
Transcription plays a major role in regulation of gene

expression. In bacterial cells, transcription is governed by

a single DNA-dependent RNA-polymerase that is com-

posed of six subunits. Five subunits form a core enzyme

(α2ββ′ω) that possesses the polymerase activity. To recog-

nize promoter sequences and to define the start point for

RNA synthesis, the sixth subunit, a σ-factor, joins the

core RNA-polymerase to form the holoenzyme [1-3].

Most bacteria utilize a set of σ-factors that enable them to

initiate transcription of necessary genes in response to

environmental stimuli [3]. In Escherichia coli there are

seven σ-factors. The primary factor, σ70, governs tran-

scription of the majority of operons during exponential

growth, and it has the highest affinity for the core

enzyme; the other six σ-factors control operons that

should be activated under specific conditions [2-6].

A great deal has been already learned about the mod-

ular structure of promoters and the role of each promoter

element in forming specific contacts with the holoen-

zyme (reviewed in [5-9]). Interaction of RNA polymerase

with the σ70-dependent promoters has been studied in

detail and can be illustrated by a simplified layout (Fig.

1a). The process of productive transcription complex for-

mation includes several steps (Fig. 1b): recognition and

binding of the double-stranded DNA (formation of the

closed complex RPc), melting of the promoter DNA and

formation of the initial transcription bubble, isomeriza-

tion of both the RNA polymerase and DNA via interme-

diates (RPi), and transition to the open complex RPo

capable of NTP binding and coming into elongation [5,

7]. For productive elongation, the consecutive disruption

of the contacts established between the σ-factor and pro-

moter elements is necessary [1, 10]. Different domains of

σ70 participate in recognition of the double-stranded pro-

moter DNA: region 4.2 recognizes the –35 hexamer

(–35)TTGACA(–30), and region 3 contacts the extend-

ed –10 element (–17)TRTGn(–14) (Fig. 1a). Besides

the position –12, recognition of the –10 hexamer
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(–12)TATAAT(–7) in a duplex form is almost excluded,

so that all the σ70 contacts downstream from position –12

are established with the non-template DNA strand during

promoter melting. The σ70 regions 2.3 and 2.4 participate

in interactions with the –10 hexamer, with base-specific

interactions occurring primarily with the most conserved

A(–11) and T(–7) that are buried deep in dedicated pro-

tein pockets [11]. Region σ70 1.2 contacts the discrimina-

tor that separates the –10 hexamer and the transcription

start site (Fig. 1a). Besides σ70, the C-terminal domains of

two α subunits (αCTD in Fig. 1a) participate in promot-

er DNA recognition, interacting with a so-called UP-ele-

ment, an A/T-rich region located 5′ to the –35 hexamer

(positions from –38 to –57); this interaction often is not

essential [5].

Despite such a clear picture of RNA polymerase

interactions with the promoter region, it is not easy to pre-

dict the promoter strength only on the basis of the DNA

sequence [7]. Even more difficult is to predict the regula-

tory mechanisms for individual promoters, since in theory

they may be largely diverse. Many factors are involved in

transcription regulation; they interact either with DNA as

repressors or activators or directly with the RNA poly-

merase (e.g. the alarmone ppGpp, proteins DksA, GreA,

GreB, small 6S RNA) [2, 5]. To elucidate the control

mechanisms, experimental efforts are indispensable.

Several natural promoters and their regulation have

been studied thoroughly [5, 7]. First, the P1 promoters of

the E. coli rrn operons encoding rRNAs should be men-

tioned. Thus the case of rrnB P1 has been studied in detail

both in vivo and in vitro [5]. This promoter is very efficient

during exponential growth in rich media, but its activity

quickly reacts on environmental changes. The regulation is

programmed in the promoter structure (Fig. 1c). A combi-

nation of optimal and non-optimal promoter elements

provides efficient formation of the closed complex RPc

(Fig. 1b) and its transition to the short-lived open complex

RPo. It is the short lifetime of RPo that ensures the pro-

moter response to the environmental cues [5]. The core

promoter hexamers –35 and –10 are optimal, while the

non-optimal features include the distance between them as

well as the distance between –10 hexamer and the tran-

scription start (eight positions instead of six as for most

other promoters), the G/C-rich discriminator and a weak

interaction between the σ region 1.2, and the base two

positions downstream of the –10 element (Fig. 1c). The

discriminator features allow rrnB P1 to decrease its activi-

ty under nutrient starvation (so-called stringent response)

[5]. This plays a major role for cell survival, providing real-

location of cellular resources under conditions when the

necessity for new ribosomes decreases while requirements

for amino acids and anti-stress factors emerge. Recently, it

Fig. 1. Transcription initiation on σ70-dependent promoters. a) Interaction of RNA-polymerase (holoenzyme α2ββ′ωσ70) with the promoter

DNA. UP-element – the A/T-rich DNA region interacting with the C-terminal domains of α-subunits (αCTD); 1, 2, 3, 4 – σ70 regions

involved in recognition of the promoter elements; dis – discriminator; ext – TRTGn-extension where R = purine, n – any base. b) Scheme

of transcription initiation complex formation [5]; R – RNA-polymerase; P – promoter, RPc – primary closed complex of RNA-polymerase

with promoter DNA in which DNA is not yet melted; RPo – an open complex in which DNA is melted and which is capable of initiating

NTP binding and coming into elongation; RPi – intermediate complexes; ka – composite association constant for open complex formation,

kd – dissociation constant. c) The rrnB P1 promoter structure (the UP-element is omitted).

a 1                                                            2                      3                     4

b

c

17 bp

16 bp

σ70 4.2 σ70 3.0 σ70 2.3-2.4 σ70 1.2
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has been found that not only rRNA and tRNA operon pro-

moters, but also a number of promoters of r-protein oper-

ons reduce their activities during starvation [12]. However,

stringent control has not been studied for all r-operon pro-

moters, and the differences in their structures do not allow

the prediction of the common control mechanisms.

The main goal of this work was to study the promot-

er structure and transcription regulation of the rpsB-tsf

operon encoding essential components of the translation

machinery, r-protein S2 and elongation factor Ts. We

recently localized for the first time the rpsB-promoter and

suggested its structure based on comparative analysis of

DNA regions preceding the rpsB genes in γ-proteobacte-

ria [13, 14]. Phylogenetic analysis showed the conserva-

tion of the unusual promoter structure, which combines

oppositely acting promoter elements (Fig. 2). Thus,

according to the literature data, the TRTG-extension in

front of the –10 hexamer (–12)TATAAA(–7) should sta-

bilize the open complex [15], whereas the non-optimal

positions –7 (A instead of T) and –5 (C instead of G)

indicate the short-lived RPo [5, 7]. Using site-directed

mutagenesis, we evaluated the contribution of different

elements to the rpsB promoter efficiency and its regula-

tion under amino acid starvation. The results revealed

that the TGTG-extension provides high transcription

activity in rich media. At the same time, the rpsB pro-

moter is downregulated during stringent response due to

features of the discriminator. Negative stringent control

for the TRTGn-promoters is shown for the first time.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli

DH5α (φ80dlacZ∆M15, ∆(lacZYA-argF)U169) was used

for plasmid propagation and α-complementation tests,

and E. coli ENS0 (Lac–, formerly HfrG6∆12) and a plas-

mid vector pEMBL∆46 for generation of the reporter

constructions with the chromosomal lacZ gene by homol-

ogous recombination [16]. The recombinant strain

LABrpsB208::lacZ in which the lacZ expression is gov-

erned by the promoter and translation initiation region

(TIR) of the rpsB gene (positions from –208 to +41 rela-

tive to the initiator ATG codon) was described in refer-

ence [13]. In this work, we used its mutant derivative

LABrpsB208∆GGGU::lacZ that bears a small deletion in

the 5′-UTR (∆GGGU, from –72 to –69), which com-

pletely abolished translational autogenous control [13].

The mutant alleles of relA and dksA genes were trans-

ferred by P1 transduction using donor strains RLG8124

(dksA::tet, a gift of R. L. Gourse) and CF1693 (MG1655

relA251::kan, spoT207::Cm; from collection of E.

Hajnsdorf; described in reference [17]). Plasmid

pES2TIR208∆GGGU is a derivative of pEMBL∆46 [13]

where the lacZ expression is governed by the rpsB pro-

moter and the rpsB TIR bears the deletion ∆GGGU

described above. This plasmid was used to obtain the

mutant variants of the rpsB promoter.

Site-directed mutagenesis. To introduce mutations in

the rpsB promoter region within pES2TIR208∆GGGU, a

two-step PCR technique was exploited. In the first step,

two overlapping PCR fragments were generated using

pES2TIR208∆GGGU as a template and two couples of

primers. Overlapping “internal” primers comprised a

desirable mutation, and the “external” primers corre-

sponded to the invariant plasmid regions flanking the

rpsB insert. Oligonucleotides UPlac and DSlac (table)

described in reference [18] were used as the external

primers. In the second step, the two PCR fragments were

mixed and amplified in the presence of UPlac and DSlac;

the resulting product was treated by BamHI and HindIII

and cloned in pEMBL∆46 in frame with the lacZ gene.

Using this approach, we constructed variants of

pES2TIR208∆GGGU with a mutated rpsB-promoter.

The presence of the desired mutations was checked by

sequencing; then the plasmids were used for transforma-

tion of ENS0 to generate the strains LABPrpsBmut::lacZ

by homologous recombination as described earlier [13,

14]. The chromosome of ENS0 (phenotype Lac–) lacks

the lac-promoter and the lacZ RBS [16]. As a result of

homologous recombination between the lac-regions of

the plasmid and the chromosome, the cloned fragment

bearing the mutant rpsB promoter and the rpsB TIR

become embedded into the chromosome to drive the lacZ

expression, thus allowing the selection of the recombi-

nant clones on McConkey agar.

Measurements of b-galactosidase activities in result-

ing strains. Bacterial cultures were grown with shaking in

LB medium at 37°C to the mid-log phase (OD600 = 0.4-

0.5) and then chilled on ice. Cells (3 ml) were centrifuged

in an Eppendorf MiniSpin, and the pellets were kept at

–20°C before use. For each strain at least three independ-

ent samples were prepared. Preparation of protein extracts

and analysis of β-galactosidase activities were described

Nucleotide sequence (5′-3′)

CGGACTTCCGATCCATTTCGTATAC

GGCGATTAAGTTGGGTAACGCCAGGG

GTTAGCTCACTCATTAGGCACCCC

ACTGACACGGAACAACGGCAACAC

TTCGTCTTGCGACGTTAAGAATCCG

GCGCACAGACAGATAAAAATTACAG

CTGTGTTTCCTGTACGCGTCAGC

Name

rpsB-for

DSlac

UPlac

rrnBP1-for

rrnBP1-rev

thrL-for

thrL-rev

Oligonucleotides
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earlier [18]. Specific β-galactosidase activities calculated

according to Miller’s formula [19] are expressed in nmol

of ο-nitrophenyl-β-D-galactopyranoside (ONPG) hyd-

rolyzed per minute per mg of total soluble cell protein.

Protein concentrations in extracts were determined using

Protein Assay reagent (Bio-Rad, USA).

Induction of stringent response and isolation of total

cellular RNA. Cells were grown in LB medium supple-

mented with antibiotics if necessary: kanamycin (50 µg/

ml final concentration) in the case of relA mutants

(relA::kan) and tetracycline (10 µg/ml final concentra-

tion) for dksA mutants (dksA::tet). At OD600 ~ 0.4-0.5, a

2-ml aliquot was taken and mixed with 4 ml of

RNAprotect bacterial reagent (Qiagen, USA). To induce

amino acid starvation, freshly prepared solution of L-ser-

ine hydroxamate (SHX; Sigma, USA) was added to the

remaining culture (0.5 mg/ml final concentration). SHX

causes growth arrest. After 30 min, a 2-ml aliquot was

taken and mixed with 4 ml RNAprotect bacterial reagent.

Total RNA was isolated from non-treated and SHX-treat-

ed samples using the RNeasy Mini Kit (Qiagen) accord-

ing to recommendations of the manufacturer. RNA con-

centrations were measured by spectrophotometric analy-

sis, assuming that 1 optical unit at 260 nm corresponds to

40 µg RNA.

RT-PCR analysis of transcripts. To investigate the

changes in the rpsB promoter activity upon induction of

ppGpp synthesis by adding SHX, we evaluated relative

amounts of the rpsB-lacZ transcripts in samples isolated

before and 30 min after SHX treatment. RT-PCR analy-

sis was used for this purpose. To distinguish the rpsB-lacZ

from the rpsB-tsf transcripts, we used DSlac as a reverse

primer corresponding to the lac region of the fusion. In

parallel, changes in transcription from rrnB P1 and thrL

control promoters were determined, since their response

to amino acid starvation has been studied in detail [5, 20,

21]. Primers used for RT-PCR are listed in the table. In

each case, the forward primer corresponded to the begin-

ning of the transcript, and the reverse primer was

designed taking into account the possibility of separating

different amplification products in agarose gel. AMV

reverse transcriptase (Promega, USA) and 1 µg total RNA

was taken for the RT reaction (20 µl volume, 42°C, 1 h) in

the presence of the two reverse primers specific for the

rpsB-lacZ and thrL or rpsB-lacZ and rrnB P1 transcripts.

The resulting cDNA (4 µl RT mix) was amplified by PCR

(25 µl volume) in the presence of two couples of promot-

er-specific primers (table) using ready-for-use ScreenMix

(Evrogen). In the PCR programs, 20 cycles were used for

analysis of rpsB-lacZ and thrL transcripts in one reaction

and 16 cycles for the combination of rpsB-lacZ and rrnB

P1 transcripts. For the control samples (“–RT”), initial

total RNA (0.2 µg) was taken. This control is indispensa-

ble to ensure the absence of DNA contaminations in total

RNA preparations. DNA products were separated in 2%

agarose gel (5 µl PCR mix per well).

Phylogenetic analysis of the rpsB promoter.

Sequences of the rpsB genes and their preceding regions

in bacterial genomes are available from databases NCBI

Entrez Gene (www.ncbi.nlm.nih.gov/). To illustrate con-

servation of the rpsB promoter regions, the WebLogo pro-

gram was used [22].

RESULTS

Dissecting the promoter of the rpsB-tsf operon by

site-directed mutagenesis. Previously, we localized the

promoter of the E. coli rpsB-tsf operon (PrpsB) by mapping

the 5′-ends of the in vivo rpsB transcripts [13]. According

to rigorous criteria, mapping the transcript 5′-termini is

not sufficient for irreproachable promoter localization

because they can originate from processing of primary

transcripts, hence direct evidence based on promoter

mutagenesis should be provided. Analysis of the DNA

sequence preceding the mapped 5′-end of the rpsB tran-

script allowed us to propose a presumed structure of PrpsB

that has a distinctive pattern (Fig. 2): the extended –10

element TGTGGTATAAA, a GC-rich discriminator

GCGCGC, a suboptimal –35 region TTGGTG (match-

es with consensus –10 and –35 elements are in bold).

Phylogenetic analysis revealed high conservation of these

features in γ-proteobacteria (Fig. 2), thus arguing in favor

of the proposed structure.

Fig. 2. Structure of the rpsB-tsf operon promoter and its conservation in γ-proteobacteria. For conservation analysis, the WebLogo program

[22] and rpsB promoter sequences from E. coli, Salmonella enterica, Yersinia pestis, Erwinia carotovora, Pseudomonas aeruginosa, Haemophilus

influenzae, Vibrio cholerae, Shewanella oneidensis, and Saccharophagus degradans were used.
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To evaluate the contribution of the conserved ele-

ments of PrpsB to its activity, we exploited site-directed

mutagenesis. The impact of mutations was determined by

changes in β-galactosidase activities by comparing

expression of the chromosomal reporter rpsB-lacZ under

the control of the mutant promoter with the expression of

the reporter bearing the wild-type PrpsB whose activity was

taken as 100%. To exclude the influence on post-tran-

scriptional regulation, the experiments were done with

strain LABrpsB208∆GGGU::lacZ that bears a small

deletion in the rpsB 5′-UTR (∆GGGU, from –72 to

–69), abolishing autogenous control [13]. The rpsB-lacZ

activity in this strain (100% activity of the wild-type PrpsB)

was estimated as 11,500 ± 750 nmol ONPG hydrolyzed

per minute per mg of total soluble proteins (see

“Materials and Methods”).

Using mutagenesis, we obtained strong evidence

that the rpsB-promoter does belong to the extended –10

promoter class, where activities are largely determined by

the TRTG-extension (R = purine) [15, 23-25].

Mutations in the TGTG-motif of PrpsB dramatically

reduced the reporter expression – by 50-fold in the case

of TCTC and by more than two orders of magnitude for

the TCAC variant (Fig. 3). Such reduction was not com-

pensated by changing the suboptimal –35 region

(TTGgtg) for the consensus TTGACA (Fig. 3), thus indi-

cating a key role of the TGTG-element in the PrpsB tran-

scription activity.

As shown earlier, the presence of the –35 element

could be nonessential for the TRTGn-promoters, in con-

trast to the classic –10/–35 promoters [26]. To elucidate

whether this rule holds true in the case of PrpsB, we

changed the suboptimal –35 element TTGgtg for the

sequence aacgtg that bears no matches with the consen-

sus. As a result of this change, the PrpsB activity dropped by

about one order of magnitude; however, this decrease was

much smaller than upon mutating the TGTG-extension

(Fig. 3). Thus, though a high transcription level of PrpsB

primarily depends on the extended –10 element, the

TTG sequence in the –35 region also contributes to the

promoter activity. It is worth mentioning that the TTG

triplet in the –35 hexamer is highly conserved in E. coli

σ70 promoters [8], which may reflect the importance of its

contacts with σ70 region 4.2 for stabilization of σ70 inter-

actions with double-stranded promoter DNA (Fig. 1a).

A unique feature of the rpsB promoters in γ-pro-

teobacteria is the universal presence of A in the –7 posi-

tion (Fig. 2), while T(–7) together with A(–11) are the

most conserved bases in E. coli σ70-dependent promoters

[8, 11]. To elucidate the role of such a unique abnormal-

ity, we changed A(–7) for T, thus generating the “ideal”

extended –10 element TGTGgTATAAT (Fig. 3). It

turned out that this mutation did not strengthen the pro-

moter; on the contrary, it caused a decrease in its effi-

ciency by about one order of magnitude (Fig. 3). This

prima facie unexpected result has a rational explanation.

Transcription is a dynamic process, and too tight interac-

tions of the promoter with RNA-polymerase stalls the

holoenzyme on the promoter, slows promoter clearance,

and increases the abortive transcription yield, thereby

leading to decreased promoter efficacy [27-30]. It was

shown that even single deviations in consensus hexamers

were able to augment transcription yield by decreasing the

abortive rate at early elongation events [29]. Moreover,

too tight binding of RNA-polymerase with the promoter

reduces the capacity for regulating transcription under

conditions when the cell needs to change the transcrip-

tion profile in response to stress by switching from expres-

Activity, %rpsB-promoter

Fig. 3. Mutations introduced in the rpsB promoter sequence within the reporter PrpsB-lacZ and corresponding activities of the mutant promot-

ers as measured by β-galactosidase level (% relative to wild-type promoter activity).
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sion of genes involved in growth in favor of genes respon-

sible for survival. We supposed that a combination of the

TGTG-extension that strengthens σ70 binding to double-

stranded promoter region [15, 23-25] with the non-opti-

mal A(–7) [8, 11] and a GC-rich discriminator [31, 32],

which impede the formation of the long-lived open com-

plex RPo, allows the rpsB-promoter to be simultaneously

active and regulable.

The promoter of the rpsB-tsf operon is negatively reg-

ulated by ppGpp due to the presence of the GC-rich dis-

criminator. Our assumption about the rpsB promoter reg-

ulation in response to stress was experimentally validated.

Stringent control is a global regulatory mechanism of cell

adaptation to stressful conditions, in particular to

changes in nutrient availability [33]. In response to star-

vation the cell synthesizes the low molecular weight regu-

lator (p)ppGpp (a mix of guanosine tetra- and pen-

taphosphates, further referred to as ppGpp), which is a

major transcription “switch” in stringent control and

which acts in concert with transcriptional factor DksA [5,

20, 21, 34]. Promoters negatively regulated by ppGpp

under starvation usually bear a GC-rich discriminator [5,

12, 30, 31]. It is just the case of the studied rpsB promot-

er. However, this feature alone is not sufficient for judging

a priori to what extent the promoter will be sensitive to

increased ppGpp concentration in a cell.

Serine starvation was induced by a standard treat-

ment of exponential cultures with serine hydroxamate

(SHX) [12, 35]. SHX inhibits seryl-tRNA-synthetase

[36], resulting in cessation of protein synthesis, growth

arrest, and induction of ppGpp synthesis by the ribo-

some-associated RelA protein. The occurrence of

uncharged tRNA (in this case tRNASer) in the ribosomal

A-site triggers the activation of relA-dependent ppGpp

synthesis [33]. The impact of the induced serine starva-

tion on the rpsB promoter activity was studied by RT-

PCR. Two RNA samples were obtained from one cellular

culture – one sample was isolated before SHX addition,

and another one 30 min after treatment (“Materials and

Methods”). To make sure that the RT-PCR technique

adequately reflects the changes in transcription profile

during stringent response, we evaluated alterations in the

transcript levels for two reference promoters – rrnB P1

and thrL (Fig. 4, a and b). It is well known that upon star-

vation the activity of rrnB P1 declines, while that of the

thrL promoter, which governs threonine biosynthesis,

Fig. 4. Changes in the transcription level upon induction of serine starvation by treating exponential E. coli cultures by serine-hydroxamate

(SHX). The transcript level was estimated by RT-PCR using promoter-specific couples of primers. a) Changes in transcription from rpsB

(within the PrpsB-lacZ reporter) and thrL promoters. b) Changes in transcription from PrpsB and rrnB P1 after SHX treatment of wild-type,

RelA-deficient (relA::kan), and DksA-deficient (dksA::tet) strains. c, d) Loss of stringent response of PrpsB after changing the GC-rich dis-

criminator for the AT-rich sequence (PrpsB-ATdis) or as a result of a single mutation C(–5)-G. M, marker of DNA fragment lengths (bp).

a                                                                 b

c                                                                 d
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increases [20, 21]. The data obtained by RT-PCR are

fully consistent with this (Fig. 4, a and b).

We evaluated changes in rpsB-lacZ and rrnB P1 tran-

script yields after SHX treatment of the wild-type strain

as well as of the strains deficient in RelA (relA::kan) or

transcription factor DksA (dksA::tet). The crucial role of

DksA in ppGpp-dependent repression of rrnB P1 was

established both in vivo and in vitro [5, 20]. Like rrnB P1,

the rpsB promoter showed decrease in its activity after

addition of SHX to the wild-type cells, but not to the relA

mutant where the transcript levels did not change visibly

(Fig. 4b). However, in the DksA-deficient strain the PrpsB

activity was weakened, suggesting that DksA-dependence

of PrpsB during stringent response is less apparent than in

the case of rrnB P1.

To determine how the negative stringent response of

PrpsB depends on the GC-rich discriminator, we changed

it for the AT-rich sequence (Fig. 3). As shown in Fig. 4c,

this mutation abolished stringent control. Thus, the

ppGpp-dependent regulation of PrpsB upon starvation

requires the presence of the GC-rich discriminator.

Previous studies of interactions between σ70 and pro-

moter DNA have shown that region σ70 1.2 participates in

recognition of the discriminator by forming a specific

contact with the base in the non-template DNA strand

two positions downstream from the –10 hexamer, which

is –7 for rrn P1 and –5 for most other promoters [37, 38].

In rrnB P1, as well as in other stable RNA promoters,

there is C in this position, which is the least favorable for

interaction with σ70 1.2 [37, 38]. The change of C(–7) for

G in the rrnB P1 discriminator region made the promot-

er insensitive to negative control by ppGpp/DksA [37].

This finding prompted us to study the role of C(–5) in

regulation of PrpsB during stringent response. Using site-

directed mutagenesis, we changed C(–5) for G, leaving

the remaining sequence intact (Fig. 3). The resulting pro-

moter variant became insensitive to increased ppGpp

concentration upon starvation induced by SHX (Fig. 4d).

Thus, despite the differences in overall structures, both

rrnB P1 and PrpsB are negatively regulated during stringent

response due to specific features of their discriminator

regions.

DISCUSSION

Specific features of the rpsB promoter. In this work,

using site-directed mutagenesis we confirmed the modu-

lar structure of the rpsB promoter, which was earlier pro-

posed on the basis of mapping of the 5′-ends of the rpsB

in vivo transcripts and by phylogenetic analysis [13, 14].

PrpsB does belong to the rare class of extended –10

TRTGn-promoters whose activity depends on the

(–17)TRTG(–14) extension in front of the –10 hexamer,

which is recognized by the σ70 region 3 [23-25]. It is worth

mentioning that in E. coli the TRTGn-promoters are

much less abundant than TGn-promoters: about 20% of

promoters bear TGn, but only 18% among them have an

additional 5′-TR-extension [24, 25]. As to the r-protein

operon promoters, PrpsB represents a unique case.

Mutational analysis revealed that high activity of PrpsB

depends not only on the extended –10 element, but it

also requires the (–35)TTG(–33) subsequence.

According to the literature, the TRTGn-promoters bear

significant deviations in the –35 consensus hexamer (3/6

and fewer matches) more often than classical –10/–35

promoters [25]. Moreover, it was argued that the –35

region might be nonessential for the extended –10 pro-

moters [26]. However, this is not a general rule, e.g. in the

–35 hexamer of the aroF promoter only one position is

different from the consensus (TTGAaA), and this pro-

moter was the strongest in a subset of 11 natural extended

–10 E. coli promoters [25]. Thus, combinations of pro-

moter modules may be largely diverse, which reinforces

interest in studying individual natural promoters and rela-

tionships between their structure, transcriptional activity,

and its regulation.

Regulation of r-protein operons upon stringent

response. For a long time, studies of ribosome biogenesis

regulation were focused on transcriptional control of

rRNA operons and translational autogenous control of r-

protein synthesis. Serious interest in promoters of r-pro-

tein operons emerged only recently [12]. It has been

shown that not only rrn-promoters but also a number of

r-protein operon promoters reduce their activities during

stringent response in vivo as well as upon increasing

ppGpp concentration in vitro, and that in both cases the

effects require transcription factor DksA [12]. These data

lead to the very important conclusion that transcription

regulation contributes much to coordination of synthesis

of all ribosomal components, both rRNA and r-proteins.

Interestingly, in a subset of the studied r-protein promot-

ers there were TGn-extended promoters, viz rplN, rpsA

P1, rpsT P1, which were also able to decrease their activ-

ities in ppGpp/DksA-dependent manner despite the sta-

bilization of the RNA polymerase–promoter complex by

additional interactions with σ70 region 3 [12]. In these

promoters, the TGn-extension is combined with the GC-

rich discriminator, which, according to authors, could

ensure negative stringent control; however, direct evi-

dence was not provided. In our work, we directly showed

that even the TRTGn-extended promoter (where the

extension should stabilize the open complex to a higher

extent [15, 24, 25]) was negatively regulated upon strin-

gent response. Moreover, we provided evidence that the

discriminator context is responsible for ppGpp-depend-

ent negative regulation. Indeed, replacement of the rpsB

GC-rich discriminator for an AT-rich sequence abol-

ished the negative stringent control of PrpsB upon induc-

tion of starvation (Fig. 4c). It is of interest that a similar

effect was achieved by a single change of C(–5) for G

(Fig. 4d), which favors the optimal contact with σ70
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region 1.2 [37, 38]. The overall results allowed us to con-

clude that optimal interactions of σ70 with the double-

stranded promoter DNA (σ70 4.2 with TTG in the –35

element and σ70 3 with the TGTG-extension) are respon-

sible for PrpsB efficiency, while the weakness of σ70 interac-

tions with the non-template strand downstream from

position –11 (due to the absence of contacts between

A(–7) with σ70 2.3 and C(–5) with σ70 1.2) underlies the

negative regulation of PrpsB during stringent response.

The sequence between the –10 hexamer and the

transcription start is important not only for negative con-

trol by ppGpp/DksA, but also for positive regulation of

some stress promoters, e.g. of the promoter of the uspA

gene encoding universal stress protein A [39]. Activation

of the uspA promoter was shown to require the AT-rich

discriminator, and its alteration for the GC-rich sequence

of rrnB P1 resulted in decreased promoter activity under

stringent response [39]. The authors interpreted these

data in terms of influences of ppGpp/DksA on kinetic

parameters of promoters. If the lifetime of RPo (Fig. 1b)

is short (the case of promoters with a GC-rich discrimi-

nator), its further destabilization by ppGpp/DksA nega-

tively impacts the promoter activity. However, if RPo is

stable (the case of the uspA promoter), the shortening of

its lifetime has a positive effect by increasing the rate of

promoter clearance and hence the promoter efficacy.

The mechanism for amplification of ppGpp action

by DksA is still debated, and many things remain unclear

and require further investigations. These two factors

interact with different sites on the RNA-polymerase:

DksA binds in the secondary channel [20] that is more

than 30 Å away from the site of the ppGpp binding on the

interface between ω and β′ subunits [40, 41]. While our

data directly confirm the negative ppGpp-mediated regu-

lation of the rpsB promoter under stringent response in

vivo, the role of DksA as a cofactor of ppGpp in this case

still remains unclear, as the activity of PrpsB decreased even

in the DksA-deficient cells (Fig. 4b). Although the possi-

bility of DksA-independent impact of ppGpp on the

kinetic features of individual promoters is not theoretical-

ly excluded [42], quantitative data obtained in a purified

in vitro transcription system are necessary to validate this

assumption, which is an interesting task for future studies.
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