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Two functions of the C-terminal domain of Escherichia coli Rob:
mediating “sequestration-dispersal” as a novel off-on switch for
regulating Rob’s activity as a transcription activator and
preventing degradation of Rob by Lon protease

Kevin L. Griffith 1, M. Megan Fitzpatrick*, Edward F. Keen 1111, and Richard E. Wolf Jr.
University of Maryland Baltimore County, Baltimore, MD 21250

Abstract

In Escherichia coli, Rob activates transcription of the SoxRS/MarA/Rob regulon. Previous work
revealed that Rob resides in 3—4 immunostainable foci, that dipyridyl and bile salts are inducers of
its activity, and that inducers bind to Rob’s C-terminal domain (CTD). We propose that sequestration
inactivates Rob by blocking its access to the transcriptional machinery and that inducers activate Rob
by mediating its dispersal, allowing interaction with RNA polymerase. To test “sequestration-
dispersal” as a new mechanism for regulating the activity of transcriptional activators, we fused Rob’s
CTD to SoxS and used indirect immunofluorescence microscopy to determine the effect of inducers
on SoxS-Rob’s cellular localization. Unlike native SoxS, which is uniformly distributed throughout
the cell, SoxS-Rob is sequestered without inducer, but is rapidly dispersed when cells are treated
with inducer. In this manner, Rob’s CTD serves as an anti-sigma factor in regulating the co-sigma
factor-like activity of SoxS when fused to it. Rob’s CTD also protects its N-terminus from Lon
protease, since Lon’s normally rapid degradation of SoxS is blocked in the chimera. Accordingly,
Rob’s CTD has novel regulatory properties that can be bestowed on another E. coli protein.
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Introduction

The transcriptional activators SoxS, MarA, and Rob form a subset of the AraC/XyIS family of
proteins? in that their amino acid sequences average 49% identity along the length of the
shortest member of the subset? and they are the direct transcription activators3—> of a highly
overlapping set of about 50 target genes6—8, the SoxS/MarA/Rob regulon. The three paralogous
proteins recognize the same highly degenerate, 20 bp DNA binding site located within two
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classes of target promoters3—:~11 they bind DNA as monomers®12:13 and they differentially
regulate the transcription of target genes# in response to various environmental stresses as
described below.

Resistance to the oxidative stress imposed by superoxide-generating, redox-cycling agents like
paraquat is carried out in two stages by two gene products, SoxR and SoxS. 15719, Thus, upon
oxidation of its 2Fe-2S clusters, constitutively expressed SoxR becomes activated and then it
activates transcription of soxS$29=24, In the second stage, molecules of de novo synthesized
SoxS form binary complexes with RNA polymerase (RNAP); the complexes then scan the
chromosome for SoxS binding sites located within SoxS-dependent promoters and activate
transcription from them?2:26, This mechanism of transcription activation by SoxS is called
“pre-recruitment”22:26 and in it SoxS functions as a co-sigma factor?’. Once the defense against
the oxidative stress has been achieved, SoxR becomes reduced and SoxR-activated
transcription of soxS ceases?9—24. Then, the remaining SoxS protein is rapidly degraded by
Lon protease and expression of the genes of the regulon returns to the basal level28,

A similar two-gene, two-stage system is induced by and confers resistance to multiple
antibiotics and aromatic weak acids like salicylate. Upon exposure to an inducer, MarR
repressor becomes inactivated and the marRAB operon is subsequently derepressed?9—33, Then,
newly synthesized MarA appears to activate transcription of the regulon’s genes by the same
pre-recruitment mechanism (also called “DNA scanning”34) as that of SoxS. This system is
reset by a process similar to that of SoxS: when the stress is relieved, MarR becomes active
and represses transcription of the marRAB operon; then, synthesis of MarA ceases, the residual
MarA is rapidly degraded by Lon protease, and transcription of the regulon’s genes returns to
the pre-induced level28,

Recently, TetD was identified as a fourth member of the subset of the AraC/XylS family of
proteins because of its extensive amino acid sequence identity with the sequences of SoxS,
MarA, and Rob (average = 50%), because it recognizes the same degenerate binding site, and
because it activates a subset of the genes of the SoxS/MarA/Rob regulon2. The gene encoding
TetD resides on transposon Tn103%:36 and its transcription is negatively regulated by the TetC
repressor3’. The inducer that inactivates TetC and thus the physiological role of the TetC/TetD
system is unknown. With TetD also being destabilized by Lon protease, the system resets by
the same process as that of SoxS and MarA.

In summary, the regulation of the SoxR/S, MarR/A and TetC/D systems follow similar off-on
pathways carried out in two stages by two genes: sensor proteins SoxR, MarR and TetC respond
to their respective inducers by turning on the synthesis of the respective response regulators
SoxS, MarA and TetD. These response regulators bind to the same degenerate sequence and
activate transcription of an overlapping set of genes, although to different degrees. The
respective systems are also turned off by similar processes: once the inducing stress has been
relieved, de novo synthesis of the response regulator ceases, residual regulator is degraded by
Lon protease, and expression of the regulon returns to the basal level.

Rob differs in several significant ways from other members of the subset. First, instead of being
synthesized de novo in response to an inducing stress, Rob is expressed constitutively at about
5,000-10,000 molecules per cell38:39, Second, the constitutively expressed Rob molecules are
inactive, as evidenced by the fact that a null mutation of Rob has little or no effect on the

expression level of the regulon’s genes it has the potential to activate!*. Curiously, when

overexpressed from a plasmid, full-length Rob activates target gene expression as does its N-
terminal domain, which contains the dual helix-turn-helix domains characteristic of AraC/XylS
proteins?40:41. Adding to the enigma is the observation that purified Rob is able to bind DNA
and efficiently activate transcription of target genes in vitro®. A third difference between Rob
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and its paralogous proteins is its distinct cellular localization: Rob is sequestered into 3-4
immunostainable foci42. Fourth, unlike SoxS, MarA, and TetD, which are single domain
proteins, Rob contains a second, C-terminal domain (CTD) of about 180 amino acids12:38,

Recently, a role for Rob’s CTD has been revealed. Rosner et al.#3 reported that two forms of
dipyridyl, 2, 2'-dipyridyl, an iron chelator, and 4, 4'-dipyridyl (hereafter called “DIP), which
does not chelate iron, are inducers of Rob-dependent transcription in vivo. And, Rosenberg et
al. determined that unconjugated bile salts and medium-chain fatty acids like decanoate (DEC)
also enhance Rob’s in vivo activity*4. Spectroscopic methods showed that the inducers interact
directly with Rob’s CTD?#3:44, However, as mentioned above, mobility shift and in vitro
transcription assays showed that purified Rob is fully active in DNA binding and Rob-
dependent transcription activation of target genes, i.e., neither activity requires or is enhanced
by the presence of an inducer#3:44, Thus, since inducers are required for the activity of full-
length Rob in vivo but not in vitro, the inducers must confer some property on Rob that is also
achieved during its purification. Moreover, this regulatory property almost certainly requires
Rob’s CTD because (i) Rob’s N-terminal domain alone is able to activate in vivo transcription
of target genes in the absence of inducers®?, (ii) the inducers of Rob activity in vivo interact
with Rob’s CTD in vitro but have no effect on Rob activity#3:44, and (iii) the activity of native
SoxS, which lacks a domain equivalent to Rob’s CTD, is also not enhanced by DIP or
DEC#3:44 (K. L. Griffith and R. E. Wolf, Jr., unpublished results).

Here, we describe experiments demonstrating that Rob’s cellular localization provides a novel
mechanism for regulating its activity. We call this mechanism “sequestration-dispersal” (Fig.
1). Thus, under non-inducing conditions, Rob is inactive because its CTD mediates its
sequestration into intracellular foci that prevent Rob from interacting with the transcriptional
machinery. Then, upon the addition of inducer, Rob is rapidly released from its sequestered
state and dispersed Rob is free to activate transcription of the regulon’s genes. In addition, we
show that full-length Rob is stable because its CTD blocks proteolytic degradation from the
N-terminus by Lon protease. Moreover, since fusing Rob’s CTD to the C-terminus of SoxS
forms a stable chimera whose activity is regulated by sequestration-dispersal, Rob’s CTD has
novel properties that can be conferred on another protein to which it is fused. In particular,
Rob’s CTD functions as an anti-sigma factor in regulating the co-sigma factor-like activity of
SoxS when SoxS resides in the SoxS-Rob chimera?’.

Rationale for using the SoxS-Rob chimera as a Rob surrogate for the study of sequestration-

dispersal

According to the hypothesis that sequestration-dispersal regulates the activity of Raob, the role
of the inducers is to disperse sequestered Rob so that Rob is free to activate transcription of its
target genes. As a first step in testing the hypothesis, we needed to visualize Rob within
immunostainable foci like those originally reported by Azam et al.#2. Accordingly, we grew
strain GC4468 in broth to Aggp ~ 0.5 and subjected the cells to indirect immunofluorescence
microscopy by the same method as described by Azam et al.#2 and using the same anti-Rob
serum. Initially, we were able to visualize very faint immunofluorescent foci within individual
cells; however, over time the activity of the anti-serum decreased until it was no longer useful.
We then purified N-hisg-Rob and prepared rabbit polyclonal antiserum against it.
Unfortunately, repeated attempts to visualize Rob with the IgG fraction of this antiserum were
unsuccessful because only a weak fluorescence signal was produced.

In another attempt to visualize the intracellular form of Rob under non-inducing conditions,
we constructed a SoxS-Rob chimera in which Rob’s CTD, comprised of 183 amino acids, was
fused to the C-terminus of SoxS. Thus, the SoxS moiety should confer on the chimera the DNA
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binding and transcription activation properties of SoxS. Moreover, if our hypothesis is correct,
Rob’s CTD should regulate the activity of SoxS by mediating sequestration of the chimera and
by rendering it inducible and dispersible by DIP and DEC. Accordingly, we made the SoxS-
Rob chimera and were confident it would serve our purpose because we had previously
prepared a high-titer, polyclonal rabbit antiserum directed against N-hisg-SoxS and had
affinity-purified the anti-N-hisg-SoxS antibodies?.

Rob’s CTD mediates sequestration of SoxS in the SoxS-Rob chimera

The SoxS-Rob chimera was cloned into the medium copy plasmid pBAD33 so that it could be
expressed under control of the arabinose-inducible promoter, Pgap. Experiments described
below demonstrated that the SoxS-Rob chimera binds DNA and activates transcription of target
genes; in particular, its activity is enhanced by treatment of growing cells with DIP and DEC.
Thus, the SoxS-Rob chimera has the potential to serve as a Rob surrogate in evaluation of the
sequestration-dispersal hypothesis.

Accordingly, an overnight culture of strain RA4468 (4rob::kan) containing pPBAD33-SoxS-
Rob was grown at 37°C in LB medium containing chloramphenicol (25ug/ml). The culture
was diluted 1:100 and grown under the same conditions to Aggg = 0.1 at which time arabinose
was added to a concentration of 0.02%. After allowing expression of the SoxS-Rob chimera
by growth under these conditions for 1 h, samples were taken, fixed, and treated with affinity-
purified anti-SoxS antibodies and then with Alexa 488-conjugated secondary antibodies. The
fixed preparations were then subjected to indirect immunofluorescence microscopy.

The SoxS-Rob chimera was localized into several immunostainable, punctate foci that were
randomly distributed throughout individual cells (Fig. 2A), a localization pattern similar to that
observed previously with native Rob%2. The number of SoxS-Rob foci varied from zero to six
per cell: ~70% of the cells had two, three, or four foci, while the remaining 30% had zero, one,
five or six foci (Fig. 3). The size of the foci tended to vary between cells (Fig. 2A and data not
shown). This suggests that the observed number of foci per cell might under represent the true
number because the limitations of the resolution of the microscopy might have prevented us
from determining whether a given focus actually contains multiple foci. Nonetheless, the
addition of Rob’s CTD to the C-terminus of SoxS appears to confer on the chimera a
localization pattern similar to that of native, full-length Rob, forming multiple punctate foci
within individual cells.

An alternative interpretation is that SoxS drives the sequestration of the SoxS-Rob chimera
into the punctate foci. To test this possibility, we carried out indirect immunofluorescence
microscopy on cells expressing native SoxS from plasmid pBAD33-SoxS. No
immunostainable foci were observed; instead, fluorescence was uniformly distributed
throughout the cell (Fig. 2B). Thus, Rob’s CTD is responsible for sequestration of the SoxS-
Rob chimera. Moreover, we infer that the sequestration of full-length, native Rob observed by
Azam et al.*2 also depends on the CTD.

Rob’s CTD mediates the ability of DIP and DEC to induce the dispersal of the SoxS-Rob
chimera from the sequestered state

Cells of strain RA4468 carrying pBAD33-SoxS-Rob growing exponentially at 37°C in LB
medium were treated with 0.02% arabinose to induce expression of the chimera. After 1 hr,
the culture was divided into three parts, with one part being untreated, one being treated with
DIP, and one being treated with DEC. Incubation was continued and samples were taken at
several times thereafter. Fig. 2A shows that following treatment with the inducers, the
immunostainable foci disappeared and were replaced by a uniform, diffuse staining throughout
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the cells. Dispersal was rapid, as the foci began to disappear within 5 min after an inducing
treatment and were almost completely gone after 10 min of induction (Fig. 2A).

The intensity of the fluorescence signal was greater in cells treated with inducer than in
untreated cells (Fig. 2A). This enhanced signal is not due to an intrinsic fluorescent property
of the inducers since no fluorescence was observed when cultures of strain RA4468 carrying
vector plasmid pBAD33 were treated with DIP or DEC (data not shown). We speculate that
the observed increase in fluorescence during DIP or DEC treatment of the strain expressing
the SoxS-Rob chimera is due to the release of the chimera from its sequestered state; i.e., when
SoxS-Rob is sequestered, only molecules on the surface of the bundles can react with the
primary antibody whereas by causing dispersal of the chimera from the bundles, an inducing
treatment significantly increases the number of reactive SoxS-Rob molecules.

Just as Rob’s CTD is responsible for sequestration of SoxS in the SoxS-Rob chimera, so too
is it required for its dispersal. Thus, treatment of cells expressing SoxS from pBAD33-SoxS
with inducers DIP or DEC had no effect on the diffuse staining pattern or fluorescence intensity
compared to untreated cells (Fig. 2B) In summary, Rob’s CTD mediates both sequestration
and dispersal of the SoxS-Rob chimera encoded by plasmid pBAD33-SoxS-Rob; by inference,
it also mediates sequestration and dispersal of full-length, native Rob.

DIP induces dispersal of chromosomally encoded SoxS-Rob—Conceivably, the
dispersal of SoxS-Rob produced from plasmid pBAD33-SoxS-Rob could be effected by its
elevated abundance. Accordingly, we used “Recombinant Enhancement by Selection for
Survival” (RESS), our scarless method of recombineering (R. Toughiri and R.E.W. Jr.,
unpublished results), to replace the N-terminal 107 amino acids of chromosomally encoded
Rob with the 107 amino acids of SoxS. The preparation of strain MF100 carrying the chimeric
gene in the chromosome of strain N7840 is described in Materials and Methods.

A culture of strain MF100 carrying chromosomally encoded SoxS-Rob was grown in LB
medium at 37°C to Aggp = ~0.2. A negative control sample was taken and fixed for indirect
IFM. Then, the culture was treated with 5 mM DIP and samples were taken and fixed after 5
min and 10 min of inducing treatment.

As expected from the work of Azam et al.*2 and that described above (Fig. 2A), chromosomally
encoded SoxS-Rob produced in the absence of DIP was sequestered into ~3 immunostainable
clusters per cell and very little fluorescence was observed in the remaining intracellular milieu
(Fig. 2C). More importantly, as with SoxS-Rob expressed from pBAD33-SoxS-Rob (Fig. 2A),
the immunostainable foci in strain MF100 began to disappear within 5 min of inducing
treatment and were almost completely gone by 10 min (Fig. 2C). As above, after induction,
the fluorescent foci in the cells were replaced by a uniform, diffuse staining whose overall
fluorescence was considerably higher than that in the uninduced cells containing aggregated
SoxS-Rob. Thus, this experiment and those above demonstrate that the relative abundance of
SoxS-Rob does not affect its sequestration under non-inducing conditions or its dispersal upon
induction.

Regulation of the activity of the SoxS-Rob chimera: enhancement of transcription activation
by DIP and DEC

The experiments described above clearly demonstrate that the SoxS-Rob chimera is a excellent
surrogate of Rob for studies of cellular localization and the effects of inducers on it. Nonetheless
it is important to determine whether the chimera accurately reflects the regulatory properties
of native Rob, in particular the ability of the chimera to activate transcription of target genes
and the regulation of that activity by the inducers DIP and DEC. Accordingly, we compared

the regulatory properties of the chimera to those of native Rob with two functional tests. In
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one, we determined the effect of the inducers on the ability of the two proteins to activate in
vivo transcription from the Rob-dependent promoter, inaA,; in the other, we conducted a plate
test that reports the ability of native Rob and the chimera to access chromosomal DNA.

To determine whether the activity of the SoxS-Rob chimera as a transcription activator can be
enhanced by DIP and DEC, we introduced plasmid pBAD18-SoxS-Rob into strain RA4468
carrying an inaA-lacZ transcriptional fusion on a single-copy prophage and measured j3-
galactosidase activity in the absence and presence of the inducers. For comparison, we also
carried out the same experiment with the fusion strain carrying pBAD18-Rob.

The data in Fig. 4B show that compared to the uninduced control cultures (arabinose treatment
only), the addition of DIP and DEC increased SoxS-Rob-dependent activation of inaA
transcription by 2.4- and 2.1-fold, respectively, enhancements similar to the 2.7-fold and 3.1-
fold increase in activation obtained when cultures expressing native Rob were treated with the
respective inducers. We also note that DIP and DEC have no inducing effects on SoxS#3:44,
Thus, in accord with the ability of Rob’s CTD to confer sequestration-dispersal on SoxS’s
cellular localization, so too does it endow SoxS with the ability to respond to DIP and DEC as
inducers of its activity in transcription activation. We also note that the activity of SoxS-Rob
in the presence of DIP or DEC (Fig. 4) is approximately the same as that of native SoxS when
expressed under similar conditions#3:44,

Lastly, we compared the induction of the activity of chromosomally encoded SoxS-Rob to that
of chromosomally encoded native Rob. To do so, we introduced plasmid pfumC, which carries
a fumC-lac fusion®, into strain MF100 with the chromosomally encoded SoxS-Rob and into
strain N7840, the rob* parent of MF100. Assay of B-galactosidase expression showed that the
extent of induction by DIP of chromosomally encoded SoxS-Rob, 3.5-fold, was approximately
the same as the extent of DIP induction of chromosomally encoded Rob, 3.9-fold. And, the
chromosomally encoded genes are as active and respond as well to the inducer as do the genes
carried on plasmid pBAD33 (see Fig 4A). Thus, the plasmid encoded chimera mimics well the
properties of chromosomally encoded Rob and SoxS-Raob.

Regulation of the activity of the SoxS-Rob chimera: toxicity induced by overexpression in
the presence of DIP and DEC

A toxicity plate test was also used to compare the effect of inducers on the activity of SoxS-
Rab to that of native Rob. Previously, we designed a plate test to aid in the characterization of
the effects of single alanine substitutions of SoxS on its activity*®. The plate test was based on
the observation that overexpression of SoxS is toxic#?: specifically, growth is severely inhibited
when cells carrying plasmid pBAD18-hisg-SoxS are plated on lactose tetrazolium medium
supplemented with arabinose, which induces SoxS expression to a high level. With the DNA
binding site for SoxS being highly degeneratel0:11:46 e inferred> that overexpression of
SoxS is toxic because binding of SoxS to certain soxboxes in the chromosome interferes with
function(s) essential to growth; i.e., these binding sites are not embedded in SoxS-dependent
promoters but are just some of the many degenerate soxboxes scattered throughout the
chromosome. This inference is consistent with the fact that toxicity is relieved by alanine
substitutions that confer a defect in specific DNA binding®®. Relevantly, Rosner et al. showed
that overexpression of Rob in the presence of DIP is toxic, while growth is not inhibited when
Rob is overexpressed in the absence of the inducer3. Accordingly, we determined whether
overexpression of the SoxS-Rob chimera is toxic only when an inducer is present.

Before doing so, it was important to determine whether the toxicity conferred by
overexpression of Rob in the presence of inducer requires DNA binding. Therefore, we
introduced a single alanine substitution at position 40 in the recognition helix of Rob’s N-
terminal helix-turn-helix DNA-binding motif and determined its effect on toxicity. As shown
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in the co-crystal structure of Rob in complex with micF DNA, this conserved arginine residue
is surface-exposed and makes base-specific contacts with robbox DNAI2, The analogous
substitution in SoxS (R40A\) is defective in DNA binding in vitro*® but has no effect on the
interaction between SoxS and the a subunit of RNA polymerase in the yeast two-hybrid
system?’. Table 1 shows that the R40A substitution of Rob completely relieves the toxicity
imposed by overexpression in the presence of DIP or DEC. Moreover, the relief of toxicity is
not due to a reduction in protein abundance since RobR40A is as stable as wild type Rob (see
Table 1 and below).

Since the possibility remains that the overexpression of Rob R40A in the presence of DIP or
DEC is not toxic because the mutant protein has lost the ability to bind and respond to inducer,
we transformed plasmid pBAD-RobR40A into the strain carrying the inaA-lacZ fusion and
determined whether the residual transcription activation by the mutant protein can be enhanced
by treatment of cells with DIP and DEC. Although the R40A substitution reduced Rob-
dependent transcription activation to 15% of wild type (Fig 4A), activation was still enhanced
seven- to ninefold by DIP and DEC (Fig 4B). Thus, despite being defective in DNA binding,
RobR40A still retains enough structure and function to partially activate target gene
transcription and to respond to DIP and DEC.

We then carried out the second functional test comparing the activities of SoxS-Rob and native
Rob. An overnight culture of RA4468 containing pPBAD-SoxS-Rob or pBAD-Rob was diluted
and spread on lactose tetrazolium plates supplemented with 0.2% or 2% arabinose. Table 1
shows that after incubation at 37°C for ~15 hr the growth of both strains was inhibited when
the medium contained DIP or DEC. Thus, cells carrying pBAD-Rob formed small colonies on
plates with 0.2% arabinose and did not grow when the plates contained 2% arabinose while
cells carrying pBAD-SoxS-Rob did not grow on either medium. Overexpression of SoxS-Rob
or native Rob is not sufficient for toxicity, since both strains formed normal-sized colonies on
arabinose plates when inducer was absent (Table 1). Moreover, DIP and DEC alone are not
toxic because RA4468 containing pBAD18 grew normally on plates containing arabinose and
DIP or DEC (Table 1).

Thus, the results from these two functional tests demonstrate that the SoxS-Rob chimera,
formed by replacing the 107 N-terminal amino acids of Rob with full-length SoxS, retains the
regulatory properties of native Rob, viz., the ability to activate transcription of target genes and
the toxicity imposed by overexpression in the presence of an inducer. In turn, we can infer that
the observed sequestration of the SoxS-Rob chimera that occurs in the absence of inducer
renders the protein unable to activate transcription and non-toxic when overexpressed because
it does not have access to chromosomal DNA. Moreover, we also infer that the addition of an
inducer allows the chimera to gain access to chromosomal DNA and thereby activate
transcription of target genes because the inducer releases it from the immunostainable foci.
Lastly, the results of these functional tests with SoxS-Rob allow us to infer that what is true of
the chimera is almost certainly true of native Rob. In particular, just as sequestration-dispersal
regulates the activity of SoxS-Rob, so too must it regulate the activity of native Rob.

Identification of functional regions within Rob’s CTD

As described above, Rob’s CTD is required for regulating Rob’s activity; in particular, the
addition of the CTD to the C-terminus of SoxS endows SoxS with the sequestration-dispersal
properties of native Rob (Fig. 2). As a step toward elucidating the roles of various regions of
the CTD in regulating the activity of Rob, we introduced into pBAD-Rob three deletions which
remove increasing amounts of the CTD and we determined their effects on the regulation of
Rob activity. Deletions Rob283 and Rob249 remove the distal 6 and 40 amino acids,
respectively, from the C-terminus, while Rob107 removes the entire CTD, leaving only the
DNA binding and transcription activation domain that is paralogous to that of SoxS. In
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preparing the deletions, we were careful not to create at the C-terminus the leucine-alanine-
alanine tripeptide recognition sequence for ClpXP that allows efficient unfolding and
degradation by this protease.

We first tested the effects of the deletions on transcription activation of the inaA-lac fusion by
measuring the B-galactosidase activity produced by each strain. Compared to full-length Rob,
all three deletions reduced transcription activation of inaA-lacZ and the larger the deletion, the
greater the defect in transcription activation, i.e., activation was reduced by 46%, 57% and
70% when the strains expressed Rob283, Rob249, and Rob107 respectively (Fig. 4A). Thus,
removing only six amino acids from Rob’s C-terminus caused about a twofold reduction in its
ability to activate transcription, which shows that the full-length CTD is essential for maximum
activity even though the CTD is not directly involved in DNA binding or transcription
activation*?. Moreover, Rob activity in the truncation mutants was not enhanced by treating
the cells with the inducers DIP or DEC (Fig. 4B). This shows that all or virtually all of Rob’s
CTD is required for regulation by inducers of its activity as a transcription activator. A likely
interpretation of this result is based on the observation presented above that the CTD is required
for sequestration (Fig. 2); as such, deletions removing even a small part of the CTD prevent
sequestration, thereby allowing the dispersed protein to access chromosomal DNA and activate
transcription in the absence of inducer. Thus, the role of the inducer is to antagonize the
inactivating sequestration of Rob that is promoted by its CTD.

We note that Rosner et al. also prepared C-terminal truncations of Rob*3. Although these
deletions did not reduce Rob-dependent transcription of inaA-lacZ in the absence of DIP, their
deletions, like ours, prevented induction of activity by DIP%3. They concluded that elements
of the CTD are required for induction of Rob activity by DIP and they suggested that DIP might
reverse the sequestration previously observed by Azam et al.#2.

Next, we used the plate test to determine whether the C-terminal truncations Rob249 and
Rob107 affect the ability of Rob to access chromosomal DNA. Removing the entire CTD, i.e.,
Rob107, completely eliminated the effect of overexpression on colony size even in the presence
of inducers (Table 1). According to the sequestration-dispersal hypothesis, removal of Rob’s
CTD should prevent sequestration, with the result that overexpression of Rob107 should be
highly toxic, because all molecules would have ready access to the chromosome and be
available to bind to sites essential for viability. As discussed below, the absence of toxic effects
of overexpression of Rob107 in the presence of the inducers is because the protein is very
unstable (Table 1), such that few molecules are available for binding to sites in the chromosome
that are essential for growth.

The effect on toxicity of removing only part of Rob’s CTD was determined in plate tests with
Rob249 (Table 1). Strain RA4468 carrying pBAD-Rob249 grew normally on plates containing
0.2% arabinose, but colony size was reduced on plates with 2% arabinose. This intermediate
level of toxicity in the absence of inducer is probably a combination of two effects of removing
the 40 amino acids at Rob’s C-terminus: a reduction in or the absence of sequestration, i.e.,
partial or complete dispersal, and a lower abundance because of a protein half-life significantly
shorter than that of wild type Rob (Table 1). In addition to conferring intermediate toxicity in
the absence of inducer, Rob249 was refractory to the inducing effects on toxicity of DIP and
DEC (Table 1). Accordingly, either the 40 amino acid truncation causes complete dispersal so
that the inducers cannot further disperse Rob249 or Rob249 is only partially dispersed and the
binding site for the inducers is non-functional or absent. Experiments described below (Table
2) show that increasing the abundance of Rob249 increases its toxicity and thus support the
first explanation.
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Rob is a stable protein and its stability depends on the CTD

SoxS, MarA, and TetD are very unstable proteins with half-lives ranging from 1-3 min2:28,
As a consequence of this instability, these proteins do not accumulate to very high levels; for
example, upon induction and de novo synthesis, the concentration of SoxS reaches a maximum
of only 2500 molecules per cell2>. In contrast to its paralogs, Rob is expressed
constitutively38 and its abundance is maintained at about 10,000 molecules per cell*’. Thus,
with SoxS, MarA, and TetD being synthesized de novo in response to stress, accumulating to
modest concentrations, and being unstable, while Rob is synthesized constitutively and is
maintained at a higher concentration, we wanted to determine the half-life of Rob during
steady-state growth.

Strain RA4468 containing pPBAD18-Rob was treated with arabinose to induce Rob synthesis
and after 1 hr of induction, chloramphenicol was added to block protein synthesis. Samples
were taken at various times thereafter and the amount of Rob in each sample was determined
by western blotting as described previously28. (Note that this experiment was carried out
shortly after obtaining the anti-Rob serum from Dr. Ishihama, when its activity was still
relatively high, as well as with antibodies we prepared against N-hisg-Rob.) Unlike its sister
proteins, Rob is very stable with >80% of the protein remaining 20 hr after protein synthesis
was blocked (Table 1).

Since among the four paralogous proteins only Rob has a domain in addition to that which
renders it a member of the AraC/XylS family, we speculated that this region, the CTD, is
important for stabilizing the protein. Thus, we used the above described deletions, Rob283,
Rob249 and Rob107, to determine the role of Rob’s CTD on Rob stability by measuring the
half-life of each truncated protein in comparison with that of native Rob.

Interestingly, removing only 6 amino acids from the CTD (Rob283) was sufficient to reduce
the half-life from >20 hr to ~10 min (data not shown). Similarly, the deletion of 40 amino acids
from Rob’s C-terminus, i.e., Rob249, also significantly destabilized the protein (Table 1).
Moreover, Rob107, which retains only Rob’s NTD, the segment that is homologous to the 107
N-terminal amino acids of SoxS, is very unstable (Table 1). Indeed, Rob107 was barely
detectable during steady-state growth and no protein was observed immediately following
treatment with antibiotics, which prevented us from accurately determining its half-life (Table
1).

As mentioned above, native SoxS is also very unstable with a half-life of 2 min28. However,
addition of Rob’s CTD onto the otherwise unstable SoxS resulted in a stable chimeric protein
with a half-life of >20 hr (Table 1). Thus, we conclude from these experiments that Rob’s NTD
is intrinsically unstable like its paralogs SoxS, MarA, and TetD and that the CTD functions to
stabilize Rob (and SoxS-Rob), presumably by protecting the vulnerable NTD from proteolytic
degradation.

Amino acids at or near the N-terminus are essential for the intrinsic instability of Rob’s NTD

Previous work showed that amino acids at or near the N-terminus of SoxS and MarA serve as
substrates for Lon protease, since modifications to the N-terminus, e.g., by the addition of an
N-terminal hisg tag, partially protect both proteins from degradation by Lon?8, To determine
whether the same is true of Rob, we appended a hisg tag to the N-terminus of Rob107 and
measured the half-life of N-hisg-Rob107. The modification increased the half-life from
immeasurable to 3 min (Table 2). We also added a hisg tag to the N-terminus of Rob249, whose
half-life is 20 min. The tag increased the stability by 7.5-fold to 2.5 hr. Therefore, just like
SoxS and MarA, the N-terminus of Rob appears to contain a recognition site(s) for proteolytic
degradation?8:48,
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In previous work, a series of mutants deficient in the 5 main AAA-ATP proteases (Lon, FtsH,
ClpXP, CIpAP, and ClpYQ) was used to identify Lon as the major protease responsible for the
degradation of SoxS and MarA28, We found that Lon is also responsible for destabilizing
Rob249, as a Alon mutation increased its half-life 10-fold (t1» = 3.5 hr) (Table 2). None of the
other single protease mutants affected the stability of Rob249 (data not shown). Thus, Lon is
the primary protease responsible for the degradation of Rob and a Lon recognition site(s) is
present within the N-terminus of SoxS, MarA, and Rob.

Since SoxS was completely stable in a Lon FtsH double mutant (t12 >20 hr) 28, we determined
whether multiple protease mutations could further enhance the stability of Rob249 (see Table
1 of Griffith et al., 2004 for a complete list of strains). Indeed, Rob249 was completely stable
in a Lon ClpQ double mutant (Table 2). Thus, just as FtsH plays an accessory role in the
degradation of SoxS, so too does ClpYQ function in combination with Lon in the degradation
of Rob249.

Stabilizing Rob249 increases its toxicity upon overexpression even in the absence of an

inducer

Increasing the stability of SoxS and MarA, by either modifying the N-terminus or by
introducing a mutation in a key protease, enhances the overexpression toxicity observed with
our plate test?8. As described above, overexpression of Rob249 only confers an intermediate
level of toxicity, which is not increased by the presence of inducers DIP and DEC (Table 1).
We hypothesize that the absence of toxicity is because its short half-life prevents it from
accumulating to the level necessary to bind to robboxes located within chromosomal sequences
essential to viability. Accordingly, the absence of toxicity upon overexpression of Rob249
should be overcome if overexpression is conducted under conditions that increase its
abundance.

Even when overexpressed on plates containing 2% arabinose, the size of Rob249 (t1/, = 20
min) colonies was only slightly reduced (Table 2). However, increasing Rob249’s half-life by
7.5-fold through the addition of an N-hisg tag (t1/, = 2.5 hr) or 10.5-fold by expression in the
strain with the Alon mutation (ty» = 3.5 hr) significantly enhanced toxicity, producing small
colonies on plates with 0.2% arabinose and preventing growth on plates with 2% arabinose
(Table 2). Moreover, toxicity was dramatically increased when Rob249 was expressed in the
Lon ClpQ double mutant (Rob249 ty, >20 hr), i.e., no growth was observed on plates
supplemented with as little as 0.02% arabinose (Table 2 and data not shown). The increased
toxicity in the Lon ClpQ double mutant must be due to overexpression of Rob249 since cultures
of the double mutant containing the pBAD18 vector grew normally at all arabinose
concentrations (data not shown). Thus, unlike full-length Rob, whose overexpression is toxic
only in the presence of an inducer (because it is sequestered in the absence of an inducer),
overexpression of Rob249 with a truncation of the CTD leads to binding to robboxes in essential
chromosomal sites and concomitant toxicity, even in the absence of DIP or DEC, provided that
means are taken to increase the abundance of the otherwise unstable protein.

Discussion

In this work, we report that Rob’s CTD is endowed with two functions that regulate Rob’s
activity as a transcriptional activator, with one acting directly to mediate sequestration-
dispersal and the other acting indirectly by protecting from proteolysis the regions in the NTD
that carry out DNA-binding and transcription activation. The sequestration-dispersal
hypothesis for regulation of Rob’s activity was derived from several previous observations.
First, the ~10,000 constitutively expressed molecules of Rob per cell are relatively inactive in
their ability to activate transcription of the regulon’s genes'4:40 whereas Rob133, which lacks
most of the CTD, is considerably more active*0. Second, and most importantly, Azam et al.
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showed that under normal growth conditions, when Rob is inactive, the protein is sequestered
into 3—4 immunostainable foci*2. Third, the in vivo activity of constitutively expressed Rob is
induced by the iron-chelating and non-chelating forms of dipyridyl and by lipophilic agents
present in the mammalian gut such as bile salts and DEC#3:44, Fourth, the inducers interact
directly with the CTD, but they have no effect on DNA binding or transcription activation of
purified Rob in vitro#3:44, which implies that solubilization of Rob during purification renders
it fully active.

From this prior knowledge, we predicted that inducers activate Rob in vivo by interacting with
the CTD of sequestered Rob, that this interaction causes Rob to be released from the
immunostainable foci observed by Azam et al.*2, and that dispersed Rob is active in
transcription activation because it is free to bind to robboxes in Rob-dependent promoters.
Thus, sequestration represents the inactive, “off” state of the regulator and dispersal represents
the active, “on” state. As such, the key test of the model was to determine by indirect
immunofluorescence microscopy whether the sequestered, inactive form of Rob is dispersed
rapidly upon treatment of growing cells with an inducer.

As mentioned above, we were unable to test the hypothesis with Rob itself, because by the
time these experiments were conducted the anti-Rob antibodies lacked sufficient activity.
However, we were fortunate to have affinity-purified, high-titer anti-SoxS antibodies?® and to
make use of them we prepared a SoxS-Rob chimera in which Rob’s CTD was fused to the C-
terminus of native SoxS. The chimera proved to be an excellent surrogate for Rob because it
too formed intracellular, immunostainable aggregates (Figs. 2A and 3) and both its activity as
atranscription activator (Fig. 4B) and its toxicity upon overexpression (Table 1) were enhanced
by inducers DIP and DEC, as is the case with native Rob. Moreover, because native SoxS does
not form immunostainable foci (Fig. 2B), the inactivity of the anti-Rob antibodies proved to
be serendipitous because the experiments with the chimera allowed us to determine that Rob’s
CTD issufficient to confer sequestration on another protein. It will be interesting to see whether
the CTD can confer sequestration on a totally unrelated protein.

SoxS1519, MarA2%-33 and TetD237 are the direct transcription activators of the SoxS/MarA/
TetD/Rob regulon. However, they are the second components of two-gene, two-stage systems
in which the first components, SoxR, MarR and TetC, respectively, are sensor-regulators which
receive an inducing environmental signal, e.g., superoxide or salicylate, respectively, (the
signal for TetC is unknown), that modifies them such that de novo synthesis of the respective
activators ensues. Rob, on the other hand, is synthesized constitutively3® and inactivated by
sequestration; it becomes activated when the CTD receives an inducing signal#3:44 that leads
to dispersal and subsequent transcription activation of the regulon’s genes (see Figs 2-4).

The two fundamentally different mechanisms that lead to activation of transcription of the same
regulon raise interesting evolutionary questions that may be based on the physiology of the
systems. For example, why should the response to a lethal agent like reactive oxygen species
require the de novo synthesis of the protein that turns on the defense mechanism? Even though
SoxS, MarA, and TetD are relatively small proteins that function as monomers®, they still must
achieve an intracellular concentration sufficient to rapidly mount the defense response. With
the binding sites being highly degenerate, ~65,000 per fast-growing cell2>:34, the regulators
must also be able to identify activator-dependent promoters in the virtual sea of sequence-
equivalent but non-functional binding sites scattered throughout the chromosome. We have
presented evidence that activation by pre-recruitment solves this conundrum?® and
appropriation of RNA polymerase by binding of the activator to the UP-element-binding
determinant of the a subunit may enhance the efficiency of the process?’. Still, the low
information content of the activator binding sites in promoters!! is difficult to explain. One
process that does make physiological sense is that SoxS, MarA, and TetD are highly unstable,
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such that when the inducing stress is relieved, de novo synthesis ceases and the residual
activator is rapidly degraded®28. Rapid degradation is most likely necessary because
overexpression of the respective proteins is toxic#°. Moreover, since the proteins appear to
interact directly with RNA polymerase and divert it from UP-element containing rRNA genes
to stress-response genes2’, maximum growth in the absence of stress requires that all RNA
polymerase molecules be available for transcription of genes for essential housekeeping
functions. Thus, although it would be relatively simple to design a two-component system that
would efficiently and rapidly regulate a 50-member regulon that provides a defense against a
variety of unrelated, stress-inducing signals, the current systems work and hence need not be
targets for evolutionary improvement. Moreover, simpler systems with constitutively
synthesized activators that respond to these inducing signals may pose hazards because the
equilibrium between the inactive and active forms in the absence of inducer may yield too
much active activator for the good of the cell.

Similar questions may be asked of Rob. First, why is Rob made constitutively rather than being
turned on by de novo synthesis in response to a stress-inducing signal and turned off by
cessation of its synthesis and degradation of the remaining protein, as is sufficient for SoxS,
MarA, and TetD? A simple answer might be that the survival threat posed by lipophilic agents
in the mammalian gut might require such a rapid response, more rapid than the threats posed
by superoxide and salicylate, that active Rob must be nearly instantaneously available and
available at a concentration sufficient to turn on the defense response genes rapidly and
efficiently. Note that as a one-stage, one-gene system, constitutively expressed Rob’s DNA-
binding, transcription activation domain needed a means for its activity to be regulated. Hence,
as is usually the case for members of the AraC/XyIS familyl, Rob is endowed with an inducer-
binding domain.

A second question may be asked of Rob. Why is the activity of constitutively expressed Rob
regulated by a novel mechanism, sequestration-dispersal? Would not simple regulation of its
DNA-binding activity by binding of the inducing ligand to the CTD suffice, as is the case for
the majority of bacterial transcription factors, e.g., Catabolite Activator Protein?®:%0, Again,
the answer may be that two properties of the system are prohibitive. First, if Rob is not rapidly
cleared from the cell, some RNA polymerase might continue to activate stress response genes
at the expense of the expression of genes used for maximizing growth. While this is
undoubtedly a worthwhile trade-off when survival to a stress is at stake, it is probably not
worthwhile in the absence of stress. Second, binding of Rob to sites that are not in promoters
would likely reduce viability. Again, from a population standpoint, this may be a worthwhile
trade-off under stressful conditions but would not be worthwhile once the stress has been
overcome.

Given that SoxS, MarA, and TetD are very unstable proteins?28, that Rob is sequestered into
immunostainable foci, and that Rob’s CTD is required for sequestration, we considered
whether Rob was likely to be stable or unstable. On the one hand, Rob might have been
intrinsically unstable but stabilized by sequestration. Then, upon induction and release from
the foci, Rob would be available to activate transcription of the regulon’s genes while its
abundance is regulated by auto-repression®! (K.L.G and R.E.W., Jr., unpublished results).
Subsequently, as the stress subsides, Rob would return to its inactive, sequestered form, perhaps
by the action of a sequestration factor. This instability despite the presence of the large CTD
would be consistent with the fact that the instability of SoxS is unaffected by the addition of a
hisg tag to the C-terminus, whereas stability is enhanced 13-fold by the addition of a hisg tag
to its N-terminus 28. On the other hand, Rob might have been intrinsically stable, with the
CTD being responsible for stabilizing the otherwise unstable NTD. Indeed, the crystal structure
of Rob bound to micF DNA is consistent with this possibility12, since Rob’s C-terminal amino
acids form a “ridge-like” projection which lies over the N-terminal amino acids and would
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thereby have the potential to protect them from proteolytic attack. The fact that previous genetic
and biochemical experiments carried out in vivo and in vitro have shown that a site essential
for proteolysis by Lon resides within the 20 amino acids at the N-terminus of SoxS is also
consistent with the possible protective effect of Rob’s CTD*8.

Indeed, Rob proved to be very stable, with a half-life greater than 20 hr (Table 1). Moreover,
and importantly, the SoxS-Rob chimera was also very stable (Table 1). Therefore, since SoxS
is intrinsically unstable with a half-life of ~ 2 min, Rob’s CTD appended to the C-terminus of
SoxS is able to confer stability on it. As such, the CTD is not only sufficient to allow SoxS to
form intracellular foci and induction by DIP and DEC, but it is also sufficient to stabilize this
otherwise unstable protein.

Removing as few as 6 amino acids from Rob’s C-terminus (Rob283) reduced its half-life to
10-20 minutes (data not shown) and removing the entire CTD (Rob107) rendered it highly
unstable (Table 1) like its paralogs SoxS, MarA, and TetD228, As with SoxS, adding an N-
hisg tag to truncated Rob proteins enhanced their stability, e.g., the tag increased the half-life
of Rob249 from 20 minutes to 2.5 hr (Table 2). The truncations also caused loss of inducer-
dependence. In addition, just as Lon is the primary protease that degrades SoxsS, so too are the
protease-susceptible, C-terminally truncated Rob proteins also degraded by Lon. Moreover,
the C-terminal truncations not only reduce transcription activation of an inaA-lacZ fusion but
they also eliminate the ability of Rob activity to be induced by DIP and DEC (Fig. 4). These
effects are likely the result of the combination of the destabilization and reduced abundance
of the Rob fragments compared to full-length Rob, the destruction of the inducer binding site,
and potentially the release of Rob from the foci. Thus, it will be interesting to determine which
Rob fragments if any can be sequestered and which if any can bind inducer.

This work raises many interesting questions. For example, how does the system reset once the
inducing stress is relieved? We imagine that the process is initially effected by the AcrAB
efflux pump, which is induced by bile salts and which then eliminates them from the cell*4.
Thus, when Rob is no longer bound by inducer, does it contain the intrinsic capacity to become
sequestered or is a “cellular sequestration factor” required? Another important question is
whether the activity of other bacterial transcription factors is regulated by sequestration-
dispersal through the action of a small molecule inducer. It seems highly likely that some
inducers that enhance the activity of activators do so by causing their dispersal from a
sequestered state. Thus, even though this work describes the first example of sequestration-
dispersal as the mechanism that regulates the activity of a bacterial transcription activator, we
expect that when additional experiments are done, e.g., indirect immunofluorescence
microscopy with activator-specific antibodies or perhaps glycerol gradient centrifugation,
other examples will be revealed.

Recently, we presented evidence that SoxS functions as a co-sigma factor2’: by interacting
with the DNA binding determinant of the o subunit of RNAP, SoxS diverts RNAP from
“strong”, UP element-containing promoters, e.g., the promoters of the genes encoding rRNA,
to the superoxide stress-inducible promoters of the SoxRS regulon. In addition, Dangi et al.
52 showed that MarA also makes protein-protein contact with the same domain of the alpha
subunit. And, in unpublished work, we have found that Rob functions as a co-sigma factor:
just like SoxS and MarA, Rob interacts with the DNA binding determinant of the a subunit of
RNAP and in so doing diverts RNAP from UP element-containing promoters to the promoters
of the Rob regulon (E.F. Keen Il and R.E.W., Jr, unpublished results).

The mechanism of sequestration-dispersal and the role of Rob’s CTD in it are particularly

interesting in this context. Since Rob’s NTD functions as a co-sigma factor and since Rob’s
CTD mediates sequestration of the NTD and thereby its inactivation, the CTD is playing the
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role of an anti-sigma factor. Thus, under non-inducing conditions, the ability of the co-sigma
factor to divert RNAP to promoters of the Rob regulon is blocked by sequestration, just as the
binding of an anti-sigma factor like RseA blocks the action of its cognate sigma factor, 653,
Then, when a stress-inducing signal, e.g., lipophilic agents like bile salts, is encountered, Rob
becomes dispersed and gains access to the transcription machinery, just as misfolded proteins
in the periplasm leads to release of & from RseA so that F can activate transcription of the
stress-response genes®®. What is particularly unique about the Rob system is that the co-sigma
factor, the NTD, and its anti-sigma factor partner, the CTD, both reside in a single polypeptide
chain. Moreover, as shown here, Rob’s CTD is also able to function as an anti-sigma factor
when fused to another protein, e.g., SoxS, which has co-sigma factor-like activity2’.

Materials and Methods

Bacterial strains

All experiments except those employing mutations of protease genes or the chromosomally
encoded SoxS-Rob chimera (strain MF100) were carried out with strain RA446838, an isogenic
derivative of strain GC4468 (F~ 4lacU169 rpsL)6 carrying a Arob::kan mutation. The
preparation of RA4468 carrying an inaA-lacZ fusion in single copy on a lambda prophage has
been described!9 Cloning was done with strain DH5a as the recipient. The set of strains
containing mutant proteases is described elsewhere?8, The preparation of strain MF100 is
described below.

Plasmid constructions

Standard recombinant DNA techniques were used to clone the rob gene from strain GC4468
into plasmid pBAD18 in which its expression is under the control of the arabinose-inducible
PeaD Promoter®. The rob coding sequence was amplified by PCR from chromosomal DNA
of strain GC4468 using oligonucleotide primers whose sequences are available upon request
of the corresponding author. The conditions used for PCR were: 35 cycles at 95°C for 30 sec;
52°C for 30 sec, and 72°C for 90 sec. PCR products were digested with restriction enzymes
Xbal and Hindlll and ligated into plasmid pBAD18 (Novagen), which had been digested with
the same two restriction enzymes. An aliquot of the ligation mixture was transformed into
strain DH5a and the transformed cells were plated onto LB agar with ampicillin (50 pg/ml).
DNA was isolated from the transformants by the alkaline lysis method and purified using
Qiagen spin-columns as described by the manufacturer. The DNA sequence was determined
at the UMBC core facility and the construct was designated pBAD-Rob. To prepare pBAD-
N-hisg-Rab, a hisg tag was added onto the N-terminus of rob by add-on PCR, essentially as
described for N-hisg-SoxS2°. Termination codons were introduced into the rob coding
sequence in pBAD-Rob by QuikChange mutagenesis according to the manufacturer’s
instructions (Stratagene). The SoxS-Rob chimera was constructed by using PCR-SOEing26 to
add the sequence encoding the last 182 amino acids of Rob, in frame, to the 3'-end of the
soxS coding sequence; the chimera was then cloned into pBAD33%° and pBAD18 as described
above.

Replacement of the N-terminal 107 amino acids of chromosomally encoded Rob with SoxS

RESS (R. Toughiri and R.E.W., Jr., unpublished results), a variation of “gene gorging”>’, was
used to construct strain MF100, which carries the gene for the SoxS-Rob chimera in place of
the chromosomal rob gene.

In the first step of RESS, a DNA cassette carrying the recognition sequence for the I-Scel
meganuclease and a gene encoding kanamycin resistance (Kan-r) was prepared by PCR and
then introduced by recombineering®8 into rob by selection for Kan-r. The template for
preparation of the DNA cassette was plasmid pKD4, which encodes Kan-r>8. The upstream
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primer, 5’-upRSK-3', contained 50 bases homologous to the DNA upstream of Rob’s start
codon, followed by the 18 bp recognition sequence for the 1-Scel meganuclease, followed by
the 19 base sequence of priming site 1 for amplification of the kan gene®8. The downstream
primer, 5’-downRK-3', contained 70 bases homologous to the DNA of rob downstream of
codon 107 followed by the 19 base sequence of priming site 2 for amplification of the kan
gene®8. The sequences of the primers are available upon request.

The recombineering plasmid pKD46°8 was introduced by electroporation into strain N7840
(AlacU169 Amar rpsL). The Red recombinase enzymes, which effect homologous
recombination of linear DNA, were induced by treatment with 2% arabinose. The cells were
made electrocompetent and transformed with the DNA cassette. The transformed cells were
plated on LB medium containing Kan (10 pg/ml) at 30°C. Kan-r transformants were selected
and, after purification, the recombinants were cured of pKD46 by growth in LB medium at
37°C in the absence of ampicillin. To determine whether the constructs had the correct
configuration, the cassette was amplified by colony PCR using primers homologous to rob
sequences upstream of the start codon and downstream of codon 107. The sequence of the N-
terminal Rob-1-Scel-Kan junction was verified by DNA sequencing with primer k18, which
anneals to the template strand of kan.

In the second step of RESS, plasmid pACBSR®’, which contains the Red genes and the gene
for the I-Scel meganuclease, both expressed under control of the Pgap promoter, was
introduced into a Kan-r recombinant by electroporation and selection for chloramphenicol
(Cm) resistance on LB + Cm (25 pg/ml) plates at 37°C. A transformant was inoculated into
Rich Defined Medium (RDM; TEKnova, Inc.) containing 0.2% arabinose and incubated at 37°
C for 30 min before Cm was added. Incubation was continued until A600 = 0.4 at which time
the cells were prepared for electroporation.

The donor DNA fragment contained the entire SoxS coding sequence flanked by sequences
homologous to DNA upstream of the Rob start codon and downstream of Rob codon 107. It
was prepared by PCR with plasmid pPBAD33-SoxS-Rob as the template. The upstream primer,
5'-upRS-3’, had 50 bases of DNA homologous to rob sequences upstream of the Rob start
codon followed by 18 bases homologous to the first six codons of SoxS. The downstream
primer, 5’-downRS-3’, had 50 bases of DNA homologous to rob sequences downstream of Rob
codon 107 followed by 18 bases homologous to the last six codons of SoxS.

The donor DNA fragment was electroporated into electrocompetent cells of the “selection”
strain carrying pACBSR. The transformed cells were transferred to RDM containing 0.2%
arabinose and Cm (25 pg/ml) and incubated at 37°C overnight. Cells surviving expression of
the meganuclease were obtained by plating on LB plates + Cm followed by overnight
incubation. Colonies that appeared were replica plated onto LB plates + Kan (10 pg/ml). Over
80% of the colonies had the desired kanamycin-sensitive (Kan-s) phenotype. Five Kan-s clones
were subjected to colony PCR and DNA sequencing. All proved to carry the 107 amino acids
of SoxS in place of the corresponding 107 amino acids at the N-terminus of chromosomally
encoded Rob and thus encoded the SoxS-Rob chimera. One clone was named MF100.

After RESS was fully developed and implemented, we learned that Cox et al. had published a
similar method of scarless recombineering®®.

Indirect immunofluorescence microscopy

The method used for indirect immunofluorescence microscopy was adapted from that of Azam
et al.#2. Overnight cultures containing pBAD33-SoxS -Rob or pBAD33-SoxS were diluted
1:100 into LB medium supplemented with 25 pug/ml chloramphenicol and grown with vigorous
aeration at 37°C until the Aggg reached approximately 0.1, at which time synthesis of SoxS-
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Rob or SoxS was induced by adding arabinose to each culture to a final concentration of 0.02%
and growth was continued at 37°C with vigorous aeration. After 1 hr of induction, each culture
was divided into three portions: one was left untreated; a second was treated with 5 mM 4, 4'-
dipyridyl (DIP); and the third was treated with 8 mM decanoate (DEC). Incubation was
continued under the same conditions for various lengths of times. Then, 1 ml aliquots were
removed and the cells were fixed with 10 ml of 80% methanol for 1 hr at room temperature.
After fixation, the cells were collected by centrifugation at 2500 g for 5 min at 4°C and washed
twice with PBST (137 mM NacCl, 2.7 mM KCI, 8 mM NayHPO,, 1.5 mm KH,POy,, and 0.05%
Tween 20). After resuspending the washed cells in 0.5 ml of 80% methanol, 10 pl samples
were spotted onto a Gold Seal Rite-On Fluorescent Antibody Microslide (Fisher Scientific).
The cell suspension was allowed to completely dry on the slide, and then the cells were
permeabilized by treatment with freshly prepared lysozyme (1 mg/ml) for 5 min at room
temperature. After four washes with PBST, blocking buffer (2% BSA in PBST) was added to
the permeabilized cells and the slides were incubated for 15 min at room temperature. Rabbit
polyclonal anti-SoxS serum?®, affinity-purified by the Pocono Rabbit Farm, was diluted 1:1000
in blocking buffer and added to the slide, which was incubated overnight at 4°C in a humidified
chamber. To remove any unbound, primary antiserum, the slides were washed 4 times with
PBST and 2 times with blocking buffer and then incubated for 15 min at room temperature
with blocking buffer. Then, the buffer was removed and replaced with Alexa488-labeled, goat
anti-rabbit secondary antibody (Molecular Probes) (diluted 1:500 in blocking buffer) and the
slides were incubated for 1 hr at room temperature in a humidified chamber. Slides were washed
5 times with PBST and mounted with 90% glycerol in PBS. Images were collected using a
Zeiss Axioplan2 fluorescence microscope with a 63X objective lens and a 2.5X ocular lens.
Brightness and contrast were adjusted using Adobe Photoshop 7 and the same settings were
used for all images.

The same method was used for indirect immunofluorescence microscopy of strain MF100
except the cells were induced with 5 mM DIP at A600 = 0.2 and the primary antibody was
diluted 1:250. The brightness and contrast of these images were also adjusted with Adobe
Photoshop 7 and the same settings were used for each image.

Assay of B-galactosidase activity

B-galactosidase activity was measured from strains containing transcriptional fusions to inaA-
lacZ using our previously described high-throughput method®. Duplicate samples were taken
and assayed twice in a given experiment; values with a standard error >12% were discarded.
The values represented in Fig. 4 are an average of at least three independent experiments and
the bars represent standard error expressed as the percent of the mean.

Determination of the effects of DIP and DEC on transcription activation

Plasmids pBAD18-Rob and pBAD18-SoxS-Rab were transformed into strain RA4468
carrying an inaA-lacZ transcriptional fusion on a single copy prophage. Triplicate cultures of
the two strains were grown in LB medium at 37°C to Aggg = 0.2 and each culture was divided
into three equal portions. All three subcultures of the triplicate cultures of strains RA4468
[PBAD-Rob] and RA4468 [pBAD-SoxS-Rob] were treated with 0.02% arabinose to induce
Rob or SoxS-Rob expression, respectively. In addition, one culture of each set received no
further treatment, another received DIP and the third received DEC. After continuing the
incubation at 37°C for 1 h, the cells were harvested from the 18 cultures and p-galactosidase
activity was measured as above. The triplicate values for the control cultures treated with
arabinose but not with DIP or DEC were averaged and set at 100% and the triplicate values
for the DIP- and DEC-treated cultures of the strains expressing native Rob and chimeric SoxS-
Rob were averaged and their mean values were expressed in relation to the 100% values for
the respective control cultures. RA4468[pBAD-Rob] strains carrying Rob truncations Rob283,
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Rob249 and Rob107 or the substitution R40A were prepared and analyzed by the same
methods.

Plate tests for toxicity imposed by overexpression

The toxicity of strains over-expressing SoxS was previously described*®. The same approach
was used to determine the toxicity of overexpressed Rob and its derivatives. Overnight cultures
of the appropriate strains were diluted 1076 and 0.1 ml was spread on lactose tetrazolium plates
containing ampicillin (50 pg/ml) and 0%, 0.02%, 0.2%, or 2% arabinose. Where appropriate,
afinal concentration of 1 mM DIP or 3 mM DEC was added to the plates. Following incubation
of the plates at 37°C for ~18 hr, colony size was determined relative to strains containing the
pBAD18 vector.

Growth conditions for determining the half-life of Rob

Overnight cultures containing Rob and derivatives of Rob expressed from plasmid pBAD18
were diluted 1:100 into LB medium supplemented with ampicillin (100 ug/ml) and incubated
at 37°C with vigorous aeration until the culture density reached Aggg ~0.2. Cultures were
treated with 0.02% arabinose to induce Rob expression and incubated at 37°C on a rotating
shaker. After 1 hr of induction, protein synthesis was arrested by the addition of
chloramphenicol (100 pg/ml). Aliquots were taken at specified times following the treatment
with antibiotic and harvested by centrifugation at 6000 g for 5 min at 4°C. Cell pellets were
resuspended in ice cold sonication buffer (50 mM Tris buffer, pH 7.9, 3mM DTT, 1 mM
EDTA). Extracts were prepared by sonication on ice with a Branson sonifier, applying 2 pulses
of 40 sec with a 20 sec pause between each pulse. The samples were centrifuged at 13000 g
for 20 min to pellet the insoluble cell material and the supernatant fluid from each sample was
transferred to a sterile microfuge tube containing Laemmli gel loading dye. Proteins were
separated by SDS-PAGE using a 12% or 18% Tris-glycine gel (Invitrogen).

Western blotting and determination of protein half-lives

The procedure for immunoblotting has been previously described?® Briefly, proteins were
transferred from the Tris-glycine gels to polyvinylidene difluoride (PVVDF) membranes (New
England Nuclear) by electroblotting (Invitrogen). Western blots were performed using the
appropriate polyclonal antiserum from the following three sources: original anti-serum against
Rob kindly provided by A. Ishihama; a second preparation of anti-serum against N-hisg-Rob
(Pocono Rabbit Farm); and affinity-purified anti-serum directed against N-hisg-SoxS2°. The
Enhanced Chemifluorescence (ECF) detection system (Amersham) was used according to the
manufacturer’s instructions. Western blot signals were detected with a Storm Phosphorimager
(Molecular Dynamics) and quantified using IMAGEQUANT software (Molecular Dynamics).
The half-life values are an average of at least three independent experiments and were
determined as described previously28.
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Figure 1.

Sequestration-dispersal as the mechanism that regulates the activity of Rob as a transcriptional
activator. In the absence of an inducer, Rob is sequestered into immunostainable foci, which
prevents its access to DNA; the mechanism of sequestration is unknown. Upon treatment of

cells with an inducer, e.g., DIP or DEC, Rob becomes dispersed and transcription activation

of target genes ensues.
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Figure 2.

Cellular localization of SoxS-Rob and native SoxS. Strain RA4468 carrying pBAD33-SoxS-
Rob or pBAD33-SoxS was grown to Aggg ~0.1, induced with 0.02% arabinose for 1 hr, and
treated with the following: 0.02% arabinose only; 0.02% arabinose with 3 mM DIP; or 0.02%
arabinose with 8 mM DEC. Cells were fixed and subjected to indirect immunofluorescence
microscopy as described in Materials and Methods. A. SoxS-Rob. B. Native SoxS.
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Distribution of SoxS-Rob foci within individual cells. The distribution of SoxS-Rob foci
presentin individual cells of a representative experiment of SoxS-Rob expressed from pBAD33
is shown. The number of foci per cell is expressed as a percentage of the 214 cells analyzed.
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Figure 4.

Transcription activation of inaA by variants of Rob and the effects of inducers DIP and DEC.
Strain RA4468 containing an inaA-lacZ fusion and pBAD18-SoxS-Rob or variants of
pBAD18-Rob were grown to Aggg ~0.2 at which time they were treated with the following:
0.02% arabinose only (light grey bars); 0.02% arabinose with 3 mM DIP (grey bars); and 0.02%
arabinose with 8 mM DEC (black bars). Cultures were harvested after treatment for 1 hr and
[-galactosidase specific activity was determined as described in Materials and Methods. A,
Transcription activation of the inaA-lacZ fusion by wild type Rob, SoxS-Rob, and Rob mutants.
The B-galactosidase specific activity of wild type Rob was set to 100% and the other values
are expressed relative to it. B, Effects of the inducers DIP and DEC on activation of
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transcription of the inaA-lacZ fusion. The p-galactosidase specific activity of each strain grown
in the absence of an inducer (light grey bars) was set to 100% and the respective values for the
cultures treated with DIP (grey bars) and DEC (black bars) are expressed relative to the
uninduced values. The values for R40A induced by DIP (960%) and DEC (780%) have been
truncated for reasons of scale and space.
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