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ABSTRACT

We have developed a new screening methodology
for identifying all genes that control the expression
of a target gene through genetic or metabolic inter-
actions. The screen combines mutant libraries with
luciferase reporter constructs, whose expression
can be monitored in vivo and over time in different
environmental conditions. We apply the method to
identify the genes that control the expression of
the gene acs, encoding the acetyl coenzyme A
synthetase, in Escherichia coli. We confirm most of
the known genetic regulators, including CRP–cAMP,
IHF and components of the phosphotransferase
system. In addition, we identify new regulatory inter-
actions, many of which involve metabolic intermedi-
ates or metabolic sensing, such as the genes pgi,
pfkA, sucB and lpdA, encoding enzymes in glycoly-
sis and the TCA cycle. Some of these novel inter-
actions were validated by quantitative reverse
transcriptase-polymerase chain reaction. More gen-
erally, we observe that a large number of mutants
directly or indirectly influence acs expression, an
effect confirmed for a second promoter, sdhC. The
method is applicable to any promoter fused to a
luminescent reporter gene in combination with a
deletion mutant library.

INTRODUCTION

The adaptation of bacteria to changes in their environ-
ment is controlled on the molecular level by a large and
complex regulatory network involving genes, mRNAs,
proteins and metabolites (1). Understanding, and there-
fore eventually predicting, the dynamics of this regulatory
network is a general aim of biology, and in particular of
the field of systems biology. A prerequisite of this type of

research is knowledge of the topology of the underlying
regulatory network. An increasing number of such regu-
latory connections are documented in bioinformatics
databases such as EcoCyc (http://EcoCyc.org), which
lists> 5300 regulatory interactions for Escherichia coli (2).
Different methods are used to identify and characterize

these interactions. Evidence for specific interactions can
come from in vitro measurement of physical DNA–
protein interactions (footprinting, gel retardation assay).
Computational tools can predict interactions based on
consensus sequence. Transcriptomics (DNA microarrays)
is a popular approach to study transcription on a global
scale (3) . Typically, this technique allows detecting the
targets of a particular regulator by studying the effect of
the deletion of this regulator on the expression of all genes
of a genome. Chromatine Immuno-Precipitation–Chip is
another global approach, identifying direct interactions of
a specific transcription factor through the detection of
chromosome-wide DNA binding (4). All these tools aim
at identifying regulons, i.e. all the targets of a given regu-
lator (5). However, with few exceptions (6), no global
method exists to determine the regulators that control,
directly or indirectly, the expression of a particular
target gene. We present such a method in this article.
We use luminescent reporters to measure promoter

activities in living cells (7,8). The luciferase system is par-
ticularly useful because it allows measuring gene expres-
sion overtime in a colony growing on solid medium. We
have developed a technique for efficiently transforming a
genome-wide library of E. coli single-gene knockout
mutants (9) with the appropriate reporter plasmid. The
screening strategy consists in comparing the luminescence
of mutant colonies with the luminescence of a wild-type
(WT) colony: a significant difference suggests that the
deleted gene controls, directly or indirectly, the expression
of the target gene. The results are highly reproducible.
Moreover, artifacts due to metabolic influences on
luciferase activity can be detected using a second
reporter system, based on gfp expression (10).
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We have applied this method to identify regulators that
control the transcription of the acs gene, coding for the
acetyl coenzyme A synthetase (11). This enzyme converts
acetate to acetyl coenzyme A. We have chosen this gene
for three reasons. First, the enzyme plays a key role in the
‘acetate switch’: when bacteria grow rapidly on glucose,
they excrete acetate, which is subsequently used as a
carbon source when glucose is exhausted (12). Acetyl
coenzyme A synthetase is thus at the center of an inversion
of metabolic flux from glycolysis to gluconeogenesis.
Second, the accumulation of acetate in the culture
medium is an important problem in industrial fermenta-
tions because this organic acid inhibits cell growth and
recombinant protein production. Different approaches
are currently developed to reduce acetate accumulation
by modifying central metabolic pathways (13). Lastly,
the acs gene was also selected because its complex regula-
tion has been extensively described and thus allows a
thorough validation of the method (14–16). Briefly, tran-
scription of this gene is repressed by the nucleoproteins Fis
and IHF and positively regulated by the cAMP receptor
protein (CRP)–cAMP complex. The latter activation
implies the well-studied carbon catabolite repression
mechanism where the glucose concentration controls the
formation of the CRP–cAMP complex by adjusting the
cAMP production via the phosphotransferase system
(PTS) (17). The acs gene is thus at the end of a well-
known complex regulatory cascade, an ideal property
for our purpose.
Our screen confirms known regulatory mechanisms of

acs expression. In particular, we confirm the necessity of a
functional CRP–cAMP complex for the expression of acs,
as well as the modulation of acs promoter activity by IHF.
The screen also highlights that glucose repression of the
acs promoter cannot be completely explained by cAMP-
mediated mechanisms and inducer exclusion, a phenom-
enon already observed for other E. coli promoters (18). A
major finding is that acs transcription is significantly
modified in a large number of mutants, most notably
genes encoding enzymes in glycolysis and the tricarboxylic
acid cycle (TCA) cycle, such as pgi, pfkA, sucB and lpdA.
This tight link between metabolism and gene expression
was also observed for a second target gene, sdhC. We con-
firmed some of these novel regulators of acs by means of
independent quantitative reverse transcriptase-polymerase
chain reaction (RT-PCR) experiments.

MATERIALS AND METHODS

Strains

The screen uses the Keio collection, comprising 3985
single-gene deletions of the E. coli K-12 strain BW25113,
called WT strain (9). The crpmutant in the Keio collection
was shown to be incorrect (19), so we used a deletion
mutant obtained from the Sauer lab.

Plasmids

The nrfA-acs intergenic region was amplified by PCR
using primers 50-TCCTCTCGAGAGGGGCTTCATCC
GAAT-30 (Xho1 site underlined) and 50-TTTGGGATCC

GCTTTTGTTCTCCTTGTAGG-30 (BamHI site
underlined) and using the BW25113 strain as a template.
The PCR product, digested with Xho1 and BamHI, was
inserted into a luxCDABE plasmid backbone without
promoter (20) to give p-acs-lux. The plasmid has a colE1
origin of replication and a strong ribosome-binding site
driving efficient expression of the reporter gene. The
gltA-sdhC intergenic region was amplified by PCR from
the BW25113 strain, using primers 50-TATCCTCGAGTT
AAGGTCTCCTTAGCGCCTT-30 (Xho1 site underlined)
and 50-TTCTGAATTCGAATAACGCCCACATGCT
GTTC-30 (EcoRI underlined), and inserted into the
luxCDABE plasmid backbone without promoter to give
p-sdh-lux. The bla gene (conferring ampicillin resistance)
and the acs promoter region of the p-acs-lux plasmid were
amplified by PCR using primers 50-TTTGGGATCCGCT
TTTGTTCTCCTTGTAGG-30 (BamHI site underlined)
and 50-TCTAAAGTGAGCTCGAGTAAACTTGGTCT
GACAG-30 (SacI site underlined). The PCR product,
digested with SacI and BamHI, was inserted into pUA66
(10), to give p-acs-gfp. This plasmid has the pSC101 origin
of replication and carries a gene coding for a stable and
fast-folding GFP. The complete sequences of these
plasmids are available on request.

High-throughput transformation and luminescence
quantification

All steps were performed in 96-well plates. The entire Keio
collection was transformed with the p-acs-lux plasmid, de-
manding 135 plates, 6 days and four persons. In addition,
we transformed 517 selected mutants for a detailed kinetic
analysis with the p-acs-gfp plasmid and 15% of the Keio
collection, corresponding to 650 mutants on seven plates,
with the p-sdhC-lux plasmid. Mutants were inoculated
from frozen stock in sterile microplates containing 200 ml
per well of Luria-Bertani broth (LB) with kanamycin
(50 mg/ml) and placed at 37�C under shaking (200 rpm)
overnight. All volumes below are indicated for one well.
The next day, 4 ml of the preculture were added to new
plates containing 400ml of LB with kanamycin (50 mg/ml)
and placed at 37�C under shaking for 3 h. We then
transferred 50 ml of these exponentially growing cells to
new plates containing 50 ml of ice-cold TSS 2� (LB con-
taining 10% PEG, 5% DMSO and 20–50mM Mg2+ at a
final pH of 6.5) (21) and the mixture was kept on ice for
45min before adding 4 ml of plasmid DNA (50 ng/ml). The
plates were left on ice for another 10min before applying a
heat shock (90 s at 42�C) and returned on ice for an add-
itional 10min of incubation. We finally added 1ml of LB
containing ampicillin (100 mg/ml) and the plates were
placed at 37�C under shaking overnight. The following
day, we spotted the transformed mutants onto two differ-
ent petri dishes containing either LB-agar-ampicillin
(100 mg/ml) or minimal medium M9-agar-0.3% glucose
(p/v)-ampicillin (100mg/ml). Petri dishes were incubated
at 37�C overnight and the luminescence of the colonies
was measured the following days using an intensified
camera (Photonic Science). The quantification of the lu-
minescence of the colonies was performed semiautomatic-
ally by means of a custom-made Matlab� program
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(Supplementary Information S8). Briefly, we identified
semiautomatically the location of each growing colony
on the agar plate and quantified the luminescence intensity
of each colony. Here we present the median luminescence
intensity of each colony, given that different measures of
light intensity (mean, maximum, median) gave essentially
identical results.

Measuring the dynamics of gene expression

The dynamics of gene expression were measured for cells
growing for 10 h in a 96-well microplate. The microplate
reader (Perkin Elmer, Fusion Alpha FP-HT) allows
growth with shaking and temperature control (37�C).
We measured the cell density (absorbance at 600 nm)
every 30min and luminescence or fluorescence (480 nm/
520 nm) every 3min. Unless otherwise specified, the wells
in the microplate contain 180 ml of minimal medium (M9)
supplemented with 0.03% glucose (p/v), 0.03% sodium
acetate (p/v) and ampicillin (100mg/ml). When indicated,
we added cyclic AMP (5mM) at the beginning of the ex-
periment. The wells were inoculated with 20 ml of station-
ary phase cultures (10� dilution) grown in LB-ampicillin
(100 mg/ml). The fluorescence background of the bacterial
cells was assessed by measuring the fluorescence of mutant
bacteria transformed with a promoterless reporter
plasmid. The promoter activities were computed from
the fluorescence and absorbance data as previously
described (20).

qRT-PCR

The strains were grown in a microplate containing M9
0.03% glucose and 0.03% acetate (preculture LB). The
cells (�108) were harvested either before glucose exhaus-
tion (exponential growth on glucose) or after glucose ex-
haustion (growth on acetate). Total mRNA was protected
using the RNAprotect� Bacteria Reagent (Qiagen) and
then isolated using the RNeasy mini kit (Qiagen) accord-
ing to the recommendations of the manufacturer.
Potential trace quantities of DNA were removed using
the turbo DNAse (Ambion). Samples were protected
from RNase using RNaseOut ribonuclease inhibitor
(Invitrogen). One microgram of RNA was reverse
transcribed using SuperScriptTM II Reverse
Transcriptase (Invitrogen) according to the protocol of
the manufacturer. Briefly, a 25 ml reaction mixture was
incubated in a T3000 thermocycler (Biometra) for 10min
at 25�C, 50min at 42�C and 15min at 70�C. The primers
(Eurogentec) used in the present study were as follows:
acs: 50-ACAGTTCTGGTGACGGTTCC-30 and 50-ACA
GTTCTGGTGACGGTTCC-30. We have used the rrsD
gene as internal control for relative quantification: 50-GC
TACAATGGCGCATACAAA-30 and 50-TTCATGGAG
TCGAGTTGCAG-30. Quantitative PCR was performed
in a StepOnePlus Real-Time PCR System (Applied
Biosystems) using MESA Green qPCR Master Mix
(Eurogentec) according to the instructions of the manu-
facturer. Briefly, 25 ml reactions mixtures were incubated
for 10min at 95�C and 40 PCR cycles (15 s at 95�C and
1min at 60�C). PCRs were run in triplicate. Raw data
were transformed into threshold cycle (Ct) values. The

relative strength of acs expression for each mutant,
compared with WT, was calculated by the comparative
Ct method (��Ct).

Statistical model

The measured expression levels (in units of luminescence
intensity) can be described by the following linear model:
yi= xi+ei, where yi represents the observed expression
level for mutant i, xi its noiseless expression level and ei
the measurement error, a random variable with mean 0
and variance �2. We thus assume the error variance to be
constant for all i. Moreover, the error variables are
assumed to be mutually independent and independent of
xi. We consider xi to be invariant across replicates, but
generally xi 6¼ xj for different mutants i and j. For every
individual experiment, we can write: var(yi)=var(xi)+
var(ei)=var(xi)+�2. For two replicate experiments, with
measurements yi and yi’, because xi= xi’, we have
var(yi’� yi)=var(ei’� ei)=var(ei’)+ var(ei)=2�2. That
is, we can estimate the error variance �2 by computing
(the square of) the standard deviation of the empirical
distribution of the replicate differences yi’� yi. The total
variance of the measured expression levels yi, var(yi), can
equally be estimated from the data, thus providing an
estimate of the relative contribution of the measurement
error to the total variance, �2/var(yi). The data set yi’� yi
was checked a posteriori to verify the assumption that the
error variance is constant.

RESULTS

A screening strategy for identifying the regulators of acs

Our screening strategy is outlined in Figure 1. To measure
acs promoter activity, we have constructed a reporter
plasmid (p-acs-lux) containing a transcriptional fusion of
the acs promoter region (394 bp) to the luxCDABE
operon. This operon codes for the heterodimeric luciferase
protein (luxAB) and the enzymes (luxCDE) necessary for
producing the luciferase substrate, a long-chain aldehyde
(22). We have chosen this reporter system because of the
highly sensitive luminescence signal, the absence of back-
ground, the continuous production of bioluminescence
without added substrate and the possibility to measure
luminescence at the colony level. The reporter plasmid
was transformed into the 3985 single-gene knockouts of
E. coli (Keio collection) using our high-throughput trans-
formation procedure (see ‘Materials and Methods’
section). Transformation efficiency was 89%: we have
thus obtained 3555 transformants. We spotted the trans-
formed bacteria on solid media and recorded the lumines-
cence images of the colonies that appeared on the plates.
The luminescence of the colonies changes as a function of

culture time and growth condition. The powerful features
of our screen are that we can monitor the dynamics of gene
expression at the colony level and find the growth condi-
tions that are most relevant to the gene under investigation
(see Supplementary Information S1 and S2, and Supple-
mentary Data S1). The acs promoter is activated after ex-
haustion of the preferred carbon source. We therefore
measured the luminescence intensities of colonies after 24
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Figure 1. A screening strategy for identifying new regulators: The acs promoter region was cloned upstream of the luxCDABE operon on a low-copy
number plasmid. This plasmid is transformed into 3555 single knockout mutants of E. coli (top). The transformed bacteria were spotted onto solid
LB-agar medium and the luminescence of the colonies was quantified (LB day 1) (middle). The histogram (bottom) shows the observed distribution
of luminescence emitted by all colonies. The red vertical lines indicate two standard deviations above and below the mean. The names of the mutants
with luciferase activity differing by more than two standard deviations from the mean are listed in Supplementary Information S4. The coefficient of
variation (CV) of the observed distribution, obtained by dividing the standard deviation by the mean, equals 0.38.
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and 48h of growth on two different media: rich LBmedium
and minimal glucose medium. We thus obtained four
complete sets of luminosity images of the plates and
quantified the luminescence intensities of the 3555 colonies
using a custom-made Matlab program (see ‘Materials
and Methods’ section). Figure 1 shows the corresponding
histogram of luminescence intensities after 24h of growth
on LB-agar plates (LB Day 1, the complete data sets
are available as Supplementary Data S2 and S3). Among
the 3555 transformants, 87 auxotrophic mutants did
not grow on minimal medium-agar-glucose (Supplementary
Information S3).

Figure 1 shows that the measured luminescence
intensities are broadly distributed, with 165 mutants
having an expression level that differs by more than two
standard deviations from the mean, which is close to the
WT expression level (Supplementary Information S4 lists
these mutants). To check if this observation also holds for
other promoters, we constructed a transcriptional fusion
of the sdhC promoter region (708 bp) to the luxCDABE
operon in the same plasmid backbone. The sdhC promoter
directs the transcription of the sdhCDAB-sucABCD
operon, which encodes enzymes involved in the TCA
cycle and the respiratory chain (2). In particular, the sdh
transcripts encode the succinate dehydrogenase complex
and the suc transcripts the 2-oxoglutarate dehydrogenase
and succinyl-CoA synthetase complexes. We transformed
15% of the Keio collection (552 transformants) with the
p-sdhC-lux plasmid and, after spotting the strains on solid
LB-agar medium, recorded the luminescence intensities
observed on Day 1. Like for acs, we obtained a large vari-
ability of luminescence intensities, with similar coefficients
of variation (0.38 for acs and 0.37 for sdhC, see Figure 2).

Among the mutants with the lowest luciferase activity in
Figure 1, we find genes involved in energy supply (atpC,
atpD, atpE, atpF, atpG, sucA, sucB, sdhB, lpdA) and in
catabolite repression (cyaA, crp, crr, ptsI). Among the
mutants with the highest luciferase activity, our screen
detects a transcription regulator (hha) whose deletion
has been shown to affect catabolite repression (23) and
the genes of the nuo operon, which encode the proton-
translocating NADH dehydrogenase (24). Application of
Fisher’s exact test shows that genes in carbon and energy
metabolism (MultiFun category 1.3) are significantly
overrepresented among the 155 mutants leading to a low
or high activity of the acs promoter (P< 10�9).
Transcription factors (MultiFun category 3.1.2) are also
overrepresented among the mutants in the tails of the
histogram in Figure 1 (P< 0.05).

Reproducibility of the results of the screen

The observed broad distribution of luminescence intensities
in different mutant backgrounds suggests that many genes,
directly or indirectly, affect acs transcription. To verify that
the broad distribution is not due to a lack of precision of the
measured luciferase activity, we twice repeated the screen for
79 randomly selected mutants from the Keio collection
growing on solid LB-agar medium. Figure 3A shows a
scatter plot of the luminescence signals emitted by the
colonies on Day 1 in the two replicate experiments. As can

be seen, the reproducibility of the results is high, in the sense
that the measured intensities in the two experiments are
strongly correlated (correlation coefficient r=0.94). A
similar result, shown in the same plot, is obtained for the
second reporter plasmid (p-sdhC-lux, r=0.91).
The results in Figure 3 allow us to compute an estimate

of the variance of the measurement error, as explained in
the ‘Materials and Methods’ section, and thus to estimate
the relative contribution of the measurement error to the
observed variance of the expression levels. The error
variance was found to account for only 6% of the total
variance of the acs expression levels observed in Figure 3A
(9% for sdhC, Figure 3B). A similar observation can be
made for the entire screen. The error variance contributes
only 8% to the total variance of acs expression in Figure 1.
We therefore conclude that the broad distribution of lu-
minescence intensities is not due to measurement uncer-
tainty, but mainly reflects differences in acs transcription
in mutant backgrounds.

The dynamics of acs expression

We selected 517 colonies (15% of the transformed mutant
strains) with luminescence intensities significantly different
from the WT level, in at least one of the four conditions,
for a detailed kinetic analysis. We measured the dynamics
of acs expression in these mutants in liquid cultures grown
in minimal medium containing glucose and acetate, to
focus on the physiologically important transition
between those two carbon sources. The expression
patterns were measured in an automated microplate
reader and analyzed as previously described (20).
Figure 4A shows the expression profile of acs in the WT
strain. We observe a sharp increase of acs transcription

Figure 2. Histogram with luminescence intensities obtained in partial
screen for a second promoter: The sdhC promoter region was cloned
into the same plasmid backbone as used for acs, giving rise to p-sdhC-
lux. The luminescence emitted by colonies grown on solid LB-agar
medium was quantified, as described in ‘Materials and Methods’
section. The histogram shows the results on Day 1 (LB day 1). As
for acs, the activity is broadly distributed (552 mutants considered),
with a coefficient of variation (CV) equal to 0.37.
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Figure 4. Dynamics of gene expression of known mutants in liquid minimal medium containing glucose and acetate: (A) The expression profile of
the acs luciferase reporter plasmid shows that acs expression is induced when glucose is exhausted. (B) The acs expression profile using GFP as a
reporter is identical to the profile observed with luciferase (A). (C) acs expression is completely absent in crp and cyaA strains. cAMP added to the
medium (5mM) at the beginning of the experiment complements the cyaA strain but glucose repression is maintained. (D) Low expression of acs in
the crr and ptsI strains. cAMP added to the medium at the beginning of the experiment directly complements the ptsI strain during growth on
glucose, whereas the crr strain only responds once glucose is exhausted. (E) In the ptsG mutant, acs induction is delayed because glucose is consumed
more slowly. Moreover, acs expression during glucose consumption is much stronger than in the WT strain. The glycolysis mutants pgi and pfkA also
grow more slowly, but acs expression remains low in exponential phase. (F) The expression profiles of the ihfA and ihfB strains show stronger acs
expression than the WT during growth on acetate. The highly similar expression kinetics of the two mutants (with genes located at different sites on
the chromosome) shows the high internal consistency of the method.

Figure 3. Reproducibility of the results of the screening strategy: (A) Scatter plot of luminescence intensities (red crosses) emitted by colonies of 79
randomly selected mutants from the Keio collection, grown on solid LB-agar medium and carrying the plasmid p-acs-lux, for two independent
repetitions of the screening method (LB Day 1). (B) Idem for 77 mutants carrying p-sdhC-lux plasmid (blue crosses).
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when glucose is exhausted, in agreement with previous
reports (12).

The emission of light by luminescent reporters does not
only depend on transcription from the acs promoter, but is
also influenced by the metabolic state of the cell, such as
concentrations of oxygen, FMNH2, ATP and NADPH.
These metabolites are involved in the enzymatic reactions
that lead to light emission (25). The nuo operon (13 genes) is
a striking example of these metabolic effects on luciferase
activity: all corresponding colonies shown are more lumi-
nescent on LB plates (Supplementary Information S5), an
effect also observed for the sdhC promoter. The nuo operon
codes for the NADH dehydrogenase involved in the re-
spiratory chain. In the absence of a functional enzyme,
reducing power accumulates (26), thus stimulating the
luciferase reaction. To verify that the WT expression
pattern is robust and independent of the reporter system,
we also measured acs activity by means of a plasmid
carrying a transcriptional fusion of the promoter region
to a gfp reporter gene and having a different origin of rep-
lication (p-acs-gfp, see ‘Materials and Methods’ section).
Figure 4B shows that an identical expression profile is
obtained with this second reporter in a WT strain.

To systematically detect any artifacts due to metabolic
effects affecting light production rather than acs expres-
sion, and to control for mutants affecting the plasmid
copy number, we transformed all of the above-mentioned
517 mutants with the p-acs-gfp plasmid. We acquired the
expression profile of acs for all mutants using the two
reporter systems. Mutants for which acs activity is differ-
ent in the two reporter systems likely represent artifacts of
at least one of the reporter systems (Supplementary
Information S6). We thus excluded 14 mutants with acs
expression in a gfp reporter plasmid and no induction in a
lux reporter, and 9 mutants, which for unknown reasons
show no acs expression in a gfp reporter plasmid.
Although fluorescence reporters are useful for detecting
artifacts, note that luminescence is preferable for
screening. Bacteria have a significant autofluorescence
background, probably due to flavin mononucleotide or
riboflavin (27), which reduces the sensitivity of the screen.

Confirmation of known regulators of acs expression

An important criterion for the validity of a screen is the
confirmation of known interactions. The acs gene is posi-
tively regulated by the CRP–cAMP complex (crp gene)
and thus by the well-studied carbon catabolite repression
mechanism. The influx of glucose through the PTS
controls adenylate cyclase (cyaA gene) activity and thus
cAMP production. The PTS is composed of enzymes EI
(ptsI gene), HPR (ptsH gene), EIIAglc (crr gene) and EIIB/
Cglc (the glucose transporter encoded by the ptsG gene).
When glucose is exhausted, the four PTS enzymes are
phosphorylated and EIIAglc binds to and activates adenyl-
ate cyclase. The concentration of cAMP quickly increases
and the CRP–cAMP complex activates target promoters
such as the acs promoter (17) (Figure 6).

The analysis of the genes involved in glucose repression
confirms that our screen reliably identifies dramatic, but
also subtle changes in the regulation of the target gene. In

the cyaA and crp strains, there is no transcription of acs at
all, demonstrating the strict dependence of acs transcrip-
tion on the CRP–cAMP complex. The activity of the acs
promoter can be restored in the cyaA strain by adding
cAMP to the medium but, interestingly, only after
glucose exhaustion (Figure 4C). A similar phenomenon
was observed before for other E. coli promoters (18).
The crr and ptsI strains show the expected phenotype:
low acs expression, although significantly higher than in
the cyaA and crp strains. cAMP added to the medium
clearly restores acs expression in these two strains, con-
firming that the mutants cannot activate adenylate cyclase.
As in the cyaA strain, cAMP fails to complement the crr
strain, while glucose is still present in the growth medium.
In contrast, the ptsI strain is directly complemented by
cAMP even in presence of glucose (Figure 4D). This dif-
ference of reactivity is not explained by the current model
of catabolite repression: adding cAMP to the medium
should bypass the glucose repression. Consequently, the
cyaA and crr mutants should behave as the ptsI strain,
with a direct activation of acs even in presence of glucose.
Expression of acs is reported to be negatively regulated

by two histone-like proteins Fis and IHF (28). The Fis
protein is abundant in exponential phase (29). Because
acs expression is already low in this growth phase, the
observed effect of the fis deletion is rather subtle: the acs
expression profile is rather similar to that of the WT strain
(data not shown). IHF acts mainly in stationary phase (12)
and we accordingly observe a higher acs expression in late
stationary phase (Figure 4F). The perfect superposition of
acs expression profiles observed in the ihfA and ihfB
strains (each coding for a subunit of IHF and transcribed
from different chromosomal locations) confirms the high
accuracy and internal consistency of the method.
As a validation of the results, we measured the tran-

scription of several genes with an independent gene ex-
pression assay, quantitative RT-PCR. Mutants in genes
coding for the PTS (ptsG, crr, ptsI), cAMP production
(cyaA) and regulatory proteins (ihfB) precisely reproduce
the effects observed with the reporter genes (Figure 5B).

Metabolic regulation of acs expression

An interesting observation is that many of the regulators
of acs expression returned by the screen are genes
encoding enzymes in carbon metabolism. This reminds
that gene expression in bacteria is tightly interlinked
with the metabolic state of the cell.
A first example of this connection revealed by the screen

are mutants affecting glycolytic fluxes. According to the
classical model of carbon catabolite repression, a dimin-
ution of glycolytic fluxes increases the phosphorylation of
the PTS leading to an increase of the concentration of
cAMP and ultimately the expression of acs (30). The
ptsG mutant (which lacks the glucose transporter)
follows the classical model: colonies grow more slowly
on glucose in the ptsG strain than in the WT strain, and
the dynamical analysis shows a higher acs expression level
in exponential phase (Figure 4E). Interestingly, our
analysis reveals that the deletion of downstream glycolytic
enzymes leads to a different and counter-intuitive
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expression phenotype. For example, while pgi and pfkA
mutants grow more slowly on glucose, acs is not dere-
pressed in exponential phase (Figure 4E).
As a second example, several of the mutants with the

lowest colony luminescence carry deletions of genes
involved in the energy supply of the cell (Figure 1), such
as the genes coding for ATP synthetase (atpC, atpD, atpE,
atpF) and the genes coding for enzymes of the TCA cycle:
the oxoglutarate dehydrogenase complex (sucA, sucB and
lpdA) and, to a lesser extent, succinyl-CoA synthetase
(sucCD) and succinate dehydrogenase (sdhCDAB). In
these mutants, the luminescence profile shows an almost
total absence of acs expression, as illustrated for the sucB
and lpdA strains in Figure 5A. While it might be argued
that this is due to a failure in energy supply, the effect is

reproduced with the fluorescence reporter (Supplementary
Information S6), thus suggesting the existence of genuine,
hitherto unknown interactions. This metabolic regulation
of acs was confirmed by qRT-PCR, as we observed a sig-
nificantly lower expression level of acs in the sucB and
lpdA mutants (Figure 5B). Interestingly, we found that
the above mutants also fail to grow on acetate
(Supplementary Information S7).

DISCUSSION

A new method for identifying the regulators of
a target gene

The usual way to dissect a regulatory network, closely
linked to classical approaches in genetics, consists in

Figure 5. Validation of existing and novel regulators of acs using qRT-PCR: (A) The atpC and sucB mutants do not induce acs (are not luminescent)
when glucose is exhausted, an effect confirmed by the fluorescent reporter (Supplementary Information S6). (B) Direct measurement of relative
mRNA levels of selected mutants using qRT-PCR. All mRNA levels were measured 30min after glucose exhaustion except for the first two samples,
marked WT exp and ptsG exp, which were measured during growth on glucose. All concentrations were normalized to the expression level of the
induced WT strain. The acs mRNA is almost undetectable in the WT strain in exponential phase, whereas the ptsG mutant shows a clear signal. No
acs expression is observed in the cyaA mutant (cyaA), but expression is restored when the medium is complemented with cAMP (cyaA cAMP). As
expected, the crr and ptsI strains show weaker acs expression and the ihfB mutant stronger acs expression in comparison with the WT strain. The
effect of the sucB and lpdA mutants on acs expression, revealed by the screen, are confirmed by qRT-PCR.
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disrupting a gene of interest and observing the effects on
the organism. This approach identifies the downstream
targets of the gene of interest. Here, we have developed
a method to do the opposite: given a gene of interest, we
identify all factors, genetic and metabolic, that affect the
expression of this gene. Our method relies on high-
throughput transformation of a luciferase reporter
plasmid into an extensive mutant collection. In compari-
son with earlier work on the characterization of regulators
of the activation of a protein complex, which was based on
a similar principle (6), we follow expression of a target
gene in vivo and dynamically overtime. Even though we
have focused on transcriptional regulation, the method
can certainly be extended to include translational
fusions. We use the Keio mutant collection, but the
scope of the screen could be extended to include, for
example, mutants of non-coding RNAs and intergenic
regions possibly containing unknown open reading
frame (ORFs). The increasing availability of mutant col-
lections (31–33) makes our method applicable for other
organisms as well.

We have chosen luciferase as a reporter because it
allows easy screening at the colony level without a signifi-
cant background signal and gives highly reproducible
results (Figure 3). The enzymatic reaction of luciferase
depends on cellular factors such as ATP concentration
or redox potential. For a given medium, deletions that
seriously affect the concentration of these factors may
generate false positives. We have used a second (fluores-
cent) reporter system to identify mutants giving rise to
such artifacts (Supplementary Information S6). These
mutants should be excluded in any future application of
the screen.

An important novel feature of our screen is the possi-
bility to directly measure the dynamics of gene expression
during the screen or by high-throughput measurements of
selected mutants in an automated plate reader.
Furthermore, the original screen, as well as these add-
itional analyses, can be carried out in many different en-
vironmental and growth conditions.

The regulation of acs transcription

The effects of some interesting mutants identified by the
screen are summarized in Figure 6. We have confirmed
known interactions that regulate the transcription of acs
and we have discovered interesting new directions to
explore. The acs promoter activity is controlled by IHF
and, most importantly, the CRP–cAMP complex: tran-
scription is completely abolished without CRP or
cAMP. We also confirm the involvement of the PTS,
which sets the intracellular concentration of cAMP: the
crr and ptsI mutants have limited acs expression except
when cAMP is added to the medium. Interestingly, even
though part of the same glucose uptake machinery, we
found that the ptsG mutant behaves differently from the
other PTS mutants: it does not require the addition of
exogenous cAMP to activate the acs expression.

We failed to induce acs expression in cyaA or WT
strains by adding cAMP while glucose was still present
in the growth medium. Those results could possibly be

explained by another well-known mechanism of glucose
repression: inducer exclusion. In this control system, the
dephosphorylated form of EIIAglc, the dominant form in
the presence of glucose, binds and inhibits different sugar
transport systems, thus preventing the entry of the
inducing sugar into the cell (34). However, inducer exclu-
sion does not account for the glucose repression of the acs
transcription in the presence of exogenous cAMP. To
date, no inducer of acs expression has been described,
and acetate can enter the cell by passive diffusion (35).
Furthermore, the central component of inducer exclusion
is EIIAglc, encoded by the crr gene. Yet, we still observe
glucose repression in a crr mutant in the presence of ex-
ogenous cAMP (Figure 4D). This experiment demon-
strates that neither variations of cAMP concentration
nor variations of the phosphorylated state of EIIAglc are
sufficient to explain the glucose repression that we
observe. Consequently, while confirming the involvement
of the CRP–cAMP complex and the PTS in the transcrip-
tion of the acs gene, our results show that the current two
main models of carbon catabolite repression are incom-
plete (18). Despite more than four decades of research, our

Figure 6. The regulation of acs expression. The expression of acs is
regulated by genes involved in glucose repression (cyaA, crp, crr and
ptsI). A modification of the glycolytic flux has indirect consequences on
acs expression (ptsG, pgi, pfkA). Genes of the TCA cycle are needed for
acetate utilization and mutants in these enzymes shut down acs tran-
scription by a yet unknown mechanism. The red and green routes are
schematic representations of the flux direction when cells grow on
glucose and acetate, respectively.
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understanding of the precise mechanism that underlie the
glucose effect (and more generally the carbon catabolite
repression) is still far from complete and remains the
subject of debate (36–39).

Metabolism and gene expression

An important result of the screen for regulators of acs,
which was confirmed for sdhC, is that a large number of
mutants affect the expression level of the target gene.
Many of these mutants are genes involved in metabolism,
thus revealing novel connections between the metabolic
state of the cell and gene expression. For instance,
enzymes involved in growth on acetate have a genuine
impact on acs expression, as verified by means of fluores-
cent reporters and qRT-PCR (sucB, lpdA, . . . ). Even
though such regulatory interactions make sense from a
physiological point of view, the mechanisms relating the
expression of these enzymes remain to be discovered.
Another example involves the glycolytic flux. Reducing
glucose inflow by deleting the glucose transporter (ptsG
gene) increases the basal acs expression level during
growth on glucose, probably by increasing the intracellu-
lar concentration of cAMP. However, the reduction of the
glycolytic flux observed during growth of the pgi and pfkA
mutant strains does not lead to an enhancement of acs
expression in exponential phase (Figure 4E). This result
shows that neither acs promoter activity nor cAMP con-
centration are a simple function of the glycolytic flux, the
latter being roughly the same for the ptsG, pgi and pfkA
strains, but that they depend on the exact location where
glycolysis is interrupted. We do not yet know the meta-
bolic indicator nor the sensing mechanism that transmits
the state of glycolysis to the activation of the acs
promoter.
These different observations clearly show a strong con-

nection between the metabolic state of the cell and acs
transcription and confirm our prediction that the genetic
regulatory network of E. coli is densely connected and
that a majority of these connections pass through metab-
olism (40).
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Muñoa,F.J. (1999) Alterations in protein expression caused by the
hha mutation in Escherichia coli: influence of growth medium
osmolarity. J. Bacteriol., 181, 3018–3024.

24. Falk-Krzesinski,H.J. and Wolfe,A.J. (1998) Genetic analysis of
the nuo locus, which encodes the proton-translocating NADH
dehydrogenase in Escherichia coli. J. Bacteriol., 180, 1174–1184.

25. Koga,K., Harada,T., Shimizu,H. and Tanaka,K. (2005) Bacterial
luciferase activity and the intracellular redox pool in Escherichia
coli. Mol. Genet. Genomics, 274, 180–188.

26. Prüss,B.M., Nelms,J.M., Park,C. and Wolfe,A.J. (1994) Mutations
in NADH:ubiquinone oxidoreductase of Escherichia coli affect
growth on mixed amino acids. J. Bacteriol., 176, 2143–2150.

27. Billinton,N. and Knight,A.W. (2001) Seeing the wood through
the trees: a review of techniques for distinguishing green
fluorescent protein from endogenous autofluorescence. Anal.
Biochem., 291, 175–197.

28. Browning,D.F., Beatty,C.M., Sanstad,E.A., Gunn,K.E.,
Busby,S.J.W. and Wolfe,A.J. (2004) Modulation of CRP-
dependent transcription at the Escherichia coli acsP2 promoter by
nucleoprotein complexes: anti-activation by the nucleoid proteins
FIS and IHF. Mol. Microbiol., 51, 241–254.

29. Ali Azam,T., Iwata,A., Nishimura,A., Ueda,S. and Ishihama,A.
(1999) Growth phase-dependent variation in protein composition
of the Escherichia coli nucleoid. J. Bacteriol., 181, 6361–6370.

30. Hogema,B.M., Arents,J.C., Bader,R., Eijkemans,K., Inada,T.,
Aiba,H. and Postma,P.W. (1998) Inducer exclusion by glucose
6-phosphate in Escherichia coli. Mol. Microbiol., 28, 755–765.

31. Kobayashi,K., Ehrlich,S.D., Albertini,A., Amati,G.,
Andersen,K.K., Arnaud,M., Asai,K., Ashikaga,S., Aymerich,S.,
Bessieres,P. et al. (2003) Essential Bacillus subtilis genes. Proc.
Natl Acad. Sci. USA, 100, 4678–4683.

32. Scherens,B. and Goffeau,A. (2004) The uses of genome-wide yeast
mutant collections. Genome Biol., 5, 229.

33. Lewenza,S., Falsafi,R.K., Winsor,G., Gooderham,W.J.,
McPhee,J.B., Brinkman,F.S.L. and Hancock,R.E.W. (2005)
Construction of a mini-Tn5-luxCDABE mutant library in
Pseudomonas aeruginosa PAO1: a tool for identifying differentially
regulated genes. Genome Res., 15, 583–589.

34. Roseman,S. and Meadow,N.D. (1990) Signal transduction by the
bacterial phosphotransferase system. Diauxie and the crr gene
(J. Monod revisited). J. Biol. Chem., 265, 2993–2996.
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