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Rob is regarded as a constitutively expressed protein, although little is known about how rob gene is
regulated. We show here by reverse transcription-PCR that the transcriptional levels of rob are strongly
down-regulated in response to the superoxide-generating agent paraquat (PQ). Repression reached a maxi-
mum of 20-fold after 10 min exposure at 10 M PQ. The magnitude of rob repression was comparable to that
of induction quantified for the most sensitive SoxS targets. B-Galactosidase expression with the rob2:lacZ
transcriptional fusion indicates that down-regulation of rob expression takes place, at least in part, at the level
of transcription initiation. Moreover, ca. 50% of the rob mRNA was degraded in <1 min after the addition of
rifampin to inhibit transcription. This intrinsic short half-life, which is of obvious benefit for a rapid down-
regulation after transcription ceases, was unaffected by the addition of PQ. No repression was observed in a
soxR-null strain, indicating that the rob transcript level might be negatively modulated by the intracellular
amounts of SoxS protein. Gel retardation assays support the idea that in vivo SoxS would block rob tran-

scription directly.

Escherichia coli adapts to sublethal stress conditions by al-
tering the transcription of a set of operons and regulons to
restore homeostasis (15). The OxyR and SoxRS regulons deal
with the threat of reactive oxygen species (27). Hydrogen per-
oxide oxidizes OxyR (encoded by oxyR) which, in turn, induces
the transcription of a set of genes, including katG (catalase).
The SoxRS response is a two-stage transcriptional process
(29). SoxR is first activated by the univalent oxidation of its
2Fe-2S clusters in response to exposure to superoxide-gener-
ating reagents, such as paraquat (PQ). Oxidized SoxR stimu-
lates the transcription of its only known target, soxS. SoxS is
then produced in large amounts, leading to increased expres-
sion of genes of the SoxRS regulon, such as t0lC, micF, and
marA, that encode for an outer membrane protein, a regula-
tory RNA, and a positive transcriptional regulator, respec-
tively.

Rob (rob) protein was first identified by its ability to bind the
right border of the origin of the Escherichia coli chromosome
(26). Rob is an abundant nucleoid-associated protein (up to
10,000 molecules per cell) (4), but its biological function re-
mains unclear. At present, the only phenotype described for a
rob-inactivated strain is increased susceptibility to organic sol-
vents (30). Rob, MarA and SoxS are members of the same
AraC/XylS family of transcriptional regulators (9, 28), and they
are sufficiently similar to be able to activate, yet to different
extents, a common subset of promoters (5, 19).

Most E. coli promoters are recognized by the rpoD-encoded
¢ ’? factor, which is involved in the transcription of most of the
genes expressed in unstressed exponentially growing cells (12).
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Multiple stresses, including entry into the stationary phase,
trigger the synthesis of an alternative ¢° (or ¢>®) subunit
(rpoS), and the RNA polymerase is directed to a specific set of
promoters (the RpoS regulon) (11). o° expression is tightly
regulated at the transcriptional, translational, and posttransla-
tional levels (14). Two well-characterized RpoS-dependent
genes are katE and osmY (osmotically inducible periplasmic
protein).

We have recently designed and optimized a reverse tran-
scription-multiplex PCR (RT-MPCR) procedure for the simul-
taneous detection and precise quantitation of both induction
and repression of the in vivo transcript levels of well-defined
sets of genes (24). We used this highly sensitive experimental
approach here to quantify changes in the transcript levels of
the 11 target genes outlined above in response to challenges
posed by PQ. We emphasized that the finding of the SoxRS-
mediated down-regulation of rob transcription upon PQ expo-
sure might be relevant for the mechanism of transcriptional
activation by SoxS regulator.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains are derived from E.
coli K-12. Isogenic strains UC574 (arg56 nad113 araD81), UC1247 (AoxyR::kan),
and UC1311 (rpoS::Tn10) have been previously described (1, 21). Strain UC1266
(AsoxR9::cat) was constructed by P1 transduction of the AsoxR9:cat (obtained
from B. Weiss) mutant allele into strain UC574. Successful transfer was con-
firmed by screening for no DNA amplification with specific primers. It is known
by complementation analysis that the AsoxR9::cat null mutation does not affect
the expression of the nearby soxS gene (31). Strain M542 (NRS45:rob2::lacZ kan)
was from J. L. Rosner (25). Bacteria were grown in M9 minimal medium as
described previously (21). Overnight cultures were diluted into fresh medium
(Agoo = 0.03) and incubated at 37°C and 150 rpm to reach a turbidity (44) of
0.2. At this stage, the bacteria were further grown in the absence or the presence
of PQ for a fixed time period.

RNA purification and RT-MPCR. Total RNA extraction and in vitro synthesis
of external standard RNAs were as detailed (24). Bacterial RNA (0.5 pg) plus
external standard RNAs (60 pg of gapA competitor and 0.1 pg of CYPIA non-
competitor) were retrotranscribed as described previously (21, 24). At least two
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independent RNA preparations were isolated for each experimental condition,
with each RNA sample being retrotranscribed at least twice.

Primers were designed with Oligo 6.1.1/98 as detailed elsewhere (24). To
obtain the highest specificity and acceptability for use in multiplex PCRs, primers
were chosen to have a high 7,,, (=81°C) and an optimal 3’ AG (=—5.4°C) values.
Primer sequences are available from the authors upon request. Primers for the
regulatory RNA micF (Tm of 70°C) were in a separate set B, since its small size
did not allow us to design primers with optimal characteristics for amplification
of multiple target genes. Sets A and B also included primer pairs for amplifica-
tion of gapA (internal standard and competitor external standard) and CYPIA
(noncompetitor external standard). Forward primers were labeled with 6-car-
boxyfluorescein-N-hydroxysuccinimide ester, except micF with 6-carboxy-
2',4'5'7" 4, 7-hexachloro-fluorescein.

The MPCR amplification was carried out in a mixture (25 pl [final volume])
containing MPCR buffer 3 (2.5 ul) supplemented with 1 mM MgCl,, a 250 pM
concentration of each deoxynucleoside triphosphate, 0.2 pul of cDNA, 1.25 U of
AmpliTaq Gold DNA polymerase, and primers at the following concentrations:
(i) set A, 0.04 uM (katE), 0.04 pM (katG), 0.03 uM (rob), 0.04 uM (oxyR), 0.04
wM (soxS), 0.08 uM (rpoS), 0.04 uM (rpoD), 0.05 pM (20IC), 0.12 pM (marA),
0.11 uM (osmY), 0.03 uM (gapA), and 0.15 M (CYP1A); and (ii) set B, 0.08 pM
(micF), 0.01 uM (gapA), and 0.05 pM (CYP1A). Forward and reverse primers
were used at identical concentrations. Twenty-eight cycles of PCR were per-
formed with set A, with each cycle consisting of 1 min of denaturation at 94°C
and 45 s of annealing and extension at 70°C. Twenty-seven cycles of 1 min of
denaturation at 94°C, 15 s of annealing at 64°C, and 30 s of extension at 72°C
were carried out with set B. These MPCR conditions were optimized as detailed
elsewhere (24) to ensure that the amplifications were in the exponential phase
and that the efficiencies remained constant in the course of the PCR.

After amplification, the fluorescent PCR fragments were separated and quan-
tified in an ABI Prism 377 DNA Sequencer/GeneScan (Applied Biosystems) as
detailed previously (24). Differences among PCR outcomes were normalized by
dividing the fluorescent intensity of each band by that resulting from gapA
amplification. As reported elsewhere (16, 23, 24), the potential variability of the
reference gene was controlled by means of external standards. The levels of gapA
in reference to the external standards remained essentially equal among the
strains and experimental conditions investigated in this work. Consequently,
changes detected with reference to the control gap4 gene were accurately at-
tributed to variations in the expression levels of the target genes under analysis.
Samples for comparison of different experimental conditions or different bacte-
rial strains were handled in parallel. Data are the means * the standard errors
of the means (SEM) from n (=4) independent multiplexed PCR amplifications.
Statistical comparisons were done by a hierarchical analysis of variance with SAS
software (Statistical Analysis System v.6.03). The ratios between data from ex-
perimental and control samples represent the fold changes in gene expression.

Real-time PCR. Real-time PCRs were performed in triplicate by using 50 ng
of cDNA template, 0.3 uM concentrations of each primer, 3 mM MgCl,, 250 pM
concentrations of each deoxynucleoside triphosphate, 0.75 U of platinum Taq
DNA polymerase, and a 1:100,000 concentration of SYBR Green I dye (Roche)
in a volume of 25 pl. Reactions were analyzed on an iCycler iQ real-time PCR
system (Bio-Rad). Cycling conditions were as follows: 2 min at 95°C for the
platinum Tagq activation and 40 cycles for the melting (15 s at 95°C) and anneal-
ing-extension (30 s at 70°C) steps. These conditions generate specific PCR
products of the desired lengths. No primer dimers were present. Investigated
transcripts showed optimal PCR efficiencies: 1.02 for rob, 1.00 for soxS, 1.01 for
marA, and 1.03 for gapA (control gene) in the range from 0.3 to 100 ng of cDNA
input with high linearity (correlation coefficient = 0.97). An absolute standard
curve was constructed with the gapA4 competitor in the range from 10° to 10?
molecules. The number of copies of the experimental transcripts were calculated
from the linear regression of the standard curve: y = —3.325x + 40.07 (> = 0.98).

B-Galactosidase assays. M542 (\RS45::rob2::lacZ kan) cells in M9 minimal
medium were diluted into fresh medium and incubated until an optical density at
600 nm of 0.2 was reached. At this stage, the bacteria were further grown in the
absence or presence of PQ for a fixed time period. B-Galactosidase activity was
then assayed in permeabilized cells as described previously (10, 22). Data are
from triplicate cultures.

Gel retardation assays. A fragment of 355 bp (containing a putative SoxS
binding site in rob promoter) was prepared by PCR with the primers 5'-CGAA
CCAATCTCTTCTGCATGAGCCAAT and 5'-ACAGGGGCTGATCCAGAT
GACCTTCC. Nonspecific binding was excluded by using a non-promoter-asso-
ciated DNA fragment. Binding reactions and protein-DNA complexes
separations were as described previously (8, 10). Each reaction contained ~150
fmol of DNA. After electrophoresis, the gel was stained with a 1:10,000 concen-
tration of SYBR Green I 'in TGE (25 mM Tris, 190 mM glycine, 0.1 mM EDTA
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[pH 8.3]) buffer for 30 min. Fluorescence was detected with the FMBIO II
System (Hitachi).

RESULTS AND DISCUSSION

Quantitation of gene expression profiles in response to PQ.
The in vivo expression profiles of the 11 target genes were first
quantified by exposing wild-type cells to increasing concentra-
tions of PQ for 10 min. These PQ treatments modified the
transcript levels of six genes, with five genes (soxS, micF, tolC,
marA, and katG) being activated and one gene (rob) being
down-regulated. The transcript levels of the remaining five
genes (oxyR, rpoS, katE, osmY, and rpoD) were unaffected by
PQ.

The genes whose expression was induced by PQ in wild-type
cells are displayed in Fig. 1. The up-regulation of these genes
was ablated by the mutational elimination of SoxR, but the
activation of katG was strictly dependent on a functional OxyR
(data not shown). Therefore, the PQ activation of the OxyR-
regulated katG gene is attributed to the intracellular conver-
sion of O, to H,0,. Previous studies have reported the PQ
induction of soxS, micF, and mar transcription in a SoxRS-
dependent manner (7, 20, 31). Our data are consistent with
these previous studies, but they also provide new pieces of
information.

First, significant induction was quantified for each SoxRS-
regulated gene from the minimal dose assayed of 1 pM PQ
(Fig. 1A). Prior inductions were detected under more acute
treatment conditions. Second, genes displayed notable differ-
ences with respect to the extent of their individual in vivo
activation; soxS (the specific target of oxidized SoxR) showed
the highest induction levels, and marA (the regulator of Mar
regulon) showed the lowest induction levels (e.g., 17.7- versus
2.0-fold induction at 1 uM PQ). Time course experiments at
100 uM PQ (Fig. 1B) confirmed these relative inducibilities; a
large upregulation of 14.4-fold was quantified for the most
highly induced soxS gene at a remarkably short time of expo-
sure (<1 min after the addition of the oxidant), but the less-
responsive genes (such as marA) required a minimum of 5 min
of exposure to result in a significant variation of 2.4-fold. Third,
our data show that f70/C mRNA increases after the exposure of
E. coli to PQ. The induction was visible over a range of PQ
concentrations and exposure times; it was abolished in bacteria
lacking SoxR, and its magnitude was similar to that quantified
for the marA gene. Previous assignment of f0/C to the SoxRS
regulon was based on elevation of TolC protein levels in bac-
teria with multiple copies of soxS and on finding of a possible
sox-mar-rob box sequence upstream of tolC (2). Fourth, PQ
stress conditions (10 wM, 10-min exposure) that were much
less stringent than those regularly used to induce the SoxRS
regulon generate sufficient H,O, to also induce the OxyR
regulon.

Rob is regarded as a constitutively expressed protein, al-
though little is known about how rob is regulated. We show
here for the first time that rob transcript levels are strongly
down-regulated in response to PQ. As shown in Tables 1 and
2, repression increased with PQ concentration and time of
exposure to reach a maximum of 20-fold. Significant decreases
of 2.1- and 9.9-fold were readily seen for rob mRNA immedi-
ately after the addition of 100 uM PQ or after 10 min of
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FIG. 1. Gene expression induction by PQ. Wild-type bacteria (UC574) were treated for 10 min with 1, 10, 100, and 500 .M PQ (A) or with
100 pM PQ for <1 min (immediately after the addition of PQ) and for 5 and 10 min (B). Fold variations in transcript levels were plotted for the
genes whose expression was significantly induced by PQ. Boldface type indicates statistically significant increments relative to the untreated control

bacteria.

exposure to just a 1 wM concentration of this oxidant. The
magnitude of rob repression was comparable to the level of
induction quantified for the most sensitive SoxS targets such as
micF (Fig. 1).

TABLE 1. Down-regulation of rob in response to PQ:
PQ dose”

Dose (nM) Mean rob/gapA ratio = SEM? Variation® (fold)
0 1.58 £ 0.14 1.0
1 0.16 = 0.02 9.9%
10 0.08 = 0.01 19.8*
100 0.14 = 0.04 11.3*

“The dose response results for wild-type bacteria treated for 10 min with PQ
at the indicated concentrations are shown.

® That is, the mean values of the fluorescence signal of the rob target sequence
relative to that of gapA (internal standard) = the SEM.

¢ That is, the fold variations in rob transcript levels (for untreated versus
treated bacteria). Statistically significant variations are indicated with an asterisk.

TABLE 2. Down-regulation of rob in response to PQ:
exposure time®

Time (min) Mean rob/gapA ratio = SEM” Variation® (fold)
0 1.63 = 0.19 1.0
<1 0.77 £ 0.07 2.1*
5 0.08 = 0.01 20.4*
10 0.15 = 0.02 10.9*

“ That is, the time course of the response of wild-type bacteria at 100 uM PQ.
" See Table 1, footnote b.
¢ See Table 2, footnote c.

SoxRS dependence of down-regulation of rob. To dissect the
regulatory cascade of rob repression in response to PQ, strains
carrying mutations that eliminate the SoxR, OxyR, or RpoS
major global regulators were used in conjunction with wild-
type bacteria (Table 3). It is clear that rob mRNA did not
decrease in the AsoxR9::cat mutant strain, suggesting a nega-
tive regulation via the soxRS genes. In contrast, PQ elicited a
profound repression in bacteria with null mutations in other

TABLE 3. SoxR-mediated regulation of rob repression
in response to PQ

. PQ Mean rob/gapA Variation®
Genotype (strain) treatment”  ratio = SEM” (fold)
Wild type (UC574) - 1.06 = 0.03 1.0
+ 0.08 = 0.01 13.3*
AsoxR9::cat (UC1266) - 1.10 = 0.09 1.0
+ 0.94 + 0.09 1.2
AoxyR::kan (UC1247) - 1.13 = 0.06 1.0
+ 0.06 = 0.01 18.8*
rpoS::Tnl0 (UC1311) - 1.20 = 0.12 1.0
+ 0.10 = 0.01 12.0*

“ Bacteria carrying the indicated genetic marker were treated (+) or not (—)
with PQ at 100 pM for 10 min.

> Mean values of the fluorescence signal of the rob target sequence relative to
that of gapA (internal standard) + the SEM.

¢ Fold variations in rob transcript levels (for untreated versus treated bacteria).
Statistically significant variations are indicated with an asterisk.
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FIG. 2. Effect of PQ on B-galactosidase activity of cells containing
arob2::lacZ fusion. Bacteria (M542) were treated for 2, 4, and 6 h with
10 or 100 M PQ. Untreated bacteria were used as a control. Values
are the means = the SEM of B-galactosidase units. Bacteria with lacZ
expressed from promoter insensitive to PQ treatments (nrdB::lacZ)
were used to exclude the possibility that PQ might inactivate (3-galac-
tosidase protein.

regulators, such as oxyR or rpoS, indicating that SoxRS pro-
teins might be the unique mediators of the response.
Transcriptional regulation of rob. The steady-state abun-
dance of every mRNA is dependent on both its rate of synthe-
sis and its rate of decay. To address the contribution of tran-
scription initiation to the regulation of rob, a strain with a
rob2::lacZ transcriptional fusion (25) was tested. Treatments
with PQ decreased the rob2::lacZ-directed B-galactosidase ac-
tivity: minimal values of =30 Miller units were quantitated at
4 h of exposure to =10 pM PQ, which is <5% of the activity
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found in control cells (Fig. 2). This result indicates that the
SoxRS-dependent down-regulation of rob expression takes
place, at least in part, at the level of transcription initiation.

Absolute quantitation and measurement of mRNA stability
by real-time PCR. A short half-life is of obvious benefit for a
rapid down-regulation after transcription cease. To test
whether intrinsic or PQ-induced mRNA stability makes a con-
tribution to the down-regulation of rob, we investigated the
effect of rifampin (a transcriptional inhibitor), alone or in com-
bination with PQ treatment, on rob mRNA levels (Table 4).
For comparison, three other mRNA species were also studied:
those of the soxS and marA global regulators and that of the
gapA housekeeping gene.

As quantitated by real-time PCR, bacteria undergoing early
exponential growth in minimal medium produced ca. 150 rob
mRNA molecules per pg of total RNA. This transcript level
was ~2-fold higher than those of soxS and marA, but >20-fold
lower than that of gapA (clearly, the most abundant of the four
mRNA species). PQ treatments decreased the yield of rob
mRNA molecules and concomitantly increased the yields of
soxS and marA transcripts; the number of gap4 mRNA mole-
cules being unaffected.

Intrinsic rob mRNA stability was very low, since ~50% of
the mRNA was degraded in <1 min after the addition of
transcription inhibitor. This short half-life is typically beneficial
for early response genes (such as soxS or marA), whereas long
half-lives are of benefit for ubiquitous housekeeping genes
(such as gapA) that do not require rapid induction or repres-
sion (reviewed in reference 6). According to the data pre-
sented in Table 4, rob mRNA decay was apparently not af-
fected by PQ.

Biological significance of rob down-regulation in response to
superoxide stress. In vivo and in vitro studies have shown that
Rob can activate the transcription of a subset of target genes of
the SoxRS and Mar regulons (3, 5, 13). On the other hand,
Rob has a high basal level of expression. A recent calculation
estimates the intracellular level of Rob in exponentially grow-
ing E. coli in 10,000 molecules per cell (4). The high basal
amounts of Rob and the finding that Rob binds many promoter
sites more tightly than do SoxS and MarA (17) leave an im-
portant question unanswered. If the basal expression of Rob is
high enough to saturate some or most of the SoxS- and MarA-

TABLE 4. Absolute quantitation of transcript levels as determined by real-time PCR”

No. of transcript molecules/pg of total RNA + SEM (relative value)”

Gene Time (min)
—Rif —PQ —Rif +PQ +Rif —PQ +Rif +PQ

rob <1 149 = 1.0 (1.00) 83 = 3.0 (0.56)* 88 = 0.7 (0.59)* 75 = 4.3 (0.50)*

6 150 £ 18.6 (1.01) 11 = 0.4 (0.07)* 6+ 0.7 (0.04)* 6 £ 0.5(0.04)*
soxS <1 66 = 0.2 (1.00) 768 + 16.5 (11.64)* 26 + 4.1 (0.39)* 163 = 14.6 (2.47)*

6 38 = 1.4 (0.58)* 1,924 + 96.7 (29.15)* 3 +0.1(0.05)* 10 = 0.6 (0.15)*
marA <1 64 = 5.7 (1.00) 90 = 3.7 (1.41)* 32+0.2(0.50)* 36 2.2 (0.56)*

6 62 + 1.7 (0.97) 269 + 14.1 (4.62)* 4+ 0.1(0.06)* 7£0.1(0.11)*
gapA <1 3,233 £ 232.6 (1.00) 2,671 £ 49.0 (0.83) 3,003 £ 104.7 (0.93) 3,010 = 173.1 (0.93)

6 3,340 = 20.7 (1.03) 3,273 = 353.9 (1.01) 2,367 = 93.2 (0.73)* 2,249 = 170.5 (0.70)*

“ Time course results of the response of wild-type bacteria with (+) or without (—) 100 M PQ in the absence (—) or presence (+) of 100 pg of rifampin (Rif)/ml.

b Statistical significance is indicated by an asterisk.
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FIG. 3. In vitro SoxS binding to rob DNA sequence as assessed by
gel retardation assays. A DNA fragment containing the segment from
positions —288 to +67 of rob (relative to the initiation codon) was
incubated with purified Hiss-SoxS protein (10). The amounts of SoxS
in the 25-pl reactions were as follows: 0.38 pmol (lane 6), 0.75 pmol
(lane 5), 1.5 pmol (lane 4), 3 pmol (lane 3), and 6 pmol (lane 2).
Control without SoxS (lane 7) and molecular weight markers (lane 1)
are also shown.
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regulated promoters, how can SoxS and MarA exert their ef-
fect in response to specific stress conditions? The down-regu-
lation of rob expression described here provides for the first
time a consistent and experimentally verified explanation.
Therefore, the induction of soxS and marA concomitantly with
the repression of rob might contribute synergistically to the
transcriptional response of the dozen or more promoters with
a common “marbox” (18).

Besides, we have shown that the lack of SoxR eliminates the
possibility of rob repression, suggesting that the rob transcript
level might be negatively modulated by the intracellular
amounts of SoxS protein. Therefore, we addressed, by per-
forming gel retardation assays with a DNA fragment of rob
(positions —288 to +67, relative to the initiation codon), the
possibility that SoxS would block rob transcription directly. As
shown in Fig. 3, clear retarded bands were found with increas-
ing amounts of SoxS. Similar results were obtained with micF
promoter (data not presented).

Final remarks. The data reported here suggest that Rob
levels might be tightly controlled, like those of SoxS and MarA.
Briefly, superoxide stress upon PQ exposure activates SoxR,
thereby increasing the intracellular amounts of SoxS. SoxS in
turn represses rob transcription, thereby assisting SoxS and
MarA to distinguish bona fide sites from non-promoter-asso-
ciated sites. Therefore, the rob promoter itself might have a
“soxbox” sequence (10), one degenerated enough to be func-
tional in transcription activation although still an effective re-
pressor site.
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