska et al. 2003).

The pR appears to be an exceptionally interest-
ing promoter, as apart from its specific response to
the stringent response factor and atypical DNA
wrapping in the open complex, both mentioned in
previous sections, 2 of its activators bind down-
stream of the transcription start site. One is DnaA,
described above, and the second is another pri-
mary replication regulator, the SeqA protein.
Namely, SeqA stimulates transcription from pR

both in vivo and in vitro (S³omiñska et al. 2001).
This stimulation requires binding of SeqA down-
stream of the promoter (at positions +82 and +105)
and is dependent on the template methylation:
transcription was activated on fully methylated
and hemimethylated templates but not on an
unmethylated template.

Since 2 host-encoded proteins, DnaA and
SeqA, stimulate pR, and both bind downstream of
the transcription start site, the interplay between
them was studied. Both in vivo and in vitro analy-
sis revealed that DnaA and SeqA can activate the
pR promoter independently and separately rather
than in co-operation. However, increased concen-
trations of one of these proteins negatively influ-
enced the transcription stimulation mediated by
the second regulator (S³omiñska et al. 2003a).
This may suggest a competition between DnaA
and SeqA for binding to the pR regulatory region,
similarly to the competition between these pro-
teins observed at oriC.

More detailed studies on the mechanisms of
SeqA-mediated stimulation of pR have been re-
ported recently (£y¿eñ et al. 2006). Alterations in
DNA topology are not likely to facilitate this reac-
tion, as the transcription activation was effective
on both a linear and a supercoiled DNA template.
In vitro transcription analysis demonstrated that
the most important regulatory effect of SeqA oc-
curs after open complex formation, particularly
during promoter clearance. However, SeqA did
not influence the appearance and level of abortive
transcripts or the pausing during transcription
elongation (£y¿eñ et al. 2006). The positive regu-
lation of transcription from the pR promoter by
SeqA appears to play an important physiological
role, as SeqA-dependent modulation of � DNA
replication occurs most probably by influencing

the stability of the � replication complex and
transcriptional activation of ori� (Narajczyk et al.
2007b).

Interestingly, pR is not the only promoter of
bacteriophage � that is activated by SeqA. It was
demonstrated that lysogenization by � is impaired
in E. coli seqA mutants (S³omiñska et al. 2003b).
Genetic analysis demonstrated that cII-mediated
activation of the phage pI and paQ promoters,
which are required for efficient lysogenization, is
less efficient in the absence of seqA function. This
was confirmed in transcription assays in vitro. In-
terestingly, SeqA stimulated cII-dependent tran-
scription from pI and paQ only when it was added to
the reaction mixture before, but not after, cII. This
SeqA-mediated stimulation was absolutely de-
pendent on DNA methylation, as no effects of this
protein were observed when unmethylated DNA
templates were used. Moreover, no effects of
SeqA on transcription from pI and paQ were ob-
served in the absence of cII. Binding of SeqA to
templates containing the tested promoters oc-
curred at GATC sequences located downstream
of promoters. Contrary to pI and paQ, the activity
of the third cII-dependent promoter, pE, devoid of
neighboring downstream GATC sequences, was
not affected by SeqA both in vivo and in vitro.
Therefore, it was concluded that SeqA stimulates
transcription from pI and paQ promoters in cooper-
ation with cII, perhaps by facilitating functions
of this transcription activator. Most probably this
is achieved by allowing more efficient binding of
cII to the promoter region (S³omiñska et al.
2003b).

Knowing that SeqA can stimulate transcription
from certain bacteriophage � promoters, an obvi-
ous question was whether bacterial promoters can
be regulated in the same way. Therefore,
a microarray analysis was performed, in which
transcriptomes of wild-type and 
seqA strains
were compared (Lobner-Olesen et al. 2003). In-
deed, in the seqA mutant the levels of some tran-
scripts were significantly decreased, while certain
transcripts were evidently more abundant in rela-
tion to wild-type bacteria. However, no correlation
between the presence of GATC motifs
(SeqA-binding sequences) in promoter regions
and their transcription activity was found
(Lobner-Olesen et al. 2003). Nevertheless, subse-
quent studies indicated that when larger DNA
fragments, harboring promoters and encompass-
ing positions from –250 to +250 relative of the
transcription start site, were analyzed, some com-
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mon features of GATC distribution near the pro-
moters activated by SeqA could be demonstrated
(Strzelczyk et al. 2003). Considering various
mechanisms of transcription activation by SeqA,
we suppose, however, that the GATC pattern is
not the only determinant of SeqA-dependence of
promoter activity. More detailed studies are defi-
nitely required to understand the detailed mecha-
nisms of action of SeqA as a transcription factor.

Although activation of a prokaryotic promoter
by binding of a transcription factor downstream of
the +1 site is not common, now other examples of
such a regulation are known. The short list of this
type activators includes, apart from E. coli DnaA
and SeqA proteins, also Ler (Sperandio et al.
2000), Rns (Munson and Scott 2000) and a group
of Rns-like proteins from the AraC family (pro-
teins CfaR, VirF, AggR and CsvR) (Munson et al.
2001). Moreover, a mechanism for multistep acti-
vation of a promoter, described previously for � pR

(Glinkowska et al. 2003), pI and paQ (S³omiñska
et al. 2003b), has recently been also demonstrated
for the bacteriophage Mu mom promoter, stimu-
lated by the transactivator C protein (Chakraborty
and Nagaraja 2006).

Promoter-dependent control of N-mediated

transcription antitermination

Prokaryotic transcription stops at specific regions
called terminators. However, a process called
transcription antitermination allows RNA poly-
merase to read through terminator regions.
Antitermination plays a role in the expression of
genes coding for rRNAs (Condon et al. 1995) and
in lytic development of bacteriophage �, where the
process is necessary for expression of delayed
early and late genes (Friedman and Court 1995).
At each of these stages in phage development,
a different antitermination system is required. De-
layed early gene expression requires the function
of the phage-encoded N protein, whereas late gene
expression requires the product of the phage
Q gene.

It appears that the N-dependent antitermination
complex is the largest transcription complex de-
scribed in prokaryotes. For optimal activity of this
complex, the functions of several host-encoded
proteins called Nus factors are also necessary.
These factors – NusA, NusB, NusE (ribosomal
protein S10) and NusG – are important modulators
of transcription elongation and termination
(Weisberg and Gottesman 1999).

In order to form an active N-dependent
antitermination complex, a region called nut must
be located between a promoter and a downstream
terminator. The nut site is functional only in the
RNA transcript (Weisberg and Gottesman 1999).
In the bacteriophage � genome, there are 2 nut

sites, known as nutL and nutR, located down-
stream of the pL and pR promoters, respectively.
Upon transcription of a nut region, the N protein
and Nus factors form a large complex with the cor-
responding region of the nascent transcript and
with RNA polymerase. In this complex, RNA
polymerase is insensitive to �-dependent and �-in-
dependent termination signals, and promotes effi-
cient transcription through multiple terminators
located thousands of base pairs downstream of the
nut region (Friedman and Court 1995).

In order to understand the molecular mecha-
nism of transcription antitermination, interactions
between components of the N-dependent
antitermination complex have been investigated
extensively (for a review, see Nudler and
Gottesman 2002). Recent years have provided ad-
ditional important results, which allowed propos-
ing a more complete model for the organization
and functioning of this complex. These novel dis-
coveries include the demonstration that the mech-
anism controlling RNA hairpin formation at the
termination site relies on weak protein interactions
with single-stranded RNA (Gusarov and Nudler
2001). The NusA protein destabilizes these inter-
actions and thus promotes hairpin folding and ter-
mination, while the N protein stabilizes these
contacts, ensuring effective antitermination
(Gusarov and Nudler 2001).

Results of genetic experiments suggested that
in the N-antitermination complex, the RNA poly-
merase � subunit facilitates specific functions of
NusA and NusE (Szalewska-Pa³asz et al. 2003),
which may be interpreted as an existence of previ-
ously unknown interactions in this complex. Sub-
sequent studies indicated that in contrast to the �

subunit of RNA polymerase, binding of the � N
protein does not stimulate RNA interaction with
NusA (Bonin et al. 2004). Thus the N protein may
serve as a scaffold to NusA and the mRNA in the
antitermination complex.

These discoveries, together with recent de-
tailed biochemical and biophysical studies on the
structure of the antitermination complex (Vieu and
Rahmouni 2004; Conant et al. 2005; Johnson et al.
2005; Xia et al. 2005; Prasch et al. 2006), have im-
proved the understanding of the mechanism of
N-dependent transcription termination. However,
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a question on the physiological role of this process
remained largely unanswered. It is clear that
antitermination is required for efficient expression
of bacteriophage � genes located downstream of tR

and more distal promoters, but why was it neces-
sary to build, during the evolution, such a compli-
cated system if its function was always equally
effective? A recent report by Zhou et al. (2006)
has shed new light on this problem. They have
demonstrated that an increased transcription from
the mutated pR promoter resulted in impairment of
modification of RNA polymerase at the nutR site,
which prevented effective antitermination at tR1

and other downstream terminators. Therefore,
knowing a high responsiveness of the pR promoter
to various transcription regulators, operating dur-
ing diverse growth conditions (for a review,
see Wêgrzyn and Wêgrzyn 2005), one may as-
sume that expression of many important � genes
can be regulated by an additional mechanism, in-
volving the efficiency of formation of the
N-dependent antitermination complex. Since tran-
scription proceeding at the ori� region (which nat-
urally starts at pR and goes through tR1) seems to be
the main process responsible for triggering
a bidirectional replication of � DNA,
the anti-termination may also play a role in the
precise regulation of frequency of � DNA replica-
tion initiation, and perhaps also in the switch from
the early to late replication mode.

Conclusions

Recent discoveries, described and discussed in
this review, indicated that specific mechanisms of
physiological regulation of RNA synthesis may be
significantly more complicated and notably more
various than initially thought. This concerns all
major bacterial RNA-synthesizing enzymes: RNA
polymerase, poly(A) polymerase I and primase.
Apart from the fact that these discoveries have led
to a better understanding of molecular mecha-
nisms controlling gene expression and DNA repli-
cation, they can also potentially be used in applied
genetics. Namely, specific regulatory mechanisms
may enable the construction of new systems for
precise and sophisticated control of recombinant
gene expression, which is still desired in modern
genetic engineering and biotechnology.
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