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ABSTRACT

The search for promoters has largely been confined
to sequences upstream of open reading frames
(ORFs) or stable RNA genes. Here we used a
cloning approach to discover other potential pro-
moters in Escherichia coli. Chromosomal fragments
of�160 bp were fused to a promoterless lacZ reporter
gene on a multi-copy plasmid. Eight clones were
deliberately selected for high activity and 105 clones
were selected at random. All eight of the high-activity
clones carried promoters that were located upstream
of an ORF. Among the randomly-selected clones,
56 had significantly elevated activity. Of these,
7 had inserts which also mapped upstream of an
ORF, while 49 mapped within or downstream of
ORFs. Surprisingly, the eight promoters selected
for high activity matched the canonical s70 �35 and
�10 sequences no better than sequences from the
randomly-selected clones. For six of the nine most
active sequences with orientations opposite to that
of the ORF, chromosomal expression was detected
by RT–PCR, but defined transcripts were not detected
by northern analysis. Our results indicate that the
E.coli chromosome carries numerous �35 and �10
sequences with weak promoter activity but that
most are not productively expressed because other
features needed to enhance promoter activity and
transcript stability are absent.

INTRODUCTION

Many Escherichia coli promoters are difficult to recognize
by sequence alone. Numerous studies have shown that the
optimal E.coli s70-dependent RNA polymerase-binding site

contains �35 (TTGACA) and �10 (TATAAT) consensus
hexamers spaced 17 bp apart (1–6), though much deviation
from this consensus is encountered with bona fide promoters,
especially if specific DNA-binding proteins activate transcrip-
tion from the promoters. Historically, most promoters were
sought upstream of open reading frames (ORFs) or stable RNA
genes, but their presence elsewhere has not been systematic-
ally investigated. In general, promoters were not expected to
be found within ORFs though some internal promoters do
exist (7–10).

However, the possibility of promoters not associated with
ORFs or even contained within ORFs needs to be considered.
Based on the degeneracy of the RNA polymerase-binding
site in bona fide promoters, many more than 4000 RNA
polymerase-binding sites are predicted to be encoded by the
E.coli genome (11) some of which might act as promoters.
Furthermore, whole genome transcription analyses indicate
that >3000 genes show expression from the antisense strand
(12). In addition, recent screens for small, noncoding RNAs
based on inter-species sequence conservation have indicated
that >60 transcripts are expressed from intergenic regions (13–
15). These findings led us to consider whether promoters also
exist at sites other than the sequences immediately upstream of
ORFs or stable RNA genes.

We therefore undertook a direct experimental approach for
identifying chromosomal sequences with promoter activity.
Random fragments of the E.coli chromosome were cloned
upstream of a promoterless lacZ gene on a plasmid, and the
b-galactosidase activities of these constructs were assayed.
The inserts were sequenced to determine their locations on
the chromosome. Many sequences derived from within ORFs
showed promoter activity in our multi-copy tester plasmid;
a significant fraction with strong activity. The promoter activ-
ities of these sequences, like those of bona fide promoters,
correlated with homology to optimal �35 and �10 sequences.
However, while transcripts expressed from the corresponding
regions of the chromosome were detected by RT–PCR, we did

*To whom correspondence should be addressed. Tel: +1 301 496 5466; Fax: +1 301 496 0201; Email: rgmartin@helix.nih.gov

� The Author 2005. Published by Oxford University Press. All rights reserved.

The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org

6268–6276 Nucleic Acids Research, 2005, Vol. 33, No. 19
doi:10.1093/nar/gki928



not observe defined transcripts by northern analysis indicating
that these promoters do not give rise to stable transcripts. We
show that the activity of a potential promoter is enhanced by
the insertion of a tyrT promoter UP element or lacZ transla-
tional signals and suggest that transcripts from many potential
promoters are not observed because of low expression and
message instability.

MATERIALS AND METHODS

Promoter expression library

E.coli DNA was partially digested with Sau3A and Tsp509I
and separated by gel electrophoresis. Fragments of �160 bp
were purified using the DNA Purification System (Promega,
Madison, WI). The fragments were then ligated upstream of
the promoterless lacZ gene in plasmid pRS551 (16), digested
previously with EcoRI and BamHI and treated with alkaline
phosphatase. DH5a cells (Life Technologies, Rockville, MD)
transformed by the plasmid pool were selected as intensely
blue colonies on Luria broth (LB) plates containing 100 mg/ml
of ampicillin and 40 mg/ml of the chromogen, 5-bromo-
4-chloro-3-indolyl b-D-galactopyranoside (Xgal) or isolated
at random from LB plates containing 100 mg/ml of ampicillin.
The inserts were sequenced on an ABI 310 Prism Analyzer
using the Biosystems DNA sequencing kit (Warrington,
England) with primers: 50-GCC ATA AAC TGC CAG
GAA TTG GGG-30 and 50-GCG GAA CTG GCG GCT GTG
GG-30 corresponding to upstream and downstream sequences
of the plasmid pRS551 site of insertion.

b-Galactosidase assays

Plasmid- or prophage-containing cells were grown overnight,
diluted 1:1000 and grown to A600 ¼ 0.1–0.2 in LB at 32�C.
Most expression under these growth conditions is likely to
involve s70-dependent RNA polymerase. b-Galactosidase
activities were measured (17) in duplicate at least twice,
with SDs of <10%, and are expressed in Miller units (MU).

RT–PCR

For total RNA used in RT–PCR analysis, the wild-type
MG1655 strain was grown in LB at 37�C to A600 � 0.46,
and RNA was isolated by acid hot-phenol extraction (18).
Residual genomic DNA was removed with TURBO DNA-
free DNase (Ambion Inc., Austin, TX). The absence of DNA
was verified by PCR using 1 mg of total RNA as the template.
cDNA synthesis was performed by using 2 mg of total RNA
together with 1 ml of 10 mM dNTP Mix (Invitrogen Corp.,
Carlsbad, CA) and 1 ml of the specific (reverse) primers (2 mM
concentration) listed in Supplementary Table S1 in a final
volume of 15 ml. The samples were heated for 5 min at
65�C and then placed on ice for 5 min. Subsequently, 4 ml
of 5· first-strand buffer and 1 ml of 0.1 M DTT were added, the
reaction mixture was incubated for 2 min at 55�C, and 0.5 ml of
SuperScript III RT (Invitrogen Corp.) was added to the RTase
plus samples. The reaction mixture was incubated for 30 min
at 50�C and then for 20 min at 55�C and for 15 min at 70�C.
PCRs were carried out using 0.25 mM forward and reverse
primers listed in Supplementary Table S1, 1 ml of the cDNA

products, and the AccuPrime SuperMix I (Invitrogen Corp.) in
a final volume of 20 ml. The cycling condition was as follows:
95�C for 2 min, 30 cycles of (95�C for 30 s, 52�C for 15 s,
68�C for 15 s), and 68�C for 1 min. The RT–PCR products
were stored at 4�C and then analyzed by electrophoresis on 2%
agarose gels using UltraPure Agarose-1000 (Invitrogen Corp.)
and ethidium bromide staining.

Northern analysis

Total RNA isolated from MG1655 and used for RT–PCR
analysis was separated on 1% agarose gels alongside RNA
Millennium size markers (Ambion Inc.). The RNA was trans-
ferred to NYTRAN nylon transfer membranes (Schleicher and
Schuell Inc., Keene NH) by capillary action. Membranes were
UV-crosslinked and probed with 32P-labeled oligonucleotide
probes (listed in Supplementary Table S1) in ULTRAhyb-
Oligo buffer (Ambion Inc.) at 45�C. The membranes were
then washed as described in the manual for NYTRAN
nylon transfer membranes. The marker lanes were detected
by probing with 32P-labeled Millennium markers.

Construction of specific lysogens

To construct the longer antisense yfjN-lacZ transcriptional
and translational fusion plasmids, the yfjN gene fragment of
E.coli MG1655 was amplified by PCR using primers yfjN-
Bam (50-TTT GGA TCC GGG GAC GGT TCG ACT ACA
ATT CAA TAT CTC-30) and yfjN-Eco (50-ATA GAA TTC
CAC ACT ACG GTA TGA GCG-30). The fragment was then
digested with BamHI and EcoRI and cloned into the cor-
responding sites of plasmids pRS551 and pRS552. The term
‘antisense yfjN-lacZ’ indicates that the antisense message of
the yfjN ORF is being monitored by lacZ.

To make single-copy fusions, we recombined each con-
struct with lRS45 (16) and integrated the phage into the chro-
mosome of the DlacZ strain DJ480 (19). Multiple lysogens
were selected and assayed for b-galactosidase activity. For
most constructs we found presumptive single and multiple
lysogens which differed from one another in activity by factors
of 2 and 3. Those with the lowest activity were chosen and
many were verified to contain single prophage by PCR (20).

Primer extension analysis

For total RNA used in primer extension analysis, the host
strain DJ480, DJ480 harboring the antisense yfjN-lacZ fusion
prophage, and DJ480 harboring the antisense yfjN-lacZ fusion
plasmids were grown in LB at 37�C to A600 � 0.4. Kanamycin
(20 mg/ml) was added when appropriate. RNA was isolated by
acid hot-phenol extraction (18). The reverse transcription
reactions were carried out using 100 U of SuperScript II RT
(Invitrogen Corp.) and oligonucleotide yfjN-F4 (50-CAC TGG
AGC CAA TCG TTC TCT GGG CCA AG-30) labeled at the
50 end with 32P and 30 mg of total RNA from strains without a
plasmid and 5 mg of total RNA from strains with a plasmid.
The samples were incubated for 1 h at 42�C. The cDNA
products were fractionated in 8% polyacrylamide-urea gels
together with a sequencing ladder obtained using labeled
YfjN-F4 and the Thermo Sequenase Cycle Sequencing Kit
(USB; Cleveland, OH). The template for the sequencing
reaction was a DNA fragment generated by PCR using
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yfjN-5U (50-CCG GTA GAC GAT CCT GCC CTA TAG-30)
and yfjN-Eco as primers and E.coli K-12 genomic DNA.

Promoter homology scores

Homology scores were calculated using the pftools 2.2 pro-
gram (Swiss Bioinformatics Institute site: http://www.isrec.
isb-sib.ch/ftp-server/pftools/) (5,13).

RESULTS

Cloning strategy

To detect regions of the E.coli chromosome with promoter
activity, total genomic DNA was partially digested to give
fragments of �160 bp in length and cloned into the plasmid
pRS551 (16) to generate lacZ transcriptional fusions. These
plasmids were used to transform the E.coli strain DH5a. One
set of transformants was selected on plates containing Xgal, a
chromogenic indicator of b-galactosidase activity, and eight
colonies exhibiting the most intense color were chosen.
Intensely colored colonies represented �0.5% of the popula-
tion. Another 105 colonies were selected at random in the
absence of the chromogen. For both the colonies selected
for high activity and the colonies selected at random, the levels
of b-galactosidase activity were determined in early log phase
cultures in LB broth and compared with the activity of a strain
carrying the control plasmid lacking an insert [which exhibited
3.6 ± 0.16 MU (17) of b-galactosidase specific activity in 24
assays performed in duplicate]. Each of the inserts was
sequenced and its position on the chromosome was
identified (21).

Fragments selected for high activity

The eight clones that were selected on the basis of high activity
are listed in Table 1. The average size of the corresponding
inserts was 168 ± 17 bp, and the average b-galactosidase
activity was 7800 MU. All of the sequences are <200 bp

upstream of, and oriented in the same direction as, the nearest
ORF (Table 1), except for rpsA where the insert is >260 bp
upstream (Table 1, footnotes d and f). In the four cases where
the 50 ends of the cognate mRNAs have been mapped, the
inserts of the strains selected for high promoter activity contain
bona fide promoters: M1789 contains the P1 promoter of aroP
(22,23); M1791 contains the P1 promoter of rpsA (24); M1793
contains the strong promoter for map which lies within 70 bp
of the ORF (25); and M1797 contains the P1 promoter of fepD
(26). We infer that all of the eight inserts selected on the basis
of high activity contain bona fide promoters.

Fragments selected at random

The 105 clones isolated at random were shown to have single
inserts with an average length of 163 ± 24 bp, statistically the
same size as the inserts present in the clones selected for high
activity. The b-galactosidase activities of the strains selected
at random varied in activity from 1.6 to 3220 MU and their
distribution is shown in Figure 1. The average activity of the
eight most active random clones (1600 MU) was nearly 5-fold
lower than the average activity of the clones selected on the
basis of high activity (7800 MU).

We defined a sequence as having ‘potential promoter’ activ-
ity when it increased the b-galactosidase activity of the plas-
mid by 3-fold over that of the parental plasmid pRS551, i.e, to
>10 MU. We found that 56 (53%) of the inserts from the
random clones carried at least one such potential promoter.
Given the two possible orientations of each fragment, this
would correspond to one potential promoter per �107 bp or
the �40 000 potential promoters per chromosome (for calcu-
lations see legend to Figure 1).

The mapping of the pRS551 inserts revealed that the poten-
tial promoters are apparently randomly distributed on the chro-
mosome. Some properties of the 20 most active fragments are
presented in Table 2. Only 7 of the 56 sequences with promoter
activity (13%) were located immediately upstream of, and in
the same orientation as, an ORF such that they might contain a

Table 1. Activities and genomic locations of eight fragments selected for high activity

Strain no. b-Galactosidase Source of fragment in E.coli Nearest Position and orientationc ROa -ORF->b

MU Position, size and orientationc Gene

M1789d 12 200 121 678 <— 145 bp 128 116 aroPe 120 178 <— 121 551 S - - - ->
M1791 10 100 960 788 171 bp —> 960 958 rpsAf 961 218 —> 962 891 S - - - ->
M1792 9100 4 194 326 <— 170 bp 4 194 495 rsdg 4 193 910 <— 4 194 386 S - - - ->
M1793 6700 189 380 <— 204 bp 189 583 map 188 712 <— 189 506 S - - - ->
M1794 6100 1 019 354 <— 165 bp 1 019 518 ompAh 1 018 236 <— 1 019 276 S - - - ->
M1795 6200 1 695 029 <— 164 bp 1 695 192 uidR 1 694 486 <— 1 695 076 S - - - ->
M1796 6200 2 797 076 165 bp —> 2 797 240 ygaw 2 797 185 —> 2 797 634 S - - - ->
M1797 5700 621 461 <— 163 bp 621 623 fepD 620 408 <— 621 412 S - - - ->

aRO refers to the relative orientation of fragment and the nearest gene. O ¼ opposite, S ¼ same.
bOrientation of potential promoter relative to the ORF.
cArrows indicateorientationsof promoteror nearest gene.Forwardarrows represent the clockwiseor Watsonstrand and reversearrows represent the counterclockwise
or Crick strand. Numbers refer to chromosomal positions (21).
dUnderlined strain numbers indicate those with ‘immediately upstream’ promoters, arbitrarily defined as having the 30 end of the sequence no farther than 200 bp
upstream of the ORF and the 50 end no closer than 50 bp from the ORF, assuming that a minimal promoter plus leader would be �50 bp long.
eThe sequence�80 bp upstream of the aroP promoter in our strain and in MG1655 (21) differs from the strain used by Pittard and coworkers (22,23). The sequence in
our strain is TTGAGAGGGGTTGAGGCTGAGCTTTACA which matches (in bold) the optimal hexamers in 8 of 12 positions (separated by 16 bp), whereas the
sequence in their strain is TACGGGGATCTGTTGAGGCTGAGCTTTACA which matches in only 5 positions.
fThe insert upstream of rpsA does not fit the definition of ‘immediately upstream’ but contains the known transcription start site of rpsA at 960 940 (24).
gOnly the P2 promoter of rsd is contained in the fragment.
hA possible alternative ORF start codon is GTG at 1 019 345.
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bona fide promoter. The remaining 49 fragments with pro-
moter activity >10 MU correspond to internal segments of
ORFs or extend downstream from or into ORF sequences.
About half of these sequences are oriented in the same direc-
tion as the ORF and conceivably could serve as internal
promoters for a downstream ORF. Those potential promoters
oriented in the opposite direction of the ORF, if functional
in situ, might act as convergent promoters to modulate the
activity of the bona fide promoter for the ORF or might
direct the synthesis of antisense RNAs that could regulate
mRNA stability or translation or might have no physiological
consequences.

Expression from potential promoters

To determine whether the potential promoters within ORFs are
transcriptionally active on the chromosome, we carried out
RT–PCR and northern analyses on total RNA isolated from
exponentially-growing MG1655 cells and probed for tran-
scripts that could be expressed from the potential promoters.
We chose to probe for transcripts from the potential promoters
within the presumptive ORFs of ygeH, rhsE, yfjN, yiaO, yjcE,
ydiM, ecpD, topA and yehI, since they showed the highest
b-galactosidase activities when fused to the lacZ reporter
gene and were oriented opposite to the ORF so that we could
readily distinguish such antisense transcripts from transcripts

expressed from the normal ORF promoter. For five of the loci
(rhsE, yfjN, yiaO, yjcE and yehI), we detected clear RT–PCR
products of the expected size, and for another locus (ydiM) a
faint signal was observed (Figure 2A). No product was seen for
three of the regions (ygeH, ecpD and topA). These results
showed that antisense transcripts were in fact expressed for
some of the regions for which we detected promoter activity.
However, the RT–PCR signal did not necessarily correlate
with the amount of b-galactosidase activity measured for
the fusions; no expression was observed in the ygeH region,
which showed high expression when fused to lacZ, and clear
expression was detected for the yehI region, which showed low
expression when fused to lacZ.

We next tried to detect distinct RNA transcripts from these
nine regions by northern analysis. The conditions used for the
northern analysis were similar to conditions successfully used
to detect the RyjC antisense RNA (27). However we were not
able to detect the expected antisense transcripts (Figure 2B and
data not shown). The failure to detect significant expression
for ygeH, ecpD and topA by RT–PCR and the lack of distinct
transcripts for rhsE, yfjN, yiaO, yjcE, yehI and ydiM by north-
ern analysis suggested that these potential promoters have
little or no activity when in their normal chromosomal location
and/or that the corresponding transcripts are very unstable
under the assay conditions and/or the length of the RNAs is
extremely heterogeneous.

Increased expression from the potential promoter
internal to yfjN

To evaluate possible explanations for the inability to detect
distinct RNAs by northern analysis, we examined transcription
from the potential promoter antisense to the yfjN ORF in more
detail. One explanation for the low transcript levels could be
‘promoter occlusion’ (28), whereby expression of the anti-
sense promoter internal to yfjN would be silenced owing to
interference by RNA polymerase transcribing from the bona
fide yfjN promoter. However, we found expression of the yfjN
transcript to be low (data not shown) suggesting that transcrip-
tional interference from the yfjN promoter did not contribute to
the low expression from the potential antisense promoter. In
addition, strong simultaneous expression of both an mRNA
and the antisense transcript has been observed for probable
antisense RNA regulators (18) suggesting that transcription
across both strands of DNA does not necessarily lead to pro-
moter occlusion and gene silencing.

The DNA context of the putative promoter also might influ-
ence expression. Therefore, we compared the activity of the
potential antisense promoter internal to the yfjN promoter in
three situations: (i) its normal chromosomal context, (ii) fused
to lacZ on a multi-copy plasmid or (iii) fused to lacZ on a
single-copy l prophage integrated at attl. To do this, a 231 bp
fragment containing the potential promoter internal and
antisense to yfjN was cloned upstream of lacZ in the transcrip-
tional fusion plasmid pRS551 (generating pRS551-anti-yfjN-
lacZ). The lacZ-deletion strain DJ480 (containing the normal
yfjN chromosomal copy) carrying the plasmid or a single
prophage copy (integrated at attl) derived from the plasmid
was grown to exponential phase, and expression from the
endogenous, plasmid-located and prophage-located potential
antisense promoter was compared in primer extension assays

Figure 1. The distribution of promoter (b-galactosidase) activities of 105
random fragments of E.coli as assayed in the promoterless lacZ tester plasmid,
pRS551. We defined a sequence as having potential promoter activity when the
b-galactosidase activity of the strain was increased by 3-fold or more over that
of the strain with the parental plasmid pRS551 (i.e. to >10 MU). We found that
56 (53%) of the inserts (tested in only one orientation) exhibited promoter
activity by this criterion. However, some of the inserts may contain more than
one promoter. Applying the Poisson distibution, P(0) ¼ e�l, where P(0) is the
probability of finding no activity (i.e. the null class of plasmids expressing 0–10
MU ¼ 47%), and solving for l (the average number of potential promoters per
insert), we calculate there are on average 0.76 promoters per fragment (in one of
the two possible orientations). We therefore conclude that there are �1.52
(twice 0.76) promoters per 163 bp or one full promoter in either direction
per �107 bp.
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(Figure 3). A strong transcription initiation signal was detected
from the fragment on the plasmid, and the start site of the
transcript was mapped downstream of the predicted �10 and
�35 sequences (Figure 3A, lane 4 and Figure 3B). The tran-
scription initiation signal for the strain with the prophage was
very faint (lane 2) compared with the signal for the strain with
the plasmid, even though 6-fold more total RNA was used in
the primer extension assay. The �30-fold difference in signal
between the plasmid strain and the prophage strain is some-
what larger than the difference expected from an �20-copy
pRS551 plasmid (Robert Simons, personal communication)
compared with a single-copy prophage. In addition, no signal
was detected in the absence of the prophage or the plasmid
(lane 1), indicating that the normal chromosomal copy of the
potential promoter is even less active than the copy on the
prophage.

We compared the b-galactosidase activities of the plasmid
and single-copy prophage strains carrying transcriptional
fusions to the eight selected bona fide promoters with the
activities of 10 potential antisense promoters (Table 3). As
expected on the basis of the copy number of the plasmid, the
activities for the lacZ fusions of the bona fide promoters were,
on average, 16-fold greater when present on the plasmid than
when present as single-copy prophage. However, this ratio
increased to 30-fold for the activities of the potential promoter
fusions. This observation suggests that the promoter fragments
from bona fide promoters may carry additional sequence

information that allows for more efficient transcription in
the context of the bacterial chromosome.

Specific sequence elements that increase promoter activity,
such as UP elements that are bound by the C-terminal domain
of the a subunit of RNA polymerase, also could be lacking
from the potential promoter internal to yfjN. Thus we tested
whether an UP element would increase potential promoter
activity by replacing the 90 bp immediately upstream of the
anti-yfjN-lacZ �35 hexamer with the 102 bp sequence found
upstream of the �35 hexamer of the tyrT promoter (29). When
cells with this construct present on a single-copy prophage
derived from pRS551 were assayed, they had 9.9 times the
activity of the same construct without the UP element (890 MU
compared with 90 MU). Thus, the absence of such elements
seems to be another reason for the low-level activity of the
anti-yfjN and, presumably, other potential promoters.

Transcript instability could be another reason for our inab-
ility to detect defined transcripts. With this possibility in mind,
we postulated that base-pairing between the yfjN mRNA and
the antisense transcript could result in a double-stranded RNA
that might be degraded by the RNase III endoribonuclease.
Thus we tried to detect defined transcripts in an RNase III
-deficient (rnc) strain. However, the levels of the antisense
transcripts were not significantly increased in the mutant strain
(data not shown).

An additional determinant of RNA stability might be
translation of the message; the chromosomal yfjN antisense

Table 2. Activities and genomic locations of 20 most active fragments selected at random

Strain no. b-Galactosidase Source of fragment in E.coli Nearest Position and orientationd ROb -ORF->c

Rank MU Position, size and orientationd Genea

M1493 1 3200 2 990 280 <— 166 bp 2 990 445 ygeH 2 990 116 —> 2 991 492 O <- - - -
M1490 2 2900 1 527 795 <— 163 bp 1 527 962 rhsE 1 525 914 —> 1 527 962 O <- - - -
M1485 3 2100 2 764 194 <— 168 bp 2 764 361 yfjN 2 763 939 —> 2 765 012 O <- - - -
M1479 4 1300 2 939 936 212 bp —> 2 939 725 gcvA 2 939 672 —> 2 940 589 S - - - ->
M1476e 5 1100 2 510 624 <— 170 bp 2 510 793 mntH 2 509 511 <— 2 510 726 S - - - ->
M1473 6 970 3 743 676 <— 230 bp 3 743 905 yiaO 3 743 724 —> 3 744 710 O <- - - -
M1471 7 900 3 795 597 151 bp —> 3 795 747 rfaL 3 794 575 —> 3 795 834 S - - - ->
M1469 8 620 1 048 436 <— 155 bp 1 048 590 ymcC 1 047 911 <— 1 048 489 S - - - ->
M1468 9 570 4 279 164 <— 153 bp 4 279 316 yjcE 4 277 559 —> 4 279 208 O <- - - -
M1465 10 470 2 040 776 152 bp —> 2 040 927 yodB 2 040 390 —> 2 040 920 S - - - ->
M1463 11 450 1 710 148 <— 176 bp 1 710 323 unnamedf 1 709 136 <— 1 709 846 S - - - ->

nth 1 709 547 —> 1 710 182 [O] <- - - -
M1448 12 290 29 444 <— 121 bp 29 564 unnamedg 28 875 <— 29 231 S - - - ->

dapB 28 374 —> 29 195 [O] <- - - -
carA 29 756 —> 30 799 [O] <- - - -

M1447 13 270 1 769 832 <— 220 bp 1 770 051 ydiM 1 769 095 —> 1 770 309 O <- - - -
M1439 14 200 155 915 173 bp —> 156 087 ecpD 155 461 <— 156 201 O <- - - -
M1438 15 200 1 331 533 <— 147 bp 1 331 679 topA 1 329 072 —> 1 331 669 O <- - - -
M1437 16 180 217 647 <— 152 bp 217 798 proS 217 057 <— 218 775 S - - - ->
M1433 17 160 2 188 009 <— 145 bp 2 188 153 yehB 2 186 450 <— 2 188 930 S - - - ->
M1429 18 150 2 200 816 <— 167 bp 2 200 982 yehI 2 198 299 —> 2 201 931 O <- - - -
M1428 19 150 939 285 132 bp —> 939 416 serS 938 651 —> 939 943 S - - - ->
M1422 20 130 1 015 608 156 bp —> 1 015 763 ycbZ 1 015 762 <— 1 017 348 O <- - - -

fabA 1 015 175 <— 1 015 801 [O] <- - - -

aIn some cases, alternate possibilities are listed.
bRO refers to the relative orientation of fragment and the nearest gene. O ¼ opposite, S ¼ same. Alternate possibilities are indicated in brackets.
cOrientation of potential promoter relative to the ORF.
dArrows indicate orientations of promoter or nearest gene. Forward arrows represent the clockwise or Watson strand and reverse arrows represent the counter-
clockwise or Crick strand. Numbers refer to chromosomal positions (21).
eUnderlined strain numbers indicate those with ‘immediately upstream’ promoters, arbitrarily defined as having the 30 end of the sequence no farther than 200 bp
upstream of the ORF and the 50 end no closer than 50 bp from the ORF, assuming that a minimal promoter plus leader would be �50 bp long.
fInsert is 302 bp upstream of an unannotated ORF of 237 codons.
gInsert is 213 bp upstream of an unannotated ORF of 119 codons.
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sequence does not contain a plausible translation start signal.
We therefore cloned the same anti-yfjN fragment into the
plasmid pRS552, which lacks a ribosome-binding site preced-
ing the lacZ structural gene (generating pRS552-anti-yfjN-
lacZ). Expression from this plasmid and from a corresponding
integrated l prophage were compared with the expression from
the pRS551 constructs carrying the same anti-yfjN fragment
cloned upstream of lacZ which has a ribosome-binding site

(Figure 3A). The steady-state level of the RNA expressed from
the plasmid pRS552-derivative (lane 5) was �4-fold lower
than the level expressed from the pRS551-derivative
(lane 4). Expression of RNA from the pRS552-derived pro-
phage (lane 3) was similarly lower than the expression from
the pRS551-derived prophage (lane 2). Together these
assays of the modified anti-yfjN–lacZ fusions suggest that
the inability to detect defined chromosomal transcripts from
the potential promoters is probable to be due to the lack of
features needed to enhance promoter activity as well as
transcript stability.

Comparison of potential promoter sequences with
the canonical s70 sequence

To evaluate the sequences of the inserts selected for high
transcriptional activity and of those isolated at random, we
analyzed each of the cloned sequences with the computer
program pftools2.2 (5,13). This program is designed to
identify promoter sequences by using weighted matches to
the optimal �35, �10 and spacer regions and then to compute
a homology score. A homology score of 45.0 or more was
considered a significant ‘hit’ (5).

Two general conclusions can be drawn from this analysis.
First, for both the sequences isolated at random and the eight
clones selected for high activity, there is a correlation between
the b-galactosidase activities and the frequency of computer
‘hits’ (Supplementary Table S2) as well as between the log-
arithm of b-galactosidase activity and the homology scores
(Figure 4), analogous to that observed with bona fide pro-
moters (5). Second, the fragments selected for high activity
fit the optimal promoter sequence no better than the most
active of the fragments selected at random: an average homo-
logy score of 52.1 ± 2.43 was calculated for the eight promo-
ters selected for high expression (average �7800 MU, Table 1)
and an average homology score of 54.2 ± 5.45 was calculated
for the eight most active of the randomly isolated promoters
(average �1700 MU; Table 2). Thus the 4.5-fold greater
activity in the eight bona fide promoters does not correlate
with greater homology to the optimally configured promoter.
This is clearly seen in Figure 4 where the activities of seven of
the eight selected promoters are two SDs greater than that
found for the promoters isolated at random. These results
confirm the importance of factors other than appropriately
spaced �35 and �10 hexamers for determining promoter
activity and suggest that a very large number of E.coli chro-
mosomal sites with near-perfect homology to the optimal �35
and �10 hexamers are inconsequential because they lack
additional critical sequence information.

DISCUSSION

By assaying random �160 bp chromosomal fragments in a
system designed to detect promoter activity on plasmids,
we identified a large number of segments internal to ORF
sequences that had sufficient activity to warrant examination
as potential promoters. Systems similar to that used here have
been used repeatedly and successfully to analyze documented
functional promoters in intergenic regions (16,30). We found
that many of the potential promoters located within ORFs
have homology scores (a measure of fit to the optimal RNA

Figure 2. Detection of antisense transcripts by RT–PCR and northern analysis.
(A) RT–PCR was performed with primer sets listed in Supplementary Table S1
and with (plus) and without (minus) RT. The products were analyzed by elec-
trophoresis on 2% agarose gels. Lanes 1 and 2, ygeH antisense transcript
(expected size, 124 bp); lanes 3 and 4, rhsE antisense transcript (expected size,
95 bp); lanes 5 and 6, yfjN antisense transcript (expected size, 92 bp); lanes 7 and
8, yiaO antisense transcript (expected size, 87 bp); lanes 9 and 10, yjcE antisense
transcript (expected size, 103 bp); lanes 11 and 12, ydiM antisense transcript
(expected size, 114 bp); lanes 13 and 14, ecpD antisense transcript (expected
size, 119 bp); lanes 15 and 16, topA antisense transcript (expected size, 101 bp);
lanes 17 and 18, yehI antisense transcript (expected size, 108 bp); lane M for
50 bp ladder size marker and lanes 19 and 20, RyjC RNA (expected size, 77 bp).
The lack of correlation between the RT–PCR signal and b-galactosidase ac-
tivity may be due to differences in the hybridization efficiencies for the primer
pairs used. (B) Total RNA separated on 1% agarose gels and transferred to nylon
membranes was probed with primers to the antisense strands of rhsE, yfjN, yiaO
and yjcE as well as to the 77 nt antisense RNA RyjC. RNA molecular weight
markers were run with each set of samples for direct estimation of RNA
transcript length, but the RNA marker lane for only one of the panels is shown.
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polymerase-binding site hexamers and spacing) that are very
similar to the scores of documented promoters. However, des-
pite the high levels of expression found when these segments
were on plasmids and despite the close matches to documented
promoters, we were not able to detect distinct transcripts from

the corresponding chromosomal sequences. Although it is
possible that some of these potential antisense transcripts
are expressed at higher levels under growth conditions that
we did not assay, a more probable explanation is that these
segments carry functional �35 and �10 sequences but not
other elements of bona fide promoters that are needed for
productive expression.

Based on our evaluation of expression of the putative anti-
sense promoter internal to yfjN, we suggest that multiple fac-
tors contribute to productive promoter activity. First, the yfjN
antisense promoter fusion constructed in plasmid pRS551,
which contains the translation signals of lacZ, gave signific-
antly higher levels of mRNA than the fusion constructed in
plasmid pRS552, which lacks these translational signals. The
simplest explanation is that translation has a significant impact
on whether or not a transcript can be detected, most probably
by affecting the stability of the mRNA. It is also possible that
other sequence differences between the two fusions affect
RNA stability. Similarly, terminator sequences and other sta-
bility elements such as those present on noncoding RNAs
probably affect whether a transcript can be detected. Second,
relative to their expression on the multi-copy plasmid, the yfjN
antisense promoter fusion, as well as those of other potential
promoters within ORFs, showed significantly lower expres-
sion when present in single copy on the chromosome com-
pared with bona fide promoters. Thus bona fide promoters
together with the surrounding region also appear to contain
sequence information that protects against possible negative
effects of supercoiling or other structural constraints associ-
ated with the bacterial chromosome.

The results suggest that bona fide promoters may have
evolved for greater activity not so much by optimizing their
s70-binding signals but by improving other promoter features.
These include decreasing the binding of repressors or enhan-
cing the binding of activators; enhancing the binding of
RNA polymerase via UP elements; and lowering the energy
required for open complex formation and/or polymerase
clearance. Indeed, of the six sequences selected for high activ-
ity that others have studied in greater depth, five are believed
to be regulated by transcriptional activators (25,26,31–34).
Additional computational and genetic studies of bona fide
promoters should allow further definition of the sequences
required for the expression of detectable transcripts.

Our observations are similar to recent findings in eukaryotic
organisms. There is increasing evidence for the expression of

Figure 3. Identification of the transcriptional start site of the antisense RNA
from yfjN by primer extension analysis. (A) Lane 1, control host strain (DJ480);
lane 2, DJ480 carrying single-copy l prophage with the pRS551-derived
anti-yfjN–lacZ fusion; lane 3, DJ480 carrying single-copy l prophage with
the pRS552-derived anti-yfjN–lacZ fusion; lane 4, DJ480 harboring the
pRS551-anti-yfjN-lacZ plasmid; lane 5, DJ480 harboring the pRS552-anti-yfjN
–lacZ plasmid. Reverse transcription reactions were performed by using 30 mg
of total RNA from the parent and prophage-containing strains (lanes 1–3) and
5 mg of total RNA from plasmid-containing strains (lanes 4 and 5); The
sequence ladder was generated using the primer used in the primer extension
reactions. Although the levels of the primer extension products for the prophage
strains are extremely low, the same relative levels were seen in all three repeti-
tions of the experiment. (B) Top strand sequence from nt 2 763 939 to 2 764 368
of the E.coli chromosome (1–430 of yfjN). The yfjN ORF extends to 2 765 012.
The ATG start codon of yfjN is boxed. The sequence cloned in pRS551 and
pRS552 is surrounded by brackets (between 2 764 127 and 2 764 357). The +1
transcriptional start site is shown by an arrow. The �10 and �35 sequences of
the yfjN antisense promoter are underlined.
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RNAs outside of and on the opposite strand of known and
predicted coding genes based on clones present in cDNA
libraries derived from mouse and human cell lines (35–37).
However, few of these have been shown to correspond to
defined RNAs. In fact, transcripts encoded in several inter-
genic regions in Saccharomyces cerevisiae could only be
detected as heterogeneous bands by northern analysis and
only in strains lacking the Rrp6p exonuclease indicating
that there are specific quality control mechanisms to degrade
the transcripts made from cryptic promoters (38). Based on

these observations and our own results, we suggest caution
before attributing biological significance to antisense tran-
scripts that have not been shown to be distinct.

Nevertheless, our results that many functional �35 and �10
sites are present throughout the chromosome and within genes
are consistent with recent experiments in which E.coli RNA
polymerase-binding sites in rifampicin-treated cells were
mapped by chromatin immunoprecipitation and microarrays
(39). These studies showed that a significant fraction of the
RNA polymerase was bound within ORFs. An open question
is whether these RNA polymerase-binding sites and the accom-
panying low level of intragenic transcription have a function.
The possibilities that the binding sites serve as docks for RNA
polymerase or that the low level of transcription helps to
maintain a more accessible state of the chromosome warrant
further investigation.
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