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Multiple antibiotic resistance in Escherichia coli can be mediated by induction of the SoxS or MarA protein,
triggered by oxygen radicals (in the soxRS regulon) or certain antibiotics (in themarRAB regulon), respectively.
These small proteins (SoxS, 107 residues; MarA, 127 residues) are homologous to the C terminus of the
XylS-AraC family of proteins and are more closely related to a;100-residue segment in the N terminus of Rob
protein, which binds the right arm of the replication origin, oriC. We investigated whether the SoxS-MarA
homology in Rob might extend to the regulation of some of the same inducible genes. Overexpression of Rob
indeed conferred multiple antibiotic resistance similar to that known for SoxS and MarA (against chloram-
phenicol, tetracycline, nalidixic acid, and puromycin), as well as resistance to the superoxide-generating
compound phenazine methosulfate. The Rob-induced antibiotic resistance depended only partially on the micF
antisense RNA that down-regulates the OmpF outer membrane porin to limit antibiotic uptake. Similar
antibiotic resistance was conferred by expression of a Rob fragment containing only the N-terminal 123
residues that constitute the SoxS-MarA homology. Both intact Rob and the N-terminal fragment activated
expression of stress genes (inaA, fumC, sodA) but with a pattern distinct from that found for SoxS and MarA.
Purified Rob protein bound a DNA fragment containing the micF promoter (50% bound at ;1029 M Rob) as
strongly as it did oriC, and it bound more weakly to DNA containing the sodA, nfo, or zwf promoter (50% bound
at 1028 to 1027 M). Rob formed multiple DNA-protein complexes with these fragments, as seen previously for
SoxS. These data point to a DNA-binding gene activator module used in different protein contexts.

Multiple antibiotic resistance in bacteria is an increasing
problem in medical microbiology but is still poorly understood
at the molecular level (6, 32). Bacterial resistance mechanisms
that involve drug inactivation (12) and alteration of the drug
target (41) are usually specific for a single class of antibiotics or
even an individual compound. More-general mechanisms con-
fer low-level antibiotic resistance that may be important in the
development and dissemination of highly resistant strains (12,
32). In this second type of resistance, accumulation of the
antibiotic within the cell may be diminished by reduced uptake
or by increased efflux from the cell (33). These low-level broad
resistances are usually mediated by chromosomal mutations
(15, 19, 23, 39), but few are well characterized either as regu-
latory systems or for the cellular mechanisms involved.
Probably the best-characterized locus for multiple antibiotic

resistance is the mar complex in Escherichia coli (15, 16). Mu-
tations at mar confer resistance to several unrelated antibiotics
and have been associated with an active efflux of tetracycline
(15) and chloramphenicol (29). In addition, mar mutants have
significantly reduced levels of the outer membrane porin
OmpF, which probably diminish drug influx (9, 10). The mar
locus is organized as an operon of three genes: marR, marA,
and marB (8). Transcription of marRAB is inducible and is
controlled negatively by the MarR protein (4, 20). The MarA
protein is evidently a transcriptional regulator whose activity in
the cell increases when its concentration is increased (4, 14,
20).
Some of the genes controlled by marRAB are also members

of the redox-responsive soxRS regulon (4, 17), which also con-
fers multiple antibiotic resistance when activated (7, 18). An-

tibiotic resistance in both cases depends in part on the elevated
synthesis of micF RNA (7, 10), an antisense transcript that
destabilizes the ompF mRNA (3, 31). Oxidative stress genes
that are transcriptionally activated by both the marRAB and
soxRS systems include sodA (encoding a superoxide dis-
mutase), zwf (encoding glucose-6-phosphate dehydrogenase
[G6PD]), fumC (encoding a heat-stable fumarase), soi-17/-19,
and the genes encoding two other oxidative stress proteins of
unknown function (4, 17, 18, 26, 28). This regulatory overlap
may have a physical basis embodied in the strong homology
between the SoxS protein, the direct activator of soxRS regulon
genes (2, 27, 34), and MarA (8). Like MarA, the activity of
SoxS seems to be controlled by regulation of its synthesis,
which results from transcriptional regulation governed by the
redox-sensing SoxR protein (2, 21, 35, 45).
SoxS and MarA, along with the Tn10-encoded TetD protein

of unknown function, are related to the XylS-AraC family of
transcription regulators (13) but correspond only to the C-
terminal ;100-residue domain of this family (Fig. 1). This
carboxyl-terminal segment is implicated in DNA binding and
may be sufficient for transcriptional activation in some mem-
bers of the XylS-AraC family (13).
Recently, a protein named Rob, which binds the right arm of

the E. coli replication origin oriC, was found to be related to
SoxS and MarA (40). However, in Rob the 100-residue domain
homologous to SoxS and MarA is located at the N terminus of
the protein; the C-terminal 175-residue segment of Rob is not
related to XylS-AraC family members (40) (Fig. 1). The func-
tion of Rob is unknown.
Rob, MarA, and SoxS contain similarly positioned helix-

turn-helix motifs (Fig. 1) that might mediate specific DNA
binding. In Rob and MarA, the second predicted helices are
identical and differ from that of SoxS by only one residue (8,
40). Since SoxS and MarA seem able to activate some of the
same genes in vitro, we tested whether intact Rob or its iso-

* Corresponding author. Electronic mail address: demple@mbcrr.
harvard.edu.
† Present address: Imperial Cancer Research Fund, Clare Hall Lab-

oratories, South Mimms, EN6 3LD, United Kingdom.

1655



lated N-terminal 133-residue domain could activate pheno-
typic antibiotic resistance or specific genes for antibiotic resis-
tance or oxidative stress.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The E. coli strains and plasmids used

in this study are listed in Table 1. Permanent bacterial stocks were stored frozen
at 2808C in 20% glycerol, and working stocks were maintained on Luria-Bertani
(LB) agar (30) at 48C for up to 2 weeks. Cells were grown at 378C with shaking
at 150 rpm in LB broth (30) in flasks with a 10- to 20-fold-larger volume than the
culture, unless otherwise indicated.
Antibiotic susceptibility. The sensitivity of various strains to antibiotics was

determined by measuring bacterial growth on gradient plates prepared as de-
scribed previously (4, 11), with each plate containing 60 ml of LB agar (30 ml in
each of the top and bottom layers) and the medium supplemented with 0.1 mg
of ampicillin per ml and, where indicated, 1 mM isopropyl-b-D-thiogalactopy
ranoside (IPTG). Strains carrying the different plasmids were inoculated into LB
broth with 100 mg of ampicillin per ml (LB-ampicillin) and incubated for ;16 h.
The saturated cultures were diluted 100-fold into fresh LB-ampicillin and incu-
bated for ;1 h to reach an optical density at 600 nm of ;0.2. Each culture was
then split into two equal volumes, and IPTG was added to one of these to a final
concentration of 1 mM. After further incubation for ;2 h, aliquots of cultures
with and without IPTG were plated (2, 17, 18) on gradient plates with and

without 1 mM IPTG, respectively. Confluent growth along the gradient was
scored after 18 to 24 h at 378C.

b-Galactosidase activity assays. Overnight cultures in LB-ampicillin were
diluted 100-fold into fresh LB-ampicillin and incubated for;45 min to an optical
density at 600 nm of ;0.2. Each culture was then split into two equal volumes,
and IPTG was added (final concentration, 1 mM) to one. After further incuba-
tion for ;1 h, b-galactosidase activity in sodium dodecyl sulfate-CHCl3-treated
cells was determined as described by Miller (30). The optical density at 600 nm
was used as a measure of the cell density.
Cell extracts and enzyme assays. Overnight cultures in LB-ampicillin were

diluted 100-fold into 100 ml of fresh LB-ampicillin and incubated to reach an
optical density at 600 nm of 0.3 to 0.4. Each culture was then split in two equal
volumes of 50 ml, IPTG was added to one to a final concentration of 1 mM, and
the incubation was continued at 378C for 45 min. The cells were then chilled,
harvested by centrifugation at 5,000 3 g for 15 min at 48C, washed with 50 ml of
ice-cold M9 salts (30), and frozen as pellets at 2808C. Cell pellets were thawed
for 1 to 3 h on ice, suspended in buffer containing 50 mM Tris-HCl (pH 7.5) and
0.2 M NaCl, and disrupted for 3 min at 48C with glass beads in a Mini-bead
beater (Biospec Products, Bartleville, Okla.). Cell debris was removed by cen-
trifugation at 10,000 3 g for 45 min at 48C, and the cleared supernatants were
collected and stored on ice for immediate assay or stored frozen at 2808C.
Protein concentrations were estimated by the method of Bradford (5). G6PD
activity was monitored by measuring NADPH production at 340 nm (24). Fu-
marase C activity was determined as described by Hill and Bradshaw (22), as
modified by Liochev and Fridovich (28).

FIG. 1. Schematic alignment of Rob protein sequence with some members of the XylS-AraC family of bacterial regulators. The percent identity (% Id.) of Rob
was calculated from the BLAST algorithm (1). The hatched area indicates the core segment of sequence similarity among these different proteins. The hatched area
on the right indicates a 50-residue homology shared among Rob, Caf1R, and Af1R (percent identity shown in parentheses). The vertical arrow points to the C-terminal
end of the truncated Rob133 protein (see Table 1). aa, amino acids; HTH, helix-turn-helix.

TABLE 1. Strains and plasmids used in this study

Strain or
plasmid Relevant properties Source or

reference

Strains
GC4468 F2 D(lac)U169 rpsL 18, 42
DJ901 As GC4468 but DsoxRS901 Tn10Kmr 18
JHC1098 As GC4468 but DsoxRS901 Tn10Kmr DmarRAB 17
JHC1112 As DJ901 but DmicF 7
W3110 l2, IN (rrnD-rrnE)1 40
WTB35-17 As W3110 but rob::kan K. Skarstad
RA4468 As GC4468 but rob::kan This work
TN1799-1 As DJ901 but F(sodA::lacZ)29 T. Nunoshiba
N7940 As DJ901 but inaA::lacZ 36

Plasmids
pBluescript Vector Stratagene
pBSoriC EcoRI-PstI fragment containing oriC inserted into pBluescript 40
pBT35-13 1.7-kb SalI-BamHI fragment containing rob inserted in pING-1 40
pSE380 trc promoter expression vector, lacIq Apr 2
pSRob 926-bp SalI-SacI fragment containing entire rob gene from pBT35-13 inserted into pSE380 This work
pSRob133 423-bp EcoRI-EcoRI fragment from pSRob inserted into pSE380 This work
pSXS 432-bp EcoRI-HindIII PCR fragment containing the entire soxS gene inserted into pSE380 2
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DNA-binding assays. DNA probes consisting of fragments of the zwf, sodA,
micF, and nfo promoters were obtained by PCR with the following primers:
micF, 59-CCCGGTACTTAAGCCAG-39 and 59-GCGGGAAGTTATTCTAGT
TGCG-39; zwf, 59-TCAGTGTCAGATTTTTACCC-39 and 59-CCCGGTACTT
AAGCCAG-39; nfo, 59-GAGGATCCGCGTCAGCGC-39 and 59-GCGAGGAC
TCCTGTTAAACCC-39; and sodA, 59-ATGAGTGTAAAAATCGTGCTGT
CG-39 and 59-TCTCCAGTATTGTCGGGCG-39 (27). The templates were pzwf
for the zwf fragment (37), pDT1.5 for sodA (42), pWB21 for nfo (11), and
pmicB21 for micF (7). The sizes of the PCR products were 263 bp for micF, 177
bp for zwf, 234 bp for sodA, and 196 bp for nfo, and they contained sequences
from the respective transcription initiation sites to upstream endpoints (27).
PCR products were quantified by gel electrophoresis and ethidium bromide
staining before being labeled. Individual bands were extracted from a 2% aga-
rose gel onto DEAE paper, which was subsequently washed in high-salt solution,
and the DNA was precipitated overnight in ethanol at 2208C (38). Precipitated
DNA was centrifuged at 14,000 rpm in an Eppendorf microcentrifuge, dried, and
resuspended in 10 ml of 10 mM Tris-HCl (pH 7.5)–1 mM EDTA (TE) solution.
Fragments were 59 end labeled with [g-32P]ATP and T4 polynucleotide kinase
(New England Biolabs). The fragments were then purified over Sephadex G-75
in 10 mM Tris-HCl–0.1 M NaCl–0.1 mM EDTA. Dilutions of the probe were
made in TE to place 2 fmol in the binding-reaction mixtures (final concentration,
0.1 nM). A 20-bp duplex oligonucleotide corresponding to bp 233 to 252 of the
micF promoter was generated by chemical synthesis.
Purified Rob protein (40), isolated from an overproducing strain to give a final

purity of .95% (39a), was graciously provided by K. Skarstad, Institute for
Cancer Research, Oslo, Norway. A labeled probe and the indicated amount of
Rob protein were incubated for 10 min at room temperature in binding buffer
(10 mM Tris-HCl [pH 7.5], 0.2 mM EDTA, 75 mM KCl, 1 mM dithiothreitol,
10% glycerol) and subjected to electrophoresis at 58C on a 5% polyacrylamide
gel (a 10% polyacrylamide gel for the 20-bp fragment) at 170 V for 2 to 3 h. For
competition assays, the appropriate unlabeled competitor DNA was added to the
binding-reaction mixtures prior to Rob addition. After autoradiography, the
DNA-containing bands were quantified by densitometry with a Sun Microsys-
tems SPARC station and a BioImage software package (Millipore Corp.). Un-
labeled DNA fragments were obtained by linearizing plasmid pBSoriC, contain-
ing the oriC sequence (40), with BglII and/or pBluescript with ClaI (New England
Biolabs).

RESULTS

Multiple antibiotic resistance by overproduction of Rob pro-
tein. An expression plasmid for Rob protein was constructed
by placing the rob gene behind the IPTG-inducible trc pro-
moter in plasmid pSE380, yielding pSRob (see Materials and
Methods). While the presence of pSRob per se did not strongly
affect the antibiotic resistance of wild-type E. coli, the induc-
tion of Rob expression with IPTG noticeably increased cellular
resistance to multiple antibiotics (nalidixic acid, chloramphen-
icol, tetracycline, and puromycin) and to a redox-cycling agent
(phenazine methosulfate) (Table 2; data not shown). This in-
creased resistance was independent of both the soxRS and the
marRAB regulons, since it was observed in both DsoxRS and
DmarRAB strains (Table 2). Moreover, even the basal Rob
expression from pSRob conferred significant antibiotic resis-
tance to the DsoxRS DmarRAB double mutant (Table 2). An
even stronger antibiotic resistance was conferred by basal SoxS
expression from pSXS (Table 2). Loss of viability in strains

bearing pSXS in media containing IPTG (2) prevented deter-
mination of antibiotic resistance under those conditions.
Multiple antibiotic resistance controlled by soxRS (7) and

marRAB (10) is partially dependent on induction of the micF
antisense RNA and the resulting destabilization of the ompF
mRNA (3). A similar role for micF was also observed for the
Rob-dependent antibiotic resistances. Thus, bacterial resis-
tance to nalidixic acid and phenazine methosulfate was dimin-
ished but not eliminated in a DmicF strain bearing pSRob,
under both noninduced and IPTG-induced conditions (Fig. 2).
Activation of gene expression by Rob. Since Rob overpro-

duction provided resistance phenotypes overlapping those con-
ferred by SoxS (2, 18) and MarA (4, 16, 17), we tested the
ability of Rob to activate expression of genes controlled by the
other two regulators. Two enzymatic activities were assessed:
G6PD, encoded by zwf (2, 24), and fumarase C, the stable
fumarase encoded by fumC (4, 28). G6PD activity was not
significantly affected even after IPTG induction of Rob (Table
3). In contrast, fumarase C activity increased slightly with basal
Rob expression and up to fourfold over that of the wild-type
bacteria after IPTG treatment of the pSRob-bearing strain
(Table 3). The presence of pSXS strongly increased both ac-
tivities, even in the absence of IPTG (Table 3).
Effects of Rob on gene expression were also explored with

lac reporter genes linked to the promoter of sodA, the gene
encoding managanese-containing superoxide dismutase (4, 18,
42), and to the coding region of inaA, which encodes a protein
of unknown function (43) controlled by MarA and SoxS (36).
Maximum Rob expression (after induction by IPTG) increased
the expression of sodA::lacZ only ca. twofold (Fig. 3). In con-
trast, the inaA::lacZ fusion showed up to 10-fold-enhanced
expression in response to high-level Rob expression (Fig. 3).
SoxS expression increased the expression of both fusions even
more markedly (Fig. 3).
An N-terminal fragment of Rob sufficient for multiple anti-

biotic resistance and gene activation. The homology to SoxS
and MarA is restricted to the N-terminal domain of Rob (40),
which suggests that a common regulatory activity might reside
in this region of the protein. We tested this hypothesis by
constructing a plasmid (pSRob133) encoding a truncated Rob
protein with only the 123 N-terminal residues and 10 addi-
tional amino acids encoded by the vector (Rob133 [Table 1]).
In a rob::kan strain, the Rob133 fragment provided antibiotic
resistances equivalent to that of full-length Rob (Fig. 4). How-
ever, the rob::kan mutation itself had no effect on antibiotic
resistance under our conditions (data not shown). Rob133 also
activated expression of the sodA::lacZ and inaA::lacZ fusions,
the latter even more effectively than for activation by wild-type
Rob (20- versus 10-fold [Fig. 3]).

TABLE 2. Independence of Rob-mediated multiple antibiotic resistance from soxRS and marRAB

Plasmid Addition
of IPTG

Growth (% of gradient) ofa:

(DsoxRS)b (DsoxRS DmarRAB)b

Nal PMS Cm Tc Pur Nal PMS Tc

pSE380 (vector) 2 21 41 10 21 67 15 21 21
1 22 44 9 26 69 15 19 22

pSRob 2 13 40 13 21 73 29 33 28
1 100 69 100 83 100 92 55 86

pSXS 2 44 99 19 44 100 59 90 32

a The measurements were repeated at least twice, with similar results; values from a representative experiment are shown. Amounts (weight per plate [see Materials
and Methods]) of the antibiotics were as follows: nalidixic acid (Nal), 400 mg; phenazine methosulfate (PMS), 1,225 mg; chloramphenicol (Cm), 900 mg; tetracycline
(Tc), 300 mg; puromycin (Pur), 10 mg.
b Strains (see Table 1): DsoxRS, DJ901; DsoxRS DmarRAB, JHC1098.
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Rob protein binding to promoters of oxidative stress genes.
The gene activation observed in cells expressing high levels of
Rob suggested that the protein might interact specifically with
the corresponding transcription regulatory sequences. There-
fore, we performed a series of gel mobility shift assays to test
for in vitro binding of Rob protein to the promoters of oxida-
tive stress or antibiotic resistance genes. Purified Rob protein
(40) formed multiple complexes in a concentration-dependent
fashion with DNA fragments corresponding to both the micF
(Fig. 5A) and the zwf (Fig. 5B) promoter regions. These mul-
tiple complexes may be due to multiple binding sites on the
fragment for Rob protein or to multimerization of the protein,
and they are reminiscent of DNA binding by the homologous
SoxS protein (27). Quantification of the binding showed that
50% of the zwf fragment was bound by 20 nM Rob, whereas 1
nM Rob was able to exert the same effect on the micF frag-
ment. If Rob exists as a monomer in solution, the dissociation
constants for micF and zwf may be estimated as ;1029 and$2
3 1028 M, respectively.
A sequence overlapping the235 region of micF is protected

from DNase I digestion by SoxS protein (27). A 20-bp synthetic
duplex oligonucleotide corresponding to this protected region
was used in gel mobility shift assays with Rob protein, which
revealed only a single complex with half-maximal binding at 1
to 6 nM (data not shown). The formation of a single complex
of Rob with this fragment indicates that prior binding of Rob
to a single site is not sufficient to generate multiple complexes
as seen with larger DNA fragments (Fig. 5).
The relative affinity of Rob for different DNA fragments was

assessed in competition experiments. In experiments with the
labeled micF probe, a slight reduction in the amount of Rob-
micF complex was observed with equimolar amounts of the
oriC-containing plasmid pBSoriC (Fig. 6), while a 10-fold mo-
lar excess of the oriC plasmid nearly eliminated the labeled
complex (Fig. 6). The plasmid vector lacking oriC was without
effect at up to a 100-fold excess (data not shown). The sodA
and nfo fragments were less effective competitors and required
a 100-fold molar excess over the micF concentration to reduce
the amount of complex detected (Fig. 6). The zwf fragment was
the least effective competitor, with residual Rob-micF complex
still apparent at a 100-fold excess of the unlabeled fragment
(Fig. 6). Taken together, the foregoing data suggest the fol-

lowing order of affinities for Rob: micF, oriC (Kd ; 1029 M).
sodA, nfo . zwf (Kd ; 1027 M).

DISCUSSION

We have described a new situation conferring multiple an-
tibiotic resistance in E. coli: overexpression of a putative tran-
scriptional regulator encoded by the rob gene. This induction is
independent of soxRS and marRAB, two regulatory loci also
previously known to confer resistance to many antibiotics, but
shares with those systems a partial dependence on the micF
gene, which encodes an antisense regulator of OmpF expres-
sion. In all three cases, other cellular functions are mobilized
to play significant roles in overall antibiotic resistance. Such
functions probably include one or more efflux pumps, since
active export of tetracycline (15) and chloramphenicol (29) has
been described inmar-constitutive strains. Despite overlapping
regulation by SoxS, MarA, and Rob, the three systems exhibit
differential control in terms of both the strength of their effects
on individual genes and activation of some promoters uniquely
(e.g., zwf by SoxS or MarA but not by Rob). These differences
probably account for the patterns of resistance toward different
drugs mediated by the three systems.
A physical basis for differential gene activation by Rob can

FIG. 2. Dependence of Rob-induced antibiotic resistance on micF. The sensitivities of strains DJ901 (DsoxRS) and JHC1112 (DsoxRS DmicF) bearing plasmid
pSE380 or pSRob were scored in gradient plates under noninduced (2IPTG) and induced (1IPTG) conditions (see Materials and Methods). The entire experiment
was repeated at least three times with independent transformants; values from a representative experiment are shown. Amounts (weight added per plate [see Materials
and Methods]) of the antibiotics were as follows: nalidixic acid 400 mg; phenazine methosulfate, 1,225 mg. WT, wild-type phenotype in relation to micF.

TABLE 3. Enzymatic activities increased by Rob expression

Plasmid Addition
of IPTG

G6PD
activity
(U/mg of
protein)a

Fold
increaseb

Fumarase
C activity
(U/mg of
protein)a

Fold
increaseb

pSE380 (vector) 2 0.18 6 0.01 4.7 6 0.1
1 0.19 6 0.01 1.0 4.4 6 0.1 0.9

pSRob 2 0.20 6 0.01 1.1 6.8 6 0.5 1.4
1 0.21 6 0.04 1.2 20 6 4.3 4.3

pSXS 2 0.66 6 0.01 3.7 96 6 2 20
1 1.56 6 0.15 8.6 203 6 21 43

a Extracts were made from GC4468 cells containing the indicated plasmid and
grown in LB-ampicillin. Values are the mean 6 standard error of two determi-
nations from two independent transformants. The entire experiment was re-
peated at least twice; a representative result is shown.
b Increase relative to the value for pSE380 without IPTG.

1658 ARIZA ET AL. J. BACTERIOL.



be suggested from a comparison of its reported binding site in
oriC (40) with regions near the micF, fumC, sodA, zwf, and nfo
promoters. Matches to the 21-bp oriC site of;50% were found
in all five cases. However, only for micF, fumC and sodA were
these putative binding sites situated immediately 59 to or
slightly overlapping the respective 235 elements. The best-
matched upstream sites in zwf (which is not Rob inducible) and
nfo (not tested for inducibility) were 7 and 21 bp, respectively,
59 to the corresponding 235 boxes. Thus, even when bound to
the zwf promoter, Rob may not be correctly oriented to acti-
vate RNA polymerase. This analysis also predicts that nfo is
not inducible by Rob.
The effects of Rob were generally weaker than those of SoxS

for either antibiotic resistance or gene activation. Perhaps the
cellular activity of Rob is modulated in response to some en-
vironmental signal(s). Such a signal could stimulate synthesis
of the Rob protein, as occurs for SoxS (2, 34, 45) and MarA (4,
20), but wild-type E. coli contains an estimated 5,000 Rob

molecules per cell during normal growth (40). Thus, if Rob
activity is regulated, such control could involve posttransla-
tional modification or binding of some cofactor.
Two other putative transcription factors have a Rob-like

structure (Fig. 1): Caf1-R, which controls capsule synthesis in
Yersinia pestis (25), and Af1-R, which regulates Af/R1 pilin
synthesis in E. coli (44). In Rob, the N terminus harbors its
DNA-binding and transcription activities (as in Rob133). For
control, an activating signal for Rob may be mediated by the
C-terminal segment, which is unrelated to SoxS and MarA
(Fig. 1). In the XylS-AraC family, transcriptional activity of the
SoxS-MarA-homologous segment at the C terminus (Fig. 1) is
modulated by the attached N-terminal segment (13).
The regulatory effects of Rob protein are evidently mediated

by its direct interaction with the promoters of a group of its
target genes. Rob DNA binding has some features similar to
binding by SoxS (27). Thus, both SoxS and Rob form multiple
DNA-protein complexes with the micF and zwf promoters,
perhaps by interacting with multiple sites in each. The esti-
mated Kd of SoxS and Rob for these fragments ranges from
1029 to 1027 M (27; also see above). Since the affinity of Rob

FIG. 3. Effect of the overexpression of Rob and Rob133 on b-galactosidase activity from lac fusions to the sodA and inaA genes. Strains TN1799-1 (DsoxRS
sodA::lacZ) and N7940 (DsoxRS inaA::lacZ) bearing different plasmids (Table 1) were assayed for b-galactosidase activity under noninduced (2IPTG) and induced
(1IPTG) conditions (see Materials and Methods). Values are the mean of two independent transformants. The range of determinations (100% 3 difference between
values divided by the mean) was, for sodA::lacZ (left to right), 4, 5, 4, 37, 1, 12, 3, and 4% and, for inaA::lacZ (left to right), 5, 6, 11, 5, 10, 16, 14, and 10%. The entire
experiment was repeated at least twice; values from a representative experiment are shown.

FIG. 4. Effect of overexpression of Rob133 on antibiotic resistance. The
sensitivity of strain RA4468 (rob::kan) was scored in gradient plates under
noninduced (2IPTG) and induced (1IPTG) conditions (see Materials and
Methods). The entire experiment was repeated at least three times with inde-
pendent transformants; values from a representative experiment are shown.
Amounts (weight added per plate [see Materials and Methods]) of the antibiotics
were as follows: nalidixic acid, 400 mg; tetracycline, 300 mg.

FIG. 5. Binding of oxidative stress promoter regions by purified Rob protein.
Products of standard DNA-binding assays were analyzed by gel electrophoresis
(see Materials and Methods). F, free probe; C1, C2, and C3, Rob-DNA com-
plexes. (A) Rob binding of the micF promoter. The following amounts of Rob
protein were used: lane 1, none; lane 2, 0.5 ng; lane 3, 1 ng; lane 4, 2 ng; lane 5,
4 ng; and lane 6, 8 ng. (B) Rob binding of the zwf promoter. The following
amounts of Rob protein were used: lane 1, none; lane 2, 4 ng; lane 3, 8 ng; lane
4, 12 ng; lane 5, 16 ng; lane 6, 20 ng; and lane 7, 30 ng.
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for oriC is similar to that for themicF, it is unclear whether the
interaction of Rob with oriC reflects the major function of this
protein in the cell. In this regard, the rob::kan mutation had no
apparent effect on DNA replication (39a, 40).
A rough calculation estimates that the intracellular concen-

tration of Rob protein (40) is several micromolar, 2 to 3 orders
of magnitude above its observed Kd for binding oriC and the
micF, sodA, and nfo promoters. If the constitutive expression
of Rob is high enough to saturate some or all SoxS- and
MarA-inducible promoters, how can the SoxS or MarA pro-
teins exert significant transcriptional activation? One possibil-
ity is that Rob is normally inactive in DNA binding or seques-
tered from these promoters, leaving them accessible to other
proteins. Alternatively, if these promoters are always occupied
by Rob, the protein might be displaced before transcriptional
activation by SoxS or MarA can occur.
The protein sequence motif shared among SoxS, MarA, and

the N-terminal region of Rob could be an independently func-
tioning module. If this module is viewed as a DNA-binding
transcription-activating domain, it may have been duplicated
several times and placed under the control of distinct mecha-
nisms, either through transcriptional regulation or by attach-
ment of various protein segments. It is noteworthy how fre-
quently a multiple antibiotic resistance phenotype has been
associated with the overproduction of this activator domain,
and we must now understand in molecular terms how these
systems are integrated or conflict at various promoters.
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