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Summary

The paralogous transcriptional activators, MarA, SoxS and Rob, activate a common set of promoters,
the marA/soxS/rob regulon of Escherichia coli, by binding a cognate site (marbox) upstream of each
promoter. The extent of activation varies from one promoter to another and is only poorly correlated
with the in vitro affinity of the activator for the specific marbox. Here, we examine the dependence
of promoter activation on the level of activator in vivo by manipulating the steady-state concentrations
of MarA and SoxS in Lon protease mutants and measuring promoter activation using lacZ
transcriptional fusions. We found that: (i) the MarA concentrations needed for half-maximal
stimulation varied by at least 19-fold among the 10 promoters tested; (ii) most marboxes were not
saturated when there were 24,000 molecules of MarA per cell; (iii) the correlation between MarA
concentration needed for half-maximal promoter activity in vivo with marbox binding affinity in
vitro was poor and (iv) the two activators differed in their promoter activation profiles. The
marRAB and sodA promoters could both be saturated by MarA and SoxS in vivo. However, saturation
by MarA resulted in greater marRAB and lesser sodA transcription than did saturation by SoxS
implying that the two activators interact with RNAP in different ways at the different promoters.
Thus, the concentration and nature of activator determines which regulon promoters are activated
and the extent of their activation.
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Introduction

Cells have to distinguish among different kinds and levels of stress and respond in an
appropriate manner. An over-response may be as injurious as an under-response. The MarA,
SoxS and Rob transcriptional activators of Escherichia coli are interesting in this regard since
they activate a common set of about 40 promoters (referred to here as the marA/soxS/rob
regulon) whose functions engender antibiotic-resistance, superoxide-resistance and organic
solvent tolerance.1~3 Each activator is regulated in response to a different signal: aromatic
weak acids (e. g., salicylate) increase the transcription of marA; superoxides (e. g., generated
by paraquat) increase the transcription of soxS; and bile salts, decanoate and dipyridyl activate
the abundant Rob protein. The up-regulation of these activators increases antibiotic efflux
(acrAB, tolC), decreases outer membrane permeability (micF), increases superoxide-resistance
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functions (zwf, fpr, sodA), substitutes superoxide-resistant proteins for sensitive ones (acnA,
fumC), enhances DNA repair (nfo) and regulates other genes whose functions are not known
(e.g., inaA). The ability to fine-tune the responses of the regulon components to different
magnitudes of diverse signals would appear to be very important.

Although these paralogous activators of the AraC family share substantial amino acid and
structural homologies,™ they bind their cognate DNA sites (marboxes) with different affinities
as measured in vitro. The consensus sequence for the marbox is degenerate and asymmetrical
gAYnGCACnannRYYAAAY) and there are thousands of such sites in the chromosome.”~

However, to enable activation, the marboxes have to be configured in a specific orientation
and distance relative to the —35 and —10 signals for RNA polymerase.

There is wide variation among the regulon promoters in the extent of their responses to a
particular activator and a given promoter may respond very differently (discriminate) to the
different activators. Both effects are only partly due to differences in activator affinities for the
marboxes.> 79 We wished to study the affinity-independent factors for this discrimination
between activators by saturating the marboxes with different activators, thus eliminating
differences due to binding.

We expressed marA and soxS from a high copy-number plasmid under the control of the
Lacld repressor. Since MarA and SoxS are very sensitive to degradation by Lon protease, we
used Lon-deficient cells to further increase the concentration of activators. Then, we
determined the relationship between IPTG concentration, intracellular concentration of MarA
and the expression of ten regulon promoters. We found that the expression of different members
of the regulon required markedly different concentrations of MarA to achieve half-maximal
activation. This suggests that activator concentration, determined by environmental signals, is
used to tune the extent of regulon response so that it is commensurate with the signal. In
addition, promoter saturation by MarA was not achieved for the majority of the promoters.

Results

Quantitation of IPTG-dependent MarA synthesis

We measured the dependence of marA/soxS/rob regulon promoter activity on MarA and SoxS
activator concentration in E. coli. To vary the expression of MarA and SoxS, marA and soxS
were placed under the control of the lacZ promoter on a high copy-number plasmid (pUC19-
derivative) in a strain carrying F' lacl9. The expression of MarA and SoxS was induced by
growth to early logarithmic phase in IPTG for ~10 generations to be sure that equilibrium had
been attained. Since MarA and SoxS are known to be sensitive to degradation by Lon protease,
these experiments were carried out primarily in lon— clpP— strains where these activators are
stable.10 We measured the steady-state promoter transcription (B-galactosidase) levels of
regulon promoter::lacZ fusions and, in parallel, the concentration of MarA as a function of
IPTG concentration. We were thus able to correlate promoter activity with the number of MarA
molecules per cell.

The relation between IPTG concentration and number of MarA molecules per cell is shown in
Figure 1. MarA was measured using the Western blotting technique. Because of the instability
of MarA, a number of different extraction techniques were tried, with and without protease
inhibitors, and considerable care was taken to collect and lyse the cells rapidly. Despite these
precautions, we were unable to detect MarA in the uninduced wild-type cells. The inset to
Figure 1 shows a typical Western blot for cells grown in different concentrations of IPTG, with
authentic MarA controls used to standardize the measurements. Data from many such gels
were compiled in a graph of MarA concentration per cell against IPTG concentration for the
wild-type and lon— clpP— strains (Fig. 1). The number of MarA molecules per cell increased
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from a number too low to estimate in the wild-type cells in the absence of IPTG to ~1,300 at
15 uM IPTG. At higher IPTG concentrations, the rate of increase began to diminish and the
number of MarA molecules per cell was close to the asymptotic maximum of ~10,000 by ~50
UM IPTG. In the lon— clpP— strains where the numbers were more accurately measured, MarA
increased from ~800 molecules per cell in the absence of IPTG to ~24,000 at the highest IPTG
concentrations.

It is clear that at concentrations of IPTG beyond about 15 uM, the concentration of MarA
changes very little for either lon+ clpP+ or protease-deficient cells (Fig. 1). The levels of MarA
in wild-type cells are clearly lower as expected but, surprisingly, not by a constant factor over
the entire range. Despite the fact that MarA is reported to have a very short half-life, the
relatively modest (~2.4-fold) difference seen between the concentration of MarA in wild-type
and lon— clpP— cells at high concentrations of IPTG nonetheless can be accounted for on the
assumption that the amount of MarA per cell exceeds the Ky, for the Lon protease. Indeed,
modeling of the data presented and turnover data (unpublished) are consistent with a Lon
protease KMfor MarA of 33 uM, consistent with the Kyss found for other Lon protease
substrates.

Activation of promoter transcription as a function of MarA concentration in vivo

Even in Lon protease-deficient cells, the majority of regulon promoters did not achieve
saturation at the highest MarA concentrations attained in vivo (24,000 molecules per cell). Of
the 10 promoters studied in detail the activation profiles for only three achieved plateaus:
marRAB, sodA (Fig. 2A) and micF (Fig. 2C). Two others, mdaB (Fig. 2A) and ybjC (Fig. 2B),
may be near saturation but the profiles for the remaining five promoters showed no plateau.

The correlation between the concentration of MarA required for half-activation of the promoter
activity in vivo and values for the dissociation constants (Kp) of MarA for the marbox
sequences of the same promoters in vitro912 js poor (Table 1). marRAB and micF are among
the five promoters that approach saturation of activity in vivo and their marboxes have the
highest affinity for MarA in vitro. However, sodA and yjbC are also in this group yet MarA
affinity for their marboxes was indetectable or weak, respectively. Thus the affinity of MarA
for the marbox as measured in vitro is not the only factor that determines the concentration
required for activation of regulon promoters in vivo.

Differential activation by MarA and SoxS of promoters that are saturated by activator in vivo

As indicated in the previous section, only marRAB, sodA and micF were fully saturated by
MarA invivo. Although we do not know the number of SoxS molecules per cell that correspond
to a given concentration of IPTG used in our experiments, we argue that marRAB and sodA
promoters are also saturated with SoxS. First, there was little difference between the wild-type
and lon— clpP— cells in the IPTG-stimulated activation of the marRAB and sodA promoters
despite the greater concentration of activators in the protease-deficient hosts (Fig. 3). This
suggests that SoxS was not limiting. Second, the plateaus for these promoter activites were
achieved by SoxS and MarA at low or intermediate concentrations of IPTG whereas higher
concentrations were required for promoters that did not achieve saturation by MarA (data not
shown). This also suggests that SoxS was not limiting.

Thus, it is interesting that the profiles for MarA and SoxS were significantly different from
one another relative to two of these promoters. For the marRAB promoter, the maximal activity
with MarA was higher than that with SoxS (Fig. 3A and 3B). This would suggest that MarA
is a better activator than SoxS. However, for the sodA promoter the maximal activity with
MarA was lower than that with SoxS (Fig. 3C and 3D). Little difference was observed between
the profiles for MarA and SoxS stimulation of micF (Fig. 3E and 3F). Since the differences
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between the behaviors of MarA and SoxS at the marRAB and sodA promoters cannot be
explained by differences in binding affinity, we suggest that the interaction between activator
and RNAP must be different at the different promoters.

Discussion

We have shown here that the extent to which genes of the marA/soxS/rob regulon are activated
is a function of MarA concentration. Under steady-state conditions, intermediate levels of
MarA fully activate some members of the regulon (e.g., marRAB, sodA) without significant
activation of other members of the regulon (e.g., acnA, pqi5, Fig. 2). While we have not
measured the number of molecules of SoxS per cell that were produced by IPTG-treatment,
the data (Fig. 2 and unpublished) indicate that the response of the regulon to SoxS concentration
is similar.

We call this phenomenon “commensurate regulon activation” because it enables E. coli to
mount a proportionate response of the marA/soxS/rob regulon to a stress signal, activating the
minimum number of genes necessary for overcoming a prolonged threat. When there is a low
level of signal, a low level of activator is made and only a few genes are activated (e.g.,
micF which decreases outer membrane permeability and sodA which converts superoxides to
peroxides). When the stress is greater, more activator is made and additional genes are activated
(e.g., mdaB, zwf, fpr). Only at the highest stress levels are the highest activator levels made
and the full panoply of genes brought into play (e.g., acrAB, tolC, pqi5). Commensurate
activation therefore enables the level of threat to be matched to the cost of a response. For
example, over-production of the AcrAB-TolC efflux pump, essential for the removal of
multiple antibiotics and organic solvents, may also deplete the cell of energy and vital
constituents. If overexpression of these genes were not costly to the cell, we would expect wild-
type, unthreatened cells to have higher basal levels of MarA, SoxS and Rob and/or higher basal
levels of transcription of the regulon promoters. We presume that the comparatively low levels
of basal transcription for each promoter is optimal in the absence of threat. Indeed, it has been
observed that overexpression of MarA and Soxs or activation of Rob can lead to severe growth
inhibition, 13,14

Commensurate activation is likely relevant to transcriptional regulation of systems other than
the marA/soxS/rob regulon. For example, it has previously been suggested that different
promoters of the CRP modulon are activated at different levels of cCAMP-CRP, leading to an
observed hierarchy of response to cCAMP concentration1:16 although parallel measurements
of promoter activity and cAMP-CRP concentration were not measured in those studies. In a
further example, the response of different recA-dependent promoters to the same signal is
diverse; however, in this case the diversity cannot be completely explained by differences in
the way RecA acts at promoters.

Because of the connections between the mechanisms of the steady-state phenomenon of
commensurate activation and the dynamic phenomenon of temporally ordered activation, 18-
20\ve would also expectactivation of the marA regulon to exhibit temporal ordering in response
to a slow rise in MarA. However, salicylate and paraquat induce a rapid rise in MarA and SoxS
levels.13:21 Furthermore, because promoters of the regulon control expression of functionally
diverse genes, the temporal ordering might not lead to the advantages in efficiency proposed
for temporal ordering of functionally coherent regulons.18‘20

We also note that the first promoter activated by either activator is marRAB itself.2L This has
two consequences: 1) MarA autocatalytically increases its own synthesis, which is a rare feature
among transcription factors in E. coli.22:23 positive self-regulation is associated with
multistability 24,25 pyt we have seen no evidence for multistability in activation of the
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marA regulon. It will be important to determine the functional consequences of positive
autoregulation of MarA. 2) The Soxs signal is also converted into a MarA signal, tying the
two responses together. Nevertheless, because of promoter discrimination, overexpression of
MarA leads to greater antibiotic resistance and less superoxide resistance than does
overexpression of SoxS.9 Thus, commensurate activation enables the cell to bring many
different defenses into play depending on the kind of signal, its amplitude and its duration,
providing a flexible defense against different levels of threat. It isalso likely that in a population
of cells there will be substantial heterogeneity in terms of the extent of activation of any
particular regulon member and this may provide further advantages for survival.

We can use the relation between promoter activation and MarA concentration (Fig. 2) to back-
calculate from the B-galactosidase activity of a cell to an equivalent concentration in MarA for
any regulon promoter. Thus, our standard treatment of wild-type cells with 5 mM salicylate
for 1 hris the net equivalent of achieving a steady-state concentration of about 9,000 molecules
of MarA per cell, far higher than the 750 molecules measured previously. This is likely due to
a systematic error in the Western blot analyses of lon+ clpP+ strains.

We estimate that, at a minimum, there is a 19-fold variation in the amount of MarA needed for
half-saturation of the different promoters. This variation is only poorly correlated with the
binding affinity of MarA with these promoters in vitro (Table 1). For example, as previously
reported, the marboxes of pqi-5 and acrAB bind very tightly to purified MarA but pqi-5 and
acrAB require relatively high concentrations of MarA for activation. In contrast, MarA binds
the sodA promoter very weakly but sodA is activated by low concentrations of MarA. This
suggests that other factors present in vivo such as DNA supercoiling and/or global regulators
(Fis, H-NS, etc.) may play important roles in determining promoter response to activator.

We have used the term “discrimination” for differences in activation of a single promoter by
the paralogous activators and have shown a rough correlation of activation with the affinity
(Kp) of a particular activator for a particular marbox.9 However, at the highest activator
concentrations attained here, both MarA and, as we have argued above, SoxS saturate the
marRAB and sodA marboxes (Fig. 2A and 2B) so Kp is not a limiting factor. Nevertheless, the
marRAB promoter shows greater activity with MarA than with SoxS whereas the opposite is
true for the sodA promoter. One possibility is that the two activators differ in how they interact
with RNAP at different promoters and that the specific ternary complex is critical.

Materials and Methods

Bacterial strains and plasmids

All strains are derivatives of Escherichia coli K-12. Their genotypes are given in Table 2. All
lon— strains were derived by P1 transduction from strain SG12079 (lonA510 clpP::cat), kindly
provided by S. Gottesman. Transductants were selected for chloramphenicol-resistance and
then screened for the mucoidy phenotype of lon— cells. Because of this selection, all of the
lon— strains are also clpP::cat. Strains designated as “wild-type” are lon+ clpP+.

B-galactosidase assays

Bacteria were grown overnight in LB (Lennox) medium at 32°C with appropriate antibiotics,
diluted 1:4000 in antibiotic-free medium and grown to an Aggg of 0.15 (generally 4-6 hrs) with
the indicated concentrations of IPTG. 3-galactosidase was measured according to Miller 6and
all assays agreed to + 5%. All assays presented were performed at least 3 times in duplicate
and the standard errors of the mean were <+ 10%.
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Western blotting technique

Cells were grown, extracts prepared and Western blots analyzed as previously described!2
using both our anti-MarA antibody and that kindly provided by Laura McMurray and Stuart
Levy.27 The addition of protease inhibitors did not enhance the recovery of MarA from the
wild-type cells.
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Figure 1.

MarA molecules per cell as a function of IPTG concentration in wild type and lon— clpP
—cells. The inset is one of many Western blots from which the values in the graph were
calculated. As previously noted,12 MarA made in vivo migrates slightly faster than the purified
material from the plasmid construct which contains an additional 5 amino acids at its N-
terminus. There is a band also present with pre-immune serum that moves slightly less rapidly
than the MarA. Each lane contained the extract from 4.5*107 lon— clp— cells (M3897) or
1.4*108 wild-type cells (M3723). The two MarA lanes contained 11 (left lane) and 33 ng (right
lane) of purified MarA.
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Figure 2.
The B-galactosidase activities of 10 promoters of the marA/soxS/rob regulon as a function of

the calculated number of MarA molecules in lon— clpP— cells. The promoter::lacZ fusions are
indicated.
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Figure 3.
Activation of three promoters by MarA or SoxS as a function of IPTG concentration in wild-
type (A, C, E) and in lon— clpP— cells (B, D, F). marRAB promoter (A, B); sodA promoter (C,
D); micF promoter (E, F). Circles, MarA; squares, SoxS; open symbols, wild-type cells; closed
symbols, lon— clpP— cells.
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Comparison of in vivo concentrations of MarA required for half-maximal activity of 10 regulon promoters and the in
vitro dissociation constants of MarA and the 20 bp promoter marbox sequences

Promoter MarA (uM)2 Kp (UM)P
marRAB 15 0.075
sodA 13 >1
micF 17 0.05
mdaB ~25 ND®

ybjC ~25 0.32
fumC >28 0.32
inaA >28 0.5
tolC >28 0.8
yhbw >28 ND
zwf >28 >1

a . . - . A~ - . .
In vivo concentration of MarA providing half-maximal activation of the indicated promoter was calculated from Fig. 1 and Fig. 2 and assumes that the

internal volume of an E. coli cell is ~10~12 liters.

b . .
In vitro dissociation constants from references 9 and 12.

c
ND, not done.
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