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The strong efficiency of the Escherichia coli gapA P1 promoter depends
on a complex combination of functional determinants
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The Escherichia coli multi-promoter region of the gapA gene
ensures a high level of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) production under various growth conditions. In
the exponential phase of growth, gapA mRNAs are mainly ini-
tiated at the highly efficient gapA P1 promoter. In the present
study, by using site-directed mutagenesis and chemical probing of
the RPo (open complex) formed by Eσ 70 (holoenzyme associated
with σ 70) RNAP (RNA polymerase) at promoter gapA P1, we
show that this promoter is an extended −10 promoter that needs
a − 35 sequence for activity. The − 35 sequence compensates for
the presence of a suboptimal −10 hexamer. A tract of thymine
residues in the spacer region, which is responsible for a DNA
distortion, is also required for efficient activity. We present the
first chemical probing of an RPo formed at a promoter needing
both a −10 extension and a − 35 sequence. It reveals a complex
array of RNAP–DNA interactions. In agreement with the fact that
residue A-11 in the non-template strand is flipped out in a protein

pocket in previously studied RPos, the corresponding A residue in
gapA P1 promoter is protected in RPo and is essential for activity.
However, in contrast with some of the previous findings on RPos
formed at other promoters, the −12 A:T pair is opened. Strong
contacts with RNAP occur both with the − 35 sequence and the
TG extension, so that the σ4 and σ2 domains may simultaneously
contact the promoter DNA. RNAP–DNA interactions were also
detected immediately downstream of the − 35 hexamer and in a
more distal upstream segment, reflecting a wrapping of RNAP
by the core and upstream promoter DNA. Altogether, the data
reveal that promoter gapA P1 is a very efficient promoter sharing
common properties with both extended − 10 and non-extended
− 10 promoters.

Key words: DNA distortion, DNA–RNA polymerase interaction,
Escherichia coli, extended − 10 promoter, gapA gene, open
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INTRODUCTION

GAPDH (D-glyceraldehyde-3-phosphate dehydrogenase) with
phosphorylating activity is a key enzyme for glucose metabolism.
It catalyses the reversible oxidation of D-glyceraldehyde-3-
phosphate to 1,3-diphosphoglycerate. In many bacteria species,
the gene encoding the phosphorylating GAPDH (gap gene)
precedes the pgk gene encoding the PGK (phosphoglycerate
kinase) [1,2]. However, these genes have a different organization
in γ -proteobacteria compared with other bacteria. The best-
studied example is Escherichia coli, where an epd ORF (open
reading frame) is located upstream of the pgk ORF. It encodes
a protein showing homology with GAPDH, but having a non-
phosphorylating erythrose-4-phosphate dehydrogenase activity
[3,4]. The E. coli phosphorylating GAPDH is encoded by the gapA
gene that is located at another locus on the chromosome [5,6].
Nevertheless, GAPDH and PGK are co-ordinately expressed in
E. coli.

In an initial study [7], we showed that gapA transcription is
governed by a multi-promoter region that responds to several of
the general regulatory mechanisms used by E. coli. Promoters
P1, P3 and P4 are recognized by the general Eσ 70 (holoenzyme
associated with σ 70) RNAP (RNA polymerase), whereas promoter
P2 is recognized by the Eσ 32 RNAP. Promoter P3 is subjected to
catabolic repression. An interplay between the different gapA
promoters ensures the expression of GAPDH under various
environmental conditions. However, of the four gapA promoters,

promoter P1 plays an essential role, since transcripts initiated
at promoter P1 are the most abundant ones throughout the growth
period and at the beginning of the stationary phase [7]. The strong
activity of promoter P1 explains the very high level of expression
of the cloned E. coli gapA gene (80 % of soluble proteins) [5].
Promoter gapA P1 probably also plays an important role in the co-
ordinated expression of the gapA and pgk ORFs. Indeed, GAPDH
and PGK production is increased in the presence of glucose in the
medium and these increases are explained by an augmentation of
the amounts of transcripts initiated at the gapA P1 promoter and
gapB P0 promoter, which are present upstream of the epd and pgk
ORF tandem [8]. Such increases in GAPDH and PGK production
are not observed in a ptsG− strain, suggesting that the amounts of
transcripts initiated at both the gapA P1 and gapB P0 promoters
depend on the uptake of glucose through its specific transporter,
EIIBCGlc, encoded by the ptsG gene [8]. In addition, promoter P1
is also very efficiently used in vitro by the Eσ 70 RNAP, which is
an indication of strong intrinsic activity [7]. On the basis of all
these observations, an in-depth study of the gapA P1 promoter
was of high interest.

Despite having a high intrinsic efficiency [5], the promoter
structure is not well defined. Indeed, the gapA P1 promoter has a
clear − 35 element (TTGACG) and two possible − 10 sequences:
either a canonical − 10 sequence spaced 16 bp from the − 35
hexamer or an extended − 10 sequence with a non-canonical
− 10 hexamer, which is spaced 17 bp from the − 35 sequence.
When they were first discovered, the extended − 10 promoters
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of E. coli were considered to be constitutive promoters [9].
Indeed, the TG dinucleotide at positions − 14 and − 15 is
recognized by domain 3.0 (2.5) of factor σ 70 [9–13] and this
interaction can compensate for the absence of a − 35 sequence
[14–18]. However, a recent, in-depth inspection of E. coli pro-
moters revealed that TG-containing promoters are more frequent
than previously expected (20 % of the promoters) [19,20] and
that 74 % of them have a − 35 hexamer with 3/6 or more matches
to the − 35 consensus sequence [20]. The functional importance
of the TG dinucleotide upstream of the − 10 hexamer was experi-
mentally demonstrated for seven of them [20]. However, the re-
quirement of the − 35 element was not tested in parallel. The
optimal length of the spacer region in E. coli promoters recognized
by the Eσ 70 RNAP is 17 bp, allowing interactions of the − 10
and − 35 hexamers with two distinct domains of factor σ 70 (re-
gions 2.4 and 4.2 respectively) [21–25] (see [26,27] for reviews).
On the basis of this knowledge, an experimental analysis of the
E. coli gapA P1 promoter was needed to identify its functional
sequences.

In the present study, by using site-directed mutagenesis, we
demonstrate that promoter gapA P1 belongs to the class of
extended − 10 promoters and needs both a TG dinucleotide and
a − 35 sequence for activity. We also show the importance of
the sequence of the spacer region for promoter conformation and
activity. Chemical probing of the RPo (open complex) structure
revealed a complex array of DNA–protein interactions. This is the
first complete chemical probing of a natural promoter from
the extended − 10 class that needs a − 35 hexamer for activity. The
results we obtained are discussed taking into account the three-
dimensional model of the complex formed by the Taq (Thermus
aquaticus) RNAP and a fork-junction promoter DNA containing
an extended − 10 sequence (RF complex) [12].

EXPERIMENTAL

Bacterial strains and growth conditions

Propagation of recombinant BSIISK+ phagemids (Stratagene, La
Jolla, CA, U.S.A.) was performed in E. coli DH5α. Epicurian
ColiTM XL1-Blue cells were used to study the in vivo GAPDH
production and the transcriptional activity of the gapA P1 variant
promoters. Bacteria were grown at 37 ◦C in LB (Luria–Bertani)
broth medium, and 100 mg/l ampicillin was added for the growth
of transformed cells.

Genetic constructions and site-directed mutagenesis

Plasmid pBS::EcogapA [7] was used as a reference for GAPDH
and mRNA production by the WT (wild-type) gapA gene. In
this construct, the gapA ORF is preceded by a 483 bp upstream
non-coding sequence containing the multi-promoter region. To
create variants (mt-9, -TG, -12, −17T to C, −17T to G, −19T to C,
−19T to G, −19T to A, -35, -sp3′), site-directed mutageneses were
performed on plasmid pBS::EcogapA. Other variants (mt-16T to
G, − 16T to C, − 18T to C, − 18T to G, − 18T to A, -cons-
10, -cons-10/mt-35, mt-20G to C, mt-20G to T) were obtained
by site-directed mutagenesis of plasmid pBS::EcogapAmut62
with a Quik ChangeTM Site-Directed Mutagenesis kit (Stratagene).
This plasmid carries the same promoter region as plasmid
pBS::EcogapA, except that an NdeI restriction site was introduced
at the ATG codon. The presence of this restriction site does
not change the in vivo levels of gapA mRNAs and GAPDH
when compared with the WT sequence (results not shown). After
mutagenesis, a HindIII–NdeI DNA fragment carrying the mutated
sequence was cloned between the HindIII and NdeI sites of
plasmid pBS::EcogapAmut62.

Derivatives of the pRLG770 plasmid [28] were built for in vitro
run-off transcription assays. To this end, DNA fragments con-
taining the WT or variant gapA P1 promoters were PCR-amplified
from position + 1 to − 84 (+ 1 corresponds to the transcription-
start site) using two primers (1280 and 1278), which introduced an
EcoRI site at the 5′-end and a HindIII site at the 3′-end respectively.
To obtain the series of pRLG::gapAP1 plasmids, the EcoRI–
HindIII fragments were ligated into the pRLG770 plasmid [28]
that was digested by these two enzymes.

Protein extract preparation and enzymic assay

Enzymic activities were measured on the soluble fraction obtained
after sonication of the cells harvested at an absorbance A600 0.5.
GAPDH activity was measured as described previously [8]. The
β-lactamase activity measurements were performed as described
by Sargent [29].

Extraction of total RNA and mRNA analysis

Total RNA was isolated as described previously by the hot phenol
extraction procedure [7]. RNA extractions were performed on a
fixed number of cells (5 × 108) grown at 37 ◦C in LB/ampicil-
lin medium until the A600 reached 0.5. The gapA mRNAs, as well
as the truncated yeaA mRNAs also encoded by plasmid pBS::
EcogapA, were analysed by primer extension, using conditions
described previously that allow quantitative measurement of
mRNA levels [7]. Briefly, 5 µg of total RNA isolated from trans-
formed cells was annealed with 5 ng of 5′-end-labelled gapA
primer 1043 (5′-TTTCTGAGCAGCACGGAA-3′) or yeaA primer
437 (5′-GATTCTGCGTCACGT-3′) at 65 ◦C for 10 min. Pri-
mer extensions were performed for 30 min at 45 ◦C with 1 unit
of AMV (avian myeloblastosis virus) Reverse Transcriptase
(Life Science) in 50 mM Tris/HCl (pH 8.3), 40 mM KCl and
6 mM MgCl2. The synthesized cDNAs were fractionated by
electrophoresis on a 6 % sequencing gel and the fractionation
pattern was revealed by autoradiography. Since the WT and
variant gapA mRNAs initiated at the P1 promoter had identical
lengths and sequences, they were expected to have identical half-
lives under similar growth conditions. Hence, we assumed that the
steady-state levels of gapA P1 mRNA in cells carrying the variant
genes were directly correlated to gapA P1 promoter efficiency.
As a prerequisite for a quantitative measurement of the gapA P1
mRNA level, we verified that the contribution of the chromosomal
gapA gene to gapA P1 mRNA level was negligible. To take into
account possible variations of the plasmid copy number in the dif-
ferent cultures, the steady-state level of the yeaA transcript was
used as an internal reference. The part of the yeaA gene that is
present in plasmid pBS::EcogapA directs transcription initiation
on the opposite strand compared with promoter gapA P1 (B.
Charpentier, unpublished work). The ratio between gapA P1
and yeaA mRNA levels was estimated for each experiment by
measuring the radioactivity contained in the cDNA bands using
a PhosphorImager. The variations of gapA P1 mRNA levels in
cells containing the variant genes were expressed as a percentage
of the gapA P1/yeaA P1 mRNA level found in cells transformed
with the WT pBS::EcogapA plasmid. For each variant gapA P1
gene, the experiment was repeated three times on independent cell
cultures and the values given are the mean values for the three
experiments. The range error on this mean value was estimated
using Excel software.

In vitro run-off transcription

Plasmid pRLG::gapAP1 and its derivatives were used as super-
coiled DNA templates for in vitro run-off transcription assays.
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Plasmids (0.8–1 nM) were incubated for 15 min at 22 ◦C in
25 µl of 10 mM Tris/HCl (pH 8), 150 mM NaCl, 10 mM MgCl2,
1 mM DTT (dithiothreitol) and 100 µg/ml BSA. Then, heparin
(10 µg/ml) was added and incubation was continued for 5 min
before the addition of a mixture of 500 µM ATP, 200 µM CTP
and GTP, 10 µM UTP, 5 µCi of [α-32P]UTP and 0.2 unit of RNAP
(Eσ 70; Roche). The reaction was stopped after 20 min by the
addition of 5 µl of a stop solution [10 mM EDTA, 1 % SDS,
2 × TBE (180 mM Tris/borate, pH 8.3, and 4 mM EDTA) and
8 M urea, 0.05 % Bromophenol and 0.025 % xylene cyanol].
Samples were loaded on to 5 % polyacrylamide denaturing gels
and the radioactivities contained in the DNA bands corresponding
to the gapA P1-rrnB and RNAI transcripts were measured using
a PhosphorImager with the Image Quant software (Molecular
Dynamics). Variations of the levels of the gapA P1 transcript in
assays performed with the variant promoters were expressed as
a percentage of the ratio of gapA P1 transcript/RNAI transcript
found for the WT promoter. The experiment was repeated three
times for each variant promoter and the values given are the mean
values for three independent experiments. The range error on the
mean value for three different experiments was estimated using
Excel software.

Analysis of DNA conformation

The following method was used for the PCR amplification of
DNA fragments carrying the WT or variant gapA P1 promoters.
The supercoiled plasmid pBS::EcogapA (50 ng) was denatured
for 3 min at 94 ◦C in 40 µl of 10 mM Tris/HCl (pH 9), 50 mM
KCl, 1.5 mM MgCl2, 0.01 % (w/v) gelatin and 0.1 % Triton
X-100, in the presence of 100 ng of each primer 110 and 351
(5′-TATTTCAGCACATATGCCATG-3′ and 5′-ATTGCCCTTT-
AAAATTCGGG-3′ respectively). Then, 0.2 mM of each dNTP
and 0.25 unit of Taq DNA polymerase were added to a final
volume of 50 µl. A series of 30 cycles was performed in a
PerkinElmer Thermal Cycler with incubations at 94 ◦C for 30 s for
denaturation, 55 ◦C for 30 s for hybridization and 72 ◦C for 1 min
for polymerization. The amplified DNAs were extracted with
a phenol/chloroform/isoamylalcohol (24:24:1, by vol.) mixture,
precipitated with ethanol, dissolved in TE buffer (1 mM EDTA
and 1 mM Tris/HCl, pH 8.0) and fractionated by electrophoresis
on a 6 % polyacrylamide non-denaturing gel. A 29:1 ratio of acry-
lamide/bisacrylamide was used. Electrophoresis was performed
at 4 ◦C in Tris/borate buffer (2 mM EDTA and 90 mM Tris/boric
acid, pH 8.5) at 7 V/cm. The Sau3AI digestion products of
pBR322 were used as molecular-mass standards. After electro-
phoresis, the gels were stained with ethidium bromide (0.5 µg/ml)
and DNA was visualized by UV illumination.

The DNA bending model of WT and variant gapA P1 promoters
were made by using the plot.it server (http://www.icgeb.trieste.it/
dna/) [30]. WebLab Viewer Pro was used to visualize and re-
present the different models.

Chemical probing of DNA

The reactivity of promoter DNA towards DMS (dimethylsulphate)
or potassium permanganate (KMnO4) in the absence or presence
of purified Eσ 70 RNAP was studied by the method of Borowiec
et al. [31]. A supercoiled template (5 nM) was incubated for
30 min at 37 ◦C with the purified commercial Eσ 70 holoenzyme
(100 nM) in 50 µl of buffer I [40 mM Tris/HCl (pH 8), 30 mM
KCl, 10 mM MgCl2, 1 mM DTT and 300 µg/ml BSA] for
plasmid pBS::EcogapA or in 50 µl of buffer II [10 mM Tris/HCl
(pH 8), 150 mM NaCl, 10 mM MgCl2 and 100 µg/ml BSA] for
plasmid pRLGgapAP1. Heparin was added to a final concentration

of 10 µg/ml before adding the chemical reagent. For DMS
modification, DMS was added to a 5 mM concentration. After
5 min of incubation at 37 ◦C, the reaction was stopped by the ad-
dition of 12.5 µl of a G-stop solution [1.5 M sodium acetate
(pH 7) and 1 M 2-mercaptoethanol], and the DNA was ethanol-
precipitated, washed with 70 % (v/v) ethanol, dried and dissolved
in 100 µl of 1 M piperidine. After a 30 min incubation at 90 ◦C,
the DNA was again precipitated with ethanol. For KMnO4

modification, KMnO4 (8 mM) was added for 2 min. The reaction
was stopped by the addition of 1.2 M 2-mercaptoethanol followed
by ethanol precipitation. The pellets from DMS and KMnO4

modifications were washed with 70 % ethanol, dried and dis-
solved in 35 µl of MilliQ water.

Positions modified by KMnO4 and DMS were identified by
primer extension by the method of Borowiec et al. [31]. Alkaline
denaturation of the double-strand plasmid was performed with
NaOH (1 mM) and 5 ng of 5′-end-labelled oligonucleotide [1043
(sequence shown above) or 352 (5′-GGAAGAGTGAGGCG-3′)
for plasmid pBS::EcogapA or 2559 (5′-ACCATCGGCGCTA-
CGGCG-3′) for plasmid pRLGgapAP1] were added. The DNA
was denatured at 80 ◦C for 2 min and cooled on ice for 5 min.
Samples were then neutralized with 5 µl of 10 × buffer [500 mM
Tris/HCl (pH 7.2), 100 mM MgSO4 and 2 mM DTT] and heated
for 3 min at 45 ◦C for annealing. Samples were cooled again on
ice for 5 min before the addition of 5 µl of a dNTP mixture (5 mM
each). Primer extensions were performed for 10 min at 50 ◦C
with 1 unit of Klenow fragment enzyme. The reaction products
were precipitated, and the pellet was dissolved in formamide dye
buffer and analysed by electrophoresis on 7 % sequencing gels.
Dideoxy-sequencing reaction products, obtained with the same
primers, were run in parallel.

RESULTS

Activity of the gapA P1 promoter depends on an extended
− 10 hexamer

The two possible architectures (P′1 and P1) of promoter gapA
P1 are shown in Figure 1(a). To test for the activity of each
putative − 10 element, their 5′-terminal dinucleotide and 3′-
terminal residues, which are known to play an important role in the
initiation process [12,20,22], were substituted for a GG dinucleo-
tide (mt-2 to test for the P′1 − 10 sequence and mt-9 to test for
the P1 − 10 sequence) and a G residue (mt-5 for the P′1 − 10 seq-
uence and mt-12 for the P1 − 10 sequence) respectively (Fig-
ure 1a). For an in vivo analysis of their activities, the mutated
promoters were cloned into plasmid pBS::EcogapA [7]. The
amounts of gapA transcripts were estimated by primer-extension
analysis with reverse transcriptase under the conditions described
in the Experimental section (Figures 1a and 1b), using an
oligonucleotide primer complementary to the gapA ORF. To take
into account possible variations of the plasmid copy number, the
steady-state level of transcripts from the 5′ part of the yeaA gene,
which is located upstream of the gapA gene and is transcribed
from the opposite strand (B. Charpentier, unpublished work), was
used as an internal reference. GAPDH production in recombinant
cells was also monitored by enzymic activity measurement of cell
extracts, as described in the Experimental section (Figure 1c).
The amount of mRNAs initiated at the gapA P1 promoter was
significantly reduced by mutations at the 5′ or 3′ extremities
of the P1 − 10 sequence (AATTTT). In contrast, no decrease
was observed when the TA dinucleotide at the 5′-end of the
P′1 − 10 hexamer (TAATTT) was mutated (Figure 1c, cf. lanes
mt-9 and mt-12 with lanes mt-2 and mt-5). The activity was
divided by a factor of 2 for the mt-5 mutation. Similar variations
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Figure 1 Promoter gapA P1 belongs to the class of extended −10 promoters

(a1, a2) Nucleotide sequences of the two alternative − 10/− 35 P′1 (a1) and P1 (a2) promoters present in the gapA P1 promoter region are shown. The − 10 hexamers, the TG extension and the
− 35 hexamer are boxed. A broken arrow marks the transcription start site (+ 1). Sequences of the variant gapA P1 promoter regions are shown below the WT sequence [variants with mutations in
the P′1 − 10 sequence (a1) and variants with mutations in the P1 extended sequence (a2)]. Positions of the base substitutions are underlined. (b) Analysis of the effects of mutations on the in vivo
gapA mRNA levels by reverse transcription. Epicurian ColiTM XL1-Blue cells transformed with plasmid pBS::EcogapA carrying the WT or variant gapA P1 promoter were grown to an absorbance A 600

0.5. The gapA mRNAs were analysed by primer extension under conditions allowing quantitative measurements (see the Experimental section). cDNAs corresponding to transcripts initiated at the
P1, P2, P3 and P4 promoters are indicated. The yeaA mRNA primer-extension analysis (yeaA P1) was used for quantifying the effects of mutations on gapA P1 activity (see the Experimental section).
(c) A histogram representing the effects of the mutations on GAPDH production and the in vivo gapA P1 mRNA level. GAPDH-specific activities and the plasmid-encoded β-lactamase-specific
activities were measured as described in the Experimental section and their relative ratios in strains transformed with plasmids carrying the variant gapA genes were compared with that measured
in the strain transformed with the WT pBS::EcogapA plasmid. In (c), variations of GAPDH-specific activities were represented as percentages of the GAPDH/β-lactamase ratio found for the WT
plasmid (grey bars). The cDNA signals corresponding to gapA P1 and yeaA P1 mRNAs were quantified using a PhosphorImager. Variations of the gapA P1/yeaA P1 ratios (stippled bars) in strains
transformed with plasmids carrying the variant genes were expressed as a percentage of the gapA P1/yeaA P1 ratio found in the strain transformed with the WT pBS::EcogapA plasmid. The values
given in (c) correspond to the mean values for three different experiments and the estimated errors are indicated by vertical bars.

were reproducibly obtained in several independent series of ex-
periments. In agreement with these observed variations of the
gapA P1 mRNA levels, the rates of GAPDH production were
decreased by factors of between 4 and 6 for the variant mt-12 and
mt-9 genes. The lower decreases in GAPDH activity compared
with gapA P1 mRNA levels are explained by the contribution
of promoters P2 and P3 to GAPDH production. Taken together,
these results suggested that the AATTTT sequence, in spite of its
divergent sequence compared with the consensus − 10 sequence,
is the functional − 10 hexamer sequence of promoter gapA P1.
The functionality of the extended − 10 architecture was confirmed
by the strong decrease in promoter gapA P1 efficiency after
substitution of the TG dinucleotide upstream of the AATTTT
sequence for a TC dinucleotide (Figure 1b, lane mt-TG). As a
result, GAPDH production was low (Figure 1c). Taken together,
these results demonstrated that promoter gapA P1 belongs to the
class of extended − 10 promoters.

Structural analysis of the RPo formed at promoter gapA P1

For a complete demonstration that promoter gapA P1 was an
extended −10 promoter, RPos were formed with purified Eσ 70

RNAP and the supercoiled pBS::EcogapA plasmid, as described
in the Experimental section. DMS was used to probe the single-
stranded adenine residues and to test for guanine methylation at
position N-7 in single- and double-stranded regions (Figures 2a
and 2b). KMnO4 was used to probe the single-stranded thymine
residues (Figures 2c and 2d). Positions of the modifications were
identified by primer extension analysis using the Klenow fragment
of the E. coli DNA polymerase. In the RPo formed with promoter
gapA P1, a large number of hypersensitive sites were detected
on both strands of the −10 hexamer. This allowed us to map the
DNA single-stranded region from position −12 (included) to +3
(included), taking position + 1 as the transcription initiation site
(Figure 2e).
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Figure 2 Numerous DNA–protein contacts take place in the gapA P1 RPo

RPos were formed with the commercial Eσ 70 RNAP and the supercoiled pBS::EcogapA plasmid under conditions described in the Experimental section. Probing experiments were performed on the
RPo (RNAP+) and on the naked DNA (RNAP–) with DMS (a, b) or KMnO4 (c, d) (see the Experimental section). DMS modifications were followed by piperidine treatment for strand cleavage at
modified G and A residues. A control elongation was performed without chemical treatment [lane 3 in (a) and lane 7 in (b)]. Positions of DMS and KMnO4 modifications were identified by primer
extension using primer 352 for the template strands (a) and (c) and primer 1043 for the non-template strands (b) and (d). The T sequence ladder in (c) and A, C, G and T sequence ladders in
(d) were obtained with primer 1043. Positions of the modified residues in the gapA P1 sequence are given on the left of the panels. The transcription start site was at position +1. Nucleotides that
become protected in RPos or nucleotides with an enhanced reactivity compared with DNA are indicated by open and full circles respectively. Densitograms of portions of lanes 1, 2, 5 and 6 were
made with the Molecular Analysis software (Bio-Rad). Black lines correspond to lane 1 or 5 (RNAP–) and grey lines to lane 2 or 6 (RNAP+). (e) Compilation of the results of the probing experiments.
Angular brackets and closed circles indicate positions of nucleotides whose reactivity to the probe (DMS or KMnO4) is enhanced in the presence of RNAP. Their number is proportional to the level of
increase. Boxed nucleotides were less sensitive to the chemical probe in the RPo than in the naked DNA. The − 10 sequence and the TG extension are underlined and the − 35 sequence is boxed.
The opened DNA region is shown as well as the transcription initiation site (broken arrow).

In favour of the proposal that promoter gapA P1 belongs to the
class of extended −10 promoters, the TG dinucleotide extension
was protected against DMS methylation in the presence of RNAP
(residue G-14, Figures 2b and 2e). Our probing experiments
revealed strong variations in the accessibility of the putative gapA
P1 −35 hexamer in the RPo compared with naked DNA. In the
RPo, residue G-31 in the template strand was protected in the pre-
sence of RNAP (Figures 2a and 2e), whereas residues A-34
and T-32 showed an increased reactivity to DMS and, in the
non-template strand, residue G-33 had a significantly increased
sensitivity to DMS (Figures 2a and 2b). Moreover, upstream
of the −35 hexamer sequence, residues G-36 and G-38 in the
template strand had modified reactivities in the RPo (increased
and decreased respectively; Figure 2a). Altogether, the strong
variations of DMS modifications found within and upstream of
the putative −35 hexamer strongly suggested a functional role for
this hexamer, and we tested this hypothesis as described below.

Our RPo probing experiments also revealed variations of DMS
methylation in the spacer region. Altogether, in the two strands

of the spacer region, four of the six G residues had an increased
sensitivity to DMS in RPo (residues G-20 and G-21 and, to a lesser
extent, residue G-25 in the non-template strand and residue G-26
in the opposite strand; Figures 2a and 2b). Finally, our probing
data also suggested an interaction of the RNAP holoenzyme with
an upstream DNA sequence of promoter gapA P1, since residues
G-56 and G-58 were strongly protected against DMS methylation
in RPo (Figure 2a). In conclusion, our probing experiments
revealed a tight and complex interaction of the Eσ 70 RNAP
holoenzyme with promoter gapA P1.

The −35 sequence is required for promoter activity

To test for the functional importance of the putative −35 hexamer
of promoter P1, we substituted the 5′-terminal TTGA sequence for
an AACT sequence (mt-35; Figure 3a). No transcripts initiated at
the mt-35 gapA P1 promoter were detected in vivo by primer-
extension analysis (Figure 3b). Only initiation at the gapA P2
and P3 promoters was detected. To test whether the mutation
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Figure 3 The −35 sequence is required for gapA P1 activity

(a) Sequences of the variant gapA P1 promoters produced to test for the importance of the
− 10 and − 35 sequences are shown. Positions of base substitutions are underlined. (b) Effect
of absence of the − 35 sequence on the in vivo level of gapA mRNAs. The RNA extracts were
prepared and analysed as described in the legend to Figure 1. (c1) Plasmid pRLG::gapA P1
carrying the WT gapA P1 promoter and its derivatives carrying the mutated promoters were used
as templates for the in vitro run-off transcriptions [28]. After transcription, the products were
fractionated on a 5 % polyacrylamide denaturing gel as described in the Experimental section.
The RNA I transcript, encoded by the plasmid, was used for the normalization of the amount of
gapA P1 transcript recovered in each transcription assay. (c2) For each variant promoter,
the gapA P1-rrnB transcript/RNAI transcript ratios were estimated using a PhosphorImager. The
gapA P1 promoter activity of the variant promoters is represented as a percentage of the gapA
P1-rrnB transcript/RNAI transcript ratio of the WT promoter. The values given in (c) are mean
values for three different experiments and the estimated error is indicated by vertical bars.

influenced the binding of cellular factor(s) or had a direct negative
effect on promoter P1 efficiency, in vitro transcription assays were
performed with purified Eσ 70 RNAP. To this end, we produced
a series of pRLG::gapAP1 plasmid derivatives that carried the
sequence coding the transcription terminator of the E. coli rrnB
operon, under the control of WT or variant gapA P1 promoters
(Figures 3c1 and 3c2). Since plasmid pRLG::gapAP1 derivatives
also encode RNAI [28], the ratio between the amounts of gapA P1-
rrnB and RNAI transcripts was used for the normalization of the
data. To compare the effects of mutations in the −35 hexamer
and the TG dinucleotide extension on the in vitro efficiency

of promoter P1, the mt-TG gapA P1 variant promoter was
included in the experiment. We reproducibly found that alteration
of the −35 sequence has the same strong negative effect as
mutation of the TG dinucleotide (compare lane WT with lanes
mt-TG and mt-35 in the in vitro transcription experiment shown
in Figure 3c1). Transcripts initiated at the mt-TG and mt-35
promoters were nearly undetectable by in vitro transcription
(Figure 3c2). We concluded that the high efficiency of the gapA P1
promoter depends on the presence of both a −35 hexamer and a
TG extension. One possible reason could be the sequence di-
vergence of the −10 hexamer compared with the consensus
sequence (AATTTT versus TATAAT). Thus we analysed the effect
of the conversion of the WT −10 sequence into a consensus −10
sequence in the presence (variant mt-cons-10) or the absence
(variant mt-cons-10/mt-35) of an active −35 hexamer (Figure 3a).
The in vitro efficiency of the variant promoter (mt-cons-10 P1),
containing a −10 consensus hexamer and the WT −35 hexamer,
was approx. 1.5-fold superior to that of the WT promoter (Fig-
ure 3c). In the absence of an active −35 hexamer, conversion
of the WT sequence into a consensus sequence restored the WT
activity (Figure 3c). Taken together, these results demonstrated
that a −35 hexamer is needed for the efficient activity of the
gapA P1 promoter because of a suboptimal −10 hexamer.

Role of the spacer sequence in promoter P1 efficiency

The appearance of additional DMS modifications in the gapA
P1 spacer region upon RPo formation (Figure 2) suggested its
distortion upon RNAP binding. DNA distortions of the spacer
region were found by X-ray analysis of the complex formed
between the Taq RNAP and a DNA promoter segment: DNA is
bent around the RNAP and this is due to kinks centred at base-pair
positions −35 (36◦) and −25 (8◦) and due to a sharp bend (37◦) at
base-pair position −16 [12]. Interestingly, the gapA P1 promoter
contains a 5-T tract and a 4-T tract spaced by 8 bp (Figure 4a).
Formation of intrinsic kinks and bends in double-stranded DNA
is known to be sequence-dependent. In particular, the presence
of multiple dAn and dTn (n = 4–6) runs aligned in phase with
the B-DNA helix repeat are known to induce DNA bends [32].
We tested whether the 5-T tract, which is located in the spacer
region, may influence promoter activity. To this end, each of the
4-T residues located from positions −16 to −19 were substituted
by C and G residues (Figure 4a). The effect of a T to A substitution
was tested at positions −18 and −19, as well as G to C and G to T
substitutions at position −20, immediately upstream of the T tract
(Figure 4a). Finally, the entire sequence from positions −22 to
−27 was substituted for an AAACCT sequence (variant mt-sp3′)
(Figure 4a). The effects of the mutations were tested in vivo using
pBS::EcogapA plasmid derivatives. As above, the efficiency of the
variant gapA P1 promoters was estimated by primer-extension
analysis and we used the amount of yeaA P1 transcript for
normalization of the results. Examples of cDNA fractionations
are presented in Figure 4(b1). The histogram in Figure 4(b2)
compares the mean values for the ratios of gapA P1/yeaA P1
transcripts that were established for the WT and variant genes in
three independent experiments. For the variants showing a mar-
ked variation of gapA P1 activity, run-off experiments were also
performed. To this end, a series of pRLG::gapAP1 variant plas-
mids was built. An example of a run-off experiment is shown in
Figure 4(c1). In Figure 4(c2), we compared the mean values for the
normalized amounts of gapA P1-rrnB transcript obtained for
the WT and variant promoters in three independent experiments.

Not only positions but also identities of base substitutions in
the T tract were found to influence promoter gapA P1 activity.
For instance, the T to G substitution at position −16 had a strong
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Figure 4 The sequence of the spacer region is important for gapA P1 activity

(a) The variant gapA P1 promoters with mutations in the spacer region that were produced are represented. The − 35 and the extended − 10 regions are boxed. The mutated residues are underlined.
Names of the mutant promoters are given on the left. (b1, b2) Activities of the variant promoters were measured in vivo as described in Figure 1. Results are expressed as a percentage of the gapA
P1/yeaA mRNA level in cells containing the WT gene. The given values are mean values for three independent experiments. The estimated error is indicated by a thin vertical bar. (c1) Plasmid
pRLG::gapA P1 carrying the WT promoter and its derivatives, which were carrying gapA P1 promoters mutated in the spacer region, were used as templates for in vitro run-off transcription assays
[28]. The transcription products were fractionated on a denaturing gel. (c2) As in Figure 3, the RNA I transcript was used for normalization of the amount of gapA P1 transcript recovered after each
transcription experiment. Variations of the gapA P1 activity for the variant promoter are expressed as a percentage of the gapA P1/RNAI ratio found for the WT promoter (100 %).

positive effect in vitro (factor of 2), whereas the T to C substitution
at the same position only had a modest effect. Interestingly, for
variant −16T to G, in agreement with the increase in gapA P1
activity observed in vitro, an increased value of the gapA P1/yeaA
P1 mRNA ratio was found in vivo. However, the total amount of

gapA P1 mRNA in the transformed cells was low compared with
that for the WT gene. This was explained by a marked decrease in
the plasmid copy number. Our interpretation is that the amount of
GAPDH produced from a gapA gene with a T to G substitution at
position −16 is so high that it is deleterious for cell growth. Only
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the cells that were carrying plasmids with mutations decreasing
their copy number were viable. In line with this observation, a G
is positioned 5′ to the TG dinucleotide in variant −16T to G and
the presence of a G residue at this position was already found to
increase the activity of promoters from the extended −10 class
[19,20]. Thus, here again, the gapA P1 promoter behaved as an
extended −10 promoter.

For the three other T residues in the T tract, the strongest
effect of base substitution was detected at position −18 (second T
residue in the tract): a T to A substitution decreased the efficiency
by a factor of approx. 2.5, and T to C and T to G substitutions had
more severe negative effects (factor of approx. 5.5). T to C and T to
G substitutions at position −19 divided the activity by a factor of
approx. 2, whereas a T to A substitution at this position increased
the activity. The G to C and G to T substitutions at position
−20, immediately upstream of the T tract, slightly increased the
promoter activity and the complete substitution of the AACCT
sequence (positions −22 to −27) had a very limited effect on the
activity.

Taken together, these results suggested a functional importance
for the T tract sequence located in the 3′ half of the spacer region,
whereas the sequence of the 5′ half of the spacer region did not
seem to have any functional importance.

The presence of a DNA distortion in the gapA P1 promoter

One possible explanation for the functional importance of the
3′ half of the spacer sequence was the induction of a DNA
distortion by the 5-T tract that is in phase with the 4-T tract of the
−10 hexamer. As DNA distortions modify DNA electrophoretic
mobility, we studied the electrophoretic mobilities of DNA
fragments of equal length that contained gapA P1 promoters.
They were amplified from the WT and variant gapA genes by
using the same pair of primers (Figure 5a). As shown in Fig-
ure 5(b), the WT DNA had an unusually low electrophoretic mo-
bility compared with that predicted from its length (apparent
mobility of 351 bp for a length of 333 bp). In addition, fragments
with higher electrophoretic mobilities contained less efficient
promoters, as is the case for promoter −18T to G. In contrast, the
WT and mt-19T to A promoters, which have similar efficiencies,
gave amplification fragments with similar low electrophoretic
mobilities. These observations reinforced the idea of a DNA
distortion located in the gapA P1 spacer that is important for
promoter activity. For a better delineation of this distortion, we
used the plot.it server established by Munteanu et al. [30], which
allows prediction of bending of a DNA helix. As illustrated in
Figure 5(c), a bend of the WT DNA is predicted in the region
that contains the two series of T residues and encompasses
the extended −10 sequence. In agreement with the observed
electrophoretic mobilities, promoter mt-18T to G is predicted
to have only a very modest bend (Figure 5c). We concluded that
bending of the region, including the 3′ part of the spacer region
and the extended −10 element, is probably important for promoter
activity.

Role of the cis-acting sequences for RPo formation

The question was whether DNA bending was required for RPo
formation or a step further in the transcription initiation process.
To answer this question, we used the KMnO4 probing technique
for the estimation of the amount of RPo formed with the
variant gapA P1 promoters. The single-stranded thymine T-8
on the non-template strand is highly modified by KMnO4 in
the WT promoter (Figures 2 and 6) and is present in all the
variant promoters. The intensity of the band corresponding to its

Figure 5 A DNA distortion is present in the core gapA P1 promoter

(a) Plasmid pBS::EcogapA and its derivatives were used as the templates for PCR
amplifications with oligonucleotides 1 (5′-ATTGCCCTTTAAAATTCGGGG-3′) and 2 (5′-TATT-
TCAGCACATATGCCATG-3′) of fragments (+155 to − 140) that carry the WT or mutated
promoter sequences (see the Experimental section). (b) The amplified fragments, generated
from the promoter DNA indicated above the lanes, were fractionated on a 6 % polyacrylamide
non-denaturing gel. The molecular-mass standard (lane M) was produced by Sau3AI digestion
of plasmid pBR322. It was used to determine the apparent lengths of the amplified DNA
fragments. (c) Models of the DNA bending of the variant gapA P1 promoters generated by
using the plot.it server [30]. Upper panel: differential bending between WT and variant mt-18T
to G gapA P1 promoters; lower panel: effect of a mutation at positions − 18 and − 19 on
DNA bending.

modification by KMnO4 was used as an indicator of the amount
of RPo formed. As seen in Figure 6, no RPo formation was
detected for variant mt-TG and mt-35. This demonstrated the
requirement of both the TG dinucleotide and the −35 sequence
for RPo formation. The amounts of RPo detected for the WT and
variant mt-18T to G, mt-cons-10 and mt-cons-10/mt-35 promoters
were proportional to the amounts of in vitro transcripts produced
by these promoters (Figures 3 and 4): compared with the WT
promoter, very low, similar and larger amounts of RPo were
detected for the variants mt-18T to G, mt-cons-10/mt-35 and mt-
cons-10 respectively. We concluded that the effects of the studied
mutations took place before or at RPo formation.
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Figure 6 The TG dinucleotide, the −35 sequence and the spacer sequence
of gapA P1 promoter are required for RPo formation

RPos were formed with the commercial Eσ 70 RNAP and the supercoiled plasmid pRLG::gapA P1
carrying the WT promoter or with the pRLG::gapA P1 derivatives containing the gapA P1 promoter
variant, under conditions described in the Experimental section. RPos were treated with KMnO4

and analysed by primer extension with oligonucleotide 2559 (5′-ACCATCGGCGCTACGGCG-3′)
under conditions described in Figure 2. A control elongation was performed without chemical
treatment (lane 1). Nucleotides with an enhanced reactivity in the RPo are indicated on the right
side of the autoradiogram.

DISCUSSION

Sequence comparison of E. coli promoters with an extended −10
sequence suggested that some of these promoters might require
a −35 sequence for activity. We bring experimental evidence for
this hypothesis by an in-depth study of the gapA P1 promoter
and performed the first chemical probing of an RPo formed at a
promoter displaying this property.

Eσ 70 RNAP selects the extended −10 non-canonical P1 instead of
the canonical gapA P′1 promoter

The presence in the gapA P1 promoter region of a putative
promoter (P′1) with canonical hexamers and a short spacer region
(16 bp), together with a putative promoter (P1) with an extended
−10 region containing a non-canonical −10 hexamer and a −35
sequence located 17 bp upstream, was an opportunity to compare
the relative efficiencies of these two promoter organizations. The
strong deleterious effects of the mutations at positions −14, −11
and −7 in the P1 extended −10 hexamer, as well as RPo probing
data, revealed an almost unique selection of promoter P1 by Eσ 70

RNAP (Figures 1 and 2). Both in vivo and in vitro, the putative
P′1 promoter was not active or had a very low activity. Although
we cannot exclude promoter P′1 utilization under different growth
conditions, we concluded that the strong transcriptional activity
of the gapA P1 region depends on a promoter that contains
an extended −10 hexamer with a non-canonical −10 sequence
(3/6 matches).

It was recently proposed that promoters that have a poor match
to the −10 hexamer compensate by having both a TG dinucleotide
and a −35 hexamer [20]. In the present study, we demonstrate that
this is the case for the E. coli gapA P1 promoter. Indeed, the strong
gapA P1 promoter, which plays an important role in exponentially
growing cells [8], displays this kind of organization. We could,
however, reinforce its activity by optimization of the −10 hexamer
or by a T to G substitution at position −16. A compilation of
E. coli promoters with putative extended −10 sequences was
recently made [20]. However, owing to the occurrence of the
overlapping canonical P′1 promoter, promoter gapA P1 was not
included in the list. Thus the occurrence of a functional TG

extension among E. coli promoters might be more frequent than
established recently.

The −12 A:T pair is opened in the gapA P1 RPo

Strand separation in promoter DNA induced by E. coli RNAP
is considered to be initiated at the conserved A residue located
at position −11 in the −10 hexamer. The adenine at position
−11 in the non-template strand is supposed to be flipped out
from the helix and tightly bound in a hydrophobic pocket of
the 2.3 region of σ 70 [33–35]; in the three-dimensional structure
established for the complex formed between the Taq RNAP and a
fork-junction DNA promoter, the T:A base-pair at position −12 is
not melted [12]. A highly conserved tryptophan residue (Trp-433
in E. coli) of the σ 2.3 region is positioned to stack on the exposed
faces of the bases at position −12. This structural arrangement
is expected to delineate the upstream edge of the transcription
bubble [12]. Numerous other previous experiments have strongly
suggested that, for extended −10 as well as non-extended −10
promoters, the −12 T:A base-pair located at the extremity of the
−10 hexamer element is not disrupted in the RPo [33,34,36,37].
In discordance with all these observations, our chemical probing
of the gapA P1 RPo reveals an opening of the A:T base-pair,
which is present at position −12, instead of the canonical T:A
pair. Since only trace amounts of RPo were formed with the mt-
TG variant promoter, we can exclude the possibility that a mixture
of RPos formed at the P1 and P′1 promoter sequences was present
in our probing experiments (Figure 6). However, owing to the
original utilization of the promoter active sequences, the base-pair
at position −12 may have a lesser importance in promoter gapA
P1 compared with other promoters studied previously. Indeed,
the TA (−13 to −12) to GG (variant mt-2) substitution was
found to have a limited effect, whereas the AA (−12 to −11) to
GG (variant mt-9) substitution had a strong deleterious effect on
gapA P1 activity (Figure 1). This indicates that the identity of the
residue at the 5′ extremity of the P1 −10 functional hexamer is
not important for gapA P1 activity, whereas that of the residue at
position −11 is essential. This functional importance of residue
A-11 is in agreement with its flipping out in an RNAP pocket [33–
35]. Accordingly, the second residue, which is considered to be a
key recognition determinant for non-template strand binding (T at
position −7) [38], is also required for efficient gapA P1 activity.
Hence, we conclude that, as for other promoters, nucleotides
−11 and −7 in the −10 hexamer are probably essential for the
interaction with domain 2 of σ 70. However, the A:T base-pair at
position −12 does not constitute the edge of the open bubble. The
fact that the T−13 to G substitution (variant mt-2, Figure 1) had
a very limited effect on gapA P1 activity excludes the possibility
that the T:A base-pair at position −13 functionally replaces the
T:A generally found at position −12. It should be pointed out
that, in almost all RPos previously probed by KMnO4, there was
a T residue at position −12 in the upper strand and this part of the
strand is protected from permanganate attack by direct interaction
with RNAP even if it is unwound. Thus the −12 bp opening may
have escaped detection in some of the previously studied RPos.

In gapA P1 RPo, the −10 element establishes numerous distinct
contacts with RNAP

Under the conditions we used for RPo modification by DMS, both
single-stranded A and G residues were expected to be modified,
this being with a greater reactivity for G residues compared with
A residues [31]. The observed pattern of modification brings
information about the strong contact established between RNAP
and the two single-stranded regions of the gapA P1 −10 hexamer,
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Figure 7 A complex array of DNA–protein interactions in the gapA P1 RPo

(a) The possible interactions of RNAP components with the upstream and core promoter regions in gapA P1 RPos. Interactions of the σ2 domain with the − 10 region are in agreement with Murakami
et al. [12] and Young et al. [40]. The putative interactions of residues A-11 and A-12 with Trp-433 and residues T-9 and T-10 with Tyr-430 are based on the established RF three-dimensional structure
[12]. Interactions of the σ3.0 domain with the TG extension (Glu-458) are in agreement with Barne et al. [10] and interactions between σ4 (Arg-581) and the − 35 hexamer have been described by
Campbell et al. [42]. The potential interaction between α-CTD and the − 60 DNA region is represented according to Ross et al. [45]. (b) Comparison of the protected areas in the gapA P1 RPo (the
present study; rectangle) and the galP1 RPo (ellipse) [36].

and the putative RNAP partners of the various DNA regions are
indicated in Figure 7. In the non-template strand, whereas residue
A-4 was strongly reactive, residue A-6 was less modified, and resi-
dues A-11 and A-12 were completely protected. Thus, in addition
to residue A-11, residue A-12 is probably in close contact with
factor σ 70 (Figure 7a). The strong protection of residues A-11
and A-12 in the non-template strand is in contrast with the strong
accessibility to KMnO4 of the two opposite T residues in the
template strand (Figure 2). Compared with residues T-8 and T-7,
residue T-10 in the non-template strand was poorly sensitive to
KMnO4. In the RF three-dimensional model, residues −9/−10
are within reach of a Tyr-283 residue (430 in E. coli; Figure 7).
Altogether, protection of the 5′ part of the −10 hexamer in the
non-template strand is less extended in gapA P1 RPo as compared
with galP1 RPo (Figures 2 and 7b) [36]. It is more similar to that
found for the RPo formed at the conventional Pilv promoter of
Bacillus subtilis [39] and fits perfectly with crystallographic data
[12]. In gapA P1 RPo, residues A + 1 and A + 2 in the non-
template strand were also protected against DMS modification
and their partners in the template strand were not accessible
to KMnO4. A greater sensitivity to KMnO4 of this region was
observed in the galP1 RPo [36] (Figure 7b) and, here again,
the sensitivity found for promoter gapA P1 is more similar to
that found for the conventional B. subtilis Pilv promoter [39].
According to the RF three-dimensional model, the −2 to +4
part of the non-template strand is held in a groove between two
lobes of the β subunit [12] (Figure 7a). This may explain the ob-
served protection. Finally, the limited accessibility of the template
strand from position −5 to −10 in the gapA P1 RPo (Figures 2
and 7a) is in agreement with strong contacts of this DNA strand
with the tunnel formed by the β ′ and β subunit and factor σ 70

in the RPo [40]. Taken together, our probing data are indicative
of three sites of contact between RNAP and the −10 element

(Figure 7). In addition, the observed protection of residue G-
14 in the non-template strand is indicative of a direct contact
of RNAP with the TG extension. Whereas residues His-455 and
Glu-458 of σ3 were found to be involved in the recognition of
the −10 extension [20], no direct contact between amino acid
side chains and bases at positions −14 and −15 was detected in
the RF complex containing an extended −10 sequence [12]. As
promoters with extended and non-extended −10 hexamers were
found to form different contacts with RNAP [36,41], it will be
interesting to determine which kind of interaction is responsible
for protection of residue G-14 in the gapA P1 RPo.

In gapA P1 RPo, the −35 element contacts RNAP

In the gapA P1 RPo, RNAP probably contacts both the −35
sequence and the TG dinucleotide, since residue G-31 in the
template strand was also protected against DMS modification
(Figures 2 and 7a). This protection is in perfect agreement with the
interaction of residue G-31 with the Arg-409 of σ4 (counterpart of
E. coli Arg-584) found by X-ray analysis in the complex between
Taq σ4 domain and −35 DNA [42] (Figure 7a). Protection in
gapA P1 RPo extends upstream of the −35 hexamer in the
template strand (protection of residue G-38). No DNA–protein
interaction was detected at this position in the complex between
Taq σ4 domain and −35 DNA, and the interactions with the
template strand were restricted to position −31 to −33 [42]. In
this complex, the non-template strand from position −35 to −38
was in contact with the σ4 domain through protein–phosphate
interactions. No protection of the corresponding segment was
detected in the gapA P1 RPo. Hence, in gapA P1 RPo, RNAP
may develop different contacts with the −35 region compared
with those identified in the σ4–DNA complex [42] (Figure 7a).
The increased reactivities to DMS of residues G-33 and G-37 in
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the non-template strand and residues G-36, A-34 and T-32 in the
template strand, which are found in gapA P1 RPo, are indicative
of a profound distortion occurring upon RNAP binding, which is
in agreement with the strong dependence of promoter gapA P1
activity on the −35 sequence. One important question to address is
whether the interactions of σ4 with the −35 element and σ3 with
the TG extension may occur simultaneously in the gapA P1 RPo.
This question is important to address, since the three-dimensional
model of the replication fork structure gave no information on
these interactions [12]. As the function of the −35 sequence is to
provide an anchor for the initial binding of RNAP [26], our results
suggest that the −35 sequence plays such a role in the extended
−10 gapA P1 promoter. The TG motif might (i) also serve as an
anchor by interacting with region 3.0 of σ 70 [10,11,13] and/or (ii)
facilitate RPo formation as reported for other extended promoters
[19,43] and/or (iii) stabilize the RPo as found for Gram-positive
bacterial promoters [44].

The protection at positions −56 and −58 in the template
strand probably represents supplementary binding sites for the
RNAP (Figure 7). The bend in the −35 element, which is in-
duced by RNAP binding, was proposed to alter the trajectory of
the upstream DNA, bringing it closer to RNAP and facilitating
interaction between the α-CTD (C-terminal domain of the α sub-
unit) and upstream DNA [12]. One question that remains to
be addressed is whether the α-CTD is implicated in the distal
contacts detected in gapA P1 RPo, as found for other promoters
from the non-extended class [43,45,46]. Interestingly, an upstream
interaction with the RNAP holoenzyme was also detected by
chemical probing of the galP1 RPo [36] and the corresponding
sequence was found to be important for promoter activity [14].
As the −35 sequence of promoter gapA P1 becomes dispensable
when the consensus −10 sequence is present (variant mt-cons–
10/mt-35 in Figure 3), the −10 hexamer, the TG motif and the
upstream sequence should be sufficient for promoter recognition
and stable RNAP binding.

A natural DNA distortion is important for promoter gapA
P1 activity

Another interesting feature of promoter gapA P1 is the import-
ant role played by the spacer region. On the basis of the electro-
phoretic behaviour of a PCR-amplification product, we concluded
that there is some kind of helix distortion in the core region of
gapA P1 (Figure 5). The presence of two T tracts in phase with
the B-DNA helix strongly suggests that the distortion consists of
DNA bending. In addition, we found a correlation between the
amplitude of the distortion and the efficiency of promoter gapA P1
(Figure 5), which suggests a functional importance of this natural
distortion. DNA distortions were often found to be involved in
the correct positioning of the −10 and −35 hexamers within
RPos [26,47,48]. Residues −20 and −21, which are located
immediately upstream of the T tract in the spacer region, had an
increased reactivity towards DMS in the gapA P1 RPo. This may
reflect a reinforcement of the natural DNA bending upon RNAP
binding. Hence, the pre-existence of a natural DNA distortion
may favour RPo formation at promoter gapA P1. The spacer
sequence is also important for the −10 extended galP1 promoter
activity. Interestingly, the important sequence was also found to
correspond to a series of T residues [14].

In conclusion, promoter gapA P1 is an interesting promoter that
shares common properties with extended −10 promoters that do
not need a −35 sequence, as well as with conventional promoters
with a non-extended −10 sequence and a functional −35
sequence. For further identification of the numerous RNAP–DNA
contacts we detected in the gapA P1 RPo, it will be interesting

to test the possibility of forming the RPo with variant RNAPs
carrying mutations in the α-CTD and different regions of factor σ
and of solving the three-dimensional structure of an RNAP–gapA
P1 DNA complex. The numerous contacts established between
DNA and RNAP, together with the natural capacity of bending of
promoter gapA P1, favour a tight wrapping of the Eσ 70 RNAP by
the gapA P1 DNA, which probably facilitates RPo formation and
explains the high efficiency of the E. coli gapA P1 promoter.
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