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Analysis of reading frame and expressional regulation of randomly
selected promoter-proximal genes in Escherichia coli
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The expression of seventy-seven randomly cloned genes of Escherichia coli was examined fol-
lowing a variety of treatments including heat shock, glucose starvation, phosphate starvation,
ammonium starvation or osmotic shock, with the aid of /acZ reporter gene protein fusions on
multicopy plasmids. Two of 77 genes (amr and yigL) had not previously been identified as pro-
tein encoding open-reading frames (ORFs) in annotations of the E. coli genome database. Thir-
teen genes exhibited significant changes in expression in response to at least one of the treat-
ments, and six of them appeared to be controlled by more than one o (sigma) factor of RNA
polymerase. This study thus allows us not only to identify the reading frame of the genomic
genes but also to support the hypothesis earlier proposed that a significant proportion of genes
in E. coli are involved in adaptations to various stresses to which the organism is likely to be ex-

posed in the environment.
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Introduction

Escherichia coli possesses about 4,300 genes (Blatt-
ner et al., 1997) and is expected to have more than
several hundred genes proximal to their own promot-
ers in operon organization. Most of the genes in the or-
ganism are just predicted by computer-aided analysis
after the genomic information has completely been de-
termined. These predicted genes should thus be
proven by identification of gene products in addition to
elucidation of their functions and expressional regula-
tion. We have constructed a mini-library of the E. coli
genomic genes, in which each clone has part of a ge-
nomic gene fused in frame with the /acZ gene in addi-
tion to its promoter and operator (Talukder et al.,
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1994). Analysis of the library allows us to identify read-
ing frames of the cloned genes, confirm their protein
productivity and examine their expressional control.
From the library, 5 genes were found to be negatively
regulated by RpoS, responsible for gene expression
as a o factor in the stationary phase (Talukder et al.,
1996) and two of them, named ssnA and ves, were ex-
tensively analyzed. ssnA was shown to be involved in
cell death, and ves was expressed at a low tempera-
ture at the beginning of the stationary phase (Yamada
et al., 1999, 2002).

Here, we have analyzed about 10% promoter-proxi-
mal genes in E. coliin respect to their reading frames,
protein productivity and expressional changes under
various conditions. The genes responsive to heat
shock and glucose starvation were then further ana-
lyzed using mutant strains of rpoH and Acya which en-
code a heat shock promoter specific 6% subunit of
RNA polymerase and adenylate cyclase, respectively.
With these results and by comparison with data re-
ported previously, we showed the possible promoter
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organization of the responsive genes.

Materials and Methods

Bacterial strains and plasmids. The E. coli K-12
strains used in this study were W3110, wild type;
MC1000, araD139 A(ara-leu)7697 AlacX74 galU galK
rpsL (Casadaban and Cohen, 1980); JM103, A(lac-
pro) thi strA supE endA sbcB hsdR4 F' traD36 proAB*
lacl"ZAM15 (Messing, 1983); KY1436, FaraD Alac
rpsL  rpoH165 zhf50::Tn10 (Yura et al., 1984);
CA8306, Hfr Hayes Sm*® B1~Acya provided by J.
Beckwith; YU379, MC1000 rpoH; and YU230, MC1000
Acya. The last two strains were constructed by P1
transduction (Miller, 1992). The library analyzed here
was constructed as described previously (Talukder et
al., 1994).

DNA manipulations, sequencing and gene mapping.
Conventional recombinant DNA techniques (Sambrook
et al., 1989) were used. Restriction enzymes, T4 DNA
ligase, Tag DNA polymerase and the nucleotide se-
quencing kit (TaKaRa Shuzo, Kyoto, Japan) were used
according to the specifications of the manufacturer.
Nucleotide sequence around the junction with the lacZ
gene in each clone was determined by the dideoxy-
chain termination method (Sanger et al., 1977) and
their deduced amino acid sequences were compared
with those listed in the EMBL, GenBank, SWISS-
PROT and NBRF-PIR databases on a computer net-
work. The E. coli ordered phage library (Kohara et al.,
1987) was hybridized with the DNA fragments as a
probe, and the detection was carried out by using the
ECL kit (Amersham, Buckinghamshire, England).

Bacterial growth and enzyme assay. Cells harbor-
ing each clone plasmid were grown to late exponential
phase at 37°C in LB medium (1% Bacto tryptone,
0.5% yeast extract, 0.5% NaCl) containing ampicillin
(100 ng/ml). The cells were then diluted 100-fold with
MOPS minimal medium (0.4% glucose, 10 mm NH,CI,
1.32mm K,HPO,, 0.53mm MgCl,, 0.28mm K,SO,,
0.01mm FeSO,, 0.5mm CaCl,, 50mm NaCl, 4 mm
Tricine, 40 mm MOPS [3-(N-Morpholino) propanesul-
fonic acid], pH 7.2, 0.002% leucine, and 0.002% thi-
amine) and grown for 16 h at 37°C or 30°C. The cells
were harvested, washed twice and resuspended in
MOPS minimal medium. For starvation experiments,
one component in the MOPS minimal medium was de-
creased as follows, 0.13 mm K,HPO,, 2.4 mm NH,CI or
0.04% glucose for phosphate, ammonium, or glucose
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starvation, respectively. For osmotic shock, the
washed cells were resuspended in the LB medium
containing 200 mm NaCl. Successively, incubation was
done at 37°C for 4 h in the different starvation experi-
ments and for 16 h in the osmotic shock. For heat
shock treatment, the washed cells were resuspended
in LB medium and incubated for 1 h at 42°C as a heat
shock or at 30°C as a control or for 0—2h in time
course experiments. Samples were then withdrawn at
the time indicated and cooled to prevent further growth
by immersion in an ice bucket. After lysed or dead
cells were removed by washing and centrifugation,
cooled cell suspension was adjusted to an ODgy, of
0.28-0.80 and subjected to [B-galactosidase assay
(Miller, 1992). B-Lactamase assay was done as de-
scribed previously (Katayama and Nagata, 1990).

Results

Identification of genes encoding proteins and their
reading frames

In each plasmid clone in the library constructed,
0.5-1.0 kb genomic DNA fragments of the E. coli
W3110 were inserted in front of the /acZ gene lacking
its promoter and the first 8 amino acid residues on
pMC1396 [Fig. 1, for details see reference (Casada-
ban et al.,, 1980)]. When a fragment encompassing
from the promoter to part of coding region of a pro-
moter-proximal gene was inserted and the gene was
situated in frame to the lacZ gene, B-galactosidase
was produced which in turn makes the colony blue on
plates containing X-gal. Thus, such blue color forma-
tion indicated that a gene encoding a protein was
cloned, and after nucleotide sequencing, its reading
frame was determined by comparison of that of the
lacZ gene. As a result, out of 4,500 colonies grown on
the plates, 106 were obtained as Lac*. Among the
106, 29 colonies were found to be duplicate or false
positive. Finally, we isolated 77 clones all of which
should encode a protein, and determined the nu-
cleotide sequence around the junction between an in-
serted gene and the /lacZ gene. By this procedure, the
reading frames of 75 genes were found to agree with
those published or listed in databases, and the remain-
ing two were identified as new genes (Table 1). One of
the new genes occurs between yihR and yihS and the
other between pbpA and ybeA. Out of them, 31 genes
were first confirmed by this analysis, whose open
reading frames had only been predicted.
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Fig. 1. Construction of an E. coli promoter library.

E. coli W3110 genomic DNA was partially digested with
Sau3Al, and 0.5-1.0kb DNA fragments were isolated and in-
serted by ligation into the BamH]I site in front of the 'lacZ gene
on pMC1396 (for details see reference, Talukder et al., 1994).

On the basis of the size of cloned DNA fragments
and the gene organization around each analyzed
gene, which could be visualized on databases, it was
expected that at least 71 genes analyzed here pos-
sess their own promoters (data not shown). Interest-
ingly, an intragenic promoter was found in the cheA
gene, which may be responsible for a short product,
CheAg (see Fig. 4). Because, cheA is transcribed from
a promoter upstream of the motA gene and produces
overlapping products, CheA_ and CheAg (Sanatinia et
al., 1995) but the upstream promoter was not included
in the inserted DNA fragment in pYU34 (data not
shown).

Expression of the genomic genes cloned under vari-
ous conditions

Cells harboring each clone were subjected to heat
or osmotic shock treatments in LB medium and phos-
phate, glucose or ammonium starvation in MOPS mini-
mal medium (Fig. 2). The effects of these treatments
were examined by measuring -galactosidase activity,
which was done more than three times for each fusion
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gene and evaluated by the following statistical proce-
dure. The standard error averaged 16% and was less
than 20% in 85% of the cases and less than 25% in
90% of the cases. Nearly the same standard error was
obtained from assay of a control enzyme, B-lacta-
mase, which is encoded by b/a on the plasmid bearing
the fusion gene (data not shown). We thus regarded
the induction ratios of >1.5 or <0.75 as significant and
those of >2.0 or <0.5 as highly significant. In addition
to eleven highly significant clones, two significant
clones with the ratios of >1.5 were further analyzed in
this study.

Heat shock

Six clones pYUS3, pYU14, pYU27, pYU66, pYU70
and pYU82, were found to be responsive to 1-h heat
shock treatment in LB (Fig. 2). Of these, B-galactosi-
dase activities from pYU27, pYU66, pYU70 and
pYUB82 at 42°C were about 1.6- to 3-fold higher than
those at 30°C, whereas the activities from the remain-
ing two at 42°C were less than 50% of those at 30°C.
The responsive 6 clones were then examined using
the rpoH mutant as a host strain (Fig. 3A). All clones in
the rpoH background exhibited an opposite tendency
to those in the wild type, whereas no significant differ-
ence between the wild type and rpoH background was
observed in pYU68 (yafH) as a control.

We also carried out the time course experiment (Fig.
3,B and C). In the wild type background, B-galactosi-
dase activity from pYU27 dramatically increased within
10 min after the temperature shift and the activity in
pYU66 became maximal at 60 min and those in pYU70
and pYUB82 continued to increase at least for 120 min.
The activities from the remaining two decreased within
30 min at 42°C compared to those at 30°C. In the rpoH
background, the activities from pYU14 and pYU27
gradually increased and decreased, respectively after
the temperature shift compared to those at 30°C.
These results suggest that the expression of these 6
genes is directly or indirectly dependent on 2. The
cells harboring any of the other pYUs showed slight or
no change.

Nucleotide sequences of the genes revealed that
the genes in pYU14 and pYU70 might encode previ-
ously uncharacterized proteins, and the open reading
frame of the last one has not been listed in databases.
The gene in pYU70 seems to be a new heat shock
gene, yigL encoding a small protein consisting of 25
amino acid residues because its genomic location
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Cell treatment and B-galactosidase assay were as described in MATERIALS AND METHODS. B-Galactosidase activity is
expressed as a percentage of that without the treatment. The values are averages of at least three independent experi-

ments.

(97.8 min and is located between two genes, yihR and
yihS), promoter position (Fig. 4) and induction profile
are different from those of heat shock genes reported
previously (Chuang et al., 1993a, b). It may be possi-
ble that in addition to 6%, some unknown factor is in-
volved in the yigL expression. The genes in pYU27
and pYU82 are hsl/V and Ipd that had been character-
ized as heat shock genes (Chuang et al., 1993b; Rich-
mond et al., 1999). The latter gene and truA (hisT) in
pYU66 encode lipoamide dehydrogenase and
pseudouridine synthase |, respectively.

We found a possible 532-dependent promoter (—35
sequence, CGTAAAT and -10 sequence, AC-
CATCCA) and o’°-dependent promoter (—35 se-
quence, CTAACG and —10 sequence, GATAAC) for
ydjR in pYU14 and a possible 6**-dependent promoter
(—35 sequence, GGTTTAT and —10 sequence, CC-
CTTGTG) and o’%-dependent promoter (—35 se-
quence, TTTTCA and —10 sequence, TATATT) for
yigL in pYU70. Promoters for ssnA, hslV, lpd and truA
have been reported (Fig. 4). The putative 6%- and ¢"°
promoter sequences for yigL are well matching with
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Fig. 3. Effect of rpoH on the clones responsive to heat
shock.

(A) B-Galactosidase activity of MC1000 (open columns) or
the isogenic rpoH (closed columns) cells harboring each plas-
mid clone, which were grown aerobically at 42°C for 1 h. The
activity is expressed as a percentage of that of control at 30°C.
Plasmid pYU68 was used as a control clone. (B) Representa-
tive growth curves of cells harboring pYU27. MC1000 and rpoH
cells harboring the clone grown at 42°C are represented by
open and closed squares, respectively, and at 30°C by open
and closed circles, respectively. The growth curves of other
clones were nearly the same as those from pYU27. (C) Time
course of p-galactosidase expression of MC1000 (open
squares) or rpoH (closed squares) after shifting the temperature
from 30°C to 42°C. Other details are shown in MATERIALS AND
MEeTHODS. Incubation time (min) and rate (percentage) of B-
galactosidase activity (Miller units) at 42°C to that at 30°C are
shown by horizontal and vertical axes, respectively.

the cannonical sequences, being 70 and 75%, respec-
tively. Whereas, both ¢%- and o’°-promoter se-
quences for ssnA and ydjR are relatively weakly
matching with the cannonical sequences (see Fig. 4
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for detail). One possible reason could be that the re-
duction of B-galactosidase activity in pYU3 and pYU14
might be due to binding competition between ¢%- and
6’%-RNA polymerase complexes to the promoter se-
quences, which are overlapping (Fig. 4).

Glucose starvation

Five clones pYU3, pYU7, pYU12, pYU34 and
pYU92, were selected as clones responsive to glucose
starvation (Fig. 2). Some of such genes are known to
be regulated by cAMP-CRP; therefore, B-galactosi-
dase activity from these clones was measured in the
Acya background (Table 2). The activities from pYU12
and pYU92 in the presence of cAMP were about 1.7-
and 1.9-fold higher, respectively, than those in the ab-
sence of CAMP under the conditions with or without
addition of glucose. The activities from pYU3 and
pYU34 were decreased in the presence of cAMP to be
less than 50% under both conditions with or without
glucose. The activity from pYU7 was not changed by
the addition of cAMP. Therefore, the 5 genes appear to
be classified as follows: (a) cAMP-dependent positive
control in the cases of the genes in pYU12 and
pYU92, which possess a possible cAMP-CRP binding
sequence, TCAGGTGAATCGCGCCAGCAAA and
GATTGTAAGACCCGTTAAGGGT, respectively, similar
to the consensus sequence upstream from a possible
or the reported ¢”° promoter (Fig. 4), (b) cAMP-depen-
dent negative control for the genes in pYU3 and
pYU34, which possess a possible cAMP-CRP binding
sequence, TGCGGCAACTGCGCTCAGTTCT and
CGAGGTGAGATGCAACTCAACA, respectively, over-
lapping with the o’°-promoter sequence (Fig. 4), and
(c) a cAMP-independent and glucose-dependent neg-
ative control for the gene in pYU7. However, the last
gene has a possible cAMP-CRP binding sequence,
AACTGTGAGCCAAAGCGTTGTT overlapping with a
possible —10 region of o’%-promoter sequence,
TAAACT (Fig. 4). Our results suggest that the previ-
ously characterized sohB and cheA genes, encoding
periplasmic protease and chemotactic signaling pro-
tein, respectively, are regulated by glucose and cAMP-
CRP.

Phosphate starvation

Out of 77 clones, only pYU80 showed a highly sig-
nificant reduction in B-galactosidase activity under
phosphate starvation (Fig. 2). Notably, the gene amrin
pYUB80 was found to be located on antisense strand at
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Table 2. Effect of cAMP or glucose on gene expression.
B-Galactosidase activity (Miller units)?
Clone no.
(gene) wild type (—cAMP) Acya (—cAMP) Acya (+cAMP)
+G -G +G -G +G -G

pYU 12 (mpl) 6,000 12,500 3,300 6,500 5,700 11,000
pYU 92 (yihI) 65,000 150,000 27,000 55,000 50,000 100,000
pYU 3 (ssnA) 310 600 900 1,600 450 800
pYU 34 (cheA) 3,000 5,500 6,000 10,000 2,700 4,500
pYU 7 (sohB) 11,600 22,000 11,000 20,000 10,500 19,000

2 MC1000 (wild type) and its isogenic Acya mutant were used as a host strain. Cells harboring each clone were grown in MOPS
minimal medium in the presence or absence of 1 mm cAMP (+cAMP or —cAMP) or glucose (+G or —G) at 37°C. f-Galactosidase
activity was then measured as described in MATERIALS AND METHODS. Reported values are averages of at least three independent ex-

periments.

the 3’ side of the pbpA gene encoding penicillin-bind-
ing protein 2 (Asoh et al., 1986). The gene may thus
be regulated negatively by the starvation. Nucleotide
sequence revealed that the gene possesses a possi-
ble ¢’°-dependent promoter, but no similar sequence
to PhoB-binding consensus sequence (Kim et al.,
2000) was seen around the promoter (Fig. 4).

Ammonium starvation

The ammonium starvation significantly influenced
the expression of the gene sdaA encoding L-serine
deaminase, in pYU16 to increase in B-galactosidase
activity. It has strong possible ¢°* (—24 sequence,
TGGCGC and —12 sequence, TTGGT) and ¢7%-(—35
sequence, TTGAGA and —10 sequence, TTAAAT) de-
pendent promoter sequences as shown in Fig. 4.
Thus, the gene may be transcribed by RNA poly-
merase associated with the ¢ subunit under nitro-
gen-limited conditions.

Osmotic shock

We checked osmotic shock conditions including the
treatment time from 1 to 16 h and the medium osmo-
larity from 200 to 530 mm of NaCl in different media. In
all cases, the average activity of B-galactosidase from
30 randomly selected clones was reduced to be 65 to
82% of those without the osmotic shock (data not
shown). Thus, the mild osmolarity containing 0.2M
NaCl in LB medium, which showed 82% in the aver-
age activity, was used for our experiments (Fig. 2).
Since the activity of B-lactamase encoded by the same
clone plasmid was about 85% in average activity
under the same osmotic condition (data not shown).

Recently, DNA macroarray technology has been used
to monitor early transcriptional alterations in mRNA
levels of 3,290 genes of E. coli in response to an os-
motic upshift imposed by the addition of 0.4 M NaCl
(Weber and June, 2002). Under this condition, more
than 70% of genes were repressed. Therefore, the re-
duction of B-galactosidase activity from most clones
may not be due to instability of LacZ-fusion protein in
cells.

Two highly significant clones, pYU14 and pYU100,
showed p-galactosidase activity less than 50% of
those without osmotic shock (Fig. 2). It is not obvious
whether OmpR is involved in the regulation because
its consensus sequence is not available (Huang et al.,
1994). Gutierrez et al. (1987) identified 12 nonessen-
tial genes subject to osmotic shock, whose expression
except for ompC and ompF was shown to be indepen-
dent of OmpR.

Discussion

From 77 genes corresponding to about 10% of the
promoter-proximal genes in E. coli, we found two new
genes which have not been identified by computer
analysis. Both genes have relatively small ORFs like
those which may be out of the ORF category in the
genome analysis (Blattner et al., 1997). So it is pre-
sumed that several dozen genes small in size remain
to be identified. Reading frames and protein productiv-
ity of 31 genes, which were only predicted by com-
puter analysis, were confirmed by this study. We also
suggested that most genes analyzed here possess
their own promoters, on the basis of the size of cloned
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DNA fragments and gene organization around each
analyzed gene in database. Of course, genes with
very low B-galactosidase activity in Table 1 might not
have their own promoter because of the readthrough
transcription from a promoter on the vector. Occur-
rence of the promoters of 71 genes was suggested by
this study and those of the remaining genes had been
characterized or predicted from nucleotide sequences.
For the former genes, further detailed experiments in-
cluding determination of the mRNA start site or pro-
moter sequence is required.

We found that 13 genes in pYU3, pYU7, pYU12,
pYU14, pYU16, pYU27, pYU34, pYU66, pYU70,
pYU80, pYU82, pYU92 and pYU100 are regulated
under various environmental stresses including heat
shock, osmotic shock and starvation of glucose, phos-
phate or ammonium. Further study revealed that the
gene, ssnA, in pYU3 was found to be negatively regu-
lated by rpoS (Talukder et al., 1996) and to be involved
in cell death at the stationary phase (Yamada et al.,
1999), and that the gene, ves, in pYU14 was shown to
be expressed at a relatively low temperature (Yamada
et al., 2002). Thus, it is expected that these data and
procedures will allow us to uncover interesting genes
and regulation. Analysis with a multi-copy plasmid vec-
tor may be not suitable for a specific factor-dependent
regulation like Lacl on the /ac operon because the reg-
ulatory factor molecules become limited in the pres-
ence of the cognate operator on the plasmid.
Whereas, in the cases of common regulators like
cAMP-CRP for many different genes, a multi-copy
plasmid may be applicable because a lot of such regu-
lator molecules may be enough to cover the cognate
operator on the plasmid as well as many cognate op-
erators on the genome. This approach with a multi-
copy plasmid also allows us to analyze relatively weak
promoters. About 30% of the clones in our library in-
cluding 5 of the responsive genes have weak promot-
ers of less than 300 units of B-galactosidase activity,
which could be close to the background level if a sin-
gle-copy plasmid was used.

It could be estimated that the library is equivalent to
about 10% of the E. coli promoter-proximal genes on
the basis of the expected gene numbers and gene or-
ganization as an operon. The library consists of ran-
dom clones because the genes were found to be scat-
tered on the circular genome (data not shown). Ex-
pressional analysis under the various conditions re-
vealed that 16% (13 clones) seem to be subject to ex-
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pressional control under the conditions tested. The
rate of clones responsive to heat shock (7%), glucose
starvation (6%), osmotic shock (2.6%), or stationary
phase (6% [Talukder et al., 1996]) was relatively higher
than that of genes responsive to phosphate starvation
(1.2%) or ammonium starvation (1.2%). The rates of
genes responsive to various conditions appeared to be
nearly the same as those indicated previously by
mRNA analysis (Chuang et al., 1993a; Weber and
June, 2002).

Out of the 13 responsive genes, 6 were found to be
sensitive to more than one treatment (Fig. 2). The re-
sults from such treatments and nucleotide sequencing
suggest that 7 genes may be dependent on more than
one c-factor (Fig. 4), in addition to ¢’° (Talukder et al.,
1996). Consistently, Blattner et al. (1997) suggested
that about 20% of E. coli genes have more than one
promoter. Interestingly, 4 genes may be transcription-
ally regulated by cAMP-CRP. It was reported that out
of 30 genes responsive to glucose starvation, 11, 6,
and 5 also responded to heat shock, oxidative stress
and osmotic shock, respectively (Jenkins et al., 1991),
and that most of the 18 genes induced osmotically
were also controlled by c° (Hengge-Aronis et al.,
1993). Therefore, the genes under more than one c-
dependent promoter or responsive to multiple stresses
would generally exist.
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